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Catalytic Combustion of Rich Methane/Oxygen Mixtures
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In an effort to aid the development of micropropulsion devices with a thrust level of 1–10 mN, as required by
the next generation of miniaturized satellites and spacecraft, the combustion of rich methane/oxygen propellant
mixtures in platinum microtubes with inside diameters of 0.4 and 0.8 mm is characterized. All of the mixtures tested
had equivalence ratios beyond the corresponding rich flammability limits. Experimental results show that catalytic
reactions could support combustion in mixtures even when gas-phase chemistry does not play a significant role.
The effects of varying equivalence ratio, pressure, mass flow rate, and tube diameter on the critical temperature
leading to catalytic ignition are systematically investigated. Furthermore, the effects of doping the methane/oxygen
mixture with hydrogen are explored, demonstrating a substantial reduction in the ignition temperature with
hydrogen addition. Microtube performance in terms of available thrust, specific impulse, and power required for
preheating the microtube are also discussed. By the use of a plug flow model, the experimental conditions are
simulated with detailed gas-phase/surface chemistry, thermodynamic properties, and transport properties. The
computational results generally support the experimental findings.

Introduction

T HERE has been increasing interest in developing smaller-scale
satellites and spacecraft in recent years.1 Their propulsion sys-

tems will be required to provide very low thrust on the order of a
few millinewtons. Microspacecraft likely to be developed will have
a total mass range of 10–100 kg, whereas smaller nanospacecraft
will have a total mass range of 5–20 kg (Ref. 2). Micropropulsion
needs can be broken up into three different types: 1) orbit inser-
tion or transfer, 2) stationkeeping and drag compensation, and 3)
attitude control.3 The main benefits of small-scale propulsion de-
vices are reduced life-cycle costs, potential for mass production,
and reduced launch costs.1 In addition, grouping micropropulsion
devices into arrays and controlling individual or groups of thrusters
allows for thrust vectoring and acceleration shock control for larger
thrust applications.1 With the desire to develop miniaturized satel-
lites and spacecraft, the challenges of developing the corresponding
propulsion and power systems must be realized.

Micropropulsion devices can be divided into two different classes:
electrical or nonchemical and chemical thrusters. The current state-
of-the-art nonchemical micropropulsion devices include vaporizing
liquid thrusters, compact plasma accelerators, laser ablation, ion
propulsion, radioisotope electronic propulsion, digital propulsion,
micro cold gas, and subliming solid micropropulsion.2,4−7 Typi-
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cally electric propulsion devices use electric energy from a stored
source to eject propellant mass.3 Other forms of nonchemical mi-
crothrusters were also discussed in Ref. 2. Although the field of
micropropulsion is relatively new, microscale chemical propulsion
devices that utilize monopropellants,2,8,9 bipropellants,2,10−12 solid
propellants,2 and hybrid propellants13 have already been devel-
oped, and more efficient versions are currently being developed.
Recent reviews on chemical microthrusters can also be found in
Refs. 14–16.

Reducing the scale of conventional combustors will not be a prac-
tical means of developing chemical micropropulsion devices. As
the combustor size is scaled down, the surface-to-volume ratio in-
creases. Because the heat loss rate scales with the surface area and
the heat release rate scales with volume, the heat loss will eventu-
ally dominate, thus quenching the flame.17 The limitations placed
on combustion chamber size prevent scaling conventional designs
down to microcombustors. To develop a microthruster effectively, a
viable alternative to the conventional design must be developed. To
overcome the flame quenching effects common in small-scale mi-
crocombustors, thermal management18,19 and operation with near-
stoichiometric mixtures and/or highly energetic fuels can be used
to enhance gas-phase combustion.14,15 Another viable combustion
alternative is to take advantage of surface catalysis, which is the
emphasis of the present study.

It is well known that the use of certain catalyst materials en-
ables the initiation and progress of combustion reactions even when
the characteristic combustor dimension is smaller than the quench-
ing distance/diameter and/or the mixture composition is beyond the
flammability limit. Catalyzed ignition/combustion using a miniature
tube apparatus, which is fabricated from known catalyst materials,
is, therefore, proposed.10,20 Once catalyzed ignition is established in
a microtube, the reacting gases can be used for generating thrust in
the micropropulsion device, or they can be propagated into the com-
bustion chamber for ignition in larger-thrust class rockets. The latter
would benefit all rocket propulsion systems through the elimination
of high-voltage discharges for spark ignition. The high current den-
sity required for resistive heating of the catalyst results in low cur-
rent requirements due to the small cross sections of these devices.
In addition, the simplicity in microtube geometry facilitates funda-
mental, detailed simulations to compare with experimental data for
validation purposes. The present work focuses on the investigation
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of achieving ignition and sustained combustion in such a microtube
geometry under varying conditions.

In earlier studies,10,20 fuel-rich H2/O2 mixtures in platinum and
palladium microtubes were investigated. Fuel-rich conditions were
of particular interest to prevent oxidation loss of catalyst material. A
portion of the microtube was resistively heated to achieve catalytic
ignition. It was found that the critical ignition temperature for a
0.4-mm Pt tube ranged from 410 to 480 K at 0.0136-atm ambient
conditions with equivalence ratios between 6.7 and 13.3 and from
310 to 380 K for atmospheric ambient conditions with equivalence
ratios between 8 and 20. For a 0.8-mm Pd tube, the critical ignition
temperature ranged from 310 to 470 K at ambient pressure of 0.0136
atm with equivalence ratios between 8 and 40 and from 330 to 430 K
under ambient pressure of 1.0 atm with equivalence ratios between 8
and 13.3. Microtube performance for the 0.8 mm Pt tube in a vacuum
showed that 1–10 mN of thrust could be generated with a maximum
specific impulse of 300 s with H2/O2 propellants. For the range of
mass flow rates tested, the 0.4-mm Pt tube showed a maximum thrust
of about 1.1 mN with a maximum specific impulse of 220 s with
H2/O2 propellants. It was also demonstrated10,20 that whereas heat
flux is needed to bring the mixture to a critical ignition temperature,
the power requirements for catalyzed bipropellant microtubes will
be much less than that required for electric propulsion devices.

