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Ho et al. PR Microthruster Cold Gas CFD

The rise in popularity of microspacecraft has in turn  The list of the simulations presented in this paper is as follows
produced a strong interest and demand in the development ofhe rst set of simulations “PR laboratory condition” is a dit
micropropulsion devices. These devices must meet the uniquepresentation of the PR experiment, performed for the purpose
propulsion needs of each speci ¢ mission, which may includef verifying the correct simulation parameters and settings
attitude control, orbital station-keeping, drag compensati required to reproduce experimental results. The second set of
to slow orbital decay, de-orbit manoeuvres, or constelfatio simulations “PR nozzle choked ow condition” is performed
formation and maintenance. At the same time, micropropulsionusing a PR mesh which is slightly modi ed to incorporate a
devices must also adhere to the stringent design requirésnenconverging-diverging nozzle. This is aimed at validating th
imposed due to severe mass, volume, and power constraints toéatment of ow velocity choking in CFD-ACE, and its ability
the microspacecratft. to handle the simulation of vacuum in the downstream region

Two main classes of propulsion technologies have beefy setting the outlet pressure to zero) without compromising
envisioned and own for spacecraft. The rst is gas andthe results in the other upstream regions. The third set of
chemical propulsion, which ranges from the traditional orsimulations “PR vacuum condition” models the performance of
microelectromechanical systems-based (MEMS) cold g@R in a vacuum environment, and provides thrust results that
thrusters B], to warm gas and chemical propellant systemsare otherwise currently unobtainable from experiment. Hina
The second is electric propulsion, which can be grouped intthe fourth set of simulations “MiniPR vacuum condition” is
three distinct categories: electrothermal, electrostatind a direct representation of the MiniPR experiment performed
electromagnetic. Electrothermal propulsion includes deviike in the Wombat space simulation chambet7. The simulated
arcjets 6], resistojets ], hollow cathode thrusters3 9], and  thrust is compared to the experimentally measured values and
the Pocket Rocket microthrustet (] which is the subject of this the theoretical expectation in order to verify the reliatyiliof
paper. Electrostatic propulsion has been dominated by a largbe results obtained by simulation. The main results of the
variety of gridded ion thrusters, the most recent developtaen simulations are summarized ifable 1
including NASAs annular-geometry ion engine (AGI-Engjne
[11, 17 and the NASA evolutionary xenon thruster (NEXT)

[13 14], but also include experimental technologies like the3. POCKET ROCKET MICROTHRUSTER

eld emission electric propulsion (FEEP) concegts] and its EXPERIMENT

precedent colloid thrusters. Finally, electromagnetic piejaun

boasts the mature Hall-e ect thrustefif] and its variants |7~  Pocket Rocket (PR) is a radiofrequency plasma electrothermal

19, as well as newer technologies like magnetoplasmadynamigicrothruster currently under development by the Space Plasma

(MPD) thrusters PO, 21] and ablative pulsed plasma thrusters Power, and Propulsion (SP3) Laboratory at the Australian

(PPTs) 2. For more information, a comprehensive review of National University. The specications of PR have been

electric propulsion is available in Charle83 and Mazoure  previously described in depth in Charles and Boswel] fand

[24], while Micci and KetsdeverZf] and Scharfe and Ketsdever Greig 2§. The detailed dimensions and geometry of PR are

[26] compiles a review of both classes of propulsion technologiespeci ed later in the description of the PR simulation mesh.

with a speci ¢ focus on micropropulsion for microspacecraft.  In summary, PR Figure 1) primarily consists of an annular
electrode tted coaxially around the middle section of anraloa

2. OUTLINE (Al203) tube (hereafter called the plasma cavity or discharge
volume), through which a propellant gas is pued. PR can

This paper presents computational uid dynamics simulationsoperate with a wide range of gas propellants, but performs best

of the cold gas operation of Pocket Rocket and Miniwith monatomic inert gas propellants such as Ar and Xe. The

Pocket Rocket radiofrequency electrothermal microthrisste propellants may be stored either in a pressurized vessel or in

replicating experiments performed in both sub-Torr anda solid form (e.g.,d). In the laboratory, a mass ow controller

vacuum environments. The simulations are performed usingegulates a steady ow of gas into PR. In a microspacecraft,

the commercial CFD-ACE multiphysics package, chosen for this function may be performed by a combination of a pressure

its ability to model plasmas in addition to uids. The cold gasregulator and a solenoid valve, or by MEMS devices. Overall, th

simulations presented in this paper will be used as a benchmadonstruction of PR is lightweight, simple, and robust, and ban

to compare with future plasma simulations of the Pocket Rockemanufactured at low cost.

microthruster. Radiofrequency (RF) power (typically 13.56 MHz) supplied

The following section will introduce the Pocket Rocketto the electrode will ignite a plasma in the discharge volume.
microthruster experiment with reference to previously pubidh The amount of power required to provide su cient voltage
results, and subsequent sections will discuss the reaswns fo ignite a plasma varies depending on the Paschen minimum
using a uid simulation technique over other techniquesdref of the propellant gas. In PR, breakdown of Ar gas occurs
detailing the Pocket Rocket simulation mesh and the paramsetemwithin 10 *s [29, 3(] and is achievable with only a few watts
used for the simulations. The main results of the cold gasf power, which can be supplied from small solar panels or
simulations are presented in the results and discussionect batteries on board a microspacecraft. For normal low power
along with a theoretical de nition and discussion of concept operation, there is no concern for wear, corrosion, or thekrma
such as ow velocity choking, thrust and speci ¢ impulse, aslwelfatigue on PR. Unlike gridded ion thrusters and Hall-e ect
as the boundary layer friction force. thrusters, no neutralizer is necessary as the ions andretect
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TABLE 1 | Summary of the main simulation results for selected ow ra
cold gas thrust, boundary layer friction force, and references

tes and set outlet pressure: plenum stagnation pressure, sp
to related experiments.

eci c impulse, total

Set Mesh

R [SCCM]

po [Torr]

ps [Torr]

Isp [s] Ft [mN] Fp [MN] Reference

1 PR

2a

2b
PR
MiniPR

PR nozzle
PR nozzle

100, Ar
100, Ar
100, Ar
100, Ar
60, Xe

0.349
0.349
0
0
0

1.367
2.760
2.759
1.345
8.751

26.8
29.1
48.3

46.4
26.4

0.762
0.843
1.368
1.293
1.364

1.155 [Lo]
3.629 -
3.745 -
1.228 -
1.041 27]

[Matching
Box

Plenum

manometer

.

V/I probe

//|/

mm)

Expansion
tube

to vacuum chamber

FIGURE 1 | Schematic of the Pocket Rocket experiment showing th e
plasma operation mode with Ar propellant.

in the PR plasma exit the microthruster together along with

the neutral gas propellant. This is advantageous as thentiéeti
of most electrostatic and electromagnetic thrusters isitéch

by the lifetime of the neutralizer and other plasma-facing

components.

Depending on the amount of RF power supplied (0.1-50 W)
the plasma heats the gas to temperatures in excess of 100
[30-33 by depositing power directly into the propellant, thereby

enhancing thrust production over cold gas performance legvels

with minimal increase in thruster complexity. By controljrihe
propellant ow rate and the RF power in continuous or pulsed4- CFD-ACEC SIMULATION
operation, PR can produce precisely manipulable thrust on the

milliNewton-scale.

correction factor (GCF) of 1.44. Increasing the ow rate bét
selected gas into PR from 0 SCCM to the full scale increages th
pressure in both the plenum and the chamber. At the maximum
pumping rate, the ratio of the PR plenum pressure to the chamber
pressure is about 4 1, primarily dependent on the diameter
and length of the discharge volume and the expansion tube, and
secondarily on the species of gas. In earlier experimetiis [
33, the pressure ratio was maintained at 2 by limiting the
pumping rate.

