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Catalyzed combustion of propellants in a microtube serves as a model of a microthruster that has potential
applications for micropropulsion for small satellites/spacecraft. The effect of hydrogen addition on fuel-rich
methane/oxygen ignition within a 0.40-mm-diam platinum microtube is investigated experimentally. All tests are
conducted in a vacuum chamber with an ambient pressure of 0.0136 atm to simulate high-altitude conditions.
Experimental results show that the critical temperature needed to catalytically lightoff fuel-rich methane/oxygen
mixtures is reduced by the addition of small amounts of hydrogen to the mixture. Two-stage ignition phenomena are
observed for low levels of hydrogen addition (2-7% by volume), with the first and second ignition conditions
corresponding to the reactions of hydrogen and methane, respectively. The effects of changing flow rate (residence
time), equivalence ratio, and amount of hydrogen addition on the critical ignition temperature are investigated. The
ability of the catalyst to sustain chemical reactions once the input power is turned off is also explored and, for most
cases, self-sustainability is realized. Various microtube performance parameters are estimated for all experiments,
which include thrust, specific impulse, and power required to ignite reactions within the microtube.

L

HERE has been a recent interest from the military, commercial,

and academic sectors in developing spacecraft that weigh less
than 100 kg. Potential applications for these spacecraft include high-
resolution imaging, formation flying within a constellation, and on-
orbit repair of larger spacecraft [1]. The benefits of using small
spacecraft for missions include a reduction in cost, an increase in
launch rate, and a decrease in mission risk [2]. With the need for
smaller spacecraft also comes a corresponding need for a scaled-
down propulsion system. The propulsion system of a micro- or
nanospacecraft will be required to produce thrust in the 1-10 mN
range to provide high maneuverability, orbit injection correction, and
drag compensation [1].

Of the two types of micropropulsion systems available, chemical
or electrical, electrical systems are currently the most advanced and
have proven flightworthy in a number of missions. The electrical sys-
tems produce thrust by either accelerating ionized particles through
an electric field or by electrically heating the propellant and then
expanding it through a nozzle. Examples of current electric micro-
propulsion systems today include resistojets [3,4], field emission
electric propulsion thrusters [5], vaporizing liquid thrusters [6,7],
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Hall-effect thrusters [2,8], pulsed plasma thrusters [9,10], and colloid
thrusters [11,12]. There is also a need, however, to develop efficient
chemical micropropulsion systems. Chemical micropropulsion
offers two main advantages over electrical micropropulsion: 1) the
ability to use high specific energy fuels, and 2) the expected lower
power requirements needed for operation. Recent work has focused
on monopropellants [13,14], bipropellants [15-18], and solid
[19,20] and hybrid [21] rockets. A review of studies in chemical
micropropulsion can be found in [22,23].

Although there are many attractive features of chemical micro-
propulsion, there are also many design challenges that are present
when the size of the combustor is reduced. Because of the low
Reynolds numbers at small characteristic dimensions, frictional
losses become large, and thus the amount of pumping needed to flow
reactants through the system must be increased [24]. As the com-
bustor size is decreased, the surface-to-volume ratio is increased, and
because heat release is proportional to volume and heat loss is pro-
portional to surface area, the heat loss term may become domi-
nant. At small length scales, quenching of the chemical reactions
may occur. With a decrease in chamber length, the residence time of
the combustor will be reduced, whereas the chemical reaction time is
independent of thruster size. For microcombustors, the residence
time may therefore be on the order of or smaller than the chemical
reaction time, which can result in incomplete or suppressed
combustion [25].

The use of catalytic combustion is an efficient way to mitigate
many of the problems associated with microcombustion. Because the
main reaction occurs at the surface of the catalyst, a high surface-to-
volume ratio favors catalytic combustion. The use of catalytic
combustion can therefore help overcome the large heat losses at the
small scale and allow small combustor sizes to be realized. Because
catalytic combustion allows operation in either ultrarich or ultralean
conditions beyond the classical gas-phase flammability limits, the
product temperatures associated with catalytic combustion can be
lower than typical flame temperatures, and thus damage to the com-
bustor walls can be minimized.