The present investigation seeks to extend previous endeavors by
studying fuel-rich CH4/O2 mixtures. The decision to use methane
is partially driven by the NASA Mars initiative.21 The current
Mars exploration calls for producing methane in situ by react-
ing CO2 from the Mars environment with stored or onboard pro-
duced H2 (Ref. 21) via, for example, the so-called Sabatier reaction:
CO2 + 4H2 → CH4 + 2H2O. The H2O formed from the reaction of
CO2 and H2, will then be decomposed to O2 and H2, yielding the O2

required for reaction with the produced CH4 (Ref. 21). The methane
and oxygen generated will be used as propellants to power spacecraft
from the surface of Mars into orbit. The objective of this paper is to
aid the development of a microthruster for space-based applications
capable of generating thrust between 1 and 10 mN with a maximum
specific impulse of ∼200 s using methane and oxygen propellants.

The results presented in this paper consist of an experimental eval-
uation of the critical temperature to achieve catalytic ignition for rich
CH4/O2 mixtures in platinum microtubes with 0.4- and 0.8-mm in-
side diameters. Catalytic ignition was realized by resistively heating
the microtube as premixed gas flowed through the tube. Tube tem-
perature distribution and inlet pressure were monitored for an indi-
cation of exothermic reactions. Experiments were performed at am-
bient pressures of both 1.0 and 0.0136 atm. The ability for initiated
reactions to self-sustain without heat input was explored. In addition,
the effect of adding a small amount of hydrogen to the rich CH4/O2

mixtures was investigated. The available thrust and specific impulse
for the vacuum tests (ambient pressure of 0.0136 atm) were assessed.
A plug-flow model with detailed gas-phase and surface chemistry,
thermodynamic properties, and transport properties was also used
to model the experimental work. The following sections include the
details of experimental setup and computational methodology, as
well as a discussion of the experimental and computational results.

Premixed Flame Characteristics of Rich
CH4/O2 Mixtures

Studies have shown that as tube size is progressively decreased,
premixed flames eventually cannot propagate through tubes.22,23

The corresponding critical tube diameter below which a flame can
no longer propagate is then defined as the quenching diameter. This
quenching diameter is caused by excessive heat transfer from the
flame front to the walls of the tube, as well as removal of radicals
near the wall surface. The effects of wall quenching are important
in determining not only the flammability limits but also ignition
characteristics.22,23 It has been shown that the quenching diameter
is on the same order as the flame thickness.22 Because the flame
thickness is inversely proportional to the burning rate, it decreases
with increasing burning intensity. Therefore, near stoichiometric
flames will have relatively smaller flame thicknesses, whereas near-
limit flames will have appreciably larger flame thicknesses.

Fig. 1 Variations of flame thickness and reaction zone thickness of
adiabatic rich CH4/O2 flames as function of ER at pressures of 0.1 and
1.0 atm.

The flame structures for adiabatic, freely propagating, planar
CH4/O2 flames at varying equivalence ratios were calculated us-
ing the PREMIX computational program.24 The detailed gas-phase
chemistry, thermodynamic properties, and transport properties were
taken from GRI-Mech 3.0 (Ref. 25), including 53 species and 325
reaction steps. Calculations were conducted with the initial temper-
ature of 300 K and pressures ranging from 0.1 to 1.0 atm.

Figure 1 shows the characteristic flame dimensions, including
flame thickness and reaction zone thickness, of adiabatic rich
CH4/O2 flames as a function of equivalence ratio for 0.1 and 1.0 atm.
The flame thickness is determined by calculating the difference be-
tween the final and initial temperatures and dividing by the maxi-
mum temperature gradient within the flame, whereas the reaction
zone thickness is defined as the full width of one-half of the maxi-
mum heat release rate profile. As expected, both flame dimensions
increase with increasing rich equivalence ratio. It is also seen that the
flame dimensions increase with decreasing pressure. Specifically,
the flame thickness at 1.0 atm and equivalence ratio (ER) = 4.5 is
0.5 cm, whereas that at 0.1 atm and ER = 3.5 is 1.3 cm. Moreover,
the reaction zone thickness at 1.0 atm and ER = 4.5 is 0.2 cm, and
that at 0.1 atm and ER = 3.5 is 0.55 cm. These results show that the
flame thicknesses of the aforementioned rich mixtures are larger
than the diameter of the 0.4- and 0.8-mm platinum tubes used in
experiments, and, hence, the microtube diameters are smaller than
the associated quenching diameter.

