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The free molecule micro-resistojet was designed as a micropropulsion system capable of performing attitude
controlandprimarymaneuvers fornanospacecraftwith mass less than10kg.Thedetails of gas–surface interactions
between propellant molecules and surfaces held at elevated temperature are critical in predicting the propulsion
system’s performance and ef� ciency. The aim is to assess parametrically the performance of a typical thruster
geometry using a general Maxwell scattering model and two versions of the Cercignani–Lampis–Lord model
(Lord, R. G., “Some Extensions of the Cercignani–Lampis Gas–Surface Scattering Kernal,” Physics of Fluids, A,
Vol. 3, No. 4, 1991,pp. 706–710 and Lord, R. G., “Some Further Extensions of the Cercignani–Lampis Gas–Surface
Interaction Model,” Physics of Fluids, A, Vol. 7, No. 5, 1995, pp. 1159–1161). The models are incorporated into a
direct simulation Monte Carlo numerical code and are used to bound the predicted performance characteristics
of the thruster. The total speci� c impulse varies by approximately 20% over range of accommodation coef� cients
from specular to diffuse surface scattering. However, there was only a maximum difference of about 5% between
the models for a given accommodation coef� cient. Other more microscopic parameters, such as axial velocity
distribution functions, appear to depend more on the scattering model assumed.

Nomenclature
A = area, m2

a = accommodation coef� cient
Nc0 = average thermal speed, m/s
g0 = gravitational constant, 9.80 m/s2

Isp = speci� c impulse, s
k = Boltzmann’s constant, 1:38 £ 10 23 J/K
m = mass, kg
Pm = mass � ow rate, kg/s
n = number density, m 3

p = pressure, Pa
T = temperature,K
J = thrust, N
® = expansion slot angle
1v = change in velocity, m/s
Â = probability that a molecule exits the expansion

slot once it enters

Subscripts

i = propellant inlet
p = propellant
s = spacecraft
w = wall
0 = stagnation region

Presented as Paper 2000-2430at the AIAA 34th Thermophysics Confer-
ence, Denver, CO, 19–22 June2000; received 28 July 2000;revisionreceived
26 January 2001; accepted for publication 26 January 2001. This material
is declared a work of the U.S. Government and is not subject to copyright
protection in the United States.

¤Senior Research Engineer, Advanced Concepts Division, Propulsion
Directorate, 10 E. Saturn Boulevard; andrew.ketsdever@edwards.af.mil.
Senior Member AIAA.

†Research Scientist. Member AIAA.
‡A. B. Freeman Professor, Chair, Department of Aerospace and Mechan-

ical Engineering. Fellow AIAA.

Introduction

T HE free molecule micro-resistojet(FMMR) has been designed
and developed as a primary and attitude control thruster for

nanospacecraft(mass · 10 kg) (Refs. 1 and 2). The FMMR is con-
structed using microelectromechanical systems (MEMS) fabrica-
tion techniques, which allows it to be machined on a micrometer
scale and to be easily integratedwith otherMEMS componentssuch
as embedded control systems, valves, and pressure regulators. Al-
thoughMEMS fabricationcan be verybene� cial to micropropulsion
systems, a serious drawback of traditional MEMS micromachining
is that only compatible materials can be used in the fabrication
process, which can limit device performance. A schematic of the
FMMR is given in Fig. 1.

The propellant gas enters into the FMMR stagnation region
through a MEMS valve and � lter assembly connected by the pro-
pellant inlets. The device operates at unusually low pressures (50–

500 Pa), which gives the propellant gas molecules a mean free path
on the order of the expansion slot width. With MEMS fabrication
techniques, the slot size can be machined with a width as small as
»1 ¹m; however, the nominal FMMR geometry used in this study
has a slot width w D 100 ¹m. Energy is imparted to the propellant
gas through collisions with a thin-� lm heating element suspended
above a silicon pedestal. The pedestals act to minimize direct line-
of-sightpropellanttransport throughanexpansionslot afterentering
the stagnation region.

The design requirement is to arrange a surface held at an elevated
temperatureto be the last surfacecontactedby a propellantmolecule
before it exits the device through an expansion slot. This require-
ment suggests that the spacing between the thin-� lm heater and the
expansion slot be on the order of the molecular mean free path in
the device to reduce intermolecular collisions before expansion.

