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Effects of Wavy Surface Roughness
on the Performance of Micronozzles
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Recent trends in small-scale (~1 dm?) satellites motivate the further development of microscale propulsion
subsystems. In the present paper, we focus on flow dynamics simulations of conical convergent—divergent
micronozzles and on the increased importance of wall effects due to the decrease in the characteristic length of such
small systems. The inefficiency associated with viscous losses due to the developing boundary layer and the effect of
sinusoidal surface roughness due to the employed microelectromechanical-system fabrication techniques are studied
through computational fluid dynamics simulations for nonturbulent, nonrarefied flow conditions. Depending on the
specific nature of the surface roughness, the formation and reflection of several weak shocks and, as a consequence, a

decreased performance are observed.

Nomenclature

nozzle exit cross-sectional area, m
nozzle throat cross-sectional area, m?
nozzle outflow diameter, m

nozzle inlet diameter, m

nozzle throat diameter, m

Knudsen number based on throat diameter
Mach number

mass flow rate, kg/s

ambient pressure, Pa

exit pressure, Pa

inlet pressure, Pa

Reynolds number based on throat diameter
nozzle curvature radius at the throat, m
nozzle throat radius, m

ideal thrust, N

real thrust, N

inlet temperature, K

Cartesian coordinates, m

v, exit velocity, m/s
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n = relative efficiency of the thruster
0, = nozzle convergent angle
0, = nozzle divergent angle
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ARIOUS trends in the spacecraft industry are driving the
development of so-called microsatellites (which have a typical
volume of 1 dm?). Microspacecraft seem to meet the new directives
required by the space industry: faster, better, and less expensive.
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Even though a microsatellite may contain only one instrument, the
reduction in complexity may lead to lower overall costs by
facilitating systems integration. In addition, the small size allows for
the selection of a smaller, less expensive, launch vehicle or the launch
of multiple satellites per vehicle. Small-scale, low-mass, low-thrust,
microchannel-based propulsion systems are particularly suitable for
achieving precise control and maneuverability of future-generation
small spacecrafts and satellites. Typically, these propulsion systems
are manufactured using techniques from microelectromechanical
systems (MEMS) technology. Some aspects of the large multi-
disciplinary research program that are being carried out in the
development of such propulsion systems are shown in [1-4].

The fluid dynamics of micropropulsion thrusters differ from
conventional large-scale propulsion systems in three important
aspects:

1) The surface-to-volume ratio is many orders of magnitude larger,
as it scales with the inverse square root of the thrust.

2) The Reynolds number, which scales with the square root of the
thrust, is orders of magnitude lower too (see Table 1).

3) The surface roughness is significant compared with typical
nozzle dimensions (see Fig. 1).

Although nearly all supersonic nozzles that are currently used in
spacecraft have been designed using mainly inviscid flow calcu-
lations, when going into the microscale (Re < 10000), viscosity
effects can no longer be neglected. As a result, there are two main
areas of concern with MEMS-based micronozzles: the inefficiency
associated with viscous losses due to the developing boundary layer
and the effect of surface roughness. Both of these effects lead to a
different behavior of the flow and the growth of the boundary layer,
so that the nonviscous core flow expands less than expected, with a
consequent decrease of the nozzle’s performance.

Micronozzle hydrodynamics have been studied through two-
dimensional augmented Burnett equations [5] and through numerical
computational fluid dynamics (CFD) simulations in, for example,
[6-9]. For very small-scale nozzles, rarefaction effects start to play a
role. This has been accounted for through the use of CFD with wall
slip boundary conditions [10-14] and through the use of direct
simulation Monte Carlo (DSMC) techniques [10,14-19]. For
DSMC, an error analysis has also been conducted [20]. Some
geometrical aspects such as the dimension of the throat [18], the
shape of the divergent [21,22], and the three-dimensional shape of
the nozzle [16,23] have been investigated, also observing the
influence of viscous effects in relation to the inlet conditions [23].
Some comparisons between numerical data and measurements have
been provided in [24,25]. Wall roughness effects for large-size
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Fig. 1 SEM images of the surface roughness in MEMS fabricated mN

nozzles [2]: a) longitudinal wavy roughness patterns, b) a zoomed region,
and c) transversal wavy roughness patterns.

