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A numerical study of three-dimensional effects on the performance of a micronozzle fabricated from flat silicon
wafers is performed by use of both continuum and kinetic approaches. The nozzle operates in a low-Reynolds-
number regime, and viscous effects dominate the gas expansion. Thrust losses occur because the shear on the
wall is greater in a flat nozzle configuration than in an axisymmetric conical nozzle. Therefore, the prediction of
the micronozzle performance based on axisymmetric or two-dimensional modeling can lead to significant design
errors. Comparison of simulation with recent data shows good agreement in terms of thrust predictions for cold-gas
thrusters at Reynolds numbers of approximately 2 X 102.

I. Introduction

HE recent advances in microelectromechanical systems

(MEMS) have led to the construction of various types of
micrometer-scaledmechanicaldevices. Bulk micromachiningofsil-
icon and other materials has been used to produce pumps, small mo-
tors, channels,mechanical sensors, and other devices.! MEMS tech-
nology has also been considered for the production of micrometer-
sized rocket motors; however, several questions must be addressed
before their utility can be assessed. One of the most important is-
sues is an estimate of the thrust performance at the small scale that
is possible with this new technology.

The dramatic change in the linear dimension affects both the
mechanics of the working fluid and geometric design of microde-
vices. From the fluid mechanics point of view, a model is needed to
take into account microfluidic aspects > A typical flow in a cold-gas
micrometer-sized device has a low Reynolds number on the order
of 10?-10%; therefore, viscous effects will be much more significant
than in conventionallarge nozzles. Other consequencesof the small
linear scale for supersonic nozzle flows are rarefaction effects re-
sulting in the possibility of velocity slip and temperature jump at
the gas-solid surface interface. The surface area to volume ratio in
microdevices is high, and the wall effects may dominate the fluid
behavior inside the nozzle. Thus, accurate modeling of the fluid-
surface interaction is required.

Conventionalrocket nozzles are almost always of an axisymmet-
ric shape and often have a contoured sectionto direct the exhaustgas
along the axis. Because entirely differentmaterials and manufactur-
ing technology is used for MEMS, the geometric shape is different
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from that for large-scalenozzles. For the microfabricationof nozzle
devices, the techniqueis well developedfor etching a simple-shaped
device from a silicon wafer. Experimental measurements by Bayt
and Breuer’ of mass flow and thrust levels in a flat contoured noz-
zle showed that for low Reynolds numbers, Re <5 x 102, nozzle
performance is strongly affected by viscous losses and there is a
considerable deviation from a two-dimensional Navier-Stokes so-
lution because of the three-dimensional effects.

The main objectives of this present work are the numerical study
of viscous effects in micronozzle flows and comparisons of differ-
ent geometric configurations, axisymmetric conical and flat three
dimensional, in terms of thrust performance and flowfields. A two-
dimensionalmodel of a micronozzleis also examined and compared
with the full three-dimensional simulation.

Application of modern computational fluid dynamic techniques
to model these flows can allow one to obtain detailed informationon
flow structure and peculiarities. There are two general approaches
to treat a fluid in different flow regimes: continuum, when the scale
of flow phenomenais large compared to the fluid microscopicstruc-
ture, and kinetic, for a rarefied flow where phenomena at the molec-
ular level become important. Because the flow regime varies from
near continuum at the nozzle throat to rarefied at the nozzle exit,
in micrometer-scale devices, accurate modeling is a challenging
task for both approaches. Both kinetic and continuum numerical
approaches are used in this study.

Severalearlierpapers presentedcomputationalresults for axisym-
metric micronozzle flows.*~7 Most of them employed the direct
simulation Monte Carlo (DSMC) method, the most widely used ap-
proach for modeling rarefied gas flows. The work by Chung et al
was performed with the goal to make a comparisonbetween numer-
ical modeling and experimental data. In the paper by Ivanov et al..°
both DSMC and continuum methods were used to simulate the ax-
isymmetric and two-dimensional flow in a nozzle at low Reynolds
numbers.