The FMMR relies on the transfer of energy into a propellant gas
through molecular collisions with the heated surface. Because the
thin-� lm heater is the only heated surface in the device, subsequent
molecular collisions with relatively cold thruster surfaces are ex-
pected to be a major loss mechanism. For these reasons, the details
of thegas–surfaceinteractionare criticalin predictingthepropulsion
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a)

b)

Fig. 1 FMMR conceptual design schematic: a) cross section of FMMR
showing heating element arrangement with the expansion slot and b)
multislot(w = 100¹m) con� gurationwith a 0.5 £ £ 0.5 cm cross-sectional
area.

system’s performance and ef� ciency. The aim of this study is to as-
sess parametrically the performance (thrust and speci� c impulse)
of a typical FMMR geometry using several gas–surface interaction
models. The models are incorporatedinto a direct simulationMonte
Carlo (DSMC)3 code to bound the predicted performance charac-
teristics of the thruster.

Theory
In a uniform free molecule � ow, the thrust J, or � ux of normal

momentum, producedby a gas at a stagnationpressureof p0 through
a thin ori� ce or slot of area A0 is

J D Â.p0=2/A0 D Â.n0K T0=2/A0 (1)

In the case of the FMMR, the stagnation temperature in the vicinity
of the expansion slot is governed by the physics of the interaction
between the propellant gas and the thin-� lm heated element. For
the present study, the thin-� lm heated element is assumed to be an
inert surface material de� ned by a wall temperature Tw and a single
energy accommodation coef� cient a. Therefore,

T0 D aTw C .1 a/Ti (2)

where the stagnationtemperatureis in thevicinitynear theexpansion
slot. The free molecule mass � ow through an in� nitely thin ori� ce
or slot is

Pm D Âm.n0 Nc0=4/A0 D Â.mn0=4/
p

8kT0=¼m=A0 (3)

A propulsionsystem’s ef� ciency is generallyevaluatedbased on the
thruster’s intrinsic speci� c impulse or Isp. The Isp of a propulsion
system is the ratio of the thrust generatedto the propellantmass � ow
required to produce the thrust. For a free molecule � ow through a
thin ori� ce or slot the speci� c impulse is given by

Isp D
p

¼kT0=2m

g0

(4)

As evident in the preceding formulation, the details of the energy
exchange between the thin-� lm heaters and propellant molecules
drive the performance of the FMMR.

Calculations
The analytical, free molecule results from the preceding section

are expected to be useful in the basic design of the FMMR; how-
ever, DSMC3 calculations are required to predict � ow� eld proper-
ties of the actual FMMR under transitionalrare� ed � ow conditions.
Many of the input models required, such as gas–surface interaction,
are topics of current research; however, parametric variation of the
model featurescan beused to assessperformancesensitivityto these
uncertainties independently.

The two-dimensional computational domain for the nominal
FMMR geometry is shown in Fig. 2. The geometry is symmetrical
about the slot centerlineIJ. BoundaryAB is an open inlet;molecules
entering are selected from a drifting equilibrium distribution at Ti ,
with the drift velocity iterativelyupdated to match the input plenum
pressure at the boundary.Boundary CD is a plane of symmetry (as-
suming a multislot con� guration). The far-� eld vacuum boundary
DJ is placed approximately 10 slot widths downstream of the slot
exit. Each wall surface is a re� ector de� ned by an accommodation
coef� cient a and an input temperature, either Ti or Tw (surface FI
only).

The key feature that enhancesbulk � ow in thepropellantgas is the
differential heating of the thin-� lm heater FI (at Tw ) relative to that
of the nominal plenum inlet and surface temperature (at Ti ). In this
study,all surfacesexcept the thin-� lm heater are assumed to be at the
gas inlet temperature Ti . More accurate simulations would require
iterative coupling of the gas and structural heat transfer properties.

The code is instrumented to sample directly and spatially resolve
the � ux of molecularmass, momentum, and energy throughan arbi-
trary � ow� eld plane,here typicallychosen to be the slot throat (GG0)
or the slot exit (HH0). The code also samples the axial and transverse
velocity distribution function at arbitrary locations, including sur-
face boundaries, to allow more detailedcomparisonwith the simple
free molecule theory. In this manner, performance losses can be
attributed to various components of the geometry such as the slot
walls denoted by the line segment GH.

For the present highly rare� ed operating conditions, the DSMC
requirement that the nominal cell size be on the order of the local
molecular mean free path and that the simulation time step be small
relative to the mean collision time are easily met. The nominal sim-
ulation grid contained2000 cells, with cell size typically much less
than 25% of the local mean free path. The nominal time step was
approximately 50% of the mean collision time.

Fig. 2 FMMR computational geometry
for DSMC calculations.
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The simulations were run for 2000 unsteady and 104 additional
steady-state time steps during which sampling of the � ow� eld oc-
curred.The nominalsimulationcontained2 £ 105 particlesat steady
state, and � ux plane sample sizes were 106 . Statistical scatter in the
predicted speci� c impulse, for example, is estimated to be much
less than 1% due to the large sample sizes obtained.

Because experimental performance measurements of this device
are unavailable,a large variety of sensitivity studies have been car-
riedout to estimate simulationaccuracy.The largestpotentialsource
of error in the present simulations is expected to be in the modeling
of the gas–surface interaction process. For nonideal surfaces, para-
metric studies using the phenomenologicalmodels show variations
in predicted speci� c impulse on the order of 5%.

For simplicity in these initial design studies, calculations have
been made assuming an argon propellant, although it is far from an
optimum choice for an electrothermal thruster. For more accurate
performancepredictionswith realistic propellantmolecules, the in-
� uence of internalmodes must be addressed.The typical propellant
inlet temperatureandpressureare 300 K and 50Pa, respectively.The
nominalFMMR geometryhasa slotwidthofw D 100¹m, anexpan-
sion angle ® D 40 deg, and an expansion slot thickness of 250 ¹m.
The inlet conditionsand slot width yield a Knudsennumberof unity.

Gas–Surface Interaction Models
Despite advances in micromachining technology, silicon and

silicon-based materials are still the most common material used
in MEMS fabrication. Exposure of pure silicon to potential pro-
pellant gases such as ammonia (NH3) or water (H2O) may lead to
dissociative adsorption and subsequent nitridation or oxidation of
the silicon surface even underbenign conditions,for example, room
temperature.4 Very little information is available regarding their in-
� uenceon macroscopicprocessessuch as gas transport.5 Molecular-
level data indicatedesorptionis, in general,a highlynonequilibrium
process,6 further complicating model development.

As suchfor thepresentperformancestudies,an inert surfacemate-
rial de� ned by a wall temperatureTw or Ti and a single accommoda-
tion coef� cienta are assumed.An estimateof the in� uenceof the re-
� ection (or desorption) process on overallperformanceis then made
by comparative calculations for three models: the Maxwell model3

and two forms of the Cercignani–Lampis–Lord (CLL) model.7;8

In the Maxwell model, a fraction a of incident particles fully ac-
commodate to the wall temperature and are diffusely re� ected with
the remainder being specularly re� ected. Molecular beam studies
have shown that this model is not realistic, and that, in general,
re� ected molecules at a surface exhibit a lobular distribution in di-
rection and a continuous spread in energy.

In the originalformof theCLL model, re� ectionvariesfromspec-
ular (a D 0) to fully accommodating (a D 1) as with the Maxwell
model.7 However, the CLL original model allows for separate nor-
mal and tangential energy accommodation coef� cients (which for
simplicity are equivalentin this study). This form of the CLL model
produces physically reasonable distributions of direction and en-
ergy for re� ected molecules although it can not be used to describe
discrete internal energy states of the molecule.

A generalizedform of the CLL model provides for diffuse molec-
ular re� ectionat a surfacewith incompleteenergyaccommodation.8

The CLL diffusemodel retains theenergydistributionobtainedfrom
the original CLL model but removes the angular dependence for
surface re� ection (corresponding to diffuse re� ection). Both the
CLL original and CLL diffuse models are compared to the simple
Maxwell model to assess the predicted FMMR performance.

In principle, the details of the energy deposition and desorption
process can be directly incorporatedinto the DSMC gas–surface in-
teraction procedure as they become available. For the present range
of FMMR conditions, gas-phase processes such as recombination
are negligible due to the low operating pressures. Therefore, the
key parameters required for more detailed studies are the net veloc-
ities or translationalenergy components of the (potentiallydissoci-
ated) products of the desorbingpropellantmolecule, rather than the
speci� cs of the pathways by which the adsorption and decomposi-
tion occur.

Thermal Accommodation of Gases on Surfaces
An extensive literature exists detailing the measurements of

the thermal accommodation coef� cient for various gas–surface
systems.9 12 Although there have been a number of notable mea-
surementsmade for monatomicor simple diatomicgases interacting
with pristine metal surfaces, obtaining measurements and develop-
ing numerical models for complex � ows on engineering surfaces
is an area of active research.13 16 With current MEMS fabrication
practices, the thin-� lm heating element can either be made from a
polysilicon material or sputter deposited metals such as platinum
or gold. It is assumed for the purposes of this research that the
heating element is a deposited platinum surface with a thickness of
approximately 2000 ÊA.

The temperature-dependent accommodation coef� cient depends
on several factors including the physical characteristics of the gas,
the solid surface, the surface temperature, and the gas temperature.
From previous research, the accommodation coef� cient for argon
impacting a platinum surface at thermal energies ranges from 0.71
(Ref. 9) to 0.9 (Ref. 11) at Tw D 300 K. At the FMMR operating
temperature of Tw D 600 K, the accommodation coef� cient ranges
from 0.5 (Ref. 10) to 0.63 (Ref. 11). Accommodation coef� cient
data for argon colliding with a silicon surface, which are needed to
estimate the energy losses on the expansionwalls, are not available.

Because of uncertainties in the experimental measurements and
in some cases a complete lack of data, the calculations presented
in the following section include full parametric analysis with the
accommodationcoef� cient. For simplicity, the accommodation co-
ef� cients of a given case are assumed to be equivalent for both the
thin-� lm heater and the expansion walls. Despite these dif� culties,
the experimentallyderivedaccommodationcoef� cients can be used
as a general guideline in assessing predicted FMMR performance.

Results
Baseline estimates of the FMMR performance, that is, thrust and

speci� c impulse, and � ow� eld behavior were obtained assuming a
Maxwell surface model with complete accommodation (a D 1) us-
ing an argon propellant. At full accommodation, the Maxwell and
both versions of the CLL model are equivalent. Figure 3 shows
the FMMR � ow� eld contours for complete surface accommodation
with Tw D 600 K. The contours show the gas translational tempera-
ture on the left side and axial velocity on the right side. In the slip
layer (of characteristic dimension one mean free path) above the
heated surface, the local gas state will comprise two basic classes of
molecules, those directed away from the wall (and whose last col-
lision event was with the wall) and those directed toward the wall.
In the three-dimensional free molecule case, this latter class will
containmoleculeswhose last collisionwas with another, cooler sur-
face. For the present, � nite Knudsen number conditions (K n » 1),
this class will also include molecules that have undergone inter-
molecular collisions with the cooler ambient gas. Macroscopically,

Fig. 3 Flow� eld contours for nominal operating conditions: transla-
tional temperature (left) and axial velocity (right).
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this complex nonequilibriumphenomenon is described as tempera-
ture slip and is clearly observed in the temperature contours, where
the peak temperature in the gas near the heated surface remains
much lower than Tw . Figure 4 compares the calculated speci� c im-
pulse with the theoretical value [Eq. (4)] as a function of the heated
wall temperature. For the nominal case, the corresponding thrust
per unit expansion slot length is nearly 2.5 mN/m.

The molecular velocity distribution function available directly
from the DSMC calculationsprovides a means to quantify the local
degreeof translationalnonequilibriumin the gas.Figure 5 shows the
centerline axial velocity distribution function at the expansion slot
exit (H0 in Fig. 2) and throat (G0 in Fig. 2) for the nominal case us-
ing the Maxwell model with a D 1. The theoreticalone-dimensional
free molecule axial velocity distribution function at the expansion
slot exit would consist of a half-Maxwellian evaluated at Tw . Obvi-
ously, the � ow� eld at the exit differs from the simple free molecule
analysis;however, the comparisons in Fig. 4 suggest that the simple
model can serve well for initial performance studies.