Bipropellant mixtures of CH,/O, are chosen for this study due to
their importance in future manned missions to Mars. The need for
in situ resource utilization, to reduce the total amount of propellant
carried from Earth, has been emphasized. Methane can be produced


http://dx.doi.org/10.2514/1.42592

1204 MENTO ET AL.

from carbon dioxide, which is abundant in the Martian atmosphere,
and hydrogen can either be extracted from Martian ice water or
brought from Earth. Methods for methane production using these
two gases include the Sabatier process, reverse water-gas shift, and
solid oxide electrolysis [26,27]. NASA’s long-term plan for a
manned mission to Mars calls for the use of liquid methane/oxygen
mixtures as propellants for an ascent vehicle from the surface of Mars
to a Martian orbit.Y The current study involves developing a micro-
thruster for space-based applications that would use propellants
already being produced in the Martian environment.

Previous work involving catalytic combustion in platinum micro-
tubes primarily focused on either hydrogen [16,17] or methane [18]
as the fuel. Methane fuel offers the advantage of being easily storable
at low pressures, making it ideal for propulsion systems intended for
long-term use. Hydrogen fuel, however, is easier to ignite and has
superior performance abilities. Previous studies [16—18] concluded
that thrust on the order of 1-10 mN can be achieved using catalytic
platinum microtubes with inside diameters of 0.40 and 0.80 mm. For
hydrogen/oxygen mixtures, it was observed that, for equivalence
ratios between 6.7 and 13.3 at 0.0136 atm ambient conditions, the
critical temperatures needed for lightoff were in the range of 410-
480 K. For methane/oxygen mixtures between equivalence ratios 6
and 10 at the same ambient pressure conditions the critical temp-
eratures ranged from 651 to 839 K. Thus, it is seen that pure methane/
oxygen mixtures require a substantially higher preheat temperature
to obtain catalytic ignition than hydrogen/oxygen mixtures.

An exploratory study was also carried out in [18] to examine the
effects of adding hydrogen to methane/oxygen mixtures. It was
found that the ignition temperature with hydrogen addition can be
substantially reduced. However, for all cases studied in [18], a
constant H, mass flow rate of 0.0001 g/s was added to the rich
CH, /O, mixtures. Therefore, further systematic investigation over a
wide range of hydrogen addition is warranted. The current work
involves studying the effects of the addition of hydrogen to methane/
oxygen mixtures in an attempt to use the high reactivity of hydrogen
so that methane can be ignited at a lower temperature. A 0.40 mm
platinum tube is used for all experiments and, through the use of a
vacuum chamber, the ambient pressure is reduced to 0.0136 atm so as
to simulate high-altitude conditions. Specifically, the focus of the
work is on ignition characteristics and microthruster performance
parameters at varying levels of hydrogen addition. The experiments
are carried out by holding the overall equivalence ratio constant,
while varying the fuel mixture conditions from pure methane to
pure hydrogen. Because most previous work [28-31] involving
hydrogen-assisted catalytic combustion of hydrocarbons has focused
on fuel-lean mixtures, this current study of fuel-rich mixtures con-
tributes a complementary set of ignition data. The following sections
detail the experimental setup and present the results of the study.

II. Experimental Setup

Figure 1 shows the schematic of the present experimental setup.
The platinum microtube used for all ignition/performance charac-
terization experiments has an inner diameter of 0.40 mm, a wall
thickness of 0.15 mm, and an overall length of 100 mm. The tube is of
99.95% purity and is purchased from the Goodfellow Company. The
microtube geometry is chosen due to its simplicity in fabrication and
relative ease of modeling with detailed chemistry and transport
properties. The central 70 mm of the microtube is resistively heated
to achieve catalytic ignition. Three thermocouples (labeled TCI,
TC2, and TC3) are spot-welded to the outside surface of the tube at
distances of 29, 50, and 71% of the entire tube length. This
corresponds to locations which are 20, 50, and 80% of the total
heated section of the tube. The thermocouples are used as indications
of the heating history of the tube as well as indications of exothermic
reactions within the tube. Two nickel tabs are soldered to the tube and
are used as attachment points to two ceramic posts. The ceramic
insulators are mounted to an aluminum plate which is fixed inside a

IData available online at http://nssdc.gsfc.nasa.gov/planetary/mars/
marssurf.html [retrieved 30 Nov. 2008].
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Fig. 1 Schematic of experimental setup.

vacuum chamber. One pressure transducer is used to measure the
inlet pressure of the tube, and another pressure transducer is used to
measure the ambient pressure of the chamber.

