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ABSTRACT

A numerical investigation of transient performance of 3D
linear micronozzles has been performed. The baseline model
for the study is derived from the NASA/Goddard Space Flight
Center MEMS-based hydrogen peroxide micro-thruster proto-
type. The 3D micronozzles investigated here have depths of
25um, 50um,100um, and 150um and employ expanders with a
30° half-angle. A hyperbolic-tangent actuation profile is used to
model the opening of a microvalve in order to simulate start-up of
the thruster. The inlet stagnation pressure when the valve is fully
opened is 250kPa and generates a maximum throat Reynolds
number of Reyqe ~ 800. The complete actuation occurs over
0.55ms and is followed by 0.25ms of steady-state operation.
The propulsion scheme employs 85% pure hydrogen peroxide as
a monopropellant. Simulation results have been analyzed and
thrust production as a function of time has been quantified along
with the total impulse delivered. Micronozzle impulse efficiency
has also been determined based on a theoretical maximum im-
pulse achieved by a quasi-1D inviscid flow responding instanta-
neously to the actuation profile. It is found that both the flow and
thrust exhibit a response ‘lag’ to the time-varying inlet pressure
profile. Simulations are compared to previous 2D results and in-
dicate that thrust per unit nozzle depth, impulse, and efficiency
increase with nozzle depth and approach the 2D results for noz-
zle depths greater than 150um.
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A area (mz)
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F thrust (N)

g gravity (m/s?)

I impulse (22)

L characteristic length scale (m)
m  mass flow rate (kg/s)

p pressure (Pa)

R

gas constant (kgiK)

Re Reynolds number

T static temperature (K)

t time (s)

u velocity (m/s)

Y ratio of specific heats

1N nozzle impulse efficiency (%)
0 expander half-angle (deg)

U viscosity (%)

p density (kg/m?)

Subscripts
exit nozzle exit conditions
f final
i initial
max maximum
0 stagnation condition
co ambient condition

Superscripts
x  throat condition
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INTRODUCTION

The aerospace community is currently pursuing the use of
miniaturized satellites for the next generation of space mis-
sions. These small scale satellites, commonly referred to as
nanosatellites, or ‘nanosats, will be capable of performing
formation-flying type orbital patterns. Nanosats require minia-
turized propulsion systems able to provide the low levels of
thrust and impulse necessary for orbital maneuvering and station-
keeping. Micro-Electro-Mechanical-Systems (MEMS) based
technologies offer great potential in satisfying the stringent size
and energy constraints associated with nanosatellites. A compre-
hensive discussion of small satellite technologies and technical
challenges can be found in the recent monograph by Helvajian
and Janson [1].

A key component of the miniaturized propulsion system is
the supersonic micronozzle. Upstream of the nozzle inlet, a pro-
pellant undergoes combustion and/or chemical decomposition
which releases thermal and pressure energy. The role of the su-
personic nozzle is to convert this available energy into kinetic
energy and thrust. Control of the spacecraft is achieved by ap-
plying discrete impulse bits and so the impulse delivered by the
micronozzle is a key parameter of interest. The use of quasi-
1D theory can lead to errors in performance calculations owing
to viscous forces on the micro-scale. It is possible that impulse
shortages can result from a viscous ‘delay’ in flow response to
transient inlet conditions or if micronozzle expander angles are
made too large when attempting to compensate for viscous ef-
fects. The relationship between viscous forces and geometric
losses represents an inherent trade-off in micronozzle flows.

It is well documented in the literature that viscous forces
play a significant role in determining the micronozzle flow-
field and performance characteristics. Owing to the reduced
size, the supersonic flow remains laminar (Re < 1,000) and vis-
cous forces generate subsonic ‘boundary’ layers along the nozzle
walls. In an actual 3D micronozzle, viscous losses become more
pronounced owing to the additional solid wall boundaries and
corner effects. These subsonic layers can occupy a significant
portion of the expander flow field; up to 100% in certain config-
urations. This measurably reduces thrust production and perfor-
mance. It has been shown that subsonic layers on opposing walls
can merge in the center of the flow for sufficiently shallow noz-
zles or low Reynolds numbers. As such, the depth of the device
in 3D plays an important role.