nozzles and turbulent flow have been studied in [26]. The effect of
wall roughness on the flow exhausting from micronozzles and
impinging on rough surfaces was studied in [27], in which a regular
triangular roughness inside the nozzle was found to lead to
significant changes in the density field for configurations for which
the subsonic region occupied a large part of the diverging nozzle.
DSMC investigations of wall-roughness effects for micronozzles
operating at low pressure (10°~10* Pa), using different models to
describe the way the particles impinge and reflect from the wall, were
performed in [16,28]. Also using DSMC simulations, the influence
of wall roughness, modeled as regular triangular and regular
structures, on subsonic flows in microchannels was studied in [29].

In contrast to the above studies, the main objective of the present
study is to discuss the effects of wall roughness on the low-Reynolds-
number continuum supersonic flow in micronozzles, operated at

stagnation pressures of several bars, and with wall roughnesses
comparable to the characteristic (e.g., throat) dimensions of the
nozzle.

In this paper, we focus on the influence of miniaturization on the
performance of a particular nozzle design, especially with respect to
the growth of the boundary layer and the influence of an irregular
rough wall. After a brief discussion about our numerical approach to
the problem (Sec. II) and an overview of the main aspects regarding
the viscous losses due to the developing boundary layer for jets
expanding into vacuum (Sec. III), we present our simulation results
for micronozzles with a sinusoidal surface roughness (Sec. IV).

II. Numerical Approach

All the simulations presented in this paper have been run with the
general-purpose CFD code FLUENT version 6.3 [30].

Three different regions can be distinguished in the studied
geometry, as shown in Fig. 2: a straight inlet channel, which was
taken into account in order to model the chamber and obtain the
correct velocity profile at the inlet of the nozzle, a convergent part, in
which the flow is accelerated from the initial subsonic velocity to the
sonic condition (which is reached at the throat), and a divergent part,
in which the flow supersonically expands to the outlet.

For most two-dimensional simulations, the curvilinear orthogonal
grid, generated with Gambit [31], consists of quadrilateral elements,
with 100 grid cells in the radial direction and about 600 grid cells in
the axial direction. To study roughness effects, a finer or coarser grid
has been used in order to meet accuracy requirements or to overcome
computational limits, as will be explained later. The numerical mesh
used for three-dimensional simulations will also be discussed later.

In the inlet we introduce nitrogen gas at a fixed pressure and
temperature of, respectively, Py = 10 bar and T, =293 K. The
nitrogen gas is treated as an ideal gas, with temperature-dependent
viscosity and thermal conductivity computed from kinetic theory.
The walls of the nozzle are assumed to be adiabatic. Outside the
nozzle outlet, a far-field pressure boundary condition P, =0
(vacuum) is imposed. As an initial guess for the solution, the nozzle
exit pressure P, was computed from the 1-D isentropic flow theory
[32]. In the simulations, when the flow becomes supersonic, this
specified nozzle exit pressure is no longer used as a boundary
condition, but the exit pressure is extrapolated from the interior [30].
To check the influence of the used outflow boundary condition, we
also performed simulations in which a large computational area was
added downstream of the nozzle exit, and the far-field vacuum
condition was imposed far downstream from the exit. For the
configurations studied in this paper, no significant differences were
observed between the two approaches. The nozzle inlet, throat, and
outlet diameters are calculated for an ideal nonviscous nozzle of the
given nominal thrust, whereas the actual thrust is an outcome of the
simulations.

The solved equations include the continuity equation, the
momentum balance (Navier—Stokes) equations in compressible
form, and the thermal energy equation, all in steady-state
formulation. These equations were discretized in space using a
second-order upwind scheme and solved using FLUENT’s implicit
coupled solver. The accuracy of the numerical solution has been
tested by comparing, for the same problem, results obtained with
different discretization schemes (first-, second-, and third-order) and
different meshes (double and quadruple times the number of cells in
each direction). Negligible differences were observed between the
presented results and those obtained with a third-order scheme on the
finest mesh.

0, 0,

R, Re R,

R.