The gas flow into the tube is controlled by three Unit Instruments
mass flow controllers, one each for oxygen, methane, and high flow
rates of hydrogen, whereas two different orifices with diameters of
0.0005 and 0.0003 in. are used when smaller flow rates of hydrogen
are required. The accuracy for each mass flow controller is +1.5% of
full scale. Each mass flow controller is factory-calibrated for specific
use with a particular reactant. In addition, flow rate calibrations for all
mass flow controllers and sonic nozzles are further conducted in the
lab using the bubble meter method. The reactants are premixed in a
mixing bottle before entering the microtube, and a capability is added
so that nitrogen could be fed into the tube before and after each
experimental run so as to purge the tube. For data collection, a
National Instruments SCXI-1000 chassis is used to acquire signals
from the thermocouples, pressure transducers, and leads that
measure the voltage across the heated section of the microtube.

III. Results and Discussion

The experimental results in this section consist of measurements of
critical ignition temperatures, self-sustaining temperatures, and esti-
mations of microtube performance parameters which include thrust,
specific impulse, and power requirements. The effect of equivalence
ratio and flow rate on the parameters of interest is investigated, and a
detailed study of the effect of hydrogen addition to methane/oxygen
mixtures is performed. A single overall equivalence ratio of the
mixture ¢ is defined herein by considering the hydrogen and methane
to be part of a two-component fuel. If we define the hydrogen
addition parameter & as the molar fraction of hydrogen in the com-
bined hydrogen and methane fuel, the mixture molar composition is
then ¢[(1 — &)CH, + &£H,] for the fuel and (2 — 1.56)O, for the
oxidizer.

A detailed study of hydrogen addition to methane/oxygen mix-
tures is performed using a 0.40 mm platinum tube. The amount of
hydrogen addition ranges from 0 (§ =0) to 100% (¢ = 1). From
& =0to & = 0.1, anumber of small increments in hydrogen addition
is used, whereas above & = 0.1, larger increments of hydrogen
addition are taken. Four different flow rates are investigated, one at a
constant volumetric flow rate of V =251 SCCM (standard cubic
centimeters per minute), and three at constant mass flow rates of
m = 0.002, 0.004, and 0.006 g/s. The constant mass flow rates are
chosen based on desired thrust ranges and the allowable ranges of the
mass flow controllers/sonic nozzles available.

At the start of the experiment, premixed gases are sent through the
tube at room temperature and, a short time later, a small voltage is
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applied across the middle section of the tube. Once a steady-state
temperature profile across the tube is reached, the voltage is increased
so that a new steady-state profile is achieved. The voltage ramp is
performed in small stepwise voltage increments so as not to
overshoot the ignition point. This process is repeated until the critical
ignition point of the reactant mixture over platinum is reached at
some point in the microtube. This process is illustrated in Fig. 2,
which shows all thermocouple values as a function of time for a 20%
(£ = 0.2) hydrogen addition case of ¢ = 8 and a mass flow rate of
0.002 g/s. A representative power supply voltage setting as a
function of time is also overlaid over the temperature plot, so that it
can be clearly determined whether a temperature rise is caused by the
resistive heating of the tube or by exothermic reactions. Note that the
power supply voltage shown here is the voltage measured directly
from the dc power supply, which is different from the actual voltage
across the microtube. Before ignition, the measured temperature of
TC3 for this case always exhibits the highest local temperature, and
thus ignition occurs close to the end of the microtube. Once ignition
occurs, it is observed that TC1 and TC2 both increase in temperature
and eventually surpass the temperature of TC3. The axial conductive
heat transfer through the microtube walls could account for this
upstream propagation of the reaction front. Once steady state is
established, the voltage across the microtube is turned off, and it is
seen that the thermocouple temperatures drop to new steady-state
values. These are known as the self-sustaining temperatures, where
the reactions inside the tube can sustain even though the power is no
longer applied.