Mini Pocket Rocket (MiniPR), previously described in
Charles et al.q7, 34, 35, is a variation of the PR microthruster
with a narrower discharge volume. For thrust experiments
[27], MiniPR is mounted on a pendulum thrust balance
inside a 1700 -L cylindrical space simulation chamluzkD( 1 m,
| D 2.2m), evacuated to a base pressure @0 & Torr by a series
of scroll, turbomolecular, and cryogenic pumps. Performing
cold gas and plasma thrust measurement experiments of this
nature is challenging due to the current prototype design of
MiniPR (and PR), as the gas propellant and the RF power must
be routed to the microthruster from external sources. The ga
line and the RF cable used for this purpose introduce mechanical
resistance, which can be slightly alleviated by anchorirggnth
to the thrust balance. Similar challenges were observedimiB
and Auweter-Kurtz §], in which they opted to use indirect
measurement methods employing a bae plate and a Pitot
probe. A solution would be to use integrated autonomous
propellant and RF subsystems on the microthruster. However, as

S%h a system is not yet available, simulation of the miauatter

is able to produce more accurate thrust results than experimen
at the present time.

The Knudsen number Kn is a dimensionless parameter which

The PR experimental apparatus has been previously describ@gteérmines whether a ow is better characterized by contimu
in Charles and BoswellL[]. Presently, PR is attached to a glas<" statistical mechanics, de ned as the ratio of the meaa frath
expansion tubed D 4.5cm, D 10cm), and mounted to one
face of a 20-L six-way cross vacuum chamtebr 20cm, !
| D 40cm) in which a base pressure of L mTorr is achieved 1he mean free path is de ned as:
with a scroll pump. A 10-Torr capacitance manometer is used

to measure the static pressure of the gas inside the plenum of
PR, while a Pirani gauge and another capacitance manometer

tracks the pressure in the chamber. The mass ow controlledus

in the PR experimental setup is calibrated for 100 SCCM gf N where kg

of amolecule to the characteristic length of the ow systée (
the radius of the plenum, discharge volume, and expansion tube)

keT

= 1
QTDZp 1)

D 1.38064852 10 23J K 1 is the Boltzmann

and equivalently 144 SCCM of Ar, which has a theoretical gasonstant, T and p are the local temperature and static
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pressure respectively, ard is the Lennard-Jones length or The simulations are self-consistent, with no arti cial soeiterms

collision diameter of the chosen molecule. This paper usesr limits used.

the kinetic mean free path instead of the uid mean free The key advantage of simulations is the ability to generate

path which is calculated with the uid dynamic viscosity, asa complete three-dimensional picture of all the measurable

the former de nition preserves its accuracy even in high Knvariables. This presents a valuable edge over experiments,

OWS. especially in the eld of microthrusters, which due to their alin
Generally, computational uid dynamics (CFD) simulations geometry can be di cult or not feasible to access with ordipa

are limited to modeling continuum regime ow (Kn. 0.01), instruments. The results of the cold gas simulations presnt

and the treatment of rare ed ows with higher Knudsen numiger in this work will be compared with published cold gas thrust

require techniques such as molecular dynamics (MD) or directneasurement experiment&7] and theoretical expectations to

simulation Monte Carlo (DSMC). However, MD simulations establish their validity and accuracy. The cold gas perfocea

are extremely computationally expensive for all but very $matesults of PR will be used as a benchmark for future plasma

systems as it scales by the square of the number of moleculggeration studies to be performed also in CFD-ACTE

involved. A more practical solution is DSMC simulations, wlhni

use a characteristic particle to represent a large ensemble of . .

real molecules. While this reduces the scale of the problerfii-1. Pocket Rocket Simulation Mesh

DSMC simulations are nevertheless still very much mord e two-dimensional simulation mesh for PR is shown in

computationally expensive than CFD simulations for modeling™igure 2 It is axisymmetric, and represents the top-half cross

weakly rare ed ows, particularly in the continuum (Kn 0.01) section of the microthruster. The mesh is divided into fouaim

and slip (0.01 Kn. 0.1)regimes. Typically, studies seeking td€9ions, which include three uid volumes: the plenum O

model ows spanning a wide range of Knudsen numbers resorg0 mm.| D 12mm), discharge volume O 2.1 mm| D 18 mm),

to a hybrid CFD/DSMC approach, applying CFD techniquesand downstream|(D 51 mm), and one solid volume being the

to regions of low Kn, and using the results obtained thus a§avity wall@r D 1.0mm,| D 18 mm). Rotating the mesh about

a boundary condition for the neighboring regions of high Kn the horizontal axis of symmetry renders the cylindrical gedry

where DSMC techniques are employéd[ of PR and a hemispherical downstream region. The total number
This paper presents CED cold gas simulations of the PR arfef cells inthe PR mesh is 25405; the MiniPR mesh has 22525 cells,

MiniPR microthrusters performed with the commercial CFD- 9iven its narrower discharge volume D 0.8 mm) and thinner
ACEC multiphysics package. For the purposes of this workCavity wall (. r D 0.7mm), but is otherwise identical to the PR
DSMC techniques are not required as the primary interest is irmesh. Most of the simulation studies of this work are performed
modeling the low-Kn internal regions of the microthrustefis ~ Using the PR mesh, as the higher number of cells across the
work takes advantage of the ow velocity choking phenomenorfadius of the discharge volume (21 vs. 8 in the MiniPR mesh) is
to circumvent the invalidity of modeling vacuum regionskiita  bene cial for the accuracy and resolution of the simulation

CFD simulation, while still preserving the accuracy of theiced
results in the internal regions of the microthrusters. Thew
velocity choking phenomenon will be further discussed inadlet
later in the text.

Flow velocity choking is a compressible ow e ect. Modeling
compressible ows in CFD-ACE requires the ow and heat
transfer simulation modules. The ow module numericallyses
the Navier-Stokes equations for the ow velocity and pressur
eld over a given meshed geometry. The simulation volume is
discretized and the continuity equations numerically igrtated
over each cell via the nite volume method. The result is
assigned to the cell center, and interpolated to the cellsface
determine the ux across each cell interface. Mass congserva
is implemented, and pressure is calculated using the iterati
SIMPLEC algorithm until convergence. Fixed value boundary
conditions (e.g., inlets, outlets, isothermal walls) argased
by setting a source term in a ctitious cell on the external| FIGURE 2 | Two dimensional cross section of the axisymmetrictop ~ half
boundary of the volume, while zero- ux boundary conditions | of the PR mesh, with the four regions: plenum (cyan), discharge
(e.g., symmetric boundaries, adiabatic walls) are actlisiveply | Volume (green). downstream (yellow), and cavity wall (gray) - . Blue lines