The present paper is the first application of the DSMC method to
the modeling of three-dimensional microthrusters. The solutions of
the Navier-Stokes equations are also obtained to elucidate the area
of applicability of the continuum approach. The paper also presents
the first comparison of accurate experimental data with calculations
for three-dimensionalnozzles for Re =2 x 102, The earlier data of
Bayt and Breuer’ does not extend to such low Reynolds numbers.

The flow of molecular nitrogen in micronozzles is analyzed in
terms of flowfields and performance characteristics. The outline of
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the paperis as follows.In Sec. II, the geometricsetup and flow condi-
tions are explained. Section I1I describesthe numerical methods and
computational requirements for the cases under consideration. Re-
sults of numerical modeling are presentedin Sec. IV. A discussion
of the flow features is also given, and the capabilities of numeri-
cal methods are compared. Finally, nozzle performance parameters
are compared for different geometric configurations. Recent exper-
imental thrust measurements of a flat micronozzle at Re =2 x 10?
are presented and compared.?

II. Micronozzle Configurations and Flow Conditions

Two different micronozzle configurations are considered: axi-
symmetric and three dimensional. The axisymmetric conical nozzle
has an expansion angle of 15 deg, a throat diameter D, =300 pum,
and an exit-to-throat-arearatio of 100. A schematic of the three-
dimensional (hereafter referred as flat) nozzle is shown in Fig. 1.
The throat width is equal to the axisymmetricnozzle throat diameter
D,, and the height » =300 wm. The expansionangle is 15 deg, and
the area ratio is 10. The flat nozzle dimensions are derived from
a recent experimental study.’ The flat nozzle has the same cross
section in the XY symmetry plane as the axisymmetric nozzle, as
well as the same nozzle length of 5.038 mm. The details on nozzle
geometry and computational domain in XY symmetry plane are
givenin Fig. 2.

For the two geometric nozzle configurations, the flow of molecu-
lar nitrogen was calculated at a stagnationpressure p. = 10 kPa and
stagnation temperature 7, = 300 K. Stagnation and critical condi-
tions for a sonic flow at the throatare givenin Table 1. The Knudsen

Table 1 Flow conditions (test gas, N,)

Parameter Value
Stagnation temperature 7, 300K
Stagnation pressure p, 10 kPa
Critical pressure p; 5.2 kPa
Critical temperature 7; 250K
Wall temperature 7, 300K

h, height
w, width

L, length

Fig.1 Schematic of flat micronozzle.

2.0 mm

1.5 mm

15 deg

Fig.2 Nozzle geometry and computational domain in XY plane.

number at the throat for both nozzles is 5 x 10~%, and the corre-
spondingReynoldsnumberbased on the throathalf-widthis 2 x 102,
The temperature at the nozzle wall is assumed to be constant and
equal to the stagnation temperature at the chamber.

III. Numerical Methods
A. Continuum Method

A continuum model was used to describe the gas flow in the
axisymmetric and three-dimensional nozzles. Numerical solution
of the Navier-Stokes equations for viscous fluid flow was obtained
with a finite volume spatial discretization on a structured three-
dimensional grid implemented in GASP.'°

Molecularnitrogenis treated as a perfectgas, and the temperature-
dependent gas viscosity is obtained from the Sutherland model (see
Ref. 11). Viscous derivativeterms in the momentum and energy con-
servation equations are computed with second-order accuracy on
the interior and gas-solid interface cells. The third-order, upwind-
biased scheme is applied for spatial reconstructionof volume prop-
erties on the cell boundaries. To obtain a steady-state solution, two-
factor approximate factorizationis used for time stepping.'