T T T T T T
_pemessesesemeeecaess
1000 | ot TC1 !
[ pmpmea=T i1 |{os
Fy=== ]
' : o
H ] 3
¢ 800 [i Critical L] =
= Lt Ignition "= 5
© H ' 406 o
5 li  Temperature ! | &
E H TC3 | | g_
o H <
o 600 M ]
E L ,L_- 0.4 §
= ¥ TC3 o =
K ——" TC2 ! ] 2
' __Tc ]
400 = ; k 02
Li !
1
[t b
200 N P R PR S R PRI L

200 400 600 800

Time (s)

- o
1000 1200 1400

Fig. 2 Temperature profiles as a function of time for all three
thermocouples, with ¢ =8, m =0.002 g/s, and & =0.2. Reactant
mixture is turned off at approximately 1350 s.

840 7 0.94
[ Critical ]
520 - |gnition [TTmmmmmmmmmsmmsssmssemcoed 1 0.93
L Temperature i D
[ ! ] g
g S0 r d Jog2 &
2 - ] 2
- o
5480_ ] 2
[ L -
g i _o.91§
@ o [}
~ 460 | ®
[ Joo =2
a40 [ ]
[ 1089
420-. | PR STSRNTUN ST S R S N il P L PR .

500 600 700 800 900 1000

Time (s)
Fig. 3 Determination of ignition temperature.

1205

Figure 3 overlays a plot of a representative heating history of the
tube over an enlarged view of TC3. The graph illustrates how the
steplike temperature increases are caused by the incremental change
in voltage applied. The critical ignition temperature is defined herein
as the last steady-state temperature value of TC3 before the last
voltage increase is initiated. Thus, the critical ignition temperature is
the measurable temperature of the tube at which a small amount of
heat input increase will initiate ignition. The uncertainty in the
ignition temperature measurement is estimated to be 8 K, based on
the typical minimum temperature rise when the voltage is increased
by the minimum allowable amount of 0.1 V.

A. General Trends

Figures 4 and 5 show all thermocouple values as a function of time
for cases with 2% (& = 0.02) hydrogen addition and 15% (¢ = 0.15)
hydrogen addition, respectively, with ¢ = 10 and V =251 SCCM. A
representative history of the power supply voltage is given as well to
indicate when a change in temperature is caused by a change in the
applied voltage.

For the case of 2% hydrogen addition, Fig. 4 shows a relatively
large increase in temperature at all thermocouples once a small
amount of heat is added to the tube at around 440 s into the experi-
ment. Thus, this increase in temperature with only a small increase in
applied heat flux is deemed the first ignition point and occurs at a
temperature of 397 K. A steady-state value of 449 K is reached at
TC3 after about 150 s. It is seen that there is a delay in the temperature
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Fig. 4 Temperature profiles as a function of time for all three
thermocouples, with 2% H, addition, ¢ = 10, and V = 251 SCCM.
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increase of TC1. This can be attributed to the slow motion of the
reaction front, which ignites downstream near TC3 and TC2 but then
proceeds to propagate upstream toward TC1. After steady state is
reached, resistive heating is once again applied to the tube, as
indicated in Fig. 4. Atapproximately 1240, a very large temperature
increase is seen at all thermocouples when a small increment of heat
flux is applied to the tube. This is termed the second ignition
temperature, and is found to be 670 K. TC1 shows the highest steady-
state temperature after the second ignition, and thus the reaction front
is assumed to be anchored in the upstream portion of the tube. The
applied heat flux is shut off at 1440 s, and the steady-state self-
sustaining temperature is shown to exist until the experiment is
turned off.

Similar behavior is observed in experimental runs involving 3-7%
hydrogen addition (not shown). Above 7% hydrogen addition, only
one ignition point is observed. Figure 5 illustrates the nature of a one-
ignition-point run with a 15% hydrogen addition case. Again, in this
case, the catalytic reactions are self-sustained after turning off the
applied heat flux at 1300 s.

B. Ignition Data

Figure 6a shows the resulting critical ignition data obtained for
three different equivalence ratios at a volumetric flow rate of
251 SCCM as a function of hydrogen addition from 0 to 100%. For
all cases, the individual reactant flow rates are varied to keep the total
volumetric flow rate and equivalence ratio constant. Between 2—-7%
hydrogen addition, the lower critical ignition temperatures corres-
pond to the first mild temperature rise observed experimentally,
whereas the higher temperatures indicate onset of the second, larger
temperature increase. Itis seen that, at all levels of hydrogen addition,
both the first ignition temperatures and second ignition temperatures
are lower than that of a pure methane/oxygen mixture. This demon-
strates that the addition of hydrogen facilitates methane/oxygen
ignition at a lower preheat temperature.

It has been previously documented that the ignition temperature of
methane/oxygen mixtures over platinum decreases with increasing
equivalence ratio, whereas hydrogen/oxygen mixtures over a similar
catalyst show the opposite trend [32]. For a methane/oxygen system,
the higher sticking coefficient of oxygen in comparison to methane
results in a catalyst surface initially covered with absorbed oxygen.
With increasing equivalence ratio, less oxygen is absorbed on the
catalyst surface, which allows for more open platinum sites to
become available. These open platinum sites allow for more methane
to be absorbed on the surface, facilitating an ignition at a lower temp-
erature. However, hydrogen/oxygen mixtures show the opposite
trend in that, with increasing equivalence ratio, hydrogen covers an
increasing amount of the free platinum sites, which inhibits oxygen
from absorbing to the surface. When examining the pure hydrogen
and pure methane cases of Fig. 6a, this trend is also observed. It is
also seen that, for 2-7% hydrogen addition, the first ignition point
exhibits the same behavior as hydrogen/oxygen mixtures when the
equivalence ratio is varied. However, the second ignition points in the
same region show a decreasing ignition temperature as equivalence
ratio is increased. Thus, it appears that the first ignition point
corresponds to hydrogen reactions, and the second ignition point
signifies the onset of methane oxidation.

A set of experimental runs is also performed with a constant mass
flow rate of reactants into the microtube. This is carried out because
thrust is directly proportional to mass flow rate, and thus fixing the
inlet mass flow rate would yield more useful data about performance
characteristics than a constant volumetric flow rate case. As the
percentage of hydrogen in the fuel mixture is varied, the density of
the inlet mixture changes. With a fixed mass flow rate and fixed inlet
area, this implies that the inlet velocity also changes when the fuel
mixture is varied. Thus, as the inlet velocity is varied, the residence
time changes as well. With increasing hydrogen percentage, the
density of the mixture decreases and thus the inlet velocity increases,
leading to a lower residence time. In some cases studied herein, the
residence time is not long enough for combustion to take place, and
blowout extinction is observed.
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Fig. 6 Ignition temperatures as a function of hydrogen addition at
varying equivalence ratios and flow rates.

Figures 6b and 6¢ show critical ignition data for two different equi-
valence ratios at constant mass flow rates of 0.002 and 0.006 g/s,
respectively. The results are similar to the constant volumetric flow
rate case, with two ignition points present at low hydrogen additions
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and the same trends with equivalence ratio. For the 0.006 g/s case
shown in Fig. 6¢, the mixture could not be ignited beyond hydrogen
fuel fraction of € = 0.6, due to a small residence time within the tube.

C. Self-Sustaining Data

The self-sustaining steady-state temperature is determined by
turning off the external heating supply once the system has reached
an initial steady state after ignition. Almost all cases tested with a
constant volumetric flow rate exhibit the ability to self-sustain cata-
lytic reactions once the external heating is shut off. Figure 7a shows
self-sustaining temperatures as measured by each thermocouple
along the tube for the constant volumetric flow rate cases. For the
pure methane cases (H, = 0%), it is seen that the maximum temp-
erature is recorded upstream of the tube at TC1, with the ¢ = 6 case
showing the highest temperature at 1020 K and the ¢ = 10 case
showing the lowest temperature at 917 K. Pure hydrogen
(H, = 100%) at ¢ = 6 exhibits similar behavior, though at lower
temperatures. The reactions within the tube fail to self-sustain for
hydrogen at ¢ = 10, presumably because the temperatures at such a
high equivalence ratio are not high enough to overcome the heat
losses to the environment.