Fig. 2 Outline of the conical nozzle and its geometrical parameters
used in the present study.
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In Table 1, the Reynolds number, throat radius, and Knudsen
number Kn (based on the throat radius) are reported for nozzles of
varying nominal thrust. The results apply to an inlet of gaseous N, at
293 K and 10 bar, expelled through the nozzle vacuum. For nozzles
with a thrust of ~0.1 mN or above, rarefaction effects are assumed to
be negligible based on the low (less than 0.05) value of the Knudsen
number. Although the Reynolds number of the flow in nozzles with a
thrust larger than ~1 mN is sufficiently high to indicate that the flow
may be turbulent, we assumed the flow for all studied thrusts to be
laminar, and we did not include any turbulence modeling. In our
preliminary studies we conclude that the application of different
turbulence models, including also models with low-Reynolds-
number wall corrections, was not able to produce and sustain any
significant levels of turbulence. Even for the highest-Reynolds-
number case considered (i.e., ~1 N thrust, Re ~ 10°), the effective
thrust with and without use of turbulence models did not produce any
significant differences (i.e., less than 1.5% of difference obtained).
We concluded that the flow through the nozzle remains laminar at
these thrusts, even if there is a large boundary layer, probably because
turbulence has neither time nor space to develop.

III. Viscous Effects

The presence of large viscous effects in the flow leads to the growth
of the boundary layer; this means that the nonviscous core expands
less than expected, causing a decreased nozzle performance. This
effect becomes increasingly important for nozzles of decreasing
thrust, i.e., decreasing dimensions. This is illustrated in Fig. 3, in
which Mach number contours are plotted for nozzles with
geometrical configuration: 6, = 45°, 6, = 15°, R, = R,, and with
nominal (i.e., ideal nonviscous) thrusts decreasing from 1 N to
0.1 mN. It can be seen that for the smaller nozzles the outflow
velocity is smaller than expected for an ideal nozzle in the absence of
viscous effects. With the thrust 7 related to the exit velocity V,
through

Treal = / [mve + (pe - pu)] dA (])
outlet area

this leads to a decreased realized thrust 7., compared with the ideal
thrust 74, for a nonviscous nozzle. Figure 4 further illustrates the
increasing thickness of the boundary layer in the divergent for
nozzles of various nominal thrust. Here, the boundary layer has been
defined by the division line between the inviscid core and the region
where the velocity is below 95% of the velocity at the centerline. In

Table 1 Re, R,, and Kn based on the throat radius
for nozzles with an expansion ratio of 16 and nominal
thrusts between 1 MN and 1 uN

Thrust, N Re R,,m Kn

108 1.3 x 108 43 x 107! 4.7 %1077
10° 4.1 x 10° 1.4 x 1072 1.4 x107°
10° 1.3 x 10° 43x107* 47 %1074
1073 4.1x10° 1.4 x 1073 1.4x 1072
1076 1.3 x 10? 43 %1077 4.7 x 107!
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Fig. 3 Mach number contours for micronozzles of (nominally, i.e., for
nonviscous flow) 1 N (upper), 1 mN (middle), and 0.1 mN (lower) thrust.

Table 2, the thickness of the boundary layer, as defined above, is
reported for nozzles with nominal thrusts between 1 N and 1 mN at
different locations along the divergent: X /R, = 0.028, 0.057, 0.085,
and 0.113. A dramatic increase of the boundary-layer thickness with
decreasing nominal thrust is found: up to 30 and 50% of the outlet
area for 1 and 0.1 mN micronozzles, respectively. If we define the
relative efficiency 1 of a thruster (in this situation, almost similar to
the efficiency of the nozzle) as
T,

real
n= (@)
Tideal

we find efficiencies of 98.0, 92.7, and 89.4% for the 1 N, 1 mN, and
0.1 mN nozzles, respectively, as shown in Fig. 3.