; . . . denote the interfaces between adjacent regions or subregius. The magenta
by setting the cellinterface coe cients to zero. Most |mpmﬂy, lines show the position of the median cell in each region or diregion. The inlet
the heat transfer module keeps track of energy transfergris | is de ned to be the cylindrical surface of revolution formed i the top edge of
from work done on and by the gas during compression and the plenum, and the outlet is the hemispherical surface on afar right of the
expansion, as well as to impose thermal boundary and initial downstream regiqn. The _front plenum wall is de rjed to l_)e th_e I& internal face
conditions. Energy conservation is implemented via the Itota of the plengm reglon,whlle the rear plenum Wa||'IS the rightiernal fa.lce of the
enthalpy equation, and solved similarly to those descriliEye. plenum region surrounding the entrance to the discharge vame region.
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The discharge volume is the region of primary interestfor the latter case. The inlet mass ow rate and the outlet puess
and features a uniform orthogonal square grid consisting ofre the only independent variables in the simulations.
0.1 0.1 mm cells. The cavity wall region and the rst adjacent For the simulations presented in this paper, the walls (front
downstream subregion also have the same-sized cells. Tlee cand rear plenum walls, external cavity wall, and the downstream
in the plenum region smoothly increase in size with incregsin wall) are set to be isothermal, with the temperature xed at ROO
distance from the discharge volume region (upto 0G5 mmin  to reproduce laboratory conditions. The gas-facing sudace
the top left corner). Orthogonality and zero skew are maiméal  (front and rear plenum walls, internal cavity wall, and the
in these regions for compatibility with the CFD-ACEplasma downstream wall) are de ned to be zero- ux boundaries with
module, which will be used for plasma CFD simulations ineither inviscid, no-slip, or slip boundary conditions depemgli
the future. The grids of the remaining downstream subregionon the investigation.
smoothly increase in size with increasing distance from tee The ow boundary condition is one of the most in uential
downstream subregion. There is some unavoidable skew as tharameters a ecting the ow behavior in the PR and MiniPR
shape of the grid transitions from a square to a quadrant. Thisimulations. Due to the small size of microthrusters, the
is acceptable as the plasma studies will mainly be performed large surface area to volume ratio of the ow system and
the upstream regions. As for the boundaries, the inlet is dd ne a nonnegligible Knudsen number mean that the boundary
to be the cylindrical surface of revolution formed by the toplayer accounts for a signi cant portion of the ow system,
edge of the plenum, and the outlet is the hemispherical surfacend e ectively dictates the behavior of the main ow. In
on the far right of the downstream region. Walls enclose thenicrothrusters and other systems operating in the slip regim
remaining external edges of the mesh. Interfaces existdmtw where the Knudsen number is in the range of 0.0KKn . 0.1,
adjacent regions, allowing the two regions to communicatéhe solution to the Navier-Stokes equations are only valithie
information. main ow and not in the boundary layer. In this regime, it is

There are several reasons for choosing a hemispherical shapecessary use the slip boundary condition, where the iotena
for the downstream region. The downstream region representsetween the gas molecules and the wall is characterized by an
either the experimental expansion tube, vacuum chamber, ciccommodation coe cient , a number between 0 and 1.
space. When the Knudsen number is not too high (Kn 0.1), The tangential momentum accommodation coe cient
the results of the simulation is insensitive to the shape ofTMAC)  was rstintroduced by Maxwell37] to describe the
the downstream region, and thus the mesh need not exactlyature of the re ection of a molecule o awall;, D 0 represents
reproduce the experiment apparatus (e.g., the expansion tubepecular re ection, while ; D 1 represents di usive re ection.
On the other hand, when modeling vacuum in the downstreamin reality, molecular re ection is a mixture of di use and spdar
region (e.g., in the 1700-L space simulation chamber), uide ection, with the exact value of, dependent on the species
dynamics become invalid as the ow enters the transitionabf gas. Measurements of; are typically performed by tracking
(0.1. Kn . 10) and free molecular regimes (K& 10). To the ow of gas through a microchannel. These experiments
mitigate unphysical behavior, the vacuum outlet boundarg tta [38-46] are performed over a wide range of pressures at room
be placed a su cient distance away from the important regionstemperature, and use microchannels with dierent shapes
of the simulation. A hemispherical outlet boundary is eqsetdint  and diameters, constructed of various materials and serfac
from the exit of discharge volume and isotropic, eliminatingtreatments. Since the, of each gas remains roughly constant
the directional bias and circulation e ects that arise fromacross di erent conditions and ow regimes, it is justi ed tose
having boundaries at unequal distances, as well as compo#éti  the mean value of, for each gas in the simulations.
anomalies caused by corners. These are problems that would Similar to the concept of the TMAC, the original formulation
arise if a cylindrical mesh were used for the downstreanof the thermal accommodation coe cient (TAC) is attributed
region. To accommodate the hemispherical outlet boundarnto Smoluchowski von Smolad[]. In general, T is not the same
the downstream region is divided into six subregions tha aras  for each gas speciesy is measured experimentallyi§-
designed to allow for optimal smooth expansion of cells in botb3] using a variety of techniques often involving two wallschel

radial and polar directions with minimal skew. at di erent temperatures. While 7 is roughly constant for each
) ) gas across di erent surface materials and roughnesses, ibappe
4.2. Simulation Parameters to decrease as the temperature di erence between the two walls

In order to produce realistic and accurate results, it is ingtie  increasesd4]. However, due to the lack of extensive studieq [
that the correct boundary and volume conditions are appliedon this behavior, the mean value from Vargafti], Porodnov
The boundary conditions refer to the ow and heat propertiesand Kulev 9, Song and Yovanovichs[], Rader et al. §1],
at the boundaries of each region of the simulation mesh. Bohe Ganta et al. $7], and Trott et al. p3 is used for each gas in the
simulation, a xed mass ow rate of the gas is speci ed at thesimulations.

inlet. The temperature of the incoming gasis setat 300K, hedt  Using the slip boundary condition produces the correct
pressure at the inlet is calculated automatically as the lsiimn ~ solution for the main ow, but at the cost of introducing a
progresses. At the outlet, a xed pressure is speci ed, with thectitious slip velocity and temperature jump at the wall, vehi
value of either the experimentally measured chamber pressuoeme about as a result of extrapolating the Navier-Stokesisal
or zero depending on the investigation. The temperature of thérom the correct main ow solution to the boundary layer. 8@
back ow gas is set at 300K for the former case, and is irrgleva the primary interest is in the main ow, it is more important
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to obtain accurate results there than at the wall. For mosésas .
where is high, the aberrations in the solution arising from the : I
slip velocity and temperature jump are relatively small, aad
be tolerated. KoganSf] presents a cogent explanation for the
necessity of slip boundary conditions for treating ows atall
Knudsen numbers. A primer on the compressible Navier-Stoke
equations, accommodation coe cients, and the slip velgcit
and temperature jump boundary conditions can be found in
Karniadakis et al.q7].

The volume conditions refer to the material properties of i e}
the uid (N2, Ar, and Xe gas) and the solid (AD3) used 0.5 &
in the simulations. For the former, CFD-ACE contains a &
database of elemental and molecular species with their régpec
atomic or molecular mass available by default. The Lennarg
Jones length or collision diameter for each species is enterec
into the database using values from Poling et &id.[ It is
also necessary .t(.) Input Values. fOI’l the .|sobar|c SpECI.C heat’FIGURE 3 | Experimental plenum pressure (blue line) and chambe  r
thermal CondUCtIVIty' and dynamlc viscosity of each gasisgec pressure (black line) measurements against mass ow rate of Ar i nto
These parameters are obtained from the NIST Thermophysicalpr. set 1: Simulated plenum pressure using inviscid (magenta gsses),
Properties of Fluid Systems databaSé€] [as a piecewise linear | no-slip (magenta plusses), and slip boundary conditions wi D 0 (red
function of temperature (in increments of 1K from the boiling | circles). u D 0.5 (cyan circles), and u D 0.9 (blue circles). Set 3: ; D 0.9
point) at a constant pressure of 1 Torr (as PR and MiniPR operate 2k angles)
in the 0-10Torr range). The mass di usivity data of the each
gas species are collected from Amdur and Masa®, [Amdur
and Schatzki§1], Dymond [62], Hutchinson [63, Winn [64], severely underestimated with an inviscid boundary conditio
and Winter [65], wherein the values are quoted for atmosphericUsing D 0 produces results similar to the inviscid case, as
pressure (760 Torr). For self-di usion in gases, the empiricabxpected. Notably,, D 0.5 gives only slight underestimates,
relationD / p 1[66]is used to calculate the respective values fowhile the results for ; D 1 (not shown for clarity) is almost
1Torr. A fth-order Maclaurin series in temperature is ttetb  indistinguishable from that of ; D 0.9. This is expedient, as it
the 1-Torr mass di usivity data, and the polynomial coe ciest means that the simulations are insensitive to small errorsgn
are entered into the CFD-AGE database. Finally, while it is for values close to 1.
possible to input the density using a piecewise linear functibn The plenum pressure is a very unambiguous and spontaneous
temperature as before, the ideal gas law is used instead dueindicator of the ow characteristics in PR. For the experimaint
the requirements for modeling compressible ows. As for solidl00 SCCM Ar case, the steady state plenum pressure is measured
materials, similar parameters that are required are obtafrem  to be 1.365 Torr, while the chamber pressure is at 0.349 Torr. F