Figure 7b shows the self-sustaining capability of pure methane
mixtures at varying equivalence ratios and mass flow rates. The high-
est temperature occurs with the highest flow rate and lowest equi-
valence ratio, whereas the lowest temperature occurs at the lowest
flow rate and highest equivalence ratio. For all cases, the reaction is
anchored in the upstream portion of the tube. Figure 7c shows the
self-sustaining temperatures of the 60% hydrogen addition cases. At
the lowest mass flow rate of 0.002 g/s, the maximum temperature
occurs at TC1, for 0.004 g/s, TC1 and TC2 are nearly equal, and for
0.006 g/s, TC2 exhibits the highest temperature. Thus, Fig. 7¢
shows how the reaction front is pushed downstream when the flow
rate is increased.

D. Performance Characteristics

In addition to providing ignition and temperature properties of the
microtube, other performance characteristics must be studied as well
to aid in the development of methane/oxygen, hydrogen/oxygen, and
methane/hydrogen/oxygen microthrusters for space-based applica-
tions. Two important parameters that are studied herein are the thrust
and the specific impulse of the microtube. The power required for
ignition is also investigated.

1.  Thrust

The estimated thrust for a 0.40 mm platinum microtube at varying
levels of methane/hydrogen ratio with a constant volumetric flow rate
is shown in Fig. 8a. It is determined that, for the present vacuum test
conditions, the flow is frictionally or/and thermally choked. At such
conditions, the exit velocity is assumed to be sonic and the exit
temperature is approximated as the steady-state value of TC3. The
mean molecular weight and specific heat ratio are then estimated
using a chemical equilibrium program. With all the exit conditions
determined, the total thrust, including both momentum thrust and
pressure thrust, can be calculated. The estimated uncertainty in the
calculated thrust values is +0.06 mN.

It is seen from Fig. 8a that the maximum thrust achieved is
6.10 mN for a pure methane case with ¢ = 6. For a ¢ =8 pure
methane case, the estimated thrustis 5.80 mN, and, fora ¢ = 10 case,
the estimated thrust is 5.70 mN. Hence, the thrust values at pure
methane are all very similar and do not vary much over the range of
equivalence ratios tested. For pure hydrogen, the maximum thrust
measured is 1.40 mN at ¢ = 6, whereas the lowest is 1.30 mN at
¢ = 10. Again, there is not much dependence of equivalence ratio on
the total thrust for the range tested. However, the thrust varies greatly
with respect to hydrogen addition. For the second ignition cases, a
linear decrease in thrust is seen as the hydrogen addition varies from 0
to 100%. The linear decrease can be attributed to both the linear
decrease in exit pressure and the linear decrease in mass flow rate as
the hydrogen addition is increased. In comparison, the steady-state
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Fig. 7 Self-sustaining temperatures along the tube at varying
equivalence ratios and flow rates.

temperature of TC3 does not change as drastically over the same
conditions and hence contributes minimally to the difference in thrust
values. In the two-stage ignition regime, the thrust generated by the
first, milder ignition is smaller than that due to the second, stronger
ignition, as expected.
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7 T T T T ] increase in thrust as the hydrogen fuel fraction is increased for both
X §=6 ] mass flow rates. This can be attributed to the higher inlet velocity as
6 * =38 h more hydrogen is introduced into the mixture when the mass flow
O ¢=10 1 rate is kept constant.
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Thrust for constant mass flow rates of 0.002 and 0.006 g/s are 2
seen in Figs. 8b and 8¢, respectively. For the lower mass flow rate the ) m=0.006 g/s
range of thrust values are between 2-6 mN, whereas the thrust range Fig. 9 Specific impulse as a function of hydrogen fuel fraction at

for the higher flow rate is between 8—13 mN. There is a general varying equivalence ratios and flow rates.
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2. Specific Impulse

The specific impulse for a constant volumetric flow rate is shown
in Fig. 9a. The estimated uncertainty in the calculated specific
impulse values is 10 s. As more hydrogen is added to the mixture,
the mass flow rate into the tube and the product molecular weight
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Fig. 10 Applied power as a function of hydrogen fuel fraction at
varying equivalence ratios and flow rates.

both decrease; the specific impulse depends inversely on both of
these parameters. At low hydrogen percentages, because the mass
flow rate and product mixture composition are fairly constant, the
decreasing temperature variation in TC3 is the dominant parameter,
leading to the initial decrease in specific impulse for the second
ignition cases until 10% H, addition. Whereas the temperature at
TC3 past this point remains fairly constant, the inlet mass flow rate
and mixture composition start to decrease at a rapid pace, which leads
to higher specific impulses at higher hydrogen fuel fraction.