As was shown by Ivanov et al..® an extrapolationboundary condi-
tion at the exit of a nozzle can significantly decrease the accuracy of
the predicted performance at low Reynolds numbers. Therefore, an
exterior region of the nozzle was also included in the present com-
putational domain. Two-zone grids resolving gradients near wall
boundaries and along the axis are used in the computations. Grid
convergencestudies showed that the solutionis grid independentfor
grid dimensions of at least 200 x 40 (zone 1) and 100 x 60 (zone 2)
for the axisymmetric and two-dimensionalcases and 200 x 40 x 20
(zone 1) and 100 x 60 x 20 (zone 2) for the three-dimensionalcase.

The GASP message passing interface (MPI) capabilities allow
iterations in different regions of the computational domain to be
performed in parallel. When this option is used on a two-processor
SGI Octane, the total computational time for the axisymmetric case
with the aforementioned axisymmetric grid is ~8 h and ~50 h for
the three-dimensionalcase.

A no-slip boundary condition is used in these computations to
model gas-surface interaction at a fixed wall temperature. The tem-
perature of the wall is set to the stagnation temperature at the cham-
ber. The inlet conditionsare obtained from ideal nozzle theory based
on stagnation gas properties and an inlet area ratio. For the axisym-
metric case, both subsonic and critical inlet conditions are consid-
ered. It was found that for the subsonicinletconditionsthe boundary
layer is thin compared to the the nozzle throat dimension. Hence,
the difference between the flowfield solutions for these two types
of inlet conditions is expected to be small. Figure 3 shows a com-
parison of the Mach number fields for the subsonic and critical inlet
conditionsexceptfor regions close to the throat; the spatial distribu-
tion of Mach numbers is similar for both cases. Table 2 shows that
the nozzle performance characteristics of the axisymmetric nozzle
for both conditions are also similar.

The constant critical throat condition is, therefore, used as the
boundary conditions for the axisymmetric and three-dimensional
solutions calculated with the Navier-Stokes and DSMC methods.
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Table 2 Axisymmetric nozzle
performance characteristics
for continuum solutions

Location Thrust, mN Lsp, s
Subsonic inlet 1.08 66.06
Uniform throat 1.07 65.62

B. DSMC Method

The DSMC method!? is a statistical computationalapproachused
for solving rarefied gasdynamics problems. During the past several
years, it has also been successfully applied to modeling flows in
the near-continuumregime. In this work, a DSMC-based software
SMILE" is used in all DSMC computations. The majorant fre-
quency scheme'* of the DSMC method is used to model collisions
betweenmolecules. A variablesoft sphereis assumed to be the inter-
molecular potential model.'> The Larsen-Borgnakke model'® with
temperature-dependent rotationaland vibrationalcollision numbers
and discreterotational and vibrationalenergiesis used for the energy
exchange between translational and internal modes.

Under the flow and geometry conditions examined in this work,
gas-surface interactionsare expectedto affect the flow significantly.
The DSMC technique allows a detailed treatment of this interaction.
Gas molecules can lose or gain a fraction of impulse and energy on
a collision with a surface, and the outcome of the collision depends
on physical and thermal properties of the surface and gas. An ideally
smooth surface would reflect particles specularly with the reflection
angle equal to the incidentangle, and the magnitude of the momen-
tum components remain the same. Real surfaces have a significant
degree of roughness at the molecular scale that results in inelastic
diffusive collisions of a molecule with the surface.

One of the most widely used gas-surface interaction models, the
Maxwell model, assumes that a fraction (1 — &) of incident par-
ticles is reflected specularly while the remaining fraction ¢, expe-
riences diffuse reflection, that is, particle velocities are distributed
according to the Maxwellian distribution with the surface temper-
ature. This parameter o, is equal to the tangential momentum ac-
commodation coefficient:

Qg = (Pit - Prt)/Pit
where P. is the tangential momentum and indices i and r refer
to incident and reflected particles. Experimental data!” for silicon
interacting with a nitrogen flow suggest an accommodation coeffi-
cient of oy =0.8. The Maxwell model with different values of «,
between 0 and 1 and the surface temperature 7,, = 300 K is used in
the DSMC computations.