IV. Roughness Effects

Micronozzles are usually manufactured using MEMS technology,
with which it is difficult to manufacture walls that are perfectly
smooth relative to the small overall dimensions of the system. The
nozzle assembly addressed in the present paper essentially consists
of a silicon disc of ~7 mm diameter containing an array of small
nozzles (micronozzles), bonded onto a glass tube for hermetic
sealing. The nozzles in the silicon disc are manufactured using
femtosecond laser machining by ultrashort laser pulses of a high

Table 2 Boundary-layer thickness relative to the local divergent radius at different
locations along the divergent for nozzles with an expansion ratio of 16 and nominal
thrusts between 1 N and 0.1 mN

Boundary-layer thickness relative to local divergent radius, %

Thrust, N X/R,=0.028  X/R,=0.057 X/R,=0085  X/R =0.113
1 48 5.6 59 6.6
10-! 7.1 9.3 117 12.3
102 11.2 14.6 185 19.9
1073 18.8 234 29.0 324
10~ 333 416 445 474
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XR
Fig. 4 Decrease of the effective nozzle expansion ratio A, /A,, due to the
presence of a boundary layer (the bold lines indicate the outer wall and
the symmetry axis of the nozzles).

energy content, thereby causing some of the material to ablate,
resulting in good accuracy and repeatability, referring to the
manufacturing limits of such dimensions (see Fig. 1) [2,33,34]. To
obtain the conical-divergent nozzle shape, the silicon disc is
machined from two sides. The slope of the nozzle side wall is
controlled by the fluence of the laser spot; it has been shown that the
slope of the nozzle wall depends on the pulse energy in the laser spot,
machining speed, and pulse repetition rate on one hand and the
threshold fluence for ablation on the other. It was observed from
measurements that individual nozzles produced in this way differ
from each other and from the specifications. Also, as expected, it was
not possible to avoid the presence of rough bumps on the walls [2],
which seem to be a residue of the micropillars that are formed on the
silicon surface due to the laser treatment, as shown in Figs. la—1c and
explained in [31]. In general, the final roughness strongly depends on
the settings of the laser used for manufacturing, as explained in the
general paper about laser ablation on solids [35].

For a nozzle with a nominal thrust T4, = 1.14 mN, 6, = 15°,
0, =15°, and R, =0 pum, we studied the effect of a sinusoidal
surface roughness with amplitudes varying between 2 and 4 pum
(corresponding to 2—4% of the 50 um throat diameter) and half-
wavelengths varying between 2 and 10 um (corresponding to
4-20% of the throat diameter), both in the longitudinal (i.e., parallel
to the main flow) and in the azimuthal (i.e., perpendicular to the main
flow) directions.

The choice of a sinusoidal surface roughness was based on a
careful qualitative analysis of scanning electron microscope (SEM)
images of the micronozzle [2], such as those displayed in Figs. 1.
Depending on the settings during manufacturing, both longitudinal
(Figs. 1a and 1b) and transversal (Fig. 1c) wavy structures can be
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Fig. 5 A small part (see upper figure for the location on the nozzle wall)
of the 5200 x 800 mesh used for the simulation of a nozzle with sinusoidal
wall-roughness amplitude A of 4 ym and roughness half-wavelength w
of 2 pm.

observed on the nozzle walls. Unfortunately, a more quantitative
analysis of the surface roughness, e.g., by performing profilometer
measurements of the surface, was not feasible inside the conical
micronozzle. The SEM images suggest that a sinusoidal roughness is
better suited to reproduce the observed roughness than other models
previously studied in literature, e.g., triangular or square roughness
[27,29]. The images also suggest values of the amplitude and half-
wavelength of the surface roughness that lie in the range stated above.

In the case of roughness in azimuthal direction, the flow is still
2-D-axisymmetric. Compared with the smooth-wall simulations
presented above, a grid refinement has been applied to the two-
dimensional grid in order to have at least eight cells in the axial
direction within one half-wavelength. A zoom into the grid near the
walls is displayed in Fig. 5.

For different azimuthal wall-roughness configurations, Table 3
lists the resulting thruster efficiency, Fig. 6 displays the Mach number
contours, and Fig. 7a displays the same quantity along the axis of the
nozzle. This kind of roughness was found to lead to a decreased
performance: up to around 15%. The effective thrust decreases with
increasing amplitude and decreasing half-wavelength of the surface
roughness. The most obvious hypothesis to explain this performance
decrease is an increase in friction and boundary-layer thickness.
This, however, was observed only for small half-wavelengths
(Fig. 6a), whereas wall roughnesses with larger half-wavelengths
were found to lead to an interesting behavior of the flow along the
divergent part of the nozzle. In this case, depending on the specific
geometry of the surface roughness, the formation and reflection of
several weak shocks was observed, due to the alternating relative
increase and decrease in nozzle cross-sectional area (Fig. 6b). In
addition to reducing the velocity magnitude and causing a loss of
total pressure, these shocks (Fig. 7a) lead to a deviation of the flow
direction from the axial direction. Since the thrust of the nozzle
depends only on the axial component of the velocity, such a deviation
causes a loss in efficiency.

