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This paper presents a self-consistent model of electrohydrodynamic (EHD) laminar plumes produced by electron injection
from ultra-sharp needle tips in cyclohexane. Since the density of €lectrons-injected into the liquid is well described by the
Fowler-Nordheim field emission theory, the injection law is not _assumed. Furthermore, the generation of electrons in
cyclohexane and their conversion into negative ions is included in-the analysis. Detailed steady-state characteristics of EHD
plumes under weak injection and space-charge limited injection.are studied. It is found that the plume characteristics far from
both electrodes and under weak injection can be accurately described with an asymptotic simplified solution proposed by
Vazquez et al. Physics of Fluids 12, 2809 (2000) when the. correct longitudinal electric field distribution and liquid velocity
radial profile are used as input. However, this asymptotic solution deviates from the self-consistently calculated plume
parameters under space-charge limited injection, since itneglects the radial variations of the electric field produced by a high-
density charged core. In addition, no significant, differences in the model estimates of the plume are found when the
simulations are obtained either with the Finite 'Element Method or with a diffusion-free particle method. It is shown that the
model also enables the calculation/of the current-voltage (IV) characteristic of EHD laminar plumes produced by electron

field emission, with good agreement with measured values reported in the literature.
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I. INTRODUCTION

The injection of charges/n a liquid under high voltage results in an electrohydrodynamic (EHD) flow due to motion of the
fluid induced by Coulomb forces.! Specifically, the injection of charges from a sharp electrode tip results in a charged jet
propagating at high velocity, referred to as an EHD plume. Since the resulting liquid velocity is typically larger than the ion
drift velocity, liguid EHD plumes are typically convection-dominated with a strong coupling between the velocity field and
the charge density (see e.g. Ref 2). The first theoretical efforts to model laminar EHD plumes described the flow in terms of
self-similar solutions by analogy with thermal plumes.? Integral methods have later also been used in Ref 4-6. The initial

studies in Ref 2-6 provided a basic understanding of EHD plumes, with equations describing the flow in the asymptotic
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Publishipnger from the electrodes. These studies have shown that EHD plumes have a double-layer structure with a thin charged
region surrounded by a moving layer of liquid.%’

Analytical solutions describing EHD plumes cannot generally be obtained without significant simplifications due to the
complexity of the charge distribution along the plume.® Instead, numerical simulations of the EHD plume in the complete
domain (including the asymptotic region) have been obtained by numerically solving a set of partial differential equations
(PDEs).”!° However, these previous models cannot predict both the electric and the hHydrodynamic characteristics of the
plume since the fully self-consistent numerical modeling of EHD plumes is an extremely difficult task.®!! The challenges in
the self-consistent modeling of EHD plumes arise due to the strong coupling between the electric field, the charge
distribution and the liquid velocity field, in addition to the different length scales and the large gradients involved.®3!! Most
importantly, the injection of charge in the liquid is difficult to predict since the functional dependence of injection with
electric field is generally unknown.'?

The stability of EHD flows has been studied in Refs. 8,10,13—16. Based on numerical models, it has been found that EHD
plumes in the blade-plane configuration have three different flow/regimes.'%!4 The first regime is laminar and steady while
the second and third regimes are periodic and fully turbulent. The critical Reynolds number for which the transition between
steady and unsteady regimes occurs has been studied for the blade-plane configuration in Ref. 15. This transition has been
evaluated under different combinations of the dimensionless injection level parameter and the dimensionless ionic mobility
number. '3

Even though the mentioned numerical studies further improved our understanding of EHD plumes, there are still open
questions regarding the modeling of the charge injection.!>The charge injection has previously been modeled based on some
assumed injection law (see e.g. Refs 10,14,15,17,18). However, since the charge injection is assumed rather than calculated,
such models cannot be used for calculating the eurrent-voltage (IV) characteristic of the EHD plume. Furthermore, the
mutual coupling between the charge injection and the EHD flow is not generally taken into account, in spite of this being
critical to simulate space-charge-limited tegimes. In order to overcome the limitations created by the lack of necessary
information on actual injection/laws, recent /studies have attempted to study EHD phenomena in liquids based on processes
with well-known theoretical-description or with injection functions obtained by iterative fitting to experimental data.!'> %20 In

such a way, current voltage characteristics are possible to be predicted in agreement with measurements for blunt needle
tips.20