To determine the flammability limits for CH4/O2 flames, the
PREMIX program was modified to include radiative heat loss and
the capability to solve equations at singular points. The radiation
heat loss in the optically thin limit due to CO, CO2, H2O, and CH4

was included because these are considered to be the major radiative
species in CH4/O2 flames. The Planck mean absorption coefficients
are a function of temperature and were obtained from Refs. 26–28.
As the program continues the calculation from the stable branch to
the unstable branch, the program passes through the turning point
creating numerical stiffness, especially with the detailed chemical
kinetics. To solve this problem, the flame controlling continuation
method29 was utilized in this study. The analysis was performed
to determine the rich flammability limits for CH4/O2 flames at dif-
ferent pressures. Figure 2a shows such radiative flame response
curves by plotting mass burning flux vs ER. The corresponding
flame response curves in terms of maximum temperature are shown
in Fig. 2b. The turning point, beyond which steady flame propaga-
tion is not possible, defines the flammability limit. It is seen that
the rich flammability limit decreases as pressure is decreased. The
rich flammability limit occurs at ER = 4.5 for atmospheric pressure
and at ER = 3.6 for a pressure of 0.1 atm. Furthermore, Fig. 2b in-
dicates that the maximum temperatures are generally above 1450 K
within the flammable regime. To prevent overheating the microtube,
fuel-rich conditions between ER = 6 and 10 were tested to keep the
maximum temperature at a reasonable level. As such, all of the test
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conditions were beyond the fuel-rich flammability limits calculated
in Fig. 2.

Experimental Setup
The experimental setup included a vacuum chamber with a test

stand, microtube, mass flow control system, data acquisition system,
power supply for heating the microtube, vacuum pump, and infrared
(IR) camera. The vacuum chamber was outfitted with a test stand to
hold the experimental setup. The test stand included ceramic insu-

a)

b)

Fig. 2 Radiative flame response curves of CH4/O2 flames at varying
pressures, in terms of a) mass burning flux and b) maximum tempera-
ture; stable (unstable) branch is upper (lower) portion of curve.

Fig. 3 Schematic of microtube test setup.

lators for mounting the microtube and a bulkhead to hold the flow
connections. The chamber was also equipped with a feedthrough
that included thermocouple leads and pressure transducer wiring as
well as a ZnSe window for taking IR images and several observation
windows.

Microtubes were chosen because their simple geometry can be
used for fundamental numerical simulations and they are easy to
fabricate from readily available materials. The study utilized 0.4-
and 0.8-mm inside diameter platinum tubes with overall lengths of
100 mm and 200 mm, respectively. The microtube included two
nickel tabs soldered at 15 and 85% of the tube length so that 70%
of the tube length was heated. The heating was achieved utilizing a
dc power supply connected to the nickel tabs. The tube also had a
stainless-steel extension tube soldered to the entrance to allow for
connection with the flow system. Thermocouples (TC1, TC2, and
TC3) were welded to the tube at 29, 50, and 71% of the entire tube
length, respectively. At the exit of the tube, a fine-gauge R-type
thermocouple, TC exit, was used to measure the exit temperature.
These thermocouples were critical for this testing because they al-
lowed the preheat temperature to be determined and also gave an
indication of whether combustion was present in the tube.

The mass flow system included the Unit Instruments mass flow
controllers for O2, CH4, and H2. A sonic nozzle was also used to
meter higher flow rates of O2. Once the desired flow rates were set,
the fuel and oxidizer flowed into a mixing chamber where they were
directed into an exhaust hood until ready for experimental use. A
three-way solenoid valve was used to switch the flow into the tube
when starting the experiment.

The data acquisition system included a National Instruments
SCXI-1000 chassis for acquiring signals from thermocouples, pres-
sure transducers, and mass flow controllers, as well as for recording
the voltage across the tube. The data acquisition system also in-
cluded a relay module for switching the three-way solenoid valve
as desired. A schematic of the test cell is shown in Fig. 3.

Computational Methodology
Microtube experiments were simulated using the PLUG

code,30 including detailed gas-phase and surface chemistry via
CHEMKIN31 and Surface CHEMKIN32 interpreters. In the plug-
flow model it is assumed that there is no mixing in the axial di-
rection and perfect mixing in the transverse direction. The model
also assumes that axial diffusion of any quantity is negligible rela-
tive to the convective term, which is particularly valid in high-speed
flow conditions. Raja et al.33 suggested practical bounds for which
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the plug-flow assumption is valid, namely, D/L � ReD Sc � L/D,
where D is the inside tube diameter, L the tube length, ReD the
Reynolds number based on tube diameter, and Sc the Schmidt num-
ber. Based on this criterion, the plug-flow model is valid for all of the
cases tested. It is also noted that ReD Sc shows a decrease as pres-
sure is decreased and when catalytic combustion occurs. Similar to
the experimental setup, the computational configuration included a
centrally located heated section of length Lh , for which a uniform
heat flux Q was applied. In addition, the wall thickness was as-
sumed to be infinitely thin, and heat loss through the tube wall to
the surroundings was not considered herein.

Governing equations employed can be found in Ref. 30. The
friction force exerted on the gas mixture by the microtube wall
was considered in the momentum equation, and the friction factor
is assumed to be a function of ReD (Ref. 30). For laminar flow,
the friction factor is f = 16/ReD , whereas for turbulent flow the
Blasius formula is utilized.30 When calculating the mixture viscos-
ity, the PLUG program was modified to include detailed evalua-
tions of transport properties in conjunction with the TRANSPORT
package.34 The gas-phase kinetics mechanism employed was GRI-
Mech 3.0 (Ref. 25), and the surface kinetics mechanism was taken
from Deutschmann et al.,35 including 11 surface species and 24 sur-
face reaction steps. Although the aforementioned two widely used
reaction mechanisms have not been extensively validated over the
range of the present test conditions, their adequacy and validity in
describing the associated fuel-rich ignition/combustion phenomena
can be assessed through the comparison of experimental and com-
puted results.

