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Molecular dynamics (MD) simulations are performed to model an electrospray thruster
for the ionic liquid (IL) EMIM—-BF, using an effective-force coarse-grained (CG) potential.
The MD simulations provide insight into the atomistic modeling of a capillary-tip-extractor
system, the basic elements of an electrospray thruster. A one-dimensional electric field
showed an improvement in the model when compared to the use of a constant electric
field. Then, the MD software was coupled to a Poisson solver derived from a Particle-In-
Cell (PIC) code. A transient three-dimensional electric field was used at each timestep,
taking into account the induced electric field due to space charge repulsion. It was found
that the inhomogeneous electric field as well as that of the IL space-charge improved
agreement between modeling and experiment. The influence of numerical parameters such
as extraction potential and applied mass flow were studied. Particular emphasis was put
on the importance of parameters relative to the grid used to solve Poisson’s equation, such
as the grid cell size and the boundary conditions in the vicinity of the capillary tip. The
boundary conditions were found to have a substantial impact on the potential and electric
field.
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Nomenclature

d = capillary to extractor ring distance

o0x, 0y, 0z = celle lengths in x, y, z directions

E = electric field

Errp = maximum electric field in the vicinity of the capillary tip

€ permittivity of medium

€0 = permittivity of free space

ft) = random force in Langevin thermostat
F = force

Fpotential(t) = total force acting on capillary atoms
vy = surface tension

1,7,k = indexes

I = current

kB = Boltzmann constant

ksp = spring constant

m = mass

m = mass flow

wn, = natural frequency of spring mass system
10) = potential

i gk = potential on mesh node (i,j,k)

q = charge

r(t) = displacement

Pf = density of charges

R. = capillary radius
Vstart = starting voltage

At = timestep

T = temperature

& = damping constant

Z = direction of extrusion

I. Introduction

Despite the existence for nearly twenty-years of electrosprays in fields such as biomedical engineering,
microelectromechanical systems, pharmaceutical development, food sciences, and industrial and aerospace
engineering applications, 2 the physics of Taylor cone formation whereby a liquid surface is caused to deform
under the presence of high electric fields® is still not completely understood. One important application
of electrosprays is colloid thrusters* ® which can be used to provide small thrust levels with high specific
impulse for satellite station keeping. Colloid thrusters (along with liquid metal ion sources” and field emission
thrusters (FEEPs)) are a particular kind of electrospray. Different electrospray operation modes are possible,
depending on the characteristic of the propellant such as its electric conductivity, surface tension, and
dielectric tension, as well as the mass flow. It has been shown that the main operation modes exhibit
electrospray structures known as dripping, microdripping, cone-jet, spindle, simple jet, or ramified jet,
although the focus of our studies are primarily of the cone-jet mode. The concept of generating propulsion
from a a liquid flow fed to the Taylor cone has been demonstrated by the presence of charged ions and droplets
which are formed from the fragmentation of the jet downstream of the cone.” The cone-jet mode® ¥ can be
further characterized by being in a pure ion mode, a pure droplet mode, or a mixed ion-droplet mode. The
pure ion mode!'" 12 is very attractive since it provides a higher specific impulse than most other electrospray
operation modes, offering greater mission planning flexibility. It was discovered!'® 14 that one propellant
capable of operating in the pure ion mode at low temperature is the ionic liquid EMIM—BF, which will be
discussed in this work. Ionic liquids (ILs) are characterized by a low temperature melting point (often under

2
The 337 International Electric Propulsion Conference, The George Washington University, USA
October 6-10, 2013



100 © C). The low viscosity, low volatility and reusability of ILs are more reason that make them attractable
as propellants as opposed to more traditional organic solvents.