This paper presents a. sélf-consistent model to simulate laminar EHD plumes generated by electron injection from ultra-
sharp negative ficedlepoints (1, < 0.5 um) in cyclohexane. For such sharp needle tips, electrons are injected into the liquid
by cold field emission.?"-?? Thus, the injected charge is calculated according to the Fowler-Nordheim tunneling theory instead
of assuming.an injection law. In addition, electron multiplication and attachment processes generating positive holes and
negative ions are also considered. Thus, the model solves the coupled system of PDEs governing the EHD plume, which
includes«the continuity equations of three charged particle types coupled with Poisson and Navier-Stokes equations. This
self-consistent model enables the calculation of the current-voltage (IV) characteristic, in good agreement with measurements
reported for cyclohexane.?? Furthermore, the calculated characteristics of the hydrodynamic plume are also compared with

the asymptotic solution presented in Ref 6.
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Publisiha geper is organized as follows. The mathematical formulation of the model with the governing equations is described in
Section II. Section IIT describes the computer implementation required for obtaining reliable numerical results. The laminar
EHD plume resulting from Fowler-Nordheim electron injection is studied under steady-state in Section IV. The EHD flow
close to the needlepoint electrode is studied in Section IV.A and the properties of the EHD plume in the asymptotic region far
from both electrodes are studied in Section IV.B. The comparison of the estimates obtained using a FEM solver and a hybrid
FEM-particle solver is also discussed. Section IV-D presents the calculated IV-charactéristic, in good agreement with the

experimental results in Ref 22. Finally, conclusions are drawn in Section V.
II. MATHEMATICAL FORMULATION

The type of EHD plume here considered is produced by non-autonomous injection-ef electrons from ultra-sharp needle tips
(with tip radius 1, smaller than 0.5 um) by cold field electron emission! According to the Fowler-Nordheim tunneling theory

describing electric field-dependent electron injection??, the electron,current.density at the needle surface can be expressed as:

I~ apn|En|? ex (_U(fFN)bFN¢1'5)a (1a)

e 9 |En|

where ¢ is the work function of the metal in the liquid, E,, is the electric field of the needle tip surface and a is the boundary

unit normal vector. The correction factor v is generally defined-by:

U(fpn) = 1= few + 0.166fpyInfry (1b)
with
3 |Eql
frn = ﬁ? (1c)

where e is the elementary charge and“e is/the permittivity. The parameters ary and by are the first and second Fowler-
Nordheim constants, as specified.in Table 1.

Once the electrons are‘injeeted into'the liquid, avalanches are created in cyclohexane due electron multiplication by impact
ionization.?* For each ionizing event, an electron and a positive carrier is formed. Measurements indicate that the positive
carriers in cyclohexane correspond to fast positive holes, with mobility about one order of magnitude higher than for positive
ions.? In addition, highly mobile electrons can be converted into slower negative ions by attachment processes.?® In order to
simulate the dynamics of all the charged species created by these processes, the hydrodynamic approximation is considered.
Thus, the drift, diffusion, generation and loss of electrons, positive holes and negative ions in the discharge formed in the

liquid'is described by a set of continuity equations:

one
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where n is the number density of electrons, positive holes and negative ions indicated with the subscripts e, p and n
respectively. The drift velocity vector W is given by the product of the particle mobility x and the electric field E plus the
liquid velocity u. The terms «(E) and J.(E) are the field-dependent ionization and/attachment coefficients. S is the

recombination coefficient while D is the diffusion coefficient calculated using the Einstéin relation. ¢

The continuity equations (2-4) are coupled with Poisson’s equation for calculating'the €lectric field E and the electrostatic

potential V-
|7-E=—|72V=:;L(np—nn—ne) ®)

and with Navier-Stokes equations for an incompressible viscous liquid under a Coulomb body-force:

Vou=0 ©6)
)
pL (a—': 4 (u~ V)u) =-Vp+nV?u+(n,—n,—n.)eE+p.g (7)

where pi, p and 7 are the mass density, pressure and dynamic viscosity. Since variations in the electric permittivity due to
temperature gradients are neglected, dielectrophoretic ‘and electrostrictive forces (see e.g. Ref 27) are omitted. Since the
effects of the gravitational force p; g are much smaller than the effects of the Coulomb force, its effect has been here
neglected.

The steady state current in the configuration is calculated considering the contributions of electrons, positive holes and

negative ions given by:®
I= Vi Jos(npWy, =, W W,) - E dV (8)

where V, is the applied voltage and E| is the Laplacian electric field and 23 is the volume of the computational domain

shown in Figure 1.

III. COMPUTATIONAL METHOD

The numerical solution of the system of PDEs given by equations (2)-(7) is a challenging task. Due to the presence of large
gradients-appeating in the distribution of charged particles, the continuity equations are very stiff and therefore difficult to
solve due to the strong coupling with Poisson equation.

Recently, the finite element method (FEM) has been shown to provide accurate results for resolving those large gradients
in the charged particle density when proper meshing and stabilization techniques are used.?” However, it is known that FEM
introduces numerical diffusion that artificially widens the thin plume of negative ions created by the EHD motion of the

liquid.’
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Publis®prtigl: methods as described in Refs. 8, 30 are better suited to describe the asymptotic region far from both electrodes
where the charged plume is thin. These particle-type methods replace the continuum charge flow assumed by the
hydrodynamic approximation by a large number of discrete superparticles. Nevertheless, particle methods have the drawback
of introducing artificial numerical oscillations (discrete particle noise) in the simulation of the charged particle drift.?'