To study the influence of the computational mesh on the observed
shock structures and on the nozzle performance, a grid refinement
study was performed for two particular geometries with rough walls.
The results of this grid dependence study are listed in Table 4.
Compared with the standard meshes, we halved, doubled, and
quadrupled the number of grid points in each direction. The
efficiencies predicted on the quadrupled meshes differ less than 0.3%
from those predicted on the standard meshes. For the 10 um
roughness half-wavelength, the location of the first shock as
predicted on the quadrupled mesh differs less than 0.1% from that
predicted on the standard mesh. The predicted shock strength on the
finest mesh differs less than 7% from that predicted on the standard
mesh. The small difference between the predicted shock structures
on various meshes is shown in Fig. 7b. For a roughness half-
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Fig. 6 Mach number contours for a 1.14 mN (nominal) micronozzle
with smooth wall (top halves of both figures) and rough wall (bottom
halves of both figures) with a) w=2um and A=4 um and
b)w=10 yum and A =4 pm.
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micronozzle: a) comparison between smooth wall and rough wall with
half-wavelength of the sinusoidal roughness of 10 xm and amplitude of
4 pm and b) zoomed region of the divergent for the rough wall and
different grid refinement.

wavelength of 2 um, no shocks were detected on any of the used
meshes.

A larger surface-roughness amplitude did not necessarily lead to a
larger number of shocks, but it did lead to stronger shocks. Conse-
quently, there were larger pressure losses and stronger deviations
from the axial flow direction, leading to a further decrease in
performance. This observation was further investigated by extending
the range of the sinusoidal half-wavelengths up to 50 um at a fixed
amplitude of 4 pm and considering the number of shocks appearing
in the divergent part of the nozzle and the position and strength of the
first of these shocks as collected in the graph of Fig. 8. The following
was found for larger half-wavelengths:

1) The weak shocks started to appear further downstream from the
nozzle throat (Fig. 8b).

2) The number of these shocks was reduced (Fig. 8a).

Table 3 Thruster efficiency for different azimuthal
wall-roughness configurations.

Roughness Roughness n, %
amplitude, pm half-wavelength, um

Smooth wall —_— 92.39

4 2 75.21

4 6 78.11

4 10 78.62

2 2 83.77

2 10 85.41

N.Shocks

o g T T T T T T T T T 1
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Sinusoidal Half-Wavelength (pm)

a)

0.2 §

0.16 .
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004 | o
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Sinusoidal Half-Wavelength (pm)

=2
=

3.5 q

25 ¢
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Strength of the First Shock (AM)
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Sinusoidal Half-Wavelength (pm)

c)

Fig. 8 Effects of the sinusoidal half-wavelength on the a) number,
b) position, and c) strength of the shocks in the divergent, for a wave
amplitude of 4 pm.

3) The strength of the first shock increased, with a consequent
degradation of the nozzle performance (Fig. 8c).

In Fig. 8a the case with the lowest half-wavelength was also
reported, even if no shocks were observed in this configuration.
Some anomalies in the general trend of the position of the first shock
were detected for two configurations, in which the shock took place
earlier than expected (Fig. 8b). The first of these two configurations
corresponded to a very weak first shock (Fig. 8c). Looking at the flow
pattern, Fig. 9 displays the velocity vectors field near the wall, inside
the cavities, in which no significant flow recirculation was observed.
On the other hand, as expected, a changes in the velocity have been
observed in the core of the divergent nozzle, as shown in Fig. 10, in
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Table 4 Relative efficiency, position, and strength of the first shock for different
grid refinement for a 1.14 mN (nominal) micronozzle

Grid refinement n, % First shock position, m First shock strength, AM
Roughness amplitude 4 um, roughness half-wavelength 2 ;pm

650 x 100 74.74 —_—

1300 x 200 75.21 —_— —_—

2600 x 400 75.40 —_— —_—

5200 x 800 75.52 —_—
Roughness amplitude 4 pm, roughness half-wavelength 10 pm

450 x 70 77.86 6.99 x 1073 1.28

450 x 140 78.62 7.15x 1073 1.63

900 x 280 78.85 7.14 x 1073 1.71

1800 x 520 78.82 7.14 x 1073 1.74

which a comparison of the velocity vectors for a nozzle with smooth
and rough walls (sinusoidal half-wavelength of 10 um and
amplitude of 4 um) in a zoomed region of the divergent part of the
nozzle is displayed.