1.5 + -

(%]

O X

1.0

p [Torr]
+

(024

0.0 T T T T .
0 25 50 75 100 125 150

dm/dt [SCCM]

sources like§7, 68]. reference, the simulated steady state pressure pro le (ddliel
line) of the D 0.9 case, which matches the experiment best, is
5. RESULTS AND DISCUSSION plotedinFigure4. -~
- The experiment begins in the initial state where the whole
5.1. Set 1: PR Laboratory Condition system is at the base pressure ofl mTorr. Immediately after

The main input for the CFD cold gas simulations is the inletthe mass ow controller is turned on, Ar gas entering the syst
ow rate of the selected gas and the outlet pressure. The rstauses the pressure to increase in the plenum, thereby satiing
set of simulations with the PR mesh was ran with 25-144 SCCld small pressure di erence between the plenum and the chamber.
of Ar and 25-100 SCCM of N(to verify the calibration of The pressure di erence is bridged by the discharge volumeghwhi
the mass ow controller GCF for Ar), and the outlet pressuretries to balance the pressure on both ends by moving gas from
of each case is set to the experimentally measured chamitée plenum where the pressure is higher to the chamber where
pressure Figure 3 plots the PR experimental plenum pressurethe pressure is lower. However, the rate at which the gas can be
(blue line) and chamber pressure measurements (black lore) f moved is dependent on the steepness of the pressure gradient. In
Ar. Also plotted are the simulated plenum pressure using ingdisc the beginning while the pressure di erence is still small, tlosv
(magenta crosses), no-slip (magenta plusses), and slipdaoyn rate through the discharge volume will be less than the imposed
conditions with various accommodation coe cients (circlgfor ~ ow rate into the plenum. Consequently, the pressure in the
Ar. The results for N are very similar, and not discussed here. plenum will continue to increase until the pressure gradierthie

It is found that the simulated plenum pressure matcheglischarge volume can support the full ow rate, at which point
the experimental plenum pressure only when a slip boundaryhe system attains equilibrium. This happens on the time sdale o
condition is used with the recommended value qf D 0.9 about10s.
for both N» and Ar [38-4€]. The plenum pressure is very  While it is possible to model the temporal evolution of the
slightly overestimated with a no-slip boundary conditiend cold gas ow in PR from the initial state with CFD-ACE the
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FIGURE 4 | Axial pro les of the pressure (blue) and Knudsen nu mber FIGURE 5 | Axial pro les of the axial velocity (blue) and loca | sound
(red) at r D 0mm for the 100 SCCM Ar PR simulations in Set 1 (solid speed (red) at r D Omm for the 100 SCCM Ar PR simulations in Set 1
lines) and Set 3 (dash-dotted lines). 30mm z< 18mmisthe (solid lines) and Set 3 (dash-dotted lines).

plenum, 18mm z Ommis the discharge volume, andz > O0mm is the
downstream region.

uid through a stream tube. Assume that the cross-sectional
area of the stream tube varies su ciently slowly with distanc
normal operation of PR is in the steady state with constant gagiong the z-axis, so that the ow depends only on the distance
ow. The simulated steady state axial velocity pro le (sdbitie  zjong the stream tube and is approximately one-dimensional.
line) is plotted inFigure Salong with the local sound speed (solid Then, from using Bernoulli's equation, the conservation ofsia

red line), calculated using the equation: and the isentropic ow relationsf9], the variation in the axial
r velocity of the ow du,=u, can be related to the variation of the
ksT cross-sectional area®dA by:
oD —° @ g

du; 1 dA

where is the adiabatic indesg D 1.38064852 10 23J K 1 W OV 1 A (3)

is the Boltzmann constant, is the local temperature of the gas,

andm is the atomic mass of the gas. As the plenum has a mucdihere MaD u;=Gsis the Mach number, de ned as the ratio of the

larger diameter than the discharge volume, it acts as aveser axial velocityu; to the local sound speed.

where the pressure is constant throughout most of its volume, Equation (3) reveals that when the ow is subsonic (Mal),

and the ow there is e ectively stagnant. As the diameter of th a decrease il will result in an increase iz (du; /  dA).

system shrinks from the plenum to the discharge volume, tigere Conversely, when then ow is supersonic (Ma 1), increasing

an increase in the axial velocity accompanied with a decrigase A Will also increaseu; (du; / dA). At the critical state of

the pressure due to the Venturi e ect. In the discharge volumeMa D 1, dA=A must necessarily be zero. This means that

the ow is further accelerated by the pressure gradient uge t either the ow must expand into an in nite area, or that the

local sound speed near the exit. Past the exit, the ow deatsr cross-sectional area of the stream tube must be at a minimum,

as it expands into the downstream region, where the pressureiig., at the vena contracta. This fact is of great signi eairc

at a constant 0.349 Torr. high speed ows, as it dictates that a subsonic ow cannot be
It can be seen from the Knudsen number pro le (solid red accelerated to supersonic speed without rst having satis ed

line) in Figure 4that for a pressurized downstream region whicheither of the aforementioned conditions. Hence, for a cagireg

reproduces the laboratory conditions, the ow in the plenuntan nozzle, the maximum ow velocity attainable will be the lbca

downstream regions are in the continuum regime (Kn0.01) ~ sound speed, occurring at the exit. To achieve supersonic ow,

while the ow in the discharge region is in the slip regimeq®D. converging-diverging nozzle is required. The convergeatisn

Kn . 0.1). The ow characteristics in PR is dominated by theof the nozzle accelerates the subsonic ow, which then rastai

ow in the discharge region, and hence ultimately dictategl b the local sound speed when the cross-sectional area narmws t

the slip regime ow behavior. This substantiates the neibgs§  the minimum at the throat. Thereafter, the divergent segtio

using the correct slip boundary conditions ang for modeling  of the nozzle further accelerates the sonic ow to supersonic

PR and other systems operating in the slip regime. speed.
_ _ As discussed in the previous section, the acceleration of the
5.2. Flow Velocity Choking ow is directly related to the pressure gradient. If the prassu