Although fluid models have provided important insights, however, the ultimate understanding of the
physics of Taylor cone extraction is dominated by chemical interactions in the presence of strong electric fields
at the atomistic level. Hence molecular dynamics (MD) is the only approach that will provide the level of
understanding and predictive capability required for the use of ILs as electrospray thrusters. MD simulations
using all-atom potentials have been used to study the properties of ILs such as EMIM—BF,. de Andrade et
al.'® studied computationally studied EMIM—BF, as well as other ILs by the means of molecular mechanical
and quantum ab initio calculations with a force field based on the AMBER methodology.'® With respect to
modeling of colloidal systems for propulsion applications, Takahashi and Lozano'” studied the evaporation of
solvated and non-solvated ions of EMIM—BF, under high electric fields by using molecular dynamics (MD)
simulations with the AMBER potential. However, these approaches are too computationally expensive
to be extended to the scale of electrohydrodynamic approaches such as would be needed to characterize
fundamental device performance. This work uses a coarse-grained (CG) potentials for MD simulations. The
use of CG potentials to model EMIM—BF, was first demonstrated by Daily and Micci'® who estimated the
ionic velocities and electrical conductivities of EMIM—BF, by using MD. They compared an all-atom model
to two coarse-grained (CG) models, the simple coarse-grained and effective-force coarse-grained (EFCG)*:20
models. In our previous work,?" 22 we demonstrated the use of a simple CG model to generate a complete
electrospray by means of MD for EMIM—-BF,. Diffusion coefficients and electrical conductivities were
calculated and showed good agreement with measured values and an electric field was applied to the system
and the fraction, as well as the structures, of solvated and non-solvated ions were analyzed.

A number of laboratory measurements on EMIM—BF, IL electrosprays have been made,
ther making it a good candidate for fundamental MD studies. Romero et al.'® investigated the currents
produced by EMIM—-BF, at room temperature for various flow rates. Ionic, droplet, and total currents
were measured and it was discovered that this IL behaved differently from more classic propellants such as
Nal/formamide since it could reach the pure ionic regime at ambient temperature due its characteristics,
mainly its conductivity and zero vapor pressure. The high volatility of the EMIM™ ion was identified as the
main reason why the purely ionic regime was easier to attain when EMIM—BF, was used compared to any
other IL with similar characteristics.

Despite the significant modeling and laboratory studies a number of fundamental challenges still exist
towards a complete understanding of the EMIM—BF,, as well as ILs, in general. Our previous work?? was
the first to predict the conditions for the formation of a Taylor cone at the atomistic level by simulation. The
Taylor cone can be both transient?” 26 as well as steady® in nature. To conduct an MD simulation of such a
laboratory system a reasonable scaling of the capillary radius and length as well as the emitter-to-extractor
distance dimensions must be proposed. Finally, the MD system must be sufficiently large that a jet can
be created, reach a steady state, and produce a sufficient number of ion-types to characterize the emitted
jet structure and current types. Figure 1 shows a summary of the different cone-jet structures that were
obtained in our previous work?? for a constant electric field, e.g. here a Taylor cone, a cone-jet structure
and a multi-jet structure at high field strengths.

With respect to the nature of EMIM—BF, specifically, a number of additional challenges are present.
One of the reasons that EMIM—BF, is studied so extensively is that it is known to be an IL that easily
reaches the pure ionic regime at ambient conditions, but, can also transition to a mixed ion/droplet regime
at higher flow rates. Furthermore, a number of IL have been found to follow the famous I o Q'/? law when
operating in the droplet mode, where I and @ are the emitted current and mass flow rates, respectively.? 27
EMIM—-BF,, however, does not follow this trend because of its rapid transition from pure ionic to mixed
regimes at relatively low flow rates. In a purely ionic regime, Romero-Sanz'3 hypothesized that for a fixed
q/m, the ion current versus mass flow trend must be linear. If we assume that only monomers are emitted,
doubling the mass flow will result in a doubling of the current due to the monomers. However, we will show
that for the cases studied here with EMIM—BF, as the IL of choice we rarely see the emission of a single
ion type. Instead we see a combination of monomers, dimers and trimers in the purely ionic regime, or in
an even more complicated mixed regime case, droplets and ions, with ions often being the result of a droplet
breakup. Therefore, finding an analytical trend for the current versus mass flow is almost impossible since
varying the mass flow means alternating between different emission regimes.

It was found?! 22 that the constant electric field 0.5 V/nm provided the best fit for the experimental data
of Romero-Sanz,'? although an over-estimation in the monomer current lead to an over-estimation in the
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total current, as seen on Fig. 2. The higher monomer current was believed to be due to an over-estimate
in the electric field away from the capillary, which led to excessive droplets and solvated ions breakups.
Therefore, it was decided as a first step that the effects of a 1D variable electric field would be investigated
(Sec. IT). Then, a fully three-dimensional Poisson solver derived from Ref. 28 was coupled to the simulation.
The influence of various parameters such as grid size, radius of the extraction ring, extraction potential and
applied mass flow is presented in Sec III.