Viscous effects in supersonic micronozzle flow was first in-
vestigated by Bayt and Breuer [2], [3] who demonstrated that the
subsonic layer can occupy a significant fraction of the expander
flow-field, reducing flow and resulting in thrust loss. Alexeenko
et al. [4]- [10] have performed extensive DSMC simulations of
micronozzle flow for cold gas thrusters with 2D axisymmetric
and, to a lesser degree, 3D geometries. All of the published work
has primarily dealt with steady-state, cold-gas flows and limited
nozzle geometries have been considered. As the operation of a

micro-thruster firing is an inherently transient operation result-
ing from its intended role of spacecraft attitude adjustment, this
is an important consideration and the flow and thrust response
on the micro-scale needs to be delineated. The premise is that
viscous forces introduce an additional time scale separate from
the external time scale of the thruster firing (e.g., valve open-
ing and closing). As such, there is a potential for a lag in thrust
production and a discrepancy between the ideal and actual thrust
profiles and impulse delivered during a firing. The only studies
to consider transient flows include our preliminary work from
2006 [11], the conference paper by Kujawa and Hitt [12], and
the paper by Morinigo et al. [13]. Morinigo uses an continuum
based model to investigate viscous heating of the nozzle substrate
during a single rocket firing with hot and cold N, gas as the work-
ing fluid. The primary limitation of this work is that it examines
only a single axis-symmetric nozzle geometry. In this regard,
our current study nicely complements and extends the existing
micronozzle literature through examination of monopropellant
based 3D MEMS nozzles with varying etching depths.

The focus of this study is to characterize 3D micronoz-
zle flow response and performance during transient operation.
Our simulations are based on the hydrogen-peroxide monopro-
pellant micropropulsion scheme and the nozzle geometry is de-
rived from the MEMS-based, NASA/Goddard Space Flight Cen-
ter prototype microthruster [14]. A typical firing of the thruster
(duty cycle) is achieved by the opening and closing of a mi-
crovalve which allows the pressurized fuel to flow from a plenum
into the catalyst chamber (where the fuel undergoes chemical de-
composition) before the gaseous products enter the converging-
diverging supersonic micro-thruster nozzle. Over the past 20
years significant progress has been made in the development of
micro-scale valves and actuation mechanisms. However, this
component of the micro-thruster continues to be an active area of
research and development as there are many desirable improve-
ments to be made in the performance of existing microvalves. In
fact, microvalves represent a significant hurdle in the successful
miniaturization of micro-fluidic systems [15].

Unfortunately, pressure and mass flow rate profiles have not
been well characterized for microvalves. As such, valve actu-
ation time is based upon current microvalve prototypes and we
make a reasonable estimate of the nozzle inlet pressure profile for
the purpose of this transient micronozzle study. A single duty cy-
cle is simulated by changing the nozzle inlet pressure with time
to appropriately represent start-up, steady-state, and shut-down
of the thruster. The micronozzle inlet pressure is a hyperbolic-
tangent profile for the start-up and shut-down segments of the
duty cycle which represents typical solenoid valve actuation and
is loosely based on the Moog microvalve prototype [16].

In this work, we examine thrust production, impulse, and
subsonic layer evolution during start-up, steady-state, and shut-
down of the micronozzle duty cycle. This work will bring
together key findings from previous studies including viscous
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losses, transient thrust response, and 3D geometric effects. For
comparison purposes, results are presented along with previous
2D simulations and quasi-1D flow approximations.