In order to accurately simulate both the discharge produced by the injection of electrons and the formation of the double
layer of the EHD plume, a hybrid FEM-particle numerical model is used. This strategy is‘implemented in a commercial FEM

software™ as the sequential steady-state solution of the FEM and particle transient caleulations until convergence is reached.

A. FEM model

The FEM solution of equations (2)-(7) is performed considering a point-plane-configuration using the axisymmetric
computational domain illustrated in Figure 1. The radius of the needle glectrode tip«(r, = 0.2 um) and the distance between
the electrodes (d = 0.5 mm) are the same as used for the experiments reported in Ref. 22. The computational domain is
bounded by four boundaries referred to as the needle electrode, the ground electrode, the axis of symmetry and the
surrounding boundary. The distance from the axis of symmetry and the grotind plate to the surrounding open boundary is set
to 1 mm. Numerical experiments have shown that the distance to the surrounding open boundary does not affect the solution
provided that it is larger than the gap distance.

Since effective meshing is key for an accurate and efficient solution with FEM,? the entire computational domain (23
has been divided into four sub-domains (illustrated in, Figure 1) with different mesh settings. The first subdomain (2
corresponds to the region where the mutual coupling between all charged particles and the liquid is evaluated. Since electrons
and positive holes are only present in the area close«to the needle, equations (2)-(3) are only solved in £2;. Outside this
domain, the electron and positive hole density«is set'to zero. The second subdomain (2, defines the narrow region far from
both electrodes where the fine structureof the charged plume along the axis of symmetry needs to be resolved. The third
subdomain £ corresponds to thé region where negative ions spread over the ground plate. Equations (4) to (7) are solved in
all the domains, including the remaining subdomain £2,.

Refined meshes are uséd-to accurately resolve the high gradients in the charge particle densities under high electric fields
such as in the subdomaing (2, and (2 Coarser meshes are used in other subdomains. Sequential numerical experiments
improving the mesh quality gradually are performed until a stable, mesh-independent solution is achieved as it will be later
described in Section IV.C. An extra fine quadrilateral mesh is used in the subdomain (2 in order to resolve the electric
discharge in" front of the needle. For this, a structured mesh distributed exponentially along the longitudinal edges is used.
The mesh element size increases from values of the order of 10 m close to the needle surface up to a maximum 10 m at
the subdomain boundary. A uniform linear mapping with 130 edge elements is used for the transverse edges of this
subdomain. Structured quadrilateral meshing is also used for the asymptotic region 2, and the zone close to the plate surface
£;:In order to resolve the thin ionic plume, an exponentially distributed mesh is set in the radial direction, with a minimum
element size of less than 5-10" m close to the axis of symmetry. About 170.000 mesh elements are used to mesh the domains
£, €2, and (%. Unstructured triangular meshing is used for the remaining domain £2, where the mesh requirements are less

demanding, with 110.000 additional elements.
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FIG 1. Illustration of the computational domains and the boundary eenditions used for the simulations.

The boundary conditions for the solution of the eontinuity equations are set as follows. For the solution of (2), Dirichlet
boundary conditions are applied to all the boundaries in'(2; except at the axis of symmetry. Thus, the needle surface boundary
is set as the injection current density (1) divided by, the'product of the elementary charge and the electron drift velocity. Zero-
density is used for the other two boundaries. Obgerve that no additional secondary electron emission process is considered at

the needle surface. The needle surface is.set with a Neumann boundary defining an outflow of positive holes a - Vn, = 0,

where a is the boundary unit nermal vector. Zero-density for positive holes is set in the other boundaries of £2; except at the
axis of symmetry. The solution of/(4) considers a zero-density boundary at the needle surface, an outflow boundary on the
plane surface and a zero-flux on the'surrounding boundary.

Dirichlet conditions”are applied to the boundaries of the needle and the ground plane when solving Poisson’s equation,
where the potential is fixed to the applied voltage V,, and zero respectively. The Neumann condition a - V'V = 0 is applied to
the surrounding boundary. All the boundaries for the solution of Navier-stokes equations are set to the no-slip condition,
except for the axis of' symmetry.

Numerical stabilization of the solver is crucial to solve convection-dominated, stiff equations with FEM (such as in (2)-(4))
or when solving Navier-stokes equations. For this, consistent Streamline Upwind/Petrov—Galerkin (SUPG) stabilization is
generally. used.” This method consistently introduces numerical diffusion only in the flow direction (e.g along the
streamlines) and is less diffusive than isotropic diffusion. Numerical experiments have shown that the SUPG stabilization
together with the fine mesh described above provides same results compared with more elaborated stabilization techniques

such as the do Carmo and Galeao crosswind method.
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Publisfhagimulation starts with initial zero values for the density of all the charged particles and the liquid velocity. Then
transient calculations are performed for each applied voltage V, until the simulated current reaches steady state. The

numerical values for the material coefficients for cyclohexane used in the calculations are shown in Table I.

TABLE I. Parameters used in the simulation

Parameter Value Source
First Fowler-Nordheim | agy 1.54-10°° Ref. 23
constant A-ev/V™2

Second Fowler- ben | 6.83-10%ev" Ref. 23
Nordheim constant L5.V/m

Tonization coefficient a f1(E) Ref. 24
Attachment coefficient Sare | f2(E) Ref. 24
Electron mobility e 4-105 m?/V-s Ref. 25

Positive hole mobility Ly 1.5-108m2?/V-s | Ref.25

Negative ion mobility L 10 m?%/V-s Ref. 25
Recombination B 4.5-10°1¢ Ref. 22
coefficient

Liquid density oL 780 kg/m3 Ref. 22
Dynamic viscosity n 8.8:10*Pa-s Ref. 34
Work function @ 4.51eV Ref. 22

B. Hybrid FEM-particle model

A particle method is used todmproyve the FEM solution of the negative charge density in the asymptotic area 2. Thus, a
diffusion-free lagrangian deSeription of the thin charged plume is used. For this, a large number of discrete particles
(N=10000) are initially released from’the boundary 0¢2;. The distribution of particles released is set proportional to the
negative ion density ffom the steady-state FEM solution. In a similar manner, the initial velocity of the released particles is
given by the negative ion velocity W, calculated with FEM at the boundary.

In order to track the position x; = (r;, z;) for each j-th particle released, Newton’s law of motion is solved with FEM along

their charactéristic path.>>/Thus, a second-order ordinary differential equation is solved for each component of the position:

2

maa;j = k(unE(x)) + u(x;)) = kW, (x;) (9)

where the right-hand side is the total force acting on the particle, calculated following a penalty approach.? This force is
definedby-an error term to approximate the steady-state particle velocity to the negative ion drift velocity W, calculated with
FEM in'the domain (2. The ratio k&/m defines the penalty constant chosen large enough to reach fast convergence while being
small enough to avoid divergence of the particle velocity solution from W,. Sensitivity analysis is performed for each

simulated case in order to obtain suitable penalty constants such that the error of the particle velocity estimated with (9) is
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Publigmimgh. Different penalty constants are used in the radial and axial directions in our implementation. It is found that
penalty constants k/m equal to 1072* kg s™' and 1072°kg s™' for the radial and axial particle drift respectively are suitable
values for the calculations.

If each particle is assumed to represent a large number of negative ions (i.e. a superparticle approach) as in Ref. 8, a full
time-domain simulation would require the injection of the particles at very small time steps until steady state is reached. This
would result in a memory intensive and time consuming calculation. Since the steady-state current of the jet of negative ions
injected into the domain £2; is constant, the alternative approach proposed in Ref. 35 is.here followed. It considers that the
particles released at the start of the calculation represent instead a continuous stream of negative ions per unit time. The
number of ions per unit time represented by each particle released under the current 7, of the. negative charged plume is given

by the effective frequency fr.::

In
frei =N (10)

Then, the derivative of the equivalent continuum number density of negativeions n,, at a mesh point x;, in £2; is given by:
N
dny,(x,)
TR = fd(—x) (A1)
=1

where J is the Dirac delta function.?® The number density.n,, at'each mesh element is then computed by integrating equation
(11) over time until the released particles can be completely traced out of the domain (2.

Once the corrected number density n,, of'negative ions in the plume is calculated with the particle solution, the FEM
solution is solved again using the previous steady-state solution as initial value. However, the number density of negative
ions in the domain £2; used for the solution of equations (5—7) is taken instead from the solution of n;,. Then, the updated
FEM solution is used to solve the‘particle problem again. The calculation continues following the sequencial segregated
solution of the FEM and particle preblems until convergence is reached. Since the drift of electrons, positive holes and the
liquid motion is weakly affeeted by the thickness of the ionic plume in the asymptotic zone, the solution rapidly converges.
The calculation typically requires few iterations (between 3 to 4 iterations in the considered cases) until the distribution of the

charged plume in the patticle solution converges.
IV. RESULTS

A. Charge distribution close to the needlepoint

Figure 2 shows representative examples of the steady-state density distribution of electrons and positive holes in the close
proximity of the needle point for the charged plume at two different voltage levels of 2.2 and 2.6 kV. At these voltages the
plume is generated under two different regimes: weak injection and space-charge limited injection respectively. As it can be
seen,the injected electrons in both cases flow into the liquid following the electric field lines, increasing the radius of the
charged ‘plume. In contrast to EHD plumes under autonomous ionic injection,®’ the electronic charged plume does not
become constricted by the inward velocity of the liquid. Since electrons have a drift velocity significantly larger than the

liquid velocity, their motion is therefore drift-dominated rather than convection-dominated. For this reason, the electronic
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Pubigiuir @: tends radially following the electric field lines under both weak or space charge limited injection. Therefore, the
electronic charged plume expands beyond the radius of the needle electrode, contrary to what is generally assumed for
plumes generated by ionic injection.®” However, the highest density of electrons is mainly concentrated in front of the needle
tip.