II. One-Dimensional Electric Field

II.A. Calculation and Fit

Using the field solver developed by Wang et al.,?® Laplace’s equation was solved for a domain of length 1
pum between the capillary tip and the circular extractor. A Dirichlet boundary condition (BC) was used
on the surface of the capillary tip, and will be later designated as a “needle” BC. Due to the cylindrical
geometry of the system around the axis from the center of the capillary to the center of the extraction ring,
the electric field at any point in space is three dimensional. However, since the potential difference is applied
one-dimensionally and no charged particles are involved in solving Laplace’s equation, the electric field in
the direction of extrusion ,Z, is larger than in the two other perpendicular directions X and Y. Therefore
an approximation that the electric field is only varying in one dimension and is negligible in the other two
is reasonable. Figure 3(a) shows the 40 x 40 x 40 mesh used and the voltage distribution obtained from
the Laplace solver for the capillary at ground and the extractor ring at -10 V. Figure 3(b) shows the Z
component of the electric field in the same case, as well as the axial symmetry of the field. Since most of
the IL particles are present in a zone close to the tip of the capillary initially, the value of the electric field,
E., was extracted along the line of symmetry of the system. The curved was then smoothed and fitted in 2
pieces with polynomial functions, as shown in Fig. 4. There is no fit for the data between the first two green
squares because it represents a position inside the tip of the capillary, where the assumption that there is
no electric field is made since the capillary is grounded. It can be seen that a maximum of 0.62 V/nm for
the electric field is reached at the tip of the capillary when the extraction potential is -10V. Since Laplace’s
equation is linear, the one dimensional fitted electric field is directly proportional to the applied extraction
potential. Therefore, the shape will be the same if the electric field is normalized by the extraction potential.

II.B. Influence of Potential and Mass Flow Rate

Initially, the applied voltage was varied between -10 and -100 V, in increments of -10 V. However, at an
extraction voltage above -20 V, a very large majority of monomers, with a minority of solvated ions, and no
droplets were observed. Therefore, voltages between -10 and -20 V were investigated, at a constant mass flow
of 2.44x10712 kg/s. Figures 5(a) and 5(b) show the currents obtained from the MD simulations, calculated
at the ring 1000 A from the capillary tip at these voltages. From comparisons of our previous work?? with
the work of Romero-Sanz,'® we want to investigate ranges of mass flows and voltages where more dimers
than monomers are observed and the droplet current is significant, but lower than ionic currents. In our
previous MD modeling, in the presence of a constant electric field, we found that we were unable to predict
the behavior of the electrospray at high mass flows when larger droplets are present. Therefore, since applied
voltages of -13 and -15 V met the aforementioned characteristics, they were investigated in greater detail for
different mass flow rates.

Figures 6(a) and 6(b) show a comparison of the experimental data from Romero-Sanz'? and the computed
currents at extraction voltages of -13 and -15 V, respectively, when the mass flow was varied. As can be
seen by comparison with Fig. 2, the obtained current values fit the experimental data much better than the
computational data previously obtained when a constant electric field was used to extrude the IL.?2 Figure 7
shows the monomer currents for applied voltages of -13 and -15 V, a constant electric field of 0.5 V/nm
used in our previous work?? and Romero-Sanz’ experimental data.'® An important decrease in the monomer
current can be seen. Most notably, the dimer current always exceeds the monomer current, and every current
seems to slightly over estimate measurements of Romero-Sanz, therefore contributing to the discrepancy in
the total current.
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III. Three-Dimensional Transient Electric Field

III.A. DPoisson solver

A Poisson solver was developed?® to simulate the plasma between the capillary tip and a planar electrode
for the generic single emitter geometry shown in Fig. 8. A typical PIC solver has four modules: field solver,
particle mover and two interpolation modules for weighting of particles to the field, and inverse weighting
of the electric field back on to the particles. The particle mover used in this work is replaced by the MD
software DL_POLY.2? At each timestep, after the inter- and intra-molecular interactions are calculated by
DL_POLY, the positions of all charged particles are passed to the Poisson solver. The field solver solves for
the electrostatic field with space charges based on the gradient of the potential which is obtained by solving
the Poisson equation,

v-w:—%f. (1)

The cartesian grid is single level and has uniform spacing. The solver is based on the finite difference
approach in which the governing equation, Eq. 1, is discretized as follows:

Pit1,5.k — 2005k + Piz1,5k n Pij+1,k — 2005k + Pij—1,k " Gijkt1 = 200k + Pijk—1 _ _ps @)