Before proceeding to the CFD simulations involving vacuungradient is insu ciently steep, the ow will not become sonic.
regions, it is rstly necessary to examine the theory of owThus, there is a minimum pressure di erence across the vena
velocity choking. Consider isentropic ow of a compressiblecontracta required for achieving sonic ow. For a polytropic
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gas with the adiabatic index, the ratio of the stagnation 5.3. Set 2: PR Nozzle Choked Flow
pressureps upstream of the vena contracta to the critical Condition

downstream pressurg, required for achieving sonic ow is  To demonstrate and to test the treatment of ow velocity chk
given by: in CFD-ACEC, the second set of simulations uses a slightly
modi ed version of the PR mesh. The only di erence between the
original PR mesh and the mesh used in Set 2 is the introduction
of a constrictionaz D 3 mm to replicate a simple converging-
diverging nozzle. The convergent section is &5mm< z <
Equation (4) is exact only if the pressure di erence occurs in 3mm, and the divergent §ectlon isagmm < z < O.mm.

the immediate vicinity of the vena contracta. In such cake, t The diameter of the throat is 2.1 mm, half that of the disclearg

critical pressure ratio is 2.053 for a monatomic ideal ga wit olume diameter, while the diameter of the exit is unchanged
D 5=3, and 1.893 for a diatomic ideal gas with D 75. The simulations in this set are run in pairs, one with the otitle

The critical pressure ratio varies almost linearly with and ~ P'€SSUrébo set 1o the experimentglly measured outlet pressure
is of the same order of magnitude for all gasps, 2). Pe a_nd the qther withpo D O Torr, with 25-144 SCCM of Ar. _
When the critical pressure ratio is satis ed, the ow velgcit  Fi9ure 6illustrates the geometry of the Set 2 mesh, focusing
attains the local sound speed at the vena contracta. Furthd? particular on the ow COI’.ldItIOI‘lS throug.h discharge volume
decreasing the downstream pressure will not cause the o@nd the converging-diverging nozzle. Displayed here are the

velocity at the vena contracta to increase past the local asourpimulations using 100 SCCM of Ar, witp D 0.349Tor (top).
speed, since MaD 1, if it occurs, must occur at the vena andpg D_OTorr _(bottom). The veIc_>cny magnitude is mapped in
contracta. This phenomenon is known as ow velocity choking.C°|°r' while the isocurves (black lines) represent Mach ngrsb
When the ow is choked, the ow conditions upstream of 0.25, 0.5, 0.75, and 1. In both cases, the ow enters the aligeh

the vena contracta become insensitive to the ow conditions/0lUme uniformly across most of the diameter, with a slow
downstream. boundary layer near the wall. Before the nozzle, the velocity

In reality, the pressure drop is not immediate but insteadmagnituo!e is much lower than Mgch 0.25. As the cross?seat@on
manifests over a nonzero distance. In the example of PR, 4562 begins to decrease, the ow is accelerated very quitkigi
shown in Figure 4, the pressure falls continuously along theshort convergent section, up to clqse to the local sound spt_a-ed a
entire length of the discharge volume. Hence, the criticabgure the _throat. The actual Mach 1 sonic surface occurs Verngh
ratio given by Equation (4) cannot be used to determine if thebeh'.nd the throat.due to boundary layer e ects. In the diverge
ow velocity choking condition is met. For choked ow to occu section, the ow is further accelerated to supersonic spegds. I
the pressure must fall su ciently sharply in a local region, il thepo D 0.349 Torr case howevgr, the owis almost |mmed|ately
is only possible if the stagnation pressure in the plenum is man eceler_ated upon Ieaylng the discharge VOIL_’me as It encaunte
times higher than the downstream pressure. he static gas present in the downstream region.

i

p &1 @)

Ps Cc1
Po 2

FIGURE 6 | Set 2: PR nozzle using 100 SCCM of Ar, with  pg D 0.349 Torr (top) and pg D 0 Torr (bottom) . Velocity magnitude is mapped in color from 0 ms 1
(blue) to 527.9ms 1 (magenta) in logarithmic scale, while the isocurves (bladkes) represent Mach numbers 0.25, 0.5, 0.75, and 1. With a@nverging-diverging
nozzle, the ow velocity becomes choked at the throat, and the ow conditions upstream are identical despite the large diffrence in downstream pressure.
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Most importantly, Figure 6 shows that the ow velocity

The plenum pressure in the Set 2 PR nozzle 100 SCCM Ar

does indeed become choked at the throat of a convergingimulation is 2.760 Torr, about twice as high as the 100 SCCM
diverging nozzle. When the ow is choked, the ow conditions Ar simulation from Set 1, due to the constriction of the disoja
upstream of the throat are identical in the two cases despie thvolume. With a converging-diverging nozzle, the pressuréin t
large di erence in the downstream pressure. This behavior islischarge volume remains high with only a very slight gratie

consistent for thgyg D pc andpp D 0 Torr pairs of simulations

through most of its length as distinct from the result in Seadd

for all the ow rates tested, with small di erences in the ekac most of the pressure di erence is dropped in the vicinity of the
position and shape of the sonic surface due to the di erenthroat. For the present case, Equation (4) may be used to give a

thicknesses of the boundary layer for di erent ow rates.

rough estimate of the critical downstream pressure requiced f

Figure 7 plots the plots the pressure (blue) and Knudsensonic choked ow to occur. Finally, near the exitatD 0 mm,
number (red), andFigure 8 plots the axial velocity (blue) and the pressure in thggg D O Torr case decreases monotonically
sound speed (red) proles on the central axis for the Set 20 zero to match the set outlet boundary condition. In thg D

100 SCCM Arpg D 0.349 Torr case (solid lines) apg D O Torr

0.349 Torr case, the ow is slightly overexpanded in the djeait

case (dash-dotted lines). The respective parameters areusorig  section of the unoptimized nozzle, and the pressure uctuates
for both cases in the whole range from the front wall of theslightly atz D 0-3mm before settling to the downstream
plenum atz D 30 mm, through the discharge volume and the pressure.

converging-diverging nozzle, up to very near the exit.

FIGURE 7 | Axial pro les of the pressure (blue) and Knudsen nu mber
(red) at r D 0 mm for the PR simulations in Set 2 (Figure 6) with

100 SCCM Ar, pg D 0.349 Torr (solid lines) and pg D 0 Torr (dash-dotted
lines). The throat of the nozzle is located az D 3 mm.

FIGURE 8 | Axial pro les of the axial velocity (blue) and loca | sound
speed (red) at r D 0 mm for the PR simulations in Set 2 (Figure 6) with
100 SCCM Ar, pg D 0.349 Torr (solid lines) and pg D 0 Torr (dash-dotted
lines).

As for the axial velocityKigure 8), the increase in velocity
due to the Venturi e ect at the entrance of the discharge
volume is smaller than in Set Figure 5, since the pressure
in the discharge volume is similar to the plenum pressure.
Also, the small pressure gradient in the discharge volumesdoe
not accelerate the ow, resulting in an almost constant axial
velocity in the discharge volume. As discussed earlier,t mbs
the acceleration takes place in the converging-divergirzgeo
Overall, the ow behavior in the PR nozzle simulations is
consistent with the theory of ow velocity choking laid out the
previous section.

For thepp D OTorr cases in this set of simulations and
hereafter, the high Knudsen number pasb 0 mm means that
the results in the downstream region are not guaranteed to be
valid and therefore should not be used for analysis. Everhi®, t
set of simulations demonstrates that CFD-ACES able to treat
ow velocity choking correctly and reliably provides valigsults
in the regions upstream af D 0 mm, even if the downstream
region, which accounts for a signi cant volume of the sintida
mesh, has Knudsen numbers higher than what CFD techniques
usually allow.