A different behavior was observed for a sinusoidal surface
roughness parallel to the main flow direction. To simulate this
situation, a three-dimensional geometry was modeled, representing

— 150 m/s

0.03

Y (mm)

0.025

= I T — — 1 . M T L 5 L — I‘

0.005 0.01 0.015 0.02
X (mm)

Fig. 9 Velocity vectors near the wall, in the region indicated by the

rectangle in the upper picture.

I ’
0.06 - 500/
4 — m/s —
] =, =
0.04 — :
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g o: — >
P ] %
'0-02__ é
] =
'0-04__ - =
oos
0 0.05 0.1 0.15
X (mm)

Fig. 10 Velocity vectors for a nozzle with smooth (upper) and rough
(bottom) walls.

one-quarter of the entire nozzle. The considered three-dimensional
geometry filled with Mach number contours on the two planes of
symmetry and at different cross sections is displayed in Fig. 11.
Because of computational limitations, a coarser mesh had to be used
here than for the previous two-dimensional simulations, with 250
grid cells in the axial direction, 50 grid cells in the radial direction,
and 80 grid cells in the azimuthal direction. For this orientation of the
surface roughness, no significant deviations in thrust were found
compared with a smooth-wall nozzle, as can also be seen from the
Mach number contours in Fig. 12. This can be explained from the fact
that the flow mainly develops along the longitudinal direction and, in
this case, does not experience alternating variations in the cross-
sectional surface area.

At the end of this section we note that the observed decrease in
effective thrust, compared with the ideal nonviscous thrust, as a

Fig. 11 Mach number contours on the two planes of symmetry and
different cross sections for a 1 mN nozzle with no roughness (upper),
large half-wavelength longitudinal roughness (center) and small half-
wavelength longitudinal roughness (bottom).
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Fig. 12 Mach number contours (in the plane at an angle of 45° with the
two planes of symmetry) for a Ti4.,; = 1 mN micronozzle with smooth
wall (top halves of both figures) and rough wall in the longitudinal
direction (bottom halves of both figures; w = 2 pm withA = 4 pm and
w =10 pm with A =4 pm, respectively.

consequence of boundary-layer formation (section III) and surface
roughness (section 1V), is difficult to determine experimentally. On
one hand, the relative effect of boundary layers and surface
roughness is small and hard to measure in nozzles with large thrusts.
On the other hand, in nozzles with small thrust, where the relative
effect is significant, the total thrust is too small to be measured
accurately. In a previous study [3], we have compared experimentally
observed thrusts for a 25 mN atmospheric pressure nozzle with our
numerical results and we have found that the simulations were in
good agreement with experiments within experimental error.

V. Conclusions

It has been pointed out that cold-gas nitrogen micronozzles with
thrusts of 1 mN and lower (operating typically at several bars of inlet
pressure and expansion ratios of the order of 16) behave differently
from what is commonly known for large-scale nozzles. The presence
of strong viscous effects and the consequent growth of the boundary
layer in the divergent part of the nozzle play an important role in the
flow expansion and should be taken into account when designing
efficient configurations and computing their thrust. The performance
loss due to viscous effects is higher than 10% for nozzles with a
nominal thrust below 1 mN.

Surface roughnesses with an amplitude of 2—4% of the throat
diameter and an orientation perpendicular to the main flow direction
were found to lead to the formation of multiple weak shocks along
the divergent part of the nozzle and to performance reductions up to
18%. An increase in the surface-roughness half-wavelength led to
the formation of a lower number of shocks with greater strength and a
consequent further degradation of performances. Surface rough-
nesses oriented in the direction parallel to the flow were found not to
significantly influence the flow and the thrust.
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