(0x)? (0y)? (62)? €

where i, j, k are indexes in x, y, z directions, and dx, dy and dz are the cell lengths in x, y, and z directions
respectively. The values of the coefficients of the left hand side (LHS) of Eq. 2 form a square matrix of
dimension equal to the number of grid points. The unknown variables, ¢, form the unknown vector. The
linear matrix system is solved for the unknown vector in terms of the right hand side (RHS) of Eq. 2 using
the generalized minimal residual method (GMRES).3°

Once converged values of the potential are obtained across the domain, the electrostatic field is computed
for each grid point. The calculated electrostatic field is interpolated back from the grid points to the particle
locations to compute the forces acting on the particles. Thus the interpolation routine is an important
component of the PIC solver that significantly affects its accuracy.?! In this work, first order interpolation
(linear weighting)3? is used to carry out charge and field interpolation. The electric field at each particle
location is passed back to DL_POLY and the forces on the particles are calculated in the MD software as,

F =qE, (3)

where ¢ is the charge associated with a particle and ﬁ, and E are the force and the field vectors, respectively.
E is calculated from the potentials, ¢, which are obtained by solving the Poisson equation (Eq. 2),

E=-V¢. (4)

The IL particles are then moved across the domain using the forces calculated for each of the particles and
the software advances to the next timestep.

ITI.B. Wall Modeling and Langevin Thermostat

The capillary is modeled as a one-zone wall model, in which the atoms are anchored to their lattice sites by
springs.?? The wall temperature is maintained by the Langevin equations,?* allowing the wall to act like a
thermal reservoir to dissipate energy transferred to the wall from the fluid®® The one-zone wall model is a set
of simple harmonic springs acting like a spring mass system.?> The Langevin thermostat works by coupling
every particle to a viscous background and a stochastic heat bath such that

mr(t) = —ng(t) + f(t) + FPotential (t); (5)

where ¢ is the damping constant representing viscous damping due to fictous thermostat particles, Fpotentiai (t)
is the total force acting on the capillary atoms (sum of spring force and Lennard-Jones interaction between
the ionic liquid and the capillary atoms). The random force, f(¢), is a function of the damping force constant,
&, is sampled from a Gaussian distribution, with zero mean value and a unit variance, Gauss(0,1), scaled

by 1/%. Here, At = 5 fs is the timestep size, kg is the Boltzmann constant and T = 295 K is the
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desired temperature value. The damping constant is a function of the material properties of the system, and
is obtained by

TWn

£= =" (6)

wp, = 1/ ksp/m, (7)

where wn is the natural frequency of the spring mass system and the kg, is the spring constant, which is
46.8 N/m for Pt.3¢ The Langevin thermostat ensures that the temperature of the ionic liquid in the capillary
remains at 295 K even when a mass flow is applied. Figure 9 shows a comparison of the IL temperature
when a mass flow of 4.88x10712 kg/s was applied, with no effect from an applied potential. It can be seen
that the temperature increases rapidly when no thermostat is used, while it remains relatively close to the
starting value when the Langevin thermostat is used.

III.C. Influence of Grid Size

The influence of the grid size on the electric field and extrusion physics for an extraction potential of -40 V
and a mass flow rate of 4.88x10712 kg/s was subsequently studied. Three grids, a coarse, medium, and
fine grid, each related by refinement factor of two, were compared. The coarse grid contained 10 x 10 x 20
cells, while the fine grid contained 40 x 40 x 80 cells. The dimension of the domain remained unchanged:
500 x 500 x 100 A. A snapshot in time of a system extruding from a Taylor cone was studied, and the
values of the potential at the different mesh nodes were compared. Potentials were extracted at each mesh
node location on the coarsest grid. The results are summarized in Table 1. The variations in the potential
are measured in percentages: the absolute value of the potential change is normalized by the value of the
potential on the coarsest grid, when Laplace’s equation is solved, so that no effect of the space charge are
present in the normalization. It can be seen that the difference in the potential between the medium and
coarse grids is only 2.5 %. Since the computational time increase from a medium to a fine grid is tremendous,
the medium grid was picked for further computations in this paper.