Experimental Results
The experimental results consisted of a determination of critical

ignition temperature, an examination of self-sustainability, and an
assessment of microtube performance parameters. In each case the
heated section of the tube was exposed to a voltage, leading to
resistive heating of the tube. The preheat temperature was read from
TC2, which was shown to be the maximum recorded temperature in
the tube before flowing the gaseous mixture. This is because heat loss
to the electrical leads and ends of the tube caused the temperatures of
TC1 and TC3 to be reduced from TC2. Because of material limits
imposed by the soldered joints on the microtubes, the maximum
preheat temperature tested was limited to be <1040 K. At each ER
and flow rate, the preheat temperature was gradually increased until
catalytic ignition occurred. An IR camera was used for qualitative
analysis, but the spatial resolution was insufficient to warrant an
accurate quantitative measurement of tube temperature distribution.
Once ignition was achieved and steady state was maintained, the
power supply was turned off to see if the catalytic reactions were
capable of self-sustenance. It was shown that for self-sustaining
reactions, the steady-state temperature reading is independent of
preheat temperature, whereas it is dependent on equivalence ratio,
mass flow rate, and ambient pressure.

General Experimental Trends
Indication of exothermic reactions was determined by monitoring

the temperature data recorded and the tube inlet pressure. For an
experiment that does not ignite, the temperatures will decrease to a
steady-state value below the preheat temperature, as demonstrated
in Fig. 4a. When combustion occurs, it is seen from Fig. 4b that
the three thermocouples on the tube (TC1–TC3) show an increase
in temperature above the designated preheat temperature, that is, at
time = 0. In addition, the steady-state inlet pressure will exhibit a
step increase when combustion occurs, as shown in Fig. 5, giving a
separate indication of the ignition event.

Also note that during microtube testing two different modes of
ignition were observed. The first mode was ignition initiating in the
downstream portion of the tube. Ignition within this mode can be fur-
ther classified into two distinctly different conditions: ignition after
a time delay or instant ignition. The delayed ignition phenomenon
was seen at low flow rates near the critical ignition temperature. Af-
ter a certain time delay, some exothermic reactions released enough
heat for catalytic ignition to take place. The delayed ignition usually

a)

b)

Fig. 4 Sample time variations of thermocouple readings data for an
0.8-mm Pt tube at ambient pressure of 1.0 atm: a) nonreacting case with
imposed heat flux of 2.168 W/cm2 and b) reacting case with imposed heat
flux of 2.839 W/cm2; mixture condition, ER of 8.0 and mass flow rate of
0.008 g/s.

initiated downstream and propagated upstream, with catalytic com-
bustion taking more than 100 s to initiate. The second downstream
ignition phenomenon occurred within 20 s of starting the mixture
flow and was considered as instant ignition because of the relatively
shorter ignition delay. This instant ignition phenomenon was com-
mon at all flow rates with intermediate preheat temperatures. The
second mode of ignition was instant ignition in the upstream por-
tion of the tube and was common for high preheating temperatures.
These results suggest that preheat temperatures near the critical tem-
perature should be avoided if rapid ignition is desired.

Figure 6 further demonstrates the time variations of temperatures
and inlet pressure for a reacting case in which the power and, there-
fore, the imposed heat flux were turned off approximately 380 s after
the mixture flowed in the microtube. Figure 6 shows that after the
heat flux was stopped, whereas the temperatures and inlet pressure
decreased to new steady-state values, the catalytic reactions were
self-sustaining for the given conditions.

The effect of mass flow rate on the critical preheat temperature
was examined using the current setup. Figure 7 shows a sample
of the raw experimental data for an 0.8-mm Pt tube at an ambient
pressure of 1.0 atm and ER = 8. When these data are used, the ig-
nition limit or critical ignition temperature is determined based on
the onset of ignition, as shown in Fig. 7. Note that the actual crit-
ical ignition temperature lies somewhere between the reacting and
nonreacting case, but that it can be fairly sharply delineated by ex-
periment. Once the steady-state reactions were able to be achieved,
the combustion temperature, although dependent on the mass flow
rate, applied heat flux, and exit ambient pressure, was found to al-
ways be above the critical ignition temperature, as demonstrated in
Fig. 4b. Furthermore, note that for most of the vacuum conditions
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Fig. 5 Steady-state inlet pressures with different preheat tempera-
tures and mass flow rates for 0.8 mm Pt tube at ambient pressure of
0.0136 atm; mixture ER is 8.0.

Fig. 6 Sample time variations of temperature and inlet pressure for
0.4-mm Pt tube at ambient pressure of 0.0136 atm, showing steady-state
operation with and without applied heat flux; mixture condition: ER of
8.0 and mass flow rate of 0.004 g/s.

Fig. 7 Preheat temperature vs mass flow rate for 0.8-mm Pt tube with
ER = 8 and ambient pressure of 1.0 atm, demonstrating determination
of critical ignition temperature.

tested herein, the flow inside the microtube was choked frictionally.
It was also observed that the addition of imposed heat flux and heat
release via reactions help initiate choking in the tube. On the other
hand, none of the tests with an ambient pressure of 1.0 atm were
choked with the mass flow rates available. Understanding of the
choking condition is important for the performance optimization of
a microthruster. The following sections will discuss the observed
trends in the ignition limits at varying conditions.