5.4, Set 3: PR Vacuum Condition
Relying on the principles established by Set 2, the third set
of simulations uses the original PR mesh, with 25-144 SCCM
of Ar, y D 0.9, and the outlet pressum set to 0 Torr to
model the performance of PR in vacuufrigures 4, 5show the
pressure (blue), Knudsen number (red), axial velocity (plaad
sound speed (red) pro les on the central axis of the 100 SCCM,
po D OTorr simulation (dash-dotted lines) compared with the
100 SCCMpg D 0.349 Torr result (solid lines) from Set 1. The
general ow behavior in both cases are very similar, and also
analogous to the other ow rates. The ow starts o at zero
velocity in the plenum at the stagnation pressure; it is then
accelerated by the pressure gradient in the discharge volanue
leaves PR at high velocity.

It can be seen irFigure 5 that the axial velocity reaches the
local sound speed, or Mach 1, atD  0.58 mm for the Set
1 case, and slightly further upstream atD  1.56 mm for
the Set 3 case. Otherwise, the axial velocity pro les of the tw
cases are approximately the same upztd O0mm. Another
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sign that the conditions upstream are unchanged can be seen &fow until near the exit. The Mach 1 sonic surface for the Set 3

Figure 3 where the plenum pressures in the Set 3 simulationsase is parabolic in shape and curves slightly inward near étle w

(black triangles) match with both the Set 1 simulations ahd t [70], with supersonic ow leaving the exit across most of the area

experimentally measured values across di erent ow rates. forr  1.64 mm. Disregarding the boundary layer, the Set 3 case
The results from the Set 3 simulations are only valid in thes considered to be fully choked. This behavior is represeraaf

plenum and the discharge volume where the ow is in eitherthe rest of the simulations in Set 3 where the ow is fully ckdk

the continuum or slip regime and the Knudsen number is lowfor all the set ow rates.

(Kn . 0.1). Past the exit & D 0mm, the Knudsen number On the other hand, the ow is slightly slower in the Set 1

rises sharply, and the ow progresses to the transitionalmegi case. As such, the sonic surface is not developed to the falitex

(0.1. Kn. 10)and beyond. Despite the large di erence in thewithin the discharge volume, leaving only a supersonic owar

downstream pressure, the pressure pro le in the plenum and théor r 0.73mm. Hence, the ow in the Set 1 case is only

discharge volume for Set 3 remain approximately the same as Setrtially choked. For Set 1, this behavior only manifests at o

1 for each set ow rate. Thisis due to ow velocity choking imet  rates beyond about 75 SCCM. Below this value, the ow vsjocit

discharge volume for the Set 3 simulations. in PR is completely subsonic. This shows that thel4oressure
Figure 9 provides a visualization of the cross sectional owratio, although being higher than the critical pressureaagiven

pro le for both the Set 1 (top) and the Set 3 (middle) cases withhy Equation (4), is still insu cient for choked ow to occurThis

100 SCCM of Ar. As before, the velocity magnitude is mapped ifurther reinforces that Equation (4) cannot be used in cadesre/

color, while the isocurves (black lines) represent Mach nerab the pressure drop is not immediate.

0.25, 0.5, 0.75, and 1. Again, it shows the ow entering the

discharge volume uniformly across most of the diameterepkc 5.5. Thrust

in the boundary layer near the wall. The parabolic shape of thghe thrust from cold gas or electrothermal thrusters is ded

velocity magnitude pro le reveals that the middle of the ow from the momentum of the exhausted neutral gas propellant, as

accelerates faster than the boundary layer ow, which remai distinct from electrostatic or electromagnetic thrusterbere the

FIGURE 9 | Set 1: PR with 100 SCCM of Ar, pg D 0.349 Torr (top) ; Set 3: PR with 100 SCCM of Ar(middle) ; Set 4: MiniPR with 60 SCCM of Xe(bottom) . The
color map and isocurves use the same scale as ifrigure 6 .
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thrust is de ned as the force in reaction to the acceleratain the rest of the simulations of other ow rates are not shown as
ions through an electric eldT1, 77. PR belongs to the former they are very similar in shape, with the only di erence being th
class of neutral gas thrusters; it operates as an electrotiier heights of the respective pro les.

microthruster when RF power is supplied to ionize and heat the Additionally, as shown irfFigure 9for cylindrical geometries,
neutral gas propellant30, 31], and as a cold gas microthruster the sonic surface is not planar and its position does not coiacid
when no RF power is supplied. with the exit surface, and can vary signi cantly depending on

The general thrust equation is used to calculate the thrughe gas and the choked ow conditions. Furthermore, the loca
generated by neutral gas thrusters, including conventionasound speeds at the exit is dependent on the local temperature,
rockets: which may be di erent from the initial temperature or stagnai

temperature of the gas upstream, and di cult to measure. In
FDMue Uz C pe Po Ae (5) cases wherg@e 6D pp, and especially for space applications
whenpe > po, the pressure thrust can be signi cant and its
whererR is the mass ow rate of the gaé, is the area, and the contribution must be taken into account with the addition of
subscripts “e” and “0” denote exit and the ambient free stream term in the form of peAe, though in practicepe cannot be
respectively. For the present purpose, the free stream velggity measured easily.
is zero, and the free stream pressure is de ned to be equal to In these circumstances, calculation of the thrust requihes
the outlet pressure. The rst term in Equation (5) represeriits t integral form of the general thrust equation:
component of the thrust force arising from the momentum of the 7
ejected propellant, while the second term represents the pressu R 2
force di erence between the exit area and the equivalent area kD2 o r eUzeCpe podr (6)
the (external) front of PR.

In cases wher@e  po anduze G across the exit, the with the radial density e, axial velocityu,e, and pressurepe
equation@ D e may be used to give a rough estimation of thepro les across the exit, integrated from the axisrab 0 mm to
thrust. For high pressure and large geometries as in coneealki the wall atr D 2.1 mm.
rocket nozzles, this approximation is valid as the mass dgnsit To ascertain the accuracy of the thrust calculations, alaimi
axial velocity, and pressure are typically uniform in the mainintegration of the mass ow rate of the gas is performed across
ow across most of the exit area. However, for low pressure anche exit area. It is found that the ow rate across the exit
small geometries like in microthrusters, boundary layer@se to be consistently 2.8-2.2% below the range of set values (for
near the wall are nontrivial and often signi cant compared to ascending ow rates) in Set 1, and 4.9-4.1% in Set 3. In Set 3,
the main ow, resulting in nonuniform pro les for all the thre  the corresponding values are 1.5-0.4% for pgeD p. cases
parameters. This is evident in PR, as showiigure 19 which  and 3.4-2.7% for thgg D 0 Torr cases. This small error may
displays the axial velocity (red), density (black), and press be attributed to the use of only 21 cells across the radius ®f th
(blue) pro les across the exit for the 100 SCCM Ar simulationexit, resulting in the trapezoidal underestimation of thencave
in Set 1 (solid lines) and Set 3 (dash-dotted lines). The @®for  down pro les, or the de ciencies of the CFD-ACQE code in
dealing with supersonic ows at Mach numbers higher than 2.
Additionally, because the axial velocity at the wall is neitoz
due to the ctitious slip velocity imposed by the slip boundary
conditions, the thrust contribution from the boundary laywill
be very slightly overestimated. However, while this undetya
is not quanti able, it should be negligible compared to the
mass ow rate error. Consequently, it is likely that the thrus
calculation underestimates the real thrust by the aforetioaed
amounts.

Figure 11 plots the calculated raw thrust values for the Set
1 and Set 3 simulations using 25-144 SCCM of Ar. The thrust
for the Set 1 simulations is 47-38% less (for ascending ow
rates) than the Set 3 simulations primarily due to the much
larger pressure thrust arising from the large di erence betwe
the exit pressurge and the ambient pressurpp D OTorr,
which accounts for 48—-32% of the total thrust in Set 3. In Set 1
particularly for higher ow rates, the exit pressure is verysado
the ambient pressure, therefore the pressure thrust is veatlsm
and mass thrust accounts for almost all of the total thru&E%6
FIGURE 10 | Radial pro les of the axial velocity (red, scale: for 25 SCCM, 82-92% for 50-144 SCCM).