The degree of energy (or thermal) accommodationof the gas with
the surface can also be modeled in a similar manner. The thermal
accommodation factor ¢ was assumed to be unity for the diffuse
tangential momentum model.

The majorant frequency scheme used in SMILE was strictly de-
rived from the Leontovichmaster kinetic equation for the N-particle
distribution function. In any system of a finite number of particles,
N, there are statistical correlations between particles'® that arise
even when particles were initially independent. The master kinetic
equationdiffersfrom the Boltzmannequation, the principalequation
thatdescribesrarefied gas flows, by the presence of a source term de-
pendent on a pair correlation function, g = f, — f; f. Here, f; and
/> are one- and two-particledistributionfunctions,respectively. The
correlation function g o« N~', and therefore, the correlation term
vanishes when N — o0o.

The statistical dependence is inherent in any system of N par-
ticles. The number of simulated particles is, therefore, a crucial
parameter for any DSMC study. There should be enough particles
in the simulation so that the statistical correlations do not affect
the result of the simulation and so that it can be considered a so-
lution of the Boltzmann equation. It was suggested by Gimelshein
et al.'” to use the number of molecules in a cube with the linear
dimension of the local mean free path A as an estimate for statisti-
cal correlations. Usually, there should be a few molecules in A3 for
the correlations to be negligible. Therefore, the number of particles
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Fig. 4 DSMC translational temperature profiles in the three-
dimensional micronozzle for different numbers of particles.
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Fig.5 DSMC velocity component U, profiles in the three-dimensional
micronozzle as a function of the number of particles.

required is especially severe when the DSMC method is applied
to model three-dimensional near-continuum flows. These require-
ments are connected with both the flow dimensionality and high
density of the gas, that is, small A.

Thus, it is important to analyze the influence of the number of
particles to have results independent of particle correlations. Con-
vergence studies of the DSMC solution in terms of the number of
particles were conducted for the three-dimensional micronozzle.
The translational temperature and the X-velocity component U,
profiles along the nozzle centerline are plotted in Figs. 4 and 5 for
different numbers of simulated particles in the computational do-
main: N =1.3 x 10%,5 x 10°, 1 x 107, and 2 x 107. The simulations
show that there is a dependenceof the translational temperature and
velocity on N in the region of high flow density. It is seen from the
profiles that the DSMC solution for a smaller number of particles is
shifted. However, the results show that the solutions are essentially
the same for N =107 and 2 x 107 particles and that convergence
has been obtained.

In general,the DSMC calculationspresentedhere were carried out
with the following numerical parameters. Both adaptive rectangular
grids were used for collisions and macroparameters sampling with
a total of approximately 10° collisional cells used. A time step of
0.5 x 107 was used, and the total number of the sampling time
steps was 80,000.

IV. Results and Discussion

A. Axisymmetric Conical Nozzle

Let us consider the flow in an axisymmetric conical micronozzle
that was studied with the continuum and DSMC methods. A com-
parison of density fields obtained by the two techniquesis given in
Fig. 6. The density is normalized by its value at the nozzle throat.

The flowfields obtained for the axisymmetric micronozzle are
typical for cold-gas thrusters. The gas experiences about two orders
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Fig. 6 Normalized number density contours in an axisymmetric mi-
cronozzle: DSMC (top) and continuum (bottom).
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Fig.7 Comparison of the density profiles along the nozzle axis for the
axisymmetric case.

of magnitudedecreasein densityalongthe nozzleaxis(see Fig. 7). In
the radial direction, the density decreases near the wall because the
temperatureof the wallis higherthan thatof gas. Axial velocity fields
for the DSMC and Navier-Stokes solutions were studied. It was
observed that the numerical solution of Navier-Stokes equations
agrees well with the DSMC results inside the nozzle and in the core
flow outside the nozzle. There is a significant difference between
the two solutions only in the region of the nozzle lip due to the rapid
expansion of the gas and a high flow rarefaction that is difficult to
capture by continuum methods.