MODEL FOR H202 MONOPROPELLANT

In this study, we focus our attention on the performance
of monopropellant-based micro-thrusters. In particular, we con-
sider decomposed high purity (85%) hydrogen peroxide (H>0;)
as a potential monopropellant. A monopropellant scheme is at-
tractive for micro-propulsion owing to the relatively high energy
density and simplicity of implementation. Hydrogen peroxide is
considered a ‘green’ monopropellant and has been chosen for the
development process based on its non-toxicity and relative ease
of handling. Decomposition of the H, O, monopropellant occurs
in a catalytic chamber upstream of the nozzle inlet according to
the one-step reaction

2H,0,(1) — 2H,0(g) + 02(g) + heat (1)

where typically Silver (Ag) or Ruthenium Oxide (RuO>) is used
as a catalyst. Chemical equilibrium and thermodynamic prop-
erties of the decomposed monopropellant mixture have been cal-
culated from NASA-Glenn’s Chemical Equilibrium and Applica-
tion program (CEA). The CEA calculates chemical equilibrium
product concentrations from a given set of reactants and deter-
mines thermodynamic and transport properties for the product
mixture. The CEA database includes thermodynamic and trans-
port properties for over 2,000 species and is widely used by the
aerodynamics and thermodynamics community [17]. The de-
composed monopropellant has been shown to be a homogeneous,
frozen (non-reacting) mixture whose thermophysical properties
are determined via a mass weighted average of individual com-
ponent properties of the decomposed monopropellant [18].

The micronozzle inlet gas temperature is assumed to be that
of the fully decomposed adiabatic flame temperature of 85% pure
decomposed H,0, (Ty = 886K). The inlet stagnation pressure
as a function of time (pg (7)) is shown in Figure ?? and has been
chosen based on a steady-state target thrust level in range of 1 —
20 UN.

The adiabatic flame temperature, or stagnation temperature
To, along with the specified stagnation pressure po(f) establish
the inlet pressure boundary condition for the micronozzle simu-
lations. The corresponding Reynolds number for the flow (typi-
cally measured at the micronozzle throat) as a function of time is
given by

2

FIGURE 1. The inlet stagnation pressure profile as a function of time
imposed on the micronozzle inlet to simulate valve operation. The in-
let boundary condition is implemented by means of a User-Defined-
Function (UDF). Note that the throat Reynolds number corresponding
to the inlet pressure is also shown.

where 71 is the mass flow ratio per unit depth, L is the charac-
teristic length scale (e.g., the 90um nozzle throat diameter), U is
the dynamic viscosity of the decomposed monopropellant, and A
is the cross sectional area. The value of 7z can be well estimated
from quasi-1D theory according to [19]

* (r+1)/(r=1)
_po(t)A Y( 2 ) 3)

n'z(t)_i\/TO R\7+1

where A* is the nozzle throat area, ¥ is the ratio of specific heats,
and R is the universal gas constant.

COMPUTATIONAL MODEL

Computational domains are based upon typical noz-
zle geometries of the micro-thruster prototype developed at
NASA/GSFC and described in Ref. [14]. The expander half-
angle 0 is held constant at 8 = 30° for the 3D simulations while
the half-angle 0 is varied between 10° — 50°. All other geo-
metric parameters are as shown in Figure 2. Two- and Three-
dimensional meshes have been developed using Fluent Inc.’s
GAMBIT 2.1 grid generation software. The throat and exit di-
mensions of the NASA/GSFC prototype (90 um and 560 um,
respectively) yield an area expansion ratio of 56 : 9 and is a
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FIGURE 2. An SEM image of the NASA/Goddard and University of
Vermont microthruster prototype (top) and the nozzle schematic with
relevant dimensions (bottom). Note the size of the subsonic layer at the
nozzle exit is denoted by 7.

fixed parameter in this study. The mesh varies in size between
1.5 x 10° and 3.5 x 10° total elements depending on the mi-
cronozzle etching depth. All mesh elements are quadrilateral
with a maximum skewness of 0.5 occurring in less than 4.7%
of the elements. Planar symmetry is also utilized in order to re-
duce computational expenditure. In developing the final meshes,
a systematic grid refinement study has been undertaken to ensure
that all results are insensitive to further grid refinement. The re-
finement study examined grid insensitivity at both the low and
high ends of the duty cycle Re considered in this study. Thus the
computational meshes have been refined to a point where simu-
lations are independent of further grid refinement [20].