0.4-Millimeter Platinum Tube Results
Figure 8a shows critical temperature vs equivalence ratio for the

0.4-mm platinum tube. The 1.0-atm tests were carried out at mass
flow rates of 0.002, 0.004, and 0.006 g/s. The global residence time,
defined as the tube length divided by the inlet velocity, ranged from

a)

b)

Fig. 8 Critical ignition temperature as function of ER at ambient pres-
sures of 1.0 (filled symbols) and 0.0136 atm (open symbols): a) 0.4-mm
Pt tube and b) 0.8-mm Pt tube.

3 to 6.5 m/s. Note from Fig. 8a that critical temperature increases
with increasing mass flow rate and decreases with an increase in
ER. At ER = 6, critical temperatures ranged from 651 to 665 K.
At ER = 10, critical temperatures ranged from 630 to 637 K. The
decreasing critical temperature with increasing ER was consistent
with the study by Deutschmann et al.35 For all 1.0-atm cases, the
minimum nonreacting inlet pressure was 1.05 atm and the maximum
reacting inlet pressure was 2.07 atm.

The vacuum tests (ambient pressure of 0.0136 atm) were con-
ducted with flow rates of 0.001, 0.002, 0.004, and 0.006 g/s. The
corresponding global residence times ranged from 2.5 to 6 m/s.
Figure 8a shows that the critical temperatures were higher than those
of the 1.0-atm tests for all flow rates and equivalence ratios inves-
tigated. The minimum critical temperature at ER = 6 was 740 K,
and the maximum was 839 K. The minimum critical temperature
at ER = 10 was 707 K and the maximum was 740 K. At the lowest
mass flow rate, 0.001 g/s, the delayed ignition phenomenon was
observed, but the delayed ignition temperature was not considered
to be the critical temperature because the proposed thrusters will
require fast ignition times. The inlet pressures were a minimum
of 0.27 atm for nonreacting flow and a maximum of 1.95 atm for
reacting flow.

Self-sustaining reactions were achieved at all flow rates and ER
tested using 0.4-mm Pt tube. The peak tube temperature readings for
ER = 6 and 10 can be as high as ∼1200 and ∼1000 K, respectively.
In general, the steady-state temperature is increased with higher
mass flow rates. Although the data showed a decrease in tempera-
ture moving downstream, the maximum value of TC3 ranged from
∼530 K to ∼1100 K.

0.8-Millimeter Platinum Tube Results
The 1.0-atm tests were conducted at mass flow rates 0.004, 0.006,

0.008, and 0.01 g/s, which covered the range of global residence time
from 9 to 22 m/s. Figure 8b shows that the critical temperature in-
creases as mass flow rate increases. Contrary to the 0.4-mm tube,
the 0.8-mm tube does not show a trend as ER is changed. Namely,
the critical temperature variation with ER was found to be small for
a given flow rate. At ER = 6 the critical temperature was between
637 and 686 K, whereas at ER = 10, the critical temperature ranged
from 651 to 686 K. The minimum inlet pressure was 1.02 atm for
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nonreacting flow, and the maximum inlet pressure was 1.36 for re-
acting flow. Comparison of the calculated exit velocity, by assuming
pressure matching and sonic velocity at the exit, indicated that none
of the atmospheric tests were choked.

The vacuum tests (at 0.0136 atm) were conducted at mass flow
rates 0.001, 0.002, 0.004, 0.006, and 0.008 g/s, corresponding to
global residence times of 6–16 ms. Again, Fig. 8b shows that the
critical temperatures for the 0.0136-atm tests were higher than those
of the 1.0-atm tests. The minimum critical temperature at ER = 6
was 804 K, and the maximum critical temperature at ER = 6 was
811 K. At ER = 10 the minimum critical temperature was 776 K, and
the maximum was 804 K. The delayed ignition phenomenon was
noticed at flow rates of 0.001 g/s for all ER tested and 0.002 g/s for
ER = 8 and 10. The minimum inlet pressure was 0.12 atm, and the
maximum inlet pressure was 0.82 atm. For all reacting flow cases,
the exit velocity was assumed to be sonic, because the computed
exit velocity assuming pressure matching was higher than the exit
sonic velocity for all cases.

Self-sustaining reactions were observed at all flow rates for the
1.0-atm cases using an 0.8-mm Pt tube. For the 0.0136-atm tests,
self-sustaining reactions were observed for flow rates between 0.004
and 0.008 g/s. For low flow rates of 0.001 and 0.002 g/s blowout
was observed. The blowout was most likely caused because the heat
loss was greater than the heat release once the power was turned off.
The data for all cases showed a decrease in steady-state temperature
moving downstream, whereas the steady-state temperatures at each
location were seen to be higher when the flow rate was increased.
The range of steady-state temperatures achieved for the 0.8-mm Pt
tube is similar to that for the 0.4-mm one.

0.4-Millimeter Platinum Tube Results with Hydrogen Doping
Because previous work showed that H2/O2 combustion in cat-

alytic tubes exhibited much lower critical temperatures10,20 than
CH4/O2 as described earlier, the effect of adding hydrogen to
CH4/O2 mixtures was studied. For all cases studied, a constant H2

mass flow rate of 0.0001 g/s was added to the rich CH4/O2 mixture,
which, therefore, raised the effective ER. For the ER = 6 and 10 tests
with 0.001 g/s of CH4/O2, the effective ERs are increased to approx-
imately 8 and 13, respectively. All of the flow rates and ERs reported
in the following text are based on the CH4/O2 mixture only; however,
the additional mass of hydrogen was included when evaluating the
performance parameters. The CH4/O2 flow rates considered were
the same as the 0.4-mm Pt tube without hydrogen addition.