As electrons drift in cyclohexane under high electric field, positive holes are created by ionizing collisions in the region
close to the tip.?> Since these charge carriers have lower velocity than electrons, they/accumulate in front of the needle,
reaching number densities as high as 10?! holes/m®. However, the charge of the positive ‘hole cloud does not become
significantly large as to distort the electric field in front of the needle. For this reason, the positive holes do not significantly

affect the rate of electron injection at the surface even under space-charge limited injection.
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FIG 2. Surface plot of thé logarithmie_concentration (in m) of positive holes 1, (left) and electrons ne (right) in the close proximity of the
needlepoint under the a) wedk injection and b) space-charge limited injection cases. Streamlines for the liquid velocity (left) and the

electric field (right) are also meluded.

With the drift of eleetrons into areas of lower electric field, attachment processes become more efficient. Consequently, the
density of electrons starts to decrease as they attach to neutral molecules forming negative ions. As it is shown in Figure 3,
the charged layer consists mainly of negative ions at larger distances from the needlepoint electrode. Due to the lower
mobility of negative ions, they start accumulating directly below the needlepoint electrode. For the case of weak injection of
electrons, «the maximum number density of the charge plumed is below about 10?' ions/m>. Under those conditions, the
electric.field in front of the needle is not distorted by the charged plume. However, as the density of the charge plume core
increases above 10%! ions/m’, the electric field in entire gap becomes significantly distorted by the plume, defining the space-

charge limited injection regime.
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Pubishifiegcistortion of the electric field in the space-charge limited regime in plumes generated by electron injection has two
main eftects. First, the electric field on the needle surface is shielded, affecting the rate of electron injection as it will be later
discussed in Section III.D. Second, the Coulomb repulsion caused by the charged plume forces electrons to drift outwards in
the radial direction, following the distorted electric field lines, as it can be seen in Figure 3. This effect spreads the charged
plume radially such that low ion densities (of about 10" ions/m®) extend as far as 10 um from the axis of symmetry.
However, the core of the charge plume is concentrated in a narrower area with radius §;.around the axis of symmetry as it

will be discussed in the next Section.
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FIG. 3 Surface plot of‘the logarithmie concentration (in m™) of negative ions n. (left) and electrons ne (right) in the proximity of the
needlepoint under the a) ‘weak injection and b) space-charge limited injection cases. Streamlines for the liquid velocity (left) and the

electric field (right) are also included.

B. Structure of the ionic charged plume

Onge the density-of electrons drops to a negligible level at some distance from the tip, the motion of the generated EHD
plume becomes dominated by convection of negative ions. As a consequence of the EHD motion produced by the steady-
state injection of charge into the gap, a recirculating large toroidal eddy is induced in the liquid as shown by the velocity
streamlines in Figure 4. In this process, the liquid velocity close to ground electrode changes direction, dragging negative

ions into the radial direction instead. Consequently, the ion distribution close to the ground electrode suddenly spreads

10
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Pub|ishipiig However, the main component of the charge plume still remains close to the axis of symmetry since negative ions

close to the plate continue drifting in the longitudinal direction under the distorted electric field.
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FIG. 4. Surface plot of the logarithmic concentration (inum~)-of negative ions 1n,, in the entire gap under the a) weak injection and b) space-

charge limited injection cases. Streamlines for the liquid velocity (left) and the electric field (right) are also included.

The calculated longitudinal electric ficld of the plume is presented in Figure 5. Observe that the axial electric field
distribution |E(0, z)| in the asymptotic region far from the electrodes does not remain constant as it is generally assumed (e.g.
in Refs. 5, 6). Instead, the/ficld along the axis defines a “bathtub” curve with a minimum value significantly below the
average electric field V/d. For this reason, the variation of the axial electric field in front of the needle tip cannot be described
by a power function0f z as also assumed in Ref. 6. Furthermore, the simulations show differences lower than 20% in the
axial electric field/in front of the needle for the weak and space-charge limited cases. However, the differences between both
cases increase significantly asthe plume approaches the plane electrode and spreads over it.

The contribution ofthe Coulomb repulsion on the radial electric field is found to be negligible in the weak injection case.
For this reason, there'is no significant variation of the electric field inside the plume along the radial direction (i.e |E(r,z)| =
|E(0,2)]). As the applied voltage further increases, the Coulomb repulsion of the convection-dominated plume becomes
dominant.in the space-charge limited injection regime. Therefore, the electric field along the radial direction reaches its
maximum.away from the axis (at a given radial distance 7a(z)). The maximum magnitude of the field |E (7,4, (2), 2)| is up

to two times larger than the axial electric field |E(0, z)| at 2.6 kV as shown in Figure 5.

11
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FIG 5. Calculated magnitude of the electric field along the plume under the weak injeetion and-the space-charge limited injection cases.