Continuum Modeling and Boundary Conditions

A continuum flow model is assumed for the operating con-
ditions of this study. Subsonic portions of the outlet boundaries
are prescribed a constant backpressure value of 1.0kPa. This
value serves to maintain the Knudsen number within the con-
tinuum regime with the possible exception of some slip regime
conditions at the boundaries for the lowest Reynolds numbers
considered. For supersonic portions of the domain outlet, the
pressure and all other flow quantities are extrapolated from the
interior flow via the method of characteristics (Riemann invari-
ants). The flow field in the micronozzle is governed by the con-
servation equations of mass, momentum, and energy for the fluid
mixture according to

p]

5PtV (pV)=0 )
p]
5, (PV)+V-(pVV) = —Vp+ V(1) Q)
2 (PE) +V-(VIpE+p)) = V- (VT +(z-V))  (6)
where
., r.V

E=h— 0 + - @)
T=1 ((VV—i—VVT) — %VVI) (8)

In these equations p is the fluid density, V is the velocity vector, p
is the absolute local pressure, E is the total energy, u is the fluid
viscosity, k is the thermal conductivity, T is the static tempera-
ture, h is the enthalpy, and 7 is the viscous stress tensor. The
system of equations is closed by the ideal gas law equation of
state

p = PpRT. ®

The micronozzle walls are modeled as no-slip and adiabatic.
The operation of a micronozzle as a component in a micropropul-
sion system is inherently of limited — and often quite short — du-
ration (typically < 1sec). In this work, the entire duty cycle
is comprised of 1.7ms of flow duration. Furthermore, it will be
shown that the flow response time to valve actuation is extremely
short and in contrast, the time scale associated with heat transfer
through the boundary is substantially longer. Thus it is quite rea-
sonable to regard the process as adiabatic. This notion is further
supported by the results in Ref. (e.g., [9]).

Computational Schemes
The inlet boundary condition is a prescribed stagnation pres-
sure po(f) that resembles realistic micro-valve actuation [15].
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The valve actuation profile is a hyperbolic tangent curve shown
in Figure 1. This profile is imposed on the boundary by means
of a time-dependant user-defined-function (UDF). A second-
order implicit temporal formulation is executed with a step size
At = 107s. In determining the appropriate time-step size, a sys-
tematic approach of successive reductions for Ar has shown that
simulations are independent of step size and thus fully resolved
in time. We mention here that a coupled-implicit solver is used
with a second-order upwind discretization scheme for the con-
vective terms.

The first time step is realized by implementing a steady so-
lution whose initial guess is applied to the domain based on
quasi-1D inviscid theory corresponding to ¢t = Os. This solution
is allowed to iterate until convergence is achieved and provides
a starting point for time advancement. From this, the transient
UDF is applied to the inlet boundary according to Figure 1. At
each time step, the solution is iterated until it has converged
and is then advanced in time. Convergence of the solution at
a given time-step is assessed via residuals and monitors for key
flow quantities (e.g. i) at selected locations within the domain.
Typically, 5,000 iterations are required per time-step.

Initially, the valve is closed and there is no pressure gradient
across the nozzle and thus no flow. Once the start-up sequence
begins, the micro-valve begins to open and a pressure gradient is
established across the nozzle which begins to generate a flow.
The start-up sequence is defined as the inlet stagnation pres-
sure goes from OkPa to 99% of the steady-state inlet pressure,
po (steady) = 250kPa. Start-up occurs for the initial 0.55ms of
valve actuation. The micronozzle is then operated at steady-state
for 0.6ms and subsequently the shut-down sequence begins. The
entire duty cycle occurs over 1.7ms and includes a total of 170
time-steps.

Thrust, Impulse, & Efficiency

In this study we are concerned with evaluating micronozzle
performance including thrust production, impulse, and nozzle ef-
ficiency for the cases examined. The thrust at any instant in time
is formally calculated from the simulation data according to

””:A,

exit

mnunw+£ (Pext — p) dA (10)

exit

where p,,; is the pressure at the exit plane of the nozzle and p.. is
the ambient backpressure. In our simulations, however, the pres-
sure thrust term is negligible in comparison to the momentum
thrust.

The impulse generated for any interval of interest during the
duty cycle (firing) of the microthruster is given by

1= (7 F(tyar (11)

I

where #; and #7 are the start and end times of interest. The total
impulse for a single duty cycle is found by taking #; = 0 and
ty = 1.7ms. With appropriate selection of #; and ¢y the impulse
can also be determined for isolated segments of the duty cycle;
i.e., the impulse generated during start-up or shutdown.

Another quantity of interest is the impulse efficiency n
which can be defined as the ratio of the impulse realized (I) to the
maximum possible impulse (Iyax) defined by a 1D inviscid flow
responding instantaneously to the valve profile. The impulse ef-
ficiency is thus given as

I S F(t)dr

i T ——— (12)
Imax ftfj Finax (t)dt

n:

where F(t) is the thrust production given by Eq. (10) and Fyax (¢)
is determined from quasi-1D inviscid theory according to

Fmax (t) = [(pexit X Vix,'t) + (pexit - poc')] Aexit (1 3)

and V,,; is calculated as

r+1

PoA* v 2 > ()
Vexi == - 14
! pexitAexit\/TO R (7+ 1 ( )

with peyir and p,;; determined from 1D isentropic flow relations
(e.g., [19]). The calculation for I 4x over the entire duty cycle
yields a value of ~ 0.035 uN - s per micron nozzle depth.

NUMERICAL RESULTS

In this section, we first present 2D simulation results for
varying expander half-angles ranging from 10° —50° as a starting
point. Thrust profiles as a function of time are presented along
with total impulse and impulse efficiency. Next, we turn to 3D
simulations and orient the reader with illustrations of 3D Mach
contours and transient subsonic layers. The 3D thrust profiles as
a function of time are then presented. Finally, total impulse and
efficiency are presented for the micronozzle depth.

2D Flow Response & Thrust Profiles

An illustrative example of the unsteady flow-field response
is depicted in Figure 3 which shows unsteady Mach contours
for selected time-steps including subsonic flow during start-up,
the transition to supersonic flow, steady-state operation, and the
shut-down sequence. During start-up, the inlet pressure is ini-
tially very small, the flow is over-expanded, and free boundary
shock reflection occurs as can be seen in Figure 3 for < 0.30ms.
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FIGURE 3. The plume sequence during a single micronozzle duty
cycle as shown by contours of Mach number.

As time increases during the duty cycle, the inlet pressure, mass
flow rate (Eq. (11)), and size of the exhaust plume increase ac-
cordingly. During this process the flow-field transitions from
over-expanded ¢ < 0.32ms, through perfectly expanded flow at
t = 0.32ms, and finally to under-expanded exit flow where an ex-
pansion fan develops at the nozzle exit. The steady-state portion
of the duty cycle is denoted by an inlet pressure that is 99% of the
steady-state inlet stagnation pressure of 250kPa. This occurs dur-
ing the time range of 0.55ms — 1.15ms and the steady-state flow-
field is shown in Figure 3 represented by the time r = 0.8ms. The
flow response and flow-field characteristics are well explained by
conventional gas dynamics and depict expected nozzle flow and
plume behavior. During the shut-down process of the thruster
duty cycle, the start-up sequence and nozzle flow behavior is es-
sentially repeated but in reverse order.

It should be noted that flow-field details may be less accu-
rate far downstream of the nozzle exit plane and in the exhaust
plume owing to rarefaction effects that are not accounted for with
a continuum model. In designing a supersonic thruster nozzle,
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FIGURE 4. The transient thrust profile for 2D micronozzles with
varying expander half-angles from 10° — 50°.

the level of accuracy required in the modeling of the plume re-
gion is really a matter of interest. For example, if the interest lies
in the chemical signatures of the exhaust plume or perhaps the
interaction of the plume with a spacecrafts solid surfaces, then
flow rarefaction cannot be ignored. On the other hand, if thrust
production by the nozzle is the key item of interest, as is the case
for this work, then the specifics of the supersonic plume are of no
real import. As such, any model inaccuracies accrued within the
exhaust plume do not affect thrust and performance calculations
as the flow remains in the continuum regime at the nozzle exit
(where thrust is calculated) and so the focus and approach of this
study remain valid.