Note in the hydrogen doping experiments that the ignition limit
was somewhat sensitive to the preceding test run on the catalytic
tube. To eliminate this memory effect, it was necessary to flow an
inert gas through the tube for extended periods of time between
runs. The ignition data obtained using this methodology are thought
to be fairly accurate, but the repeatability of some of the trials at
lower temperatures can be questioned. All of the reported critical
temperatures correspond to the maximum critical temperatures ob-
served. Figure 9 shows the critical temperature as a function of ER
at different flow rates and ambient pressures.

Fig. 9 Critical ignition temperature as a function of ER with H2 doping
(0.0001 g/s) at ambient pressures of 0.0136 (open symbols) and 1.0 atm
(filled symbols), 0.4-mm Pt tube.

At 1.0 atm, the addition of hydrogen lowered the critical tem-
perature significantly. For ER = 6 and a flow rate of 0.002 g/s the
critical temperature was 360 K, and at 0.006 g/s it was 400 K. The in-
let pressures ranged from 1.02 atm for nonreacting cases to 2.21 atm
for 0.006 g/s with ignition. For ER = 10 the critical temperature in-
creased from 429 K at 0.002 g/s to 457 K at 0.006 g/s. The inlet
pressure ranged from 1.07 atm for 0.001 g/s without ignition to
2.11 atm for 0.006 g/s with ignition. As a comparison, the critical
temperatures for rich H2/O2 mixtures reported by Boyarko et al.10

and Boyarko20 ranged between 350 and 375 K for global residence
times of 2–7 ms. Hence, hydrogen addition aids ignition even for
such fuel-rich conditions. Figure 9 also shows that the critical tem-
perature increased as ER increased, which was opposite what was
observed for CH4/O2 mixtures without H2 doping. This could be
because the amount of H2 addition was fixed so that H2 would dom-
inate the ignition response at lower ERs due to a higher percentage
of H2 in the fuel mixture.

For vacuum tests, at ER = 6 ignition occurred between critical
temperatures of 440 and 470 K for all flow rates investigated. At
ER = 10 the range of ignition temperatures was then from 485 to
615 K. Although this ER = 10 case showed an overall increase in the
critical temperature range from those observed in the 1.0-atm case,
the critical temperature was reduced substantially as compared to
the case without hydrogen addition. In addition, the inlet pressure
for ER = 6 was 0.37 atm for a nonreacting case at 0.001 g/s and
was 1.93 atm for a reacting case at 0.006 g/s. At ER = 10 the inlet
pressure was 0.73 atm for a reacting case at 0.001 g/s and 1.73 atm
for a reacting case at 0.006 g/s, both with a preheat temperature of
922 K. The delayed ignition phenomenon was observed for 0.001 g/s
flow rates at ER = 8 and 10.

Self-sustaining reactions were observed at all flow rates for both
the 1.0- and 0.0136-atm cases using a 0.4-mm Pt tube with H2

doping. At 1.0 atm, the steady-state temperature decreased as the
flow moved downstream. For the 0.0136-atm case the temperature
decreased as the flow moved downstream for low flow rates, but
faster flow rates had a maximum temperature in the middle of the
tube. In general, the maximum steady-state temperature achievable
was slightly reduced with hydrogen doping. This is simply because
under such fuel-rich conditions the addition of H2 lowers the final
equilibrium temperature.

Microtube Performance
The goal of this investigation is ultimately to aid the development

of a microthruster for space applications, capable of producing 1–
10 mN of thrust. In the following text, the thrust and specific impulse
are presented as a function of mass flow rate, and the required power
to achieve this thrust level is subsequently discussed. The thrust cal-
culations were conducted for the vacuum tests because they will be
most applicable to space exploration. In each case, the exit velocity
was assumed to be sonic, and the exit temperature was taken as the
steady-state value of TC3 due to the much larger uncertainty in the
exit thermocouple reading. Additionally, the mean molecular weight
and specific heat ratio were estimated using a chemical equilibrium
program.36 Although the present calculated thrust values may ap-
pear optimistic, the associated uncertainty is expected to be within
20%.

0.4-Millimeter Platinum Performance
Figure 10a shows the thrust vs mass flow rate for the 0.4-mm

Pt tube. At each flow rate, the ER = 6 cases had the highest thrust
output. At 0.006 g/s, 11 mN of thrust could be generated with com-
bustion, as opposed to 5.5 mN without catalytic ignition, showing
that the catalytic combustion effectively doubled the output thrust.
At a flow rate of 0.001 g/s, about 1.5 mN of thrust can be generated.

Figure 10b shows the performance assessment in terms of specific
impulse. The specific impulse was highest for ER = 6. This is be-
cause the resulting steady-state temperature was slightly higher. The
maximum specific impulse is 190 s at a flow rate of 0.006 g/s. With-
out ignition the maximum specific impulse was 100 s at 0.002 g/s,
and so catalytic reactions effectively raised the specific impulse.
Furthermore, the heating power required to achieve combustion in
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a)

b)

Fig. 10 Performance of 0.4-mm Pt tube at varying ER and mass flow
rates: a) thrust and b) specific impulse; 0.0136 atm.

a)

b)

Fig. 11 Performance of 0.8-mm Pt tube at varying ERs and mass flow
rates: a) thrust and b) specific impulse; 0.0136 atm.

most cases was about 3.5 W. Near maximum thrust of 11 mN could
be obtained at power inputs of 3.6–5.8 W, showing the small effect
of an increase in heating power on thrust output.