1?2? S)l)t~tﬂe”3i§t/ (black, scale: 1‘10(3) m i)' and pressure (olue, For comparison, the calculated raw thrust values for the Set
;ce?i'(sz:dﬁnesz:'d SZt3(dr221h-Z;tteed ines). rR simuiation in 2 PR nozzle simulations are plotted Figure 12 The pp D
OTorr cases in Set 2 perform only 1.3-6.6% better than the
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model mainly due to the fact that the present design of the
nozzle is not optimized for either vacuum or any pressure in
particular. However, this comparison serves to demonstrate tha
the generated amount of thrust is ultimately determined by
the mass ow rate of the propellant rather than the stagnation
pressure, as the Set 2 simulations generate only margirighgh
thrust even though they have about twice the stagnation press

of their counterparts in Set 1 and Set 3 for the same ow rates.

5.6. Speci ¢ Impulse

The speci c impulse is a measure of the e ciency of a thruster,
de ned as the change in momentum delivered per unit of
propellant. For neutral gas thrusters, the theoretical maxim
speci ¢ impulse a gas can achieve is given by the following
thermodynamic relation:

FIGURE 11 | Calculated thrust (blue) and speci ¢ impulse (red ) for PR

simulations in Set 1 (circles) and Set 3 (triangles).  Thrust increases linearly ( " 71#) %
with ow rate, while speci c impulse remains roughly constant The speci ¢ N, D 1 kgTs 2 1 Po 7
impulse for Set 3 is close to the theoretical maximum value d&7.0s for Ar. p 6 m 1 g ( )

whereg D 9.81 ms 2is the standard acceleration due to gravity,
kg D 1.38064852 10 23J K 1isthe Boltzmann constant, is

the adiabatic indexnis the atomic mass of the gas, ahgandps
represent the stagnation temperature and pressure respsctivel
The pp term within the parentheses assumes that the ow at the
exit is perfectly expanded such th@t D pg. For expansion into
vacuum,l!p becomes independent p§, and is solely determined
by Ts. ForTs D 300 K, the theoretical maximum speci c impulse
for monatomic Ar gasis 57.0s.

Figures 11 12 plots the speci ¢ impulse of all the preceding
simulations, calculated via dividing Equation (6) by the
integrated mass ow rate across the exit area of the respectiv
simulations. Overall, thégp is approximately constant across
the range of ow rates, as expected from theory. There is some
deviation from the constant value in the Set 3 simulationseen

FIGURE 12 | Calculated thrust (blue) and speci ¢ impulse (red ) for PR in Figure 12 indicating that the converging-diverging nozzle is
converging-diverging nozzle simulations in Set 2: laborato ry condition more e cient at higher ow rates.

(C"C'ef) a”,‘:h"aml’,“z‘ﬂcoh“,d';'o” ("'gng'tes)' Th{:“ts“snctriase; '”t‘esa”#]"""h To obtain the maximum possible total thrust, an optimized
ow rate, with a shigntly higher gradient compared (0 S€ andset 3. e

speci ¢ impulse for Set 2 vacuum condition is higher than Set 3and close to nozzle should be used .tO expand the exhaust such p@aD

the theoretical maximum value of 57.0's for Ar. po, and all of the thrust is derived from the momentum of the

ejected propellant. While this is easily achieved in a pressdri

environment even with just a cylindrical tube as shown in 8et

simulations in Set 3. On the other hand, the D p; cases in Set 1 simulations, it is in practice impossible to achieve in vaouu

2 perform 2.9-12.6% better than the Set 1 simulations for owas it would require an in nitely long nozzle. Despite that fact,

rates 50-144 SCCM, but sees a 6.6% decrease in performancelierlower downstream pressure of the Set 3 simulations alew t

the 25 SCCM simulation. This decrease in thrust for the 25 BCC propellant to be accelerated to a higher axial velocity acruse

simulation in Set 2 is due the premature deceleration of th& o of the exit area, resulting in an average speci ¢ impulse that is

while it is still inside the divergent section of the nozzlethe considerably closer to the theoretical maximum value.

static gas present in the downstream region. Forgg® O Torr Using the 100 SCCM Ar case for comparison, the calculated

cases, the ow at the exitis slightly less underexpandedithn&et speci c impulse and the relative percentage to the theoretical

3, meaning that the pressure thrust is less dominant, acéognt maximum value are as follows: Set 1: 26.8 s (72.%)08& 3

for 38—17% of the total thrust. For th® D p. cases however, the 46.4s (81.4% d¥); Set 2pg D 0.349 Torr: 29.1's (68.0% Rify);

ow at the exit is overexpanded for ow rates above 50 SCCMand nally Set2py D 0 Torr: 48.3s (84.8% &ép). Note thath is

meaning that the pressure thrust is negative, and detraots fr calculated with the respectiypg andps values of each simulation.

the total thrust. From these values, it can be concluded that the converging-
Overall, there is not a large dierence between thediverging nozzle is more e cient than the cylindrical geotng

performance of the PR nozzle model and the original PRor expansion into a vacuum environment. In a pressurized
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environment however, the unoptimized nozzle will overexpandesulting in a force, acting in the direction of ow. Since this
the ow, resulting in a lower e ciency than the underexpanded direction is opposite to the direction of intended motiofy,

ow in the cylindrical geometry case. detracts from the total thrust.
L As a direct consequence &%, ps in the plenum would
5.7. Boundary Layer Friction Force increase as the ow through the discharge volume becomes

Figure 13shows two equivalent methods for calculating thrust,estricted by the boundary layer e ects. Additionally, if the
using the geometry of PR as an example. The general thrugl| were nonadiabatic, the wall material would act as a
equation involves summing all the forces acting upon the R®u  thermal source (or sink), and further increase (or decrpase

of gas from the exterior, while the internal forces methodatves  accordingly. For ows on larger scales or where Kn 0, ps
summing all the forces acting upon the surroundings fromremains mostly una ected and the magnitudeRj is negligible
within the interior of the gas. As mentioned previously, thewhen compared with the net pressure force term in Equation (8).
general thrust Equation (5) takes into account both the éorc However, on miniature scales as in RRjs greatly in ated and

from the momentum of the ejected propellant and the pressurgy manifests as an unavoidable and signi cant fraction of the
force di erence between the external front and rear facesef t in ated net pressure force. Hence’ us|ng the in atpgjwnhout

microthruster. accounting forF, will result in a overestimation of the total
On the other hand, when using the alternative internal ferce thryst.
method, the total thrust is given by: In practice, R, by itself is di cult to quantify. Nevertheless,
Foi can be calculated by equating Equations (5) and (8) when
RD ps PeAe Fo (8)  all the other variables are known. Sinlgg is dependent on the

. . . location and extensiveness of the boundary layer, it ignatel
whereps is the stagnation pressure of the gas in the plenum, ané’ yiay y