III.D. Influence of Boundary Conditions

Two sets of BCs for the computational domain were investigated. The first one, labeled as “plate” BC
and shown on Fig. 10(a), consists of grounding (V = 0 V) the entire surface around the capillary (Dirichlet
BC). The second one, labeled as “needle” BC and shown on Fig. 10(b), consists of grounding the surface
of the capillary (a circle of radius 56 A) with a Dirichlet BC, and using a Neumann BC (E; = 0) on the
area around the capillary on that surface. In both cases, the other boundary conditions remain unchanged
(Neumann BC on all other faces, except on the extraction ring that has a radius of 300 A and a thickness
of 90 A, where a Dirichlet BC is applied with a potential of -40 V). Figures 11(a) and 11(b), and 12(a)
and 12(b) show a comparison of the voltages and electric fields, respectively, in the direction of extrusion,
for both BC types, when Laplace’s and Poisson’s equations are solved. It can be seen that the “plate” BC
generates equipotential stripes when Laplace’s equation is solved, whereas the “needle” BC generates a very
high potential gradient in the vicinity of the capillary tip. In other parts of the domain, the potential is much
more constant when the “needle” BC is used. Therefore, the electric field in the Z direction is very high in
the vicinity of the capillary tip for the “needle” BC, compared to the field for the “plate” BC that is very
constant over the domain except for a drop close to the extraction ring. The electric field obtained when
Laplace’s equation was solved with the “needle” BC is very similar to the one obtained in the case of the
1D model, since a “needle” BC was also used in that case. Figure 13 shows a plot of the electric field in the
direction of extrusion for both BCs, when Laplace’s and Poisson’s equations are solved. Taking into account
the space charge (i.e. between the Laplace and Poisson solutions) tends to decrease the electric field in the
Taylor cone region when compared to the solution of Laplace’s equation. That is because an accumulation
of space charge reduces the field at the liquid surface. The maximum value reached by the normal electric
field in the vicinity of the capillary tip is in much better agreement with the following equation derived by
Martinez-Sanchez'°
_2¢/Rc

Erip = - (%) ; (8)
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where d = 0.1 pm is the distance between the capillary and the extractor ring and R. = 56 A is the capillary
radius. For an applied potential of ¢ of-40 V, Eq. 8 predicts a maximum electric field of 1.67E-9 V/nm,
which is very close to the value obtained when solving Poisson’s equation for the “needle” BC, as seen on
Fig. 13. Additionally, Carretero et al.3”3° computed, among other quantities, normal electric fields for a
model of a colloidal jet, for various modified solutions of formamide. The shape of our normal electric field
computed using the "needle” BC was observed to be much closer to the one obtained by Carretero et al..
Currents obtained for both types of BCs will be computed.

III.LE. Influence of Mass Flow

The effect of the mass flow on the behavior of the cone-jet as well as the currents has been studied previously??
but the it was hypothesized that the induced electric field should have an effect on the stability of the jet.
In previous work, a good agreement with experiments was often observed at the lowest mass flows, but a
sharp increase in the monomer current at high mass flow rates were observed during the transient part of
the extrusion, leading to an overestimation of the total current.

An equation for the starting voltage, derived by Martinez-Sanchez,'? is

C 4d
‘/start - ’YR In <_>7 (9)

€0 Rc

where 7 = 45.3 mN/m is the surface tension of EMIM—BF, and ¢ is the permittivity of free space.

Using this equation we obtain a value for our computational model of Vi = 23 V. In Fig. 14(a), a
comparison between the current computed at -40 V for the “plate” BC and the values measured by Romero-
Sanz'? can be observed. It can be seen that the model agrees with the trends from Romero-Sanz, with
the computational values underestimating the experimental values. The authors would like to point out
that the starting voltage or distance between capillary and extractor ring are unknown for Romero-Sanz’s
experiments, making it hard to assess whether the ratio of applied voltage to starting voltage was the same
for the experiments and our model. Therefore, in order to look at the trends at different currents, Fig. 14(b)
represents the different currents normalized by the total current. It can be observed that the different ratios
are very similar in the model and the experiments, the only small discrepancy arising from slightly different
trends for the monomers and dimers when the mass flow increases. When comparing these results with the
ones obtained in Ref. 22 for a constant electric field of 0.5 V/nm, it can be seen that all currents values
were reduced, and that the ratio of monomer current to total current was strongly reduced, which seems to
indicate our new model captures the local jet behavior better, and has reduced the overestimated droplet
breakup that leads to the creation of too many monomers.