The specific impulses for two constant mass flow rates of 0.002
and 0.006 g/s are shown in Figs. 9b and 9c, respectively. For the
lower mass flow rate, the range of specific impulse values is between
125-300 s. For the higher flow rate, because ignition is not possible
beyond a hydrogen fuel fraction of £ = 0.6, Fig. 9c shows that the
specific impulse range is between 125-225 s. Because specific
impulse is inversely proportional to molecular weight, more
hydrogen in the fuel mixture favors a higher specific impulse, as seen
in Fig. 9.

3. Power Requirements

Another important performance parameter is the power required to
achieve ignition of methane/hydrogen/oxygen mixtures within the
microtube. The main purpose of the hydrogen addition study is to
lower the temperature for ignition and thus lower the power require-
ments needed for operation. Figure 10a summarizes the power
needed to ignite the mixture as a function of hydrogen addition for a
constant volumetric flow rate. The power is calculated based on the
voltage measured across the tube just before ignition occurs and the
resistance of the tube. For methane/oxygen mixtures, the power
required for ignition is between 9—11 W, whereas the power required
for hydrogen/oxygen mixtures is between 4-6 W. For low hydrogen
additions, the first ignition point requires very small amounts of
power, between 2—4 W, whereas the second ignition point requires
between 5-10 W. Thus, the power needed to ignite fuel mixtures in
the microtube is effectively lowered while still maintaining reason-
able thrust and specific impulse values, as shown in the previous
sections.

The power required to ignite methane/hydrogen/oxygen mixtures
for a constant mass flow rate of 0.002 g/s is shown in Fig. 10b. The
power required between 15-80% hydrogen addition is relatively
constant, with a slightly increasing trend. In this region, the power is
considerably less than that of a pure methane mixture. In this case, the
power needed to ignite a pure hydrogen mixture is equal to or higher
than a pure methane mixture. This may be because the residence time
of the mixture is close to the critical residence time, and thus more
power is required to ignite the mixture.

Figures 10c shows the power requirements of constant mass flow
rates of 0.006 g/s. The lowest power requirements are seen around
the first ignition point regime, and, for a single ignition point, the
10% hydrogen addition case exhibits the lowest power requirements.
There is a linear increase in the power required after 10% hydrogen
addition, and, in this high mass flow rate case, the higher hydrogen
content cases (>60% hydrogen addition) could not be ignited.

IV. Conclusions

The utilization of chemical microthrusters for propulsion appli-
cations has been held back by the difficulties of achieving sustained
combustion within a chemical micropropulsion device. The chal-
lenges include overcoming low residence times, substantial heat
losses, and detrimental frictional effects as the chamber dimension
is reduced. Because catalytic combustion is favored with a high
surface-to-volume ratio, a catalyst can be used in sustaining reactions
of fuels at the small scale, thus enabling chemical micropropulsion to
become feasible. This study demonstrates this feasibility using a
0.40-mm-inside-diam platinum microtube as a model of a micro-
thruster, using methane and hydrogen as fuels.

Hydrogen addition to fuel-rich methane/oxygen mixtures is used
to lower the ignition temperature of the entire mixture, and the full
range of addition from 0 to 100% is explored. The results confirm
that, at any amount of hydrogen addition, the ignition temperature
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could be effectively lowered when compared to a pure methane/
oxygen mixture. Two-stage ignition phenomena are observed for low
levels of hydrogen addition (2-7% by volume). After ignition, the
power applied to the tube is turned off and self-sustainment of the
reactions is observed in nearly all cases. Performance parameters
such as thrust, specific impulse, and power required are evaluated.
The thrust ranges obtained during the experiments are between 1—
13 mN, whereas the specific impulse ranges between 125-300 s.
These values are in the expected range of requirements for future
chemical microthrusters.
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