0.8-Millimeter Platinum Performance
Figure 11 shows the resulting thrust and specific impulse vs mass

flow rate for the 0.8-mm Pt tube. As with the 0.4-mm platinum data,
the ER = 6 case generated maximum thrust at all flow rates with a

maximum of 14.8 mN at 0.008 g/s. The maximum thrust generated
at a mass flow rate of 0.001 g/s with combustion was 1.5 mN. As a
result, the expected thrust range was about 1.5–14.8 mN for the flow
rates tested. Maximum thrust without catalytic ignition was 7.8 mN
at 0.008 g/s, showing that catalytic reactions almost double the thrust
output. In addition, the specific impulse was highest for ER = 6. The
maximum specific impulse was 190 s for the 0.008-g/s case, which
is the same as for the 0.4-mm tube. Specific impulses between 180
and 190 s can be achieved with mass flow rates of 0.004, 0.006, and
0.008 g/s. The maximum specific impulse without catalytic ignition
was 106 s, showing again the usefulness of catalytic reactions.

For ER = 6 with a mass flow rate of 0.008 g/s, ignition occurred
with a heating power input of just over 6 W that yielded an available
thrust of 14 mN, whereas the maximum thrust of 14.8 mN required
13 W. The lowest power input required to achieve ignition was
observed at ER = 10 and a flow rate of 0.001 g/s and was 3.8 W,
which generated 1.2 mN of thrust. Further increasing the power input
to 12.7 W only increased thrust minimally to 1.5 mN. The preceding
results, therefore, demonstrate that the extra power applied added
only minimally to the thrust generated.

0.4-Millimeter Platinum Performance with Hydrogen Doping
Thrusts and specific impulses generated at varying mass flow rates

and ERs for the 0.4-mm tube with hydrogen addition are shown in
Fig. 12. The thrust levels were slightly higher than those seen in
the 0.4-mm platinum tube without hydrogen because there is more
mass flow with the addition of hydrogen. The maximum thrust was
11.4 mN at 0.006 g/s and 2 mN at 0.001 g/s. The maximum thrust for
nonreacting flow was 4.7 mN at 0.006 g/s, showing that the catalytic
combustion of CH4/O2 with H2 doping can yield more than double
the maximum thrust.

Maximum specific impulse was generated at a flow rate of
0.006 g/s, but specific impulses above 180 s could be generated
at all flow rates tested. This can be attributed to the lower mean
molecular weight of the mixture at low flow rates because there was
a higher percentage of hydrogen than at the faster flow rates. Note
that the maximum specific impulse without catalytic ignition was

a)

b)

Fig. 12 Performance of 0.4-mm Pt tube with hydrogen doping
(0.0001 g/s) at varying ERs and mass flow rates: a) thrust and b) specific
impulse; 0.0136 atm.
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85 s, which was lower than the case without hydrogen doping. The
variation was caused by the difference in mean molecular weight
and the higher exit temperatures of nonreacting CH4/O2 mixtures
because their preheat temperature was higher.

Near maximum thrust was generated with as little as 1 W of
power input as opposed to the 4 W required without the addition
of hydrogen. When hydrogen doping is used, the power required
to achieve ignition can be reduced by 75%, leading to a significant
weight savings because a smaller power supply would be required
to achieve ignition. Thus, further study that systematically investi-
gates the effect of varying amounts of H2 addition on the catalytic
ignition/combustion of CH4/O2 mixtures is warranted.

Computational Results
Although a detailed transient simulation on microtube experi-

ments including heat loss from the tube wall will be carried out
in the future, the present steady-state plug-flow model for CH4/O2

mixtures was conducted to provide insight into the critical condi-
tions leading to catalytic ignition, as well as the axial variations of
gas temperature, flow velocity, gas pressure, gas-phase species com-
position, and site fraction of surface species. The inlet conditions
were taken to be mixture temperature of 300 K, mixture velocity
of 10 m/s, inlet pressure of 0.5 atm, and mixture composition of
ER = 8. The viscosity was calculated using detailed transport prop-
erties at each numerical step. The geometry studied was that of the
0.4-mm platinum tube, and a uniform heat flux Q was applied to
the center 70 mm of the tube, bounded by the dashed lines shown
in Fig. 13.

Figure 13 shows the axial variation of temperature, pressure, and
Mach number with different imposed heat fluxes. It is seen from
Fig. 13 that catalytic ignition is achieved when Q is beyond 0.52
W/cm2. As the heat flux is increased from 0.8 to 1.0 W/cm2, the
temperature rise and, therefore, the ignition location, occurs further
upstream. The pressure drop across the tube tends to increase as
the applied heat flux is increased. This pressure drop is due to the
acceleration of the flow in the tube. As expected, the Mach number
increases toward the tube exit with increasing applied heat flux.
Figure 13b also indicates that as the heat flux is increased above
1.129 W/cm2, the flow becomes choked somewhere in the tube, and
steady-state solutions fail to exist for the given inlet conditions.

a)

b)

Fig. 13 Computed axial variations of a) temperature and pressure and
b) temperature and Mach number, with varying applied heat fluxes;
inlet temperature, pressure, and velocity are 300 K, 0.5 atm, and 10 m/s,
respectively; ER = 8.0.

Fig. 14 Temperature variations vs local residence time with varying
applied heat fluxes; inlet temperature, pressure, and velocity are 300 K,
0.5 atm, and 10 m/s, respectively; mixture ER = 8.0.