III.F. Influence of Extraction Potential

Figure 15 shows the trend of the calculated currents for the “plate” BC as a function of the applied extraction
potential, for a fixed mass flow of 4.88x10712 kg/s. From experiments and previous calculations, we expected
to see a progressive change from a mixed regime to a pure ion regime as the extraction potential increases,
since a higher potential would generate higher electric fields that will tend to increase repulsive forces between
ions and yield less stable solvated ions and droplets. As the potential increased from the starting value -25
to -40 V, the total current increased almost ten times. It is expected that a further increase in the extraction
potential would lead to an almost complete breakup of the droplet current, first, then trimer current, and an
additional increase in the monomer current. The currents for the “needle” BC are still being investigated,
but are expected to be slightly higher than the ones for the “plate” BC.

IV. Conclusion

A previously constant electric field was initially replaced by a one-dimensional electric field generated by
a simulation of a multi-level PIC code solving Laplace’s equation prior to performing MD simulations. Mod-
ifying the modeling of the electric field from a uniform to one dimensional led to a significant improvement
in the agreement with experimental results by operating a reduction in the monomer and total currents, due
to larger droplets breakup. When a full 3-D model for the electric field was used, with Poisson’s equation
solved at every time step and the induced field due to charged ions was taken into account, it was found
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that the contribution of the induced field was important. Emphasis was put on the importance of numerical
parameters relative to the grid used to solve Laplace’s and Poisson’s equations. The grid cell size was cho-
sen as a compromise between convergence and acceptable computational time. The boundary conditions,
especially on the tip of the capillary, were investigated in detail. The “plate” and“needle” BCs were defined
and the values taken by the potential and electric fields, when both Laplace’s and Poisson’s equation were
solved, were computed and compared. It was found that the “needle” BC generated very large potential
gradients in the vicinity of the capillary tip, producing much higher electric fields. The shape and maximum
value of the normal electric field varied accordingly to values computed by Martinez-Sanchez’s equation'®
and numerical values computed by Carretero et al.’"3? Currents were computed here for the “plate” BC,
and the “needle” BC will be used in later work. When the mass flow increased, the ratio of ions and droplet
currents normalized by the total current followed very closely the experimental trend from Romero-Sanz.!?
Finally, the extraction potential was found to affect the extrusion regime, as an increase in the potential
generated higher monomer and total currents, but lower trimer and droplet currents, since the electric field
increases proportionally to the extraction potential.
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Table 1. Percentage change in the potential at mesh nodes for three different grids. Coarse, medium and fine grids
have respectively 10 x 10 x 20, 20 x 20 x 40 and 40 x 40 x 80 cells. The potential difference was normalized by the value of
the potential at that grid node in the case of the coarsest grid, when Laplace’s equation was solved.

Grid comparison  Potential change (%) Ez change (%)

Coarse/Medium 6.8 8.4
Medium/Fine 2.5 3.1
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Figure 1. Summary of the different cone-jet structures obtained in our previous work?? for a constant electric field.
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Figure 2. Currents as a function of the mass flow rate for the EFCG potential model and applied electric field of
0.5 V/nm. Solid lines represent the calculated currents while dashed lines represents the measured current values from

Romero-Sanz et al.'3
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Figure 3. Mesh, voltage and electric field in the direction of extrusion, obtained from the multi-level PIC solver,?® for
an extraction voltage of -10 V.
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Figure 4. 1D smoothed and fitted electric field in the direction of extrusion.
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Figure 6. Currents as a function of the mass flow rate. Solid lines represent the calculated currents while dashed lines
represents the measured current values from Romero-Sanz et al.'®
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Figure 9. Comparison of the temperature of the ionic liquid with and without the application of a Langevin thermostat
on a the capillary atoms. The applied mass flow is 4.88x 10 !> kg/s.

dp/dn=10

\ v =8 ¢ =HV
L | /

(a)  ”Plate”. (b)  ”Needle”.

Figure 10. Boundary conditions for the computational domain.
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Figure 11. Voltages in a cross-section of the computational domain (X=0 A) for an applied potential of -40 V at the
extraction ring, for the “needle” (left) and “plate” (right) BCs.
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Figure 12. Electric fields in the direction of extrusion, in a cross-section of the computational domain (X=0 A) for an
applied potential of -40 V at the extraction ring, for the “needle” (left) and “plate” (right) BCs.
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Figure 13. Electric field in the direction of extrusion for X=Y=0 A, when Laplace’s and Poisson’s equations are solved,
for both types of BCs.
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Figure 14. Currents as a function of the mass flow rate for an applied voltage of -40 V and the “plate” BC. Solid lines
represent the calculated currents while dashed lines represents the measured current values from Romero-Sanz et al.'®
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