Thrust results as a function of time have been calculated as
per Eq. (10) for expander half-angles of 10° — 50°. The axial
thrust output of the micronozzle has been determined in units of
micro-Newtons per micron depth of the thruster. The thrust pro-
files during the actuation cycle are shown in Figure 4. A close-up
view of the thrust profile during start-up and shut-down can be
seen on the left and right of Figure 5, respectivley. All of the
expanders exhibit some degree of thrust ‘lag’ in response to the
increasing inlet pressure profile - a direct consequence of vis-
cous effects. This lag is most pronounced in the 10° and 50°
expanders as these half-angles exhibit the largest subsonic layer
growth as previously shown in Ref [20]. As the pressure ratio
across the nozzle is increased, the flow must overcome viscous
forces and push aside the subsonic layer in order to allow the flow
to undergo supersonic expansion and generate thrust. Similarly,
there is a distinct difference in performance once steady-state is
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FIGURE 5. A close-up view of the start-up and shut-down thrust pro-
files. Note the lag during start-up that is not observed during shut-down.

achieved that depends on the expander angle. During the shut
down process, viscous forces facilitate the thrust response by re-
ducing flow as the inlet pressure decreases during valve closure.
All of the half-angles exhibit similar a nearly identical response
to valve closure.

The total impulse and impulse efficiency have been calcu-
lated according to Eq.s (11) and (12), respectively, and the results
are shown in Figure 6. Here we see that the 30° expander exhibits
maximum performance impulse and efficiency. As such, we will

focus our attention on 3D micronozzles with 30° expander half-
angles.

FIGURE 6. he total impulse produced in 2D micronozzles for the
complete duty cycle. The 30° expander exhibits the greatest efficiency.
The drop off in efficiency for large expader angles is a result of trans-
verse velocity components associated with a large divergence angle. The
decreases in performance at small exapnder angles is due to viscous ef-
fects.

3D Results

As an illustration of the flow-field in a 150um deep nozzle,
3D Mach number contours in the micronozzle and exhaust plume
are shown in Figure 7 for actuation time ¢t = 0.6ms (Re ~ 800).
The 3D subsonic layer growth in the expander is shown in Figure
8 at selected locations at time ¢ = 0.27ms (Re ~ 30). Note that
the relatively low Reynolds results in a subsonic layer that occu-
pies a significant portion of the expander. However, the central
core of the flow is supersonic.

A common measure of the influence of viscous forces is
the portion of the exit plane occupied by the subsonic layer.
At very low inlet pressures (Re) associated with early start-up
and late shut-down, viscous forces cause the entire exit plane
of the micronozzle to be subsonic - significantly reducing per-
formance. At the higher Reynolds numbers associated with the
steady-state portion of the duty cycle, the subsonic layer oc-
cupies only a fraction of the exit plane. As such, we wish
to characterize the temporal evolution of the subsonic layer.
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FIGURE 7. An illustration of the steady-state (Re ~ 800), 3D Mach
number contours in a 150um deep nozzle and exhaust plume.

In Figures 9 and 10 we see the subsonic layer at the mi-
cronozzle exit plane, denoted by Mach contours M < 1, in the
150um and 100um deep nozzles, respectively, for time steps
that capture the transition from a completely subsonic exit to
the steady-state condition. For the 150um deep nozzle, the
transition begins at t = 0.22ms (po = 9.5kPa, Re ~ 30) while
for the 100um deep nozzle the transition begins at t = 0.25ms
(po = 20.4kPa, Re ~ 65). While not shown in a figure, we men-
tion here that for the 50um deep nozzle the transition beins at
t = 0.27ms (po = 33.8kPa, Re ~ 106). The trend shown here is
that a shallow nozzle requires a longer time period during start-
up, or equivalently a greater inlet pressure (Re), in order to over
come viscous forces and produce a supersonic exit condition. In
general, a shallow nozzle experiences greater viscous forces and
thus increased viscous losses.