Fig. 15 Computed spatially resolved profiles of important gas-phase
and surface species for 0.4-mm Pt tube with Q = 1.129 W/cm2; inlet
conditions: 300 K, 0.5 atm, 10 m/s, and ER = 8.

The resulting temperature profiles are plotted against local res-
idence time in Fig. 14. Figure 14 shows that catalytic ignition is
possible only when the local temperature exceeds a critical ignition
temperature Tcr. This critical temperature occurring near 750 K is
shown in Fig. 14 as a dotted line. This result is close to the ex-
perimental value obtained with ER = 8 at an ambient pressure of
0.0136 atm.

Figure 15 shows the spatial structure of the Q = 1.129 W/cm2

case. In Fig. 15, the spatially resolved profiles of the mole fractions
of gas-phase species and site fractions of surface species are shown
as a function of downstream distance. The major gas-phase species
considered are CH4, CO, H2, H2O, and O2, whereas the important
surface species plotted are Pt(s), O(s), and C(s). For the present fuel-
rich condition, H2O is first formed, followed by increasing concen-
trations of H2 and CO. Before combustion the surface is completely
covered with O(s), and after sufficient preheat O(s) desorbs and bare
Pt(s) surface sites become available to aid the reaction. The main
surface species present after ignition are C(s) and Pt(s), with C(s)
dominating around 80% of the surface sites.

Further study was conducted to compute the dependence of the
critical ignition temperature on the ER and inlet pressure. Figure 16
shows that, for all inlet pressures computed, as the equivalence ratio
is increased, the critical ignition temperature decreases, which is
generally in agreement with the experimental data. The computed
results also suggest that as the inlet pressure is reduced, the criti-
cal temperature decreases, which, however, does not agree with our
experimental findings. This discrepancy could be attributed to two
factors. First, the tube heat loss to the surroundings, which is ex-
pected to vary with the surrounding pressure, was not considered
in the calculations. Second, the surface mechanism may need to be
optimized at varying pressures. Further investigation in resolving
such a discrepancy is warranted.

For the microtube conditions tested, the ERs were beyond the
computed flammability limit. As such, it is expected that gas-phase
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Fig. 16 Critical ignition temperature as function of ER at different
inlet pressures; inlet temperature and velocity are 300 K and 10 m/s,
respectively.

reactions account for only a small fraction of the observed heat
release in the microtube experiments. To demonstrate the insignifi-
cance of gas-phase reactions, the results computed with and without
gas-phase chemistry were compared. It was found that the two sets
of computed results are essentially identical, indicating that, for the
present modeling purposes, gas-phase reactions can be neglected.

Conclusions
Future microspacecraft will require new micropropulsion tech-

nology. The use of microchemical thrusters will, in turn, require
the development of advanced microcombustors. The miniaturiza-
tion of gaseous combustion systems, however, is restricted by the
limitations on chamber dimensions. A viable alternative is to take
advantage of surface combustion because catalytic reactions favor
the increased surface area to volume ratio. The increased surface
area as combustors are scaled down, combined with the favorable
effects of surface catalysis, can be used to offset the quenching ef-
fects at small scales and further extend the fuel-rich flammability
limit. Microtubes were chosen for this study because of their sim-
ple geometry and ease of fabrication. The microtube configuration
can be easily implemented in fundamental simulations, allowing
detailed characterization of the exit composition and temperature
for validation purposes.

Platinum tubes with 0.4- and 0.8-mm inside diameters were tested
at ambient pressures of 1.0 and 0.0136 atm. Detailed premixed
CH4/O2 flame calculations showed that the ERs considered herein
were beyond the gaseous fuel-rich flammability limit. Thermocou-
ple data at three different locations along the tube, the temperature
measured at the exit, and the inlet pressure were recorded as a func-
tion of time in resistively heated platinum tubes. These data were
used to assess the progress of exothermic reactions along the cat-
alytic tube. The test matrix included at least three flow rates at each
ER and ambient pressure condition.

Significant surface reactions were found to take place in the 0.4-
and 0.8-mm tubes at all conditions tested, provided that the imposed
heat flux was high enough. Ignition location and characteristics, as
well as steady-state temperature distribution, were found to depend
on the imposed heat flux, mass flow rate, and ambient pressure. The
use of small amounts of hydrogen was found to be helpful in reduc-
ing the critical ignition temperature and, thus, the power required to
achieve ignition. It was also shown that, for most conditions tested,
the catalytic reactions were able to self-sustain once ignited.

A plug-flow model with detailed gas-phase and surface chemistry
was used to provide further insight into the present microtube exper-
iments. Numerical results for CH4/O2 mixtures show that there is
a characteristic critical temperature beyond which ignition occurs.
This value was shown to depend only on the ER and inlet pres-
sure. The computed critical temperature values agree reasonably
well with the experimental data at the same conditions. Spatially
resolved profiles of gas-phase mole fractions and surface site frac-
tions show that the surface coverage is initially dominated by O(s).
Once the critical temperature is reached, the surface subsequently
becomes dominated by C(s) and Pt(s), leading to the consumption
of CH4 and O2 and the formation of H2, H2O, and CO.

The required thrust of 1–10 mN can be obtained with flow rates
in the range between 0.001 and 0.01 g/s. The specific impulse is
typically between 180 and 190 s for reacting flow. The results show
that, currently, a microthruster could be developed using as little as
1 W of power for ignition and that reactions could self-sustain if
desired.
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