Velocity contours qualitatively illustrate the growth of the
boundary-layer thickness downstream from the nozzle throat. To
study the boundary-layer growth in more detail, the distribution of
the X component of velocity at the nozzle exit is given in Fig. 8.
The velocity gradient is large close to the axis, and the boundary
layer occupies most of the exit area. The difference between the
velocities at the wall for the two approachesis due to the difference
in their boundary conditions. However, comparison of the velocity
profiles along the nozzle axis shows a small difference between the
two solutions.

Translational temperature contours are shown in Fig. 9 for the
two different flow models. The agreement is satisfactory inside the
nozzle except in the vicinity of the lip, where the impact of flow
rarefaction is again significant. The GASP solver assumes there is
an equilibrium between translational and rotational modes. The vi-
brational mode is essentially frozen at the low temperatures under
consideration,and vibrational excitation is not an important factor;
however, the rotational temperature may be significantly different
from the translational one. Figure 10 shows the DSMC rotational
and translational temperature profiles along the nozzle axis com-
pared with the translational temperature profile obtained by GASP.
Differences between the translational and rotational temperatures
beyond the nozzle exit can be observed. The difference between the
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Fig.8 X component of velocity at the nozzle exit plane in the axisym-
metric case.
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Fig.9 Translational temperature contours (Kelvin) in the axisymmet-
ric micronozzle computed with DSMC (top) and continuum (bottom)
flow models.
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Fig. 10 Comparison of temperature profiles along the nozzle axis for
the axisymmetric case.

translational temperatures obtained by the continuum and kinetic
approachesis due to rarefaction and wall effects.

B. Flow in a Flat Micronozzle Computed Using
Two- and Three-Dimensional Models

A two-dimensional model can be used to describe the flow in a
nozzle of a flat geometric configuration if the influence of the end
walls [the nozzle surfaces located in the x-y planes at z=0 and
h (Fig. 1)] is negligible. However, as was shown in the preceding
section for an axisymmetric flow, the entire area of the nozzle exitis
affected by the wall boundary layer. In the flat nozzle case with the
same flow conditions at the throat, an even larger impact of viscous
effects can be anticipatedbecauseof a greater surface area to volume
ratio. Full three-dimensional flow modeling is, therefore, required
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Fig. 11 Density contours in a flat micronozzle computed for three-
dimensional (top) and two-dimensional (bottom) cases by the DSMC
method.
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Fig. 12 Contours of velocity component in the X direction for a
flat micronozzle calculated using the three-dimensional (top) and two-
dimensional (bottom) models.

to simulate the gas flow and to predict accurately the performance
characteristicsof a three-dimensionalhighaspectratio micronozzle.

To examine the contribution of the third dimension at the given
conditions,the modeling of two-dimensionaland three-dimensional
flows in a flat micronozzle was conducted using the continuum and
kinetic approaches.The computational grid for the two-dimensional
flow is the diverging nozzle portion of Fig. 2. The density con-
tours are shown in Fig. 11 for both the two- and three-dimensional
flow models. Whereas the density decreases gradually in the two-
dimensional case, the flow in the three-dimensional nozzle experi-
ences two successive expansions, at the nozzle throat and the exit.
This is due to the contribution of two different processes, viscous
dissipation and flow expansion. Pressure fields for the two- and
three-dimensional flow models were also found to be significantly
different. The pressure is higher inside the nozzle for the three-
dimensionalcase due to wall effects, and the core flow values are ap-
proximatelyseventimes larger. In the expansionregion,downstream
of the nozzle exit, the pressure is lower for the three-dimensional
case because the flow expands in three dimensions.