The average electric field V/d is also shown for both cases.

Previous studies have demonstrated that laminar EHD plumes, similarly tothermal plumes, have a double boundary layer
structure.! Hence, the charge is confined to an inner plume of4adius 4 (z), which is surrounded by an outer hydrodynamic
plume of diameter &,(z) > &,(2).° This double layer structtize can bereadily seen in the simulated charge density and liquid
velocity profiles shown in Figure 6 as a function of thewnormalized radial axis r/8,. The charge plume radius J, is
determined as the Half-Width at Half-Maximum HWHM of-the simulated negative ion density profile. Similarly, the
hydrodynamic plume radius 6;(z) is determined as'thes HWHM, of the radial profile of the velocity field magnitude.

It is relevant to compare the ion densities simulated with the FEM solution only and with the FEM-particle solver in Figure
6. As expected, the density of the charged plume'caleulated with the diffusion-free FEM-particle solver under weak injection
has some small artificial oscillations (due to'discrete particle noise) and a sharp edge. Instead, the numerical diffusion in the
FEM solution smooths the charge density along the entire radial profile.

Since Coulomb repulsion in the space-charge limited case produces large radial variations in the electric field, the charged
core will not form a constant/ion density région with a well-defined radius §, (as in the weak injection case). Instead, the
radial ion density profile will be smoothed out by Coulomb repulsion. For this reason, the charge profiles calculated with the
FEM and the FEM-particle solutions are similar in such a case (Figure 6.b).

The radii of the charged and hydrodynamic plumes 8,(z) and ;(z) calculated with the FEM and the FEM-particle solvers
as a function of the reduced distance z/d are shown in Figure 7. As it can be seen, only small differences (lower than 5 %) are
found in the values.of J4(z) and §,(z) computed with the FEM and the FEM-particle solutions. This result shows that a
simpler FEM solution with consistent stabilization can also provide proper estimates of both the charged and the
hydrodynamic ‘plumes compared with the diffusion-free solution. Moreover, a simpler FEM solution will also avoid the

artificial variations of &, (z) produced by the discrete noise intrinsic to the particle solution.
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FIG. 6. Radial profiles of the negative ion density (right) and liquid velocity (left) at the mid gap (z/d=0.5) under the a) weak injection and

b) space-charge-limited injection cases. The results of the hybrid FEM-particle solution are presented in solid lines while the results of the
FEM solution are presented as dashed lines.
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limited injection cases. The results are reported for the FEM-particle, FEM and asymptotic solutions.
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Publislibn gaice of comparison with previous studies, §,(z) and §;(z) calculated using the self-similar asymptotic model of the
plume proposed in Ref. 6 are also shown. This asymptotic solution is here obtained by solving in a different FEM calculation
a set of three integro-differential equations describing the velocity and the radius of the charged and hydrodynamic plumes
along the axis of symmetry.® Since this asymptotic solution requires both the longitudinal electric field distribution and the
radial velocity profile of the plume as input, the values self-consistently calculated with the FEM-particle solution are used.
The initial conditions for the asymptotic solution are also defined from the FEM-particle Solver at z/d=0.1.

An excellent agreement between the characteristic plume radii obtained with the-self-consistent model and with the
asymptotic solution derived in Ref. 6 is found in the weak injection case. The differences between the estimates of the
asymptotic solution obtained using the proper longitudinal field distribution and radial velocity profile and those calculated
with the model are less 5 % along the asymptotic region (between about 04< z/d/<0.8 for the analysed case). However, the
solution proposed in Ref. 6 fails to describe the characteristics of the plume-close to both electrodes since its assumptions are
only valid in the asymptotic region. In the case of space-charge-limited injection, the asymptotic solution predicts a
significantly lower rate of increase of §,(z) and 6,(z) with z compared with the self-consistent model. This disagreement is
mainly attributed to the fact that the radial variations of the longitudinal electric field are neglected in Ref. 6.

The corresponding axial variation of the hydrodynamic{lume velocity for the weak and space-charge limited injection
cases is shown in Figure 8. As predicted in Ref. 6, the axial veloeity rapidly increases near the needle electrode as the liquid
accelerates under the high electric field. After reaching its<maximum, the hydrodynamic velocity decreases as the viscous
stresses compensate the electric forces. As it can be seen,«the decrease of the liquid velocity in the region far from the
electrodes can be accurately estimated for thesweak injection case with the asymptotic solution proposed in Ref. 6. For the
space-charge limited injection, the asymptotic selution can provide a slightly overestimated value of the liquid velocity. As

the plume reaches the plane electrode, the hydrodynamic velocity quickly decreases.