The influence of viscous forces and the susonic layer mani-
fest themselves by causing a flow-response lag and reduced noz-
zle performance. Figure 11 shows the thrust profiles as a function
of time during the first half of the duty cycle (0.8ms) for the four
nozzle depths of interest. For comparison, thrust results are pre-
sented as a per unit depth basis and the quasi-1D profile which
responds instantly to valve acuation is also shown. Figure 11
shows that all nozzles exhibit a ‘lag’ in thrust response with the
25um deep nozzle having the greatest delay. The response time
improves as the depth increases. Similarly, the thrust produced
per unit depth increases with nozzle depth.

The total impulse produced during start-up (i.e., the first

A
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FIGURE 8. The subsonic layer in a 50 micron deep micronozzle op-
erating at Re ~ 30.

0.55ms of the duty cycle) is plotted in Figure 12 along with the
impulse efficiency. The I, calculated according to quasi-1D
theory is ~ 7.6 (UN -ms/um). Here it is seen that the impulse
efficiency increases with depth and approaches the 2D results
for sufficiently deep micronozzles. The maximum impulse effi-
ciency during start-up is 0.7 for the 150um deep nozzle while a
minimum efficiency of 0.22 is observed for the 25um deep noz-
zle.

CONCLUSIONS

In this study we have described an ongoing project aimed
at better understanding the interplay of nozzle geometry and vis-
cous effects for the transient operation of a supersonic micronoz-
zle. Our goal has been to characterize transient micronozzle flow
and performance via the simulation of a realistic microvalve duty
cycle utilizing a H> O, monopropellant scheme. We have sought
to delineate the thrust production as a function of time, the total
impulse delivered during a single firing, and determine nozzle
impulse efficiencies based on theoretical maximum performance.
The specific contributions of this work include detailed examina-
tions of the following: (1) a 3D transient supersonic micronozzle
flow analysis based on a realistic valve duty cycle, (2) variable
nozzle depths from 25 — 150um, (3) and the simulation of de-
composed H, O, monopropellant.

The numerical results indicate that a ‘lag’ in flow response
and thrust production exists during start-up for all cases exam-
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ined. This lag is especially pronounced for cases with relatively
large viscous forces, i.e., shallow 3D micronozzles or micronoz-
zles with extremely large (50°) or small (10°) expander half-
angles. Support for this conclusion is observed in the subsonic
layer behavior at the nozzle exit plane. A response delay is not
observed during shut-down as viscous forces act to reduce flow
and facilitate the shut-down response.

It is found that the maximum impulse delivered and maxi-
mum impulse efficiency is achieved for a 3D micronozzle with an
expander half-angle of 30°. This result is consistent with previ-
ous 2D simulations. It is worthy of note that this value is approx-
imately (2x) the typical half-angle used in macro-scale conical
thrusters.
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FIGURE 9. The subsonic layers at the micronozzle exit plane in the
150um deep micronozzle shown for increasing times during start-up of
0.22,0.23, 0.24, 0.25, 0.3, and 0.8ms.

FIGURE 10. he subsonic layers at the micronozzle exit plane in the
100um deep micronozzle shown for increasing times during start-up of
0.24, 0.25, 0.26, 0.27, 0.28, 0.29, 0.3, and 0.8ms.
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FIGURE 11. The 3D thrust profiles during start-up for the four mi-
cronozzle depths of interest. For comparison purposes, thrust results are
shown per unit depth as well as normalized by quasi-1D theory.

FIGURE 12. The impulse efficiency and total impulse generated by
3D micronozzles during the thruster start-up sequence of the duty cycle,
i.e., for time 0 — 0.55ms.
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