A comparison of velocity fields for the two cases is given in
Fig. 12. As expected, the two-dimensionalmodel predicts the values
of the velocity component in X direction to be larger inside the
nozzle. For the three-dimensional case, the velocity first increases
at | mm downstream from the throat (the flow expansiondominates
there) and then slightly decreases toward the exit because the wall
effects become more important. The velocity has a local maximum
of 450 m/s at ~1 mm from the throat. The flow expands rapidly
after the exit, and the velocity at 2 mm from the exit is even greater
than the corresponding velocities in the two-dimensional case.

Figure 13 shows that the translational temperature fields are
also qualitatively different for the two flow cases. The tempera-
ture decreases downstream in the direction of the nozzle axis and
increases at the wall (the gas is cooler than the surface) for the two-
dimensionalcase. There is a local minimum of temperature at 1 mm
from the throat in the three-dimensionalflow, and temperature val-
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Fig.13 Translational temperature contours for a flat micronozzle cal-
culated using the three-dimensional (top) and two-dimensional (bottom)
flow models.
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models.

ues are generally higher inside the nozzle and lower downstream
from the exit plane for this case. The influence of the end walls is,
therefore, very important for the height to width ratio considered.
For larger ratios, a smaller effect would be expected, and likewise
there should be a smaller difference between the temperature fields
predicted by the two- and three-dimensional models because the
difference in the expansion process would also be reduced.

The differencein the expansionprocessis shownin Fig. 14, where
the molecularlocal mean free pathis plotted. The mean free path in-
creases gradually inside the three-dimensionalnozzle. It changesby
a factor of three from the throat to the exit. For the two-dimensional
case it grows more rapidly in the X direction, and there is also a
strong growth across the nozzle near the walls. Note that the local
characteristic length for the three-dimensional case is equal to the
nozzle height # =300 um. The local Knudsen number at the exit
plane is, therefore, about 0.1, which falls into a regime where the
continuum model fails.

C. Wall Effects in Axisymmetric and Three-Dimensional Nozzles

To choosereasonable geometric parameters that will create a flow
that expands through a micronozzle with minimal surface losses,
an estimate of the boundary-layer thickness at the exit has to be
made. A possible approach to nozzle design could be to utilize the
flow over a plate for an assessment of the boundary-layerthickness
growth. In a nozzle, though, the boundary-layer thickness grows
much more rapidly than that over a plate due to the gas expansion.
A full simulation is, therefore, required to examine the boundary-
layer growth for a specified nozzle geometry and to choose a nozzle
configuration that decreases the boundary-layerthickness.

To understand how the boundary layer grows in a three-
dimensional nozzle under the chosen conditions, Fig. 15 shows the
translational temperature contours at different cross sections per-
pendicular to the nozzle axis. The viscous layer is developed very
rapidly, and at a distance of several throat widths, it occupies the
entire cross-sectional area. There is, therefore, no inviscid core in
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Fig. 16 Translational temperature profile along the nozzle axis for the
axisymmetric and three-dimensional nozzles.

the gas flow inside the nozzle at the Reynolds number and aspect
ratio modeled in this work.

The wall effects and flow expansion strongly impact the flow in
a three-dimensionalnozzle as compared to that in an axisymmetric
nozzle.Figure 16 shows the translationaltemperature profiles along
the nozzle axis for the three-dimensional and axisymmetric cases.
After an initial decrease at the first 1 mm due to the gas expansion,
the temperature increases in the three-dimensionalnozzle. Such an
increase is caused by the viscous dissipation of the flow kinetic
energy due to the shear on the walls. Beyond the nozzle exit, where
the gas experiences a free expansion into a vacuum, the velocities
and temperatures coincide for the two cases because the mass flow
rates are equal.