——FEM-particle solution at 2.2 kV
7 Asymptotic solution at 2.2 kV
=—FEM-particle solution at 2.6 kV
"""" Asymptotic solution at 2.6 kV

Liquid velocity (m/s)
B

0 L L L L L . . L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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FIG. 8."Liquid velocity along the axis of symmetry under the weak injection and space-charge-limited injection cases. The results of the
hybrid FEM-particle solution are presented in solid lines while the results obtained with the asymptotic solution derived in Ref. 6 are

presented as dotted lines.
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Publishi@ig Mesh independence study

In order to analyse the effect of the chosen space discretization on the simulation results, a mesh independence study is
performed. Thus, the simulations are performed for different mesh sizes for the weak-injection case and the axial liquid
velocity profile along the plume is shown in Figure 9. Meshes with 170, 280 and 400 thousand elements in total are simulated
and labeled as fine, finer and finest respectively. As it can be seen, the calculated liquid velocity is nearly independent of the
chosen mesh when more than 170 thousand elements are used. The difference between the solutions for the three considered
meshes is less than 1 %.

It is important to point out that the mesh quality used in the model is mainly restricted by the stability of the FEM solution
when resolving the high gradients of charge particle densities in the charged plume. Since the convection-dominated
transport of charge particles in the plume defines a large Peclet number, EEM /gives artificial oscillations in the solution
which create instabilities when solving such a problem.’” A general fapproach to avoid these instabilities is a sufficient
refinement of the mesh accompanied with a proper stabilization method:?’ For this reason, the mesh resolution necessary to
reach convergence of the charge transport problem is significantly. more demanding than that required to solve accurately the

hydrodynamic properties of the plume, explaining the mesh-independent solution shown in Figure 9.

F‘ * Fine mesh

Y Finer mesh
i

LY = = Finest mesh

o
=
¥

=
'S

=
o
f R e S N ——
#
o

Liquid velocity (m/s})

I L L I L L I
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
z/d

o
&
oL
[N}

FIG. 9. Comparison in the liquid velocity.along the axis of symmetry estimated under the weak injection case with three different meshes.

D. Dimensionless parameters of the plume

For sake/of comparison with previous studies, the system of PDEs (2) to (7) is written on dimensionless form. The
following dimensionless constants are identified: the charge injection parameter C, the dimensionless applied electric
potential T;, the mobility parameter M and the electrical Reynolds number R.'°

When writing the system of PDEs on dimensionless form, the expressions (2) to (4) need to be normalized by some
particle concentration ny. This concentration is therefore used for calculating the dimensionless charge injection level
parameter C = e - ny d?/eV,. Since the electron injection depends on the accumulation of negative ions near the electrode,
which is balanced by the EHD flow, the injected charged particle concentration n, is not known beforehand. This is a

significant contribution of the here presented model compared to previous studies, which used values assumed for this
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Publisdemger. Typical values of n, obtained from the simulation for the weak and the space-charge-limited injection cases are
around 10'7 and 3-10'® electrons/m> respectively. Then, the parameter C for the two simulated cases is equal to 0.3 and 5.5
respectively.

The dimensionless instability parameter T; = €V, /(u,n) describing the ratio of the driving Coulomb force and the

damping viscous forces, is in the order of about 7000. The calculated values of the mobility parameter M = ,/&/p u,, and the

electric Reynolds number R= T;/M? are 14 and 35 respectively.

E. Current-voltage characteristic of the plume

Once the properties of the plume are self-consistently obtained in steady state, the characteristic current-voltage (IV) curve
of the configuration can be calculated. Figure 10 shows a comparison between the self-consistently estimated IV-
characteristic and the measured values reported in Ref 22. Three different conduction regimes can be observed from the
experimental values as the voltage increases. The first zone is defined by the ohmic regime of conduction in the liquid,
dominant at low voltages (below about 1900 V). This regime is not simulated here since the low-field conductivity due to
ionic-pairs in the liquid has not been considered. At higher voltages above the onset of field emission starts the second zone
of weak injection of electrons (between about 1900 to 2400 V). The third zone defines the space-charge limited injection

zone as the voltage further increases.
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FIG. 10. Simulated current compared with experimental results from Ref 22.

It is found that thefe is an excellent agreement in the weak injection regime between the current predicted by the model and
the experimental resultsiin Figure 10. Such a good agreement is reached only when considering the contribution of collisional
ionization in the simulation. Notice that calculations obtained neglecting electron multiplication in the liquid (not shown
here) lead to underestimation of the currents for up to one order of magnitude. Good agreement between the model estimates
and_the experimental values is also found for the low-voltage end of the space-charge limited regime. However, the
differences-between the self-consistently estimated currents and the measured values start to increase above 2600 V. These
differences may be explained by the overestimation of the liquid velocity as the laminar hydrodynamic plume in the
experiment in Ref. 22 may have turned unsteady into a periodic or turbulent regime as the voltage increased. In such a case,

the model cannot reproduce any 3D instability in the flow due to the assumed axial symmetry.
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Publishiapger to estimate the current under a purely turbulent regime of the plume, an additional simulation is made. Thus, the

calculations are repeated forcing both the radial and axial components of the negative ion velocity to be defined by the

electrohydrodynamic turbulent mobility Ky = \/Tpl,s discarding the liquid laminar motion. This causes the increase of the
radial flow of negative ions, widening of the charged plume. It also leads to the reduction in the negative ion longitudinal
velocity compared with the laminar case. Interestingly, the calculations under those conditions underestimate the current in
the space-charge limited regime as shown in Figure 10. This result indicates that the pluhe.generated under the space-charge
limited regime above 2.6 kV in Ref. 22 deviates from the purely laminar flow here described. However, the liquid flow in the
experiment does not seem to become fully turbulent regime either otherwise the currents‘measured in Ref. 22 for the space-
charge limited regime had been lower.