Fy is the friction force between the boundary layer and the wall epen.d(_ant on the geometry of the microthruster. In_the case of
. - o the original PR geometry used in Set 1 and Sefgijs 0.56—
To explain the origin offy,, suppose an inviscid uid was used

with a frictionless, adiabatic wall. Then the axial velpdf the élgshrgl\l éf?,;ﬁjsmcinﬂggfo?vrh?tsg)n\gf“i?,g _l:j?\?:r t?: V\:]acllzglfeth;R
ow would be high and uniform across the diameter and length 9 ' ging ging

of the discharge volume, arm in the plenum would be low as geometry used in Set & mostly acts upon the wall of the

the gas is able to exit without any resistance. In this hypiithe dlvergenF section of the_ nozzIe,_ where the velocity of therm_a|
. S g ow relative to the wall is the highest, with the component in
case, sincéy D 0, the total thrust is just the force di erence

between the internal front and rear faces given by the axial direction (as opposed to parallel with the wall) being
oo A 1.24-5.04 mN.
e e

. . . . . . These values show thig can be, and is in fact often higher
Suppose the owing uid was then imbued with the viscosity o .
S than the total thrust generated by PR. This is clear evidenat th
and friction (represented by ) of a real gas. Then the gas S
SN boundary layer e ects are signi cant and must be accounted fo
molecules incident on the wall must slow down due to the g . .
e . ) . and calculations which are usually used for conventional rtscke
friction, and the axial velocity of the surrounding ow watiblso . .
. . . - . cannot be used for microthrusters operating at low pressure
decrease due to the viscosity of the uid. This produces aoitylo . . . o .
- . . - and with dimensions similar to or smaller than PR. Despite
pro le that is peaked in the middle of the discharge volume,.. . . . . .
. . . . . .'its inconvenience, information on the magnitude &f can
as expected with laminar pipe ow in the continuum and slip S .
. . e used to optimize the surface properties or geometry of the
regimes. The deceleration of the boundary layer ow compare

to the main ow is evidence that momentum is being transfetre microthruster, and thereby maximize thrust.
from the ow to the wall through friction and viscosity e ects 5.8. Set 4: MiniPR Vacuum Condition

To validate the CFD simulation and thrust calculation respa
fourth set of simulations is performed using the MiniPR mesh to
compare with published experimental results of MiniPR in the
Wombat space simulation chambet?. The chamber pressure
was under 1 mTorr with full gas ow; having veri ed that the
simulation results are insensitive to the outlet pressurehé t
pressure range, the outlet pressure was gaj Bt 0 Torr for each
case with 15-60 SCCM of Xe.

Using y D 1.0 for Xe B8 44], the simulated plenum
pressures obtained across the range of ow rates closely match
the experimentally measured values, with a small systematic
discrepancy of abou€0.28 Torr, or equivalent to 2.3 SCCM

FIGURE 13 | Force diagrams for the general thrust equation (left ) and attributed to the miscalibration of the mass ow controlldr
the internal forces method(right) , where ruz,e represents the force from the the pressure measurements are taken to be the baseline. This
ejected propellant at the exit,pg is the ambient pressure,pe is the exit error is reasonable as the mass ow controller in the expen"me

pressure, ps is the stagnation pressure in the plenum, andr, is the boundary

layer friction force acting upon the wall of the discharge Vame. was calibrated for Xe by measuring the volume dlsplacement of

the gas in water. Following the same data analysis procedure a
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above, it is found that the mass ow rate error at the exit isperformance consistent with the Set 3 PR simulations using Ar.
10.8-10.1% under the set values, somewhat higher than the FRe lower cold gaksp reported in Charles et al2[/] is unlikely to
simulations due to the MiniPR mesh only having 8 cells acrosbe due to a lowells as MiniPR was in thermal contact with the
the radius of the exit. surrounding environment through the thrust balance. Opargt
As MiniPR has the same cylindrical geometry as PR, thwith a plasma raises the e ectivig, which increases the thrust
ow behavior is very similar to that shown ifrigures 4 5. For  and Isp performance; the highest, was obtained at the lowest
referencefigure 9includes an illustration of the ow conditions ow rate, as a smaller mass of propellant is able to reach higher
in MiniPR (bottom). Note that the sound speed in Xe is lowertemperatures when a constant amount of power was apphéd [
than in Ar, so the ow velocities in MiniPR is lower than in In the current cylindrical geometry of PR and MiniPR,
PR. Since the sonic surface is determined by geometry, the sothe experimentally measureld, cannot be used to accurately
surface in MiniPR has the same parabolic shape as that in PR. estimate the temperature of the plasma-heated gas in the
The cold gas thrust for MiniPR is calculated as before, witldischarge volume since the gas is not stagnant but moving at
the axial velocity, density, and pressure pro les across #ie e a signi cant fraction of the locakts where the heating occurs.
(red, black, and blue dash-dotted lines) plotted kigure 14  The implementation of a converging-diverging nozzle wilballa
Figure 15plots the calculated thrust (blue triangles) along withbetter estimation ofrs and the real gas temperature in the region
the experimental results (magenta squares) from Charles. et alpstream of the throat where the axial velocity of the gasis sl
[27]. In the experiment, the cold gas thrust was measured afteipart from the advantage of being able to generate more thrust
the gas ow had been shut o at the mass ow controller. This from the expansion of the exhaust propellant in the nozzle, the
means that the gas entering MiniPR was from the residual velumlonger transit time through the discharge volume will resal
of gas trapped in the gas linél (D 1mm,| D 4m) between more e ective gas heating, and bring about higher thrust &g
the mass ow controller and MiniPR. As the trapped gas requirgoerformance.
many hours to be fully depleted, it is reasonable to approximate
a constant but slightly diminished ow rate in the short dui@n
when each measurement was taken. Assuming a 30% decreas@inCONCLUS|ON
the ow rate after the ow was turned o, the corrected cold ga

thrust values (green squares) become in line with the sitedla multiple gases have been performed using CFD-6CE

thrust values. Since MiniPR has the same geometry ap{RiRl) construct ow models to complement and compare with
not be expanded to zero. Thus, the pressure thrust is signt can . P P -
; cold gas experimental measurements of the PR and MiniPR

and accounts for 33—-27% of the total thrust for ascending ow . . . .
. o microthrusters. This work demonstrates that using a slip

rates of Xe. For comparisofiy in MiniPR is 0.55-1.04 mN. boundary condition with the correct tangential momentum
The theoretical maximum speci ¢ impulse of Xe is 31.4s y g

or T, D1 200 K. The avrag cakate fom th PR 522708 soedert st n preciee soeement it
Xe simulations is 26.2s (83.4% h_fp), showing a relative P y P P

behavior. The upstream behavior of the expansion of gas from
PR and MiniPR into vacuum can be accurately modeled even
with a uid solver, provided that the simulation program is

In summary, cold gas simulations of PR and MiniPR with

FIGURE 14 | Radial pro les of the axial velocity (red dash-do tted line, FIGURE 15 | Calculated thrust (blue) and speci ¢ impulse (red ) for Set
scale:  102m s 1), density (black dash-dotted line, scale: 4 MiniPR simulations (triangles), along with the experimenta  lly

10 2kg m 3), and pressure (blue dash-dotted line, scale: Torr) at the measured thrust from Charles etal. [ 27] (magenta squares) and their
exit z D 0mm for the 60 SCCM Xe MiniPR simulation in Set 4, corrected values (green squares).  The speci ¢ impulse for Set 4 is close to
representative of the experimentin Charles etal. [ 27]. the theoretical maximum value of 31.4 s for Xe.

Frontiers in Physics | www.frontiersin.org 14 January 2017 | Volume 4 | Article 55



Ho et al.

PR Microthruster Cold Gas CFD

able to treat ow velocity choking. The thrust was calcuthte benchmark to compare with future plasma simulations of PR also
by integrating the ow pro les at the exit, and the uncertaijnt performed in CFD-ACE.

was deduced by evaluating the discrepancy between the set mas

ow rate and the integrated mass ow rate at the exit. The AUTHOR CONTRIBUTIONS
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