The large difference between the two solutions shown for the
temperature profiles is also observed for the velocity fields. The
profiles of the velocity in the X direction are presented in Fig. 17.
The velocity increases monotonously downstream from the nozzle
exit in the two-dimensional case, whereas in the three-dimensional
flow, there is a velocity minimum located at X =0.004 m. The
increase of temperature (Fig. 16) and decrease in velocity in the
three-dimensionalnozzle is a consequenceof the shear on the walls.
For a hypersonic nozzle flow expanding into vacuum, one would
expect the extremum to be at the exit plane. However, the extremum
is located upstream of the nozzle exit because of the subsonicregion
at the walls.

These results show that the presence of the walls is very pro-
nounced in the three-dimensionalcase. The model used to simulate
the gas-surface interaction is, therefore, important. Because all re-
sults presentedearlier were obtainedusing the tangentialmomentum
accommodation coefficient oy = 1, different values of «; were also
used to examine the possible influence of the surface model. The
DSMC computationswere performed both for the axisymmetric and
three-dimensional nozzles for different values of «,. A related in-
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Fig.17 X-component velocity profile along the nozzle axis for the axi-
symmetric and three-dimensional nozzles.
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Fig. 18 Translational temperature profiles along the nozzle axis for
different a; in an axisymmetric micronozzle.

vestigation was performed by Ketsdever et al. for two-dimensional
microresistojets 2

Translational temperature profiles along the nozzle axis for dif-
ferent o, are shown in Fig. 18. The temperature increases with «,.
There is a qualitative difference between the solution for oy =0
(ideally smooth surface) and any nonzero «; for which the profile
has a kink after the nozzle exit. There is also a visible difference be-
tween ey =0, 0.3, and 0.5 profiles. Experimental work by Arkilis'’
suggests that a value of o; = 0.8 is suitable for a nitrogen flow in
a silicon microchannel. The result for an axisymmetric nozzle flow
with o, = 0.8 is very close to the solution with oy = 1.

The flow solution for the three-dimensional case can be expected
to show a greater dependency on the gas-surface interaction model
because wall effects dominate the flow inside the nozzle. The DSMC
temperature and density flowfields for oy, =0.8 and 1 values were
studied. There is a subtle difference in the core flow, but generally
the temperatures and densities are very close for these two cases.
The specific impulse for these two cases was calculated, and the
difference was found to be less than 1%.

D. Micronozzle Performance and Comparison with Experiment

The calculated thrust levels and specific impulses for different
micronozzle simulations are summarized in Table 3. For the cases
considered,the GASP solutionslightly overpredictsthe thrustvalues
obtained by the DSMC method (by several percent). When axisym-
metric and three-dimensional results are compared, the thrust, as
well as the specific impulse, are lower for the flat micronozzle. The
wall effectsin the three-dimensionalcase also cause an approximate
20% reductionin thrust as compared to the two-dimensionalmodel.
Note that the two-dimensional model gives the highest thrust values
for the three cases under consideration. The specific impulse is also



ALEXEENKO ET AL. 903

Table3 Comparison of nozzle performance
characteristics for different flow models

Case Thrust, mN Ip,s
AS GASP 1.07 65.62
AS SMILE 1.03 65.50
Two-dimensional GASP 1.17 69.45
Two-dimensional SMILE 1.10 68.74
Three-dimensional SMILE 0.93 56.61

Table4 Summary of experimental data
of Reed et al.3

Area Reynolds Throat dimension, Thrust,
ratio  number  width x depth, um mN

1.0 183 372 %295 0.9045
1.5 199 230 x 271 1.125
4.8 272 367 x 198 1.150
9.7 207 362 x 260 1.105
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Fig. 19 Total impulse flux at different axial locations inside a three-
dimensional micronozzle normalized by the throat value.

highest for the two-dimensional model (5% greater than for the ax-
isymmetric nozzle and 20% greater than for the three-dimensional
nozzle).

The total impulse flux at different locations downstream of the
throat of the three-dimensional nozzle obtained by the DSMC
method is plotted in Fig. 19. There is an undesirable reduction in
thrust in the second half of the nozzle caused by the viscous losses.
The way to increase the performance would be to make the mi-
cronozzle shorter or to increase its height.