Unfortunately there is no information in the literature about the conditions for the transition of axial-symmetric EHD
laminar plumes into an unsteady periodic or a fully turbulent regime./However, the stability analysis in two-dimensional
plumes (e.g. in Refs. 10, 38) can provide qualitative clues about such'a transition in the simulated axial-symmetric flow.
Observe that the transition into an unsteady periodic regime in a/blade injector has been numerically predicted to occur at
dimensionless applied electric potentials 7; between 2000 and 10000.1% This/range is in the same order of magnitude as the T;
values here obtained. On the other hand, a detailed theoretical analysis in Ref. 33 has shown that the transition of the plume is

pert P =

governed by the effective Prandlt number and the stabilityfactor G. The effective Prandlt number, defined as

(6./ SQ)Z. The stability factor is defined as G = 4(G, /4)!/*, whete G, = IEz?/2mp,v? is the electrical Grashof number in a
liquid with kinematic viscosity v.3® The maximum Pré for the.case here simulated at 2.6 kV is 8, located at about z/d=0.05.

The stability number at the same distance from the tip‘is about 28. Based on the results in Ref. 33 it has been shown that 2D

plumes with a Pref T value of about 8 becom unstable under G values larger than about 2. This result qualitatively supports the
argument that an unsteady flow in the EHD plume in‘the experiment in Ref. 18 develops above about 2.6 kV.

As a last remark, it is important.to-paint out that the presented analysis is aimed to improve the understanding of EHD
motion of dielectric liquids prior to.breakdown under very high electric fields. It can also be relevant for the analysis of
micro/nano structured electrades producing single and two-phase fluid flow and heat transfer.>® Possible applications of

injection from such electrodes can'therefore be heat transfer enhancement and flow control, in macro and micro-systems. 4% !

V. CONCLUSIONS

The self-consistent numerical modeling of both the charge conduction and the motion of the liquid in EHD laminar plumes
produced by electron field injection from ultra-sharp needle tips in cyclohexane is presented. The model also considers
electron multiplication by impact ionization and negative ion formation by attachment in the liquid. EHD plumes generated

under weak injection or space-charge limited injection are analyzed. The main conclusions are summarized as follows:

- The radius of the charged plume in front of the needle increases as the emitted electrons follow the electric field
lines by their drift-dominated motion. Thus, the charged plume in front of the needle does not become constricted by
the inward velocity of the liquid as it happens in the case of EHD plumes generated by autonomous ionic injection.
Then, as electrons move away from the needle, they become efficiently attached into negative ions at lower electric

fields. Consequently, negative ions start accumulating at some distance from the needle. Significant distortion of the
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Publishing =lectric field by the charged ionic plume is observed under space-charge limited injection when densities larger than

10*!ions/m? are reached.

Since the longitudinal electric field distribution and the liquid velocity radial profiles of the plume are self-
consistently estimated with the model, other simulated plume characteristics are compared with simpler asymptotic
solutions. It is shown that the simulated liquid velocity and radius of the charged and hydrodynamic plumes in the
asymptotic region are in excellent agreement with the integro-differential solution proposed in Ref. 6 under weak
injection. However, the asymptotic solution proposed in Ref. 6 does” not accurately estimate the plume
characteristics under space-charge limited injection since it neglects the radial variations of the electric field in the
charged core.

In agreement with previous studies, the charged core of the plume under weak injection is shown to have a rather
constant density with a well-defined radius. However, the distortion of the electric field produced under space-
charge limited injection spreads the plume radially, smoothing out the radial density profile of the charged core.
Even though using the Finite Element Method (FEM) introduces numerical diffusion in the solution of the model,
the obtained estimates are similar (with differences lowerthan 5 %) to those obtained with a diffusion-free particle
method. Thus, it is shown that a FEM solution with congistént stabilization and an adequate mesh can provide
reliable results of EHD plumes, even in the asymptotic tegion.

The self-consistent estimation of the current<yoltage (1V) characteristic of EHD laminar plumes is reported for the
first time. It is found that the estimated LV characteristic of laminar plumes produced by electron field emission in
cyclohexane is in good agreement with experiments. Differences in the simulated and measured IV characteristics
have been found only at high voltages when such plumes are expected to turn into an unstable motion regime. These
differences are expected since instabilities.in the plume cannot be reproduced under the axial-symmetry assumed in

the model.
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