Figure 6 shows the net axial force along the expansion slot walls
for various expansion angles ®. For these results, the heated wall

Fig. 4 FMMR performance as a function of operating temperature;
theoretical line from Eq. (4).

Fig. 5 Centerline axial velocity distribution function at the expansion
slot throat and exit.

Fig. 6 Axial force contribution along the slot for various expansion
angles.

temperature is Tw D 600 K and the expansion slot wall temperature
is Ti D 300 K with full surface accommodation.The net increase or
decrease in thrust contributedby the expansionwalls is given by the
integralsunder the curve in Fig. 6. For the conventionused in Fig. 6,
a positive integral implies thrust enhancement whereas a negative
integral implies thrust degradation. For ® D 40 and 54.74 deg, the
expansion walls contribute a net positive increment to performance
by limiting divergence losses. Note that for ® D 40 and 54.74 deg
the enhancement is maximized near the throat indicating that thin
expansionslots are preferred.As the expansionangle increasesfor a
� xed slot thickness, the shear forces begin to dominate and can sig-
ni� cantlydegradethe thruster’s performanceas seen for® D 90 deg.
From this analysis, relatively thin expansion walls with expansion
angles ® · 60 deg are desirable. The expansion angle of 54.74 deg
correspondsto thatwhich canbe etchedby an isotropicwet chemical
etchant along the h100i plane of crystalline silicon.

As mentioned earlier, the characteristicsof the FMMR � ow� eld
and performance are expected to depend on the details of the gas–

surface interaction process. Figure 7 shows the speci� c impulse of
the FMMR as a function of the surface accommodation coef� cient
for the Maxwell and the two versions of the CLL model. As Fig. 7
indicates, the models differ by only a few percent at a given accom-
modation. The accommodation coef� cient in this case is assumed
to be independent of the heated surface temperature; with this as-
sumption, the peak speci� c impulseoccurs for a D 1. The difference
between the DSMC predictionsand the free molecule theory lies in
the effects of the expansion slot walls on the FMMR performance.
As indicated in Fig. 6, the expansion slot walls act to improve the
performance for small expansionangles. Because the free molecule
theory is only truly valid for an in� nitely thin ori� ce expansion, the
effect of the slot walls is not accounted for in the theoretical results
shown in Fig. 7.

Normalized speci� c impulse pro� les across the slot expansion
exit plane (HH0 in Fig. 2) for various conditionsare shown in Fig. 8.
As expected, the maximum speci� c impulse contribution is on the

Fig. 7 Surface model effect on the predicted FMMR performance.

Fig. 8 Effect of the surface model on normalized speci� c impulse pro-
� le across expansion slot exit.
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Fig. 9 Axial force contribution along the slot for various gas–surface
interaction models.

Fig. 10 Effect of the surface model on � ow� eld temperatures.

FMMR centerline, where losses due to the transverse velocity and
collisions with the expansion walls are minimized. The speci� c
impulse drops approximately 30% from the centerline value as the
expansion walls are approached. Interestingly, it appears that the
nature of the scattering process has a larger effect on the pro� le
shape than does the magnitude of the accommodation.

Figure 9 shows the in� uence of the surface models on the net ax-
ial force along the expansion slot wall for ® D 40 deg. This effect is
larger than that due to modest variations in the expansion slot angle
about the nominal value shown in Fig. 6. Figure 9 also indicates
that the scattering process contributes signi� cantly to the determi-
nation of the optimal slot expansion length. To minimize shear and
heat transfer to the expansion slot, thin expansion slots are desired.
However, the bene� t of redirecting errant molecules in the useful
thrust direction is improved for thicker slots.

The FMMR � ow� eld temperature contours for full accommo-
dation and for the CLL diffuse model with a D 0:5 are shown in
Fig. 10. As expected, the temperature pro� le near the heated wall
surfaceshows less energy is transferredinto the propellantgasunder
incomplete accommodation conditions.

The major performance loss mechanism is expected to be
caused by heatedpropellantmoleculescollidingwith relativelycold
thrusterwalls, particularlyin the expansionregion. Figure 11 shows
the propellant heat � ux as a function of axial distance x along the
FMMR expansion slot. The upstream entrance to the slot (analo-
gous to a nozzle throat) is x=w D 0. The integrals under the curves
in Fig. 11 vary from 8:06 £ 10 6 (Maxwell) to 9:38 £ 10 6 kW/m
(CLL diffuse) indicating that there is only about a 20% deviation
between the gas–surface interaction models for a given accommo-
dation. Therefore, the heat � ux to the expansion wall appears to be
relatively insensitive to the scattering model assumption.

As expected, the heat � ux to the expansion walls increases with
the accommodation coef� cient as shown in Fig. 12. This in� uence

Fig. 11 Expansion wall heat � ux for various gas–surface interaction
models.

Fig. 12 Integrated heat � ux per unit slot length to the expansion walls
as a function of the accommodation coef� cient for the CLL original
model.

is larger in magnitude than that caused by varying the interaction
model for a given accommodation coef� cient (Fig. 11). Again, it
is assumed that the accommodation coef� cient is the same for all
gas–surface collisions, that is, independentof gas and surface tem-
perature, throughouta given simulation. Although these results are
for the CLL original model, similar trends are seen with the other
surface interaction models used in this study.

Discussion
As shown in Fig. 7, the details of the gas–surface interaction are

important in effectively determining the predicted performance of
the FMMR. As more appropriate propellants are investigated such
as water vapor,1 the physics of surface interactions will become
increasingly complicated by adsorption, dissociation, and internal
energy state excitation.Currently,adequatemodels are not available
to address these interactions.

The mass of propellant required to perform a series of spacecraft
orbital maneuvers is given by

m p D ms[exp.1v=Ispg0/ 1] (5)

where m s is the dry spacecraftmass, that is, without propellant,and
1v is the change in velocitythat the propulsivemaneuversafford.A
1v of approximately100 m/s is typicalfor a nanospacecraftmission
(m i D 10 kg), where the micropropulsionsystem is used for attitude
control over the mission lifetime. Figure 13 shows the propellant
mass required for the assumption above over the range of FMMR
predicted Isp shown in Fig. 7.
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Fig. 13 Mission-required propellant mass as a function of FMMR
performance.

As Eq. (5) indicates, an error in estimating the speci� c impulse
can lead to largererrors in predictingthe requiredpropellantmass for
a spacecraft mission due to the exponential term. For this reason,
improved gas–surface interaction models and validating data are
required to accurately estimate mission parameters.

Conclusions
It has been shown that the predicted performance of the FMMR

depends on the details of the gas–surface interaction process used
in the DSMC predictions. In general, the macroscopicpropertiesof
the FMMR (speci� c impulse, expansion slot axial force, and heat
� ux) appear to be more sensitive to the assumed magnitude of the
accommodationcoef� cient than to the details of the surface scatter-
ing. The total speci� c impulsevariesby approximately20% over the
maximum theoretical range of accommodationcoef� cients (zero to
complete accommodation). However, there was only a maximum
difference of about 5% between the models for a given accommo-
dation coef� cient. Other more microscopic parameters, such as the
molecular velocity distributionfunction of the gas near the surface,
appear to depend more on the scattering model assumption. These
variationswill be important in assessingthe contaminationpotential
of the micropropulsionsystem on nanosatellitemissions.

The predicted performance of the FMMR, assuming a uniform,
constant level of accommodation throughout the device, is maxi-
mized for full thermal accommodation. Proper selection of the ma-
terialused on each componentmay further increasethe performance
of the device. For example, the use of a thin-� lm heatermaterial that
provides full thermal accommodation while choosing a more spec-
ular surface for the expansionslots would be bene� cial. The overall
thruster ef� ciency would be enhanced by allowing maximum en-
ergy input into the gas and minimizing the losses on the expansion
slot walls.

Additional data are needed for the accommodationcoef� cient of
gases on MEMS engineering surfaces such as silicon (single and
polycrystalline), silicon oxide, silicon nitride, silicon carbide, and
certain polymers. The gas–surface interaction models used in this
studyare still phenomenological.Morephysicalmodelsare required

for calculations that simulate realistic propellants (typically stored
as liquid) interacting with surfaces at elevated temperature. Addi-
tionally, the details of molecular scattering, adsorption (physi- and
chemi-), desorption, dissociation, and internal energy mode cou-
pling must be addressed.
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