Finally, the calculated thrust for the three-dimensionalmicronoz-
zle is now compared with recently available experimental data close
to Reynolds number of 2 x 10%. The measurements of thrust for sil-
icon fabricated nozzles were conducted at NASA John H. Glenn
Research Center at Lewis Field.® The intended geometric design
of the micronozzles was the same as described in Fig. 1 with the
throat dimension of 300 x 300 um. The actual size of the fabricated
thrusters varied due to the difficulties of miniature silicon etching.
Before the testing, the throat dimensions were measured using a
measuring microscope technique. A number of thrusters were then
tested with gaseous nitrogen at room temperaturein a vacuum facil-
ity. Further details may be found in Ref. 8. Table 4 summarizes the
specific experimental conditions of the data used in the comparison
with the three-dimensionalnozzle calculation presented here. Note
that the modeling was conducted for a Reynolds number of 2 x 102
at the throat. Thrust measurementaccuracy was on the order of 3%.

Figure 20 shows the comparison of calculated thrust at different
axial stations and measured thrust for the corresponding area ratio
nozzles. The computational results are in good agreement with the
experimental thrust measurements. The calculated thrust is a maxi-
mum at approximately 60% of the nozzle length, which corresponds
to an arearatio of 6. Additional comparisonsbetween data and mod-
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Fig.20 Comparison of measured and calculated total impulse flux at
different axial locations inside a three-dimensional micronozzle.

eling are necessary, but the comparison shown in Fig. 20 suggests
that there is an agreementin the thrust axial dependence.

V. Conclusions

A numerical study of two different geometric configurations of
micronozzles, axisymmetric and three dimensional, has been con-
ducted for a throat Reynolds number of 2 x 10% using the kinetic
(DSMC method) and the continuum (solution of Navier-Stokes
equations) approaches. A convergence study was performed for the
DSMC method to reduce the statistical dependence between parti-
cles and to obtain a solutionindependentof the number of simulated
particles. The significance of statisticaldependencebecomes critical
in the three-dimensional case, where it was found that it is neces-
sary to use at least 20 x 10° particles to have a particle-independert
solution.

The DSMC and Navier-Stokes solutions are in a satisfactory
agreement for the two-dimensional flow inside the nozzle. There
is a significant difference between them in the region near the lip
where the flow expands rapidly. The use of an external zone in the
continuum approach, which starts at the nozzle exit and expands
downstream, allows one to eliminate the possible impact of the
extrapolation outflow boundary condition at the nozzle exit. This
results in thrust values that are in agreement with those obtained by
the DSMC method.

Both the subsonicinflow conditionsand critical throat conditions
were considered in the continuum computations. The calculated
flowfields and nozzle performance were shown to be insensitive to
the type of inflow conditions.

The eftect of the gas-surface tangential momentum accommoda-
tion coefficient on the flow was investigated by the DSMC method.
The flow was found to be weakly dependent on this coefficient
when it is changed from 0.8 to 1 for both the axisymmetric and
three-dimensional cases. The axisymmetric flow changes signifi-
cantly for accommodation coefficients smaller than 0.5; however,
this value of the accommodation coefficient is smaller than the ex-
perimental values for a nitrogen flow in a silicon microchannel.

The impact of wall effects on thrust level was examined for ax-
isymmetric and two- and three-dimensionalmicronozzles. The flow
in a flat nozzle has a three-dimensionalstructure and is strongly in-
fluenced by the end walls. The additional gas-surface interaction
causes a significant reduction in thrust (about 20%) as compared to
the two-dimensional model and an axisymmetric nozzle. Attempts
to predict the performance characteristics of a three-dimensional
microthrusterusing a two-dimensional model may, therefore, result
in significant design errors.

Comparison of the three-dimensional calculations presented in
this work with recent experimental thrust data obtained at Reynolds
numbers close to 2 x 10% show good agreement.
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