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Full-dimensional computational fluid dynamics (CFD) simulations are presented for nano electrospray
ionization (ESI) with various emitter designs. Our CFD electrohydrodynamic simulations are based on
the Taylor—Melcher leaky-dielectric model, and the volume of fluid technique for tracking the fast-

changing liquid—gas interface. The numerical method is first validated for a conventional 20 um inner
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diameter capillary emitter. The impact of ESI voltage, flow rate, emitter tapering, surface
hydrophobicity, and fluid conductivity on the nano-ESI behavior are thoroughly investigated and
compared with experiments. Multi-electrospray is further simulated with 2-hole and 3-hole emitters
with the latter having a linear or triangular hole arrangement. The simulations predict multi-
electrospray behavior in good agreement with laboratory observations.

1. Introduction

As a soft ionization technique, electrospray ionization (ESI) has
revolutionized mass spectrometry (MS) especially for the anal-
ysis of large biomolecules.! Over the past decade there has been
a clear trend towards the nano-ESI regime, which involves the
analysis of solutions at a flow rate less than 1000 nL min~'.2 A
significant increase in ionization efficiency and sensitivity is
possible from nano-ESI-MS due to the small size of the droplets
produced, at a low flow rate, and these droplets require fewer
Coulomb fission and desolvation events to yield a gas phase ion.?
Traditional electrospray emitters are single-channeled, either
tapered or non-tapered, and fabricated with pulling or etching
techniques.*® However, clogging and throughput problems
greatly limit their applicability” and spray characteristics often
differ between ostensibly identical emitters.

Novel emitter designs that split the incoming fluid into
multiple channels have generated great attention for their
enhanced robustness, sensitivity and sample utilization.? More-
over there is an additional gain in spray current for multi-
sprays.®? Relative to a single-channel spray current (/) generated
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T Electronic supplementary information (ESI) available: A series of
figures showing the mesh applied for different ESI emitter models and
the corresponding boundary conditions is provided. A schematic of the
experimental electrospray setup is included. For a single-channel
emitter, a figure showing the quantitative assessment of the steady state
is provided along with snapshots illustrating the formation of the
Taylor-cone and jet for the Cartesian mesh. A snapshot of electrospray
for the two-hole emitter where the channels are well separated is
provided. See DOI: 10.1039/c2an35249d

at the same overall flow rate, the total current for the n-channel
multi-spray is:®

Lo = \/ﬁls (1)

provided each channel in the multi-spray emitter is operating in
the cone—jet mode, and spraying independent of the other
channels.

During the past few years, several novel emitters have been
designed to achieve multi-electrospray (MES) where the total
current increases with the square root of the number of chan-
nels.>** Recently in our lab, a series of multichannel poly-
carbonate fibers possessing 3, 6, 9, 12 holes were designed and
fabricated based on microstructured fiber (MSF) technology.'*
All channels were arranged in a radial pattern to ensure
a homogenous electrospray from each channel. The spray
current for these emitters follows the square root law in eqn (1),
indicating the success of these designs to achieve true MES.
Future MES designs will likely emphasize emitters that provide
greater hole density, but interference between channels will
ultimately limit the density that can be achieved while still
generating independent sprays. Simulations have the potential to
identify experimental conditions and hole patterns that maximize
hole density while producing a spray current that follows eqn (1).

Most previous work on developing novel emitters!’+12152 hag
been based on experiments, but the final spray performance is
a result of the interplay between surface and fluid properties,
emitter design, flow characteristics, applied field, and field vari-
ations at the tip. Knowledge of the interplay between these
factors would greatly assist the design process. Early theoretical
studies?*** started from an assumed initial shape of the liquid
cone—jet and a certain charge distribution, and could only
describe the steady cone—jet mode. Numerical simulations,
especially for the entire dynamic ESI process are more
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challenging: the hydrodynamic solution of the free surface
problem (gas and transient cone—jet) is already difficult. This is
further complicated when electrostatic effects are coupled to the
fluid dynamics, ie. the electrohydrodynamics (EHD) regime.
Moreover, the dramatic transformation from a cone shape into
a thin jet is a tough mathematical and numerical problem.?
Recently, commercial codes such as FLUENT,* FLOW-3D*
and CFX 4.4? are introducing functionality to represent the flow
problem, with the flexibility to be customized and adapted for
flow in the presence of a field. Zeng et al.,*® for the first time,
reported a successful simulation of a full-dimensional Taylor
cone—jet by extending the function of FLOW-3D. Their model
was based on the Melcher-Taylor leaky dielectric model*® using
the Volume of Fluid (VOF) method. Similar simulations were
later performed by Lastow and Balachandran®® who customized
CFX 4.4. Recently, Sen et al.3' proposed an emitter model con-
taining a multi-plumed array of carbon nanofibers, each verti-
cally grown around the capillary orifice from a relatively large
single capillary aperture (55 um). While using computational
fluid dynamics (CFD) as a tool for modeling electrospray ioni-
zation is only beginning, the many benefits it offers make it
a rather promising field.

ESI experiments and CFD simulations, using FLOW-3D, are
reported in this article. Numerical simulations are used to test the
effect of various emitter designs on nano-ESI performance. We
focus on one, two and three-hole emitters. Different regimes of
the nano-ESI process are visually demonstrated and the impact
of emitter geometry, flow rate, ESI voltage and liquid properties
on the ESI performance are thoroughly investigated. The simu-
lation predictions are compared with our empirical results. To
our knowledge, the channel sizes considered here are the smallest
that have been examined by CFD simulations.

This paper is organized as follows. In Section 2, the funda-
mental theory for simulating nano-ESI is briefly outlined.
Simulation and experimental details are discussed in Sections 3
and 4 respectively. Section 5 reports results for one, two, and
three hole emitters with validation tests presented as well. The
geometric effect for hole density and pattern are demonstrated.
Brief conclusions are presented in Section 6.

2. Theory

The CFD solution of the electrohydrodynamic flow equations can
be viewed as a balance between hydrodynamic and electrostatic
forces. Within the simulations, no assumptions are made for the
initial shape of the Taylor cone or the charge distribution along the
liquid—gas interface. All the liquid deformations and the changes in
charge distribution are due to the forces acting on the system.

2.1. Physical model

Our CFD computations for simulating ESI are based on the well-
established leaky dielectric model (LDM) proposed by Taylor
and Melcher.* The liquid is a dielectric that allows free charge to
exist at the liquid—gas interface. A shear force on these interfacial
charges will act as the main driving force that induces the jet
formation. Scheme 1 is an illustration of the force balance within
the LDM. At the interface, normal electric stress is balanced by
surface tension while viscous flow counterbalances the tangential
component of the electric field.

Details of the relevant electrohydrodynamic equations have
been provided elsewhere.?” Only a brief description is given here.
The break-up of the jet into droplets, and the dynamics of droplet
evaporation have been a subject of considerable research interest
for many years.**>* Within the CFD regime, only bulk charac-
teristics are present and therefore droplets do not form, although
certain regions of space may contain a small but non-zero
amount of fluid.

2.2. Governing equations for fluid flow

Three phases are involved in the simulations: the solid phase
defines the emitter; the gas phase (air) acts as an insulator; and
the liquid phase (spray solution) acts as a leaky dielectric. The
simulation of flow is based on continuity relationships and
conservation laws. Assuming the liquid to be incompressible (of
constant density), Newtonian, with a constant viscosity and
having laminar flow, the continuity of flow velocity can be
expressed as

V-i=0 @)

where v is the flow velocity, and V- is the divergence. Eqn (2)
means that the local volume dilation rate is zero, which ensures
continuous fluid flow. The modified Navier—Stokes equation for
an EHD flow is,

dv

T

where P is the pressure, f . 1s the electromechanical force, i is the

viscosity coefficient, and g is the gravitational constant. The left

side of the equation describes the acceleration of the fluid. The

right side is the summation of several forces acting on the system:

the first term is the force due to a pressure gradient VP; the

second term describes the viscous force and, for incompressible

flow, this is simply a shear effect; the fourth term is the force due
to gravity; and the electromechanical force is discussed below.
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Scheme 1 Force distribution on the liquid cone—jet based on the leaky
dielectric model.
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The force arising from the applied field is captured by the
electromechanical force, f., given by:*®

fo=qE — E-EVe 4)

where E is the electric field, ¢ is the permittivity of the fluid, and ¢
is the net free charge density near the interface. The first term on
the right is the expected Coulomb force. The second term is due
to polarization stress. Since the electric charges are located at the
air-liquid interface, both the Coulomb force and polarization act
at the interface.

2.3. Governing equations for the electric field

Along with the hydrodynamic equations presented above, the
Laplace equation governing the LDM is introduced, with
negligible bulk free charge density assumed, and the electric field
is considered to be irrotational and divergence-free within the
computational region. Thus the governing equation for the
electric field in the bulk fluid region is:*?

V=0 (5)

where ¢ is the electric potential. At the air—fluid interface, the
charge conservation law is,

L) ©
where d/dz is the Lagrangian derivative, and o is the electrical
conductivity of the liquid. The vector # represents the direction
normal to the interface. The presence of the interfacial charge
density then creates an electric field discontinuity in the direction
normal to the interface while at the same time maintaining the
conservation of current in the tangential direction. These two
characteristics can be summarized as:

i (glvd)l - vad)m) =4q (7)
?' (€1V¢l - va¢1n) =0 (8)

where i is the unit normal to the surface, f represents either of the
two orthogonal tangent vectors embedded in the surface, ¢ is the
interfacial charge density, and ¢ and e, are the dielectric
permittivity of the liquid and the medium, respectively.

2.4. The volume of fluid method and tracking of the air-liquid
interface

In FLOW-3D, tracking of the moving air—fluid interface is ach-
ieved with the Volume of Fluid (VOF) technique, which was first
developed by Hirt.?” The basic idea is to introduce a fraction F
for each cell. F represents the portion of the cell that is occupied
by liquid:

0 outside the liquid
1 inside the liquid 9
> 0,<1 on the free surface.

F(x7y7 Z7 t) =

To represent the dynamic nature of the interface, F fulfills the
basic kinematic equation below:

daF
o TEE=0 (10)

where ¥ is the velocity of the fluid.

2.5. Spray current

At the base of the Taylor cone, charges are mainly transported by
conduction to the liquid-air interface. The tangential electric
stress at the interface then drives these charges toward the cone
apex together with the surrounding liquid and causes convective
flow. As a result, the current through the cone—jet has two
contributions:*

I= Icond + Iconv = TCRSZE_:ZO- + ZWRsﬁzq (1 1)

where I.,,q and I,y are the conduction and convection currents,
respectively, R; is the jet radius, E. is the Z-component of the
electric field on the surface of the jet, i. is the axial velocity of the

jet and ¢ is the surface charge density.

3. Simulation details
3.1. Simulation model

The solution for spraying is represented in our simulations with
the following properties: density = 1030 kg m 3, viscosity = 0.008
Pa s, surface tension coefficient = 0.037 N m™!, dielectric
constant = 55, electrical conductivity = 135 x 107 S m~'. These
parameters have been taken from ref. 38 and are chosen to
represent a commonly used solvent for ESI: a 50% water, 50%
methanol mixture that contains 1% acetic acid (v/v). This fluid
definition is kept unchanged in all of our simulations, except for
the single hole emitter where the conductivity was varied.

A constant velocity at the inlet of the emitter is defined to act
like a pump that continuously drives the fluid through the
channels. In all simulations, the channel is uniform with a 20 pm
inner diameter. A high ESI voltage is applied to the emitter and
a zero voltage plane is introduced to represent the counter elec-
trode. The distance between the tip of the emitter and the zero
voltage plane is 0.08-0.12 mm. This tip-plane separation is
shorter than typical experimental distances but, within the
simulations, this distance is long enough for the jet diameter and
flow velocity to be well converged. A shorter tip-plane separation
leads to a higher electric field in the simulations, when the applied
voltage is comparable to experiment. Overall, to expedite the
computations and to compensate for a higher field the flow rate
in the simulations is also higher than in experiment.

Schematics of the emitter models examined in this work are
provided in Fig. 1. Two single-aperture emitters are examined;
one is externally tapered and the other has a flat tip. Two-hole
emitter models are built with two identical channels being
separated by 60 um and 180 um. Two three-hole emitter geom-
etries have been modeled; the channels are either aligned or
form an equilateral triangle. For the former, the channels are
separated by 60 or 90 um. The latter has channels separated
by 180 pm.

The electrohydrodynamic equations discussed in Section 2 are
solved with FLOW-3D. A numerical grid is applied and, as
a result, a three-dimensional mesh is required to represent the
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Fig. 1 [Illustration of simulated emitter models: (A) single-aperture

emitter with externally tapered tip (left) or a flat tip (right); (B) two-
aperture emitter with two channels being separated by D = 60 um or D =
180 um; (C) three-aperture emitter with three aligned holes being equally
separated by D = 60 pm or D = 90 um (left). Three channels are posi-
tioned in a circular pattern with D = 180 pm (right).

simulation volume. If the mesh is too coarse, the simulations
may crash or give unphysical results. On the other hand, a mesh
that is too fine will greatly increase the computational time. For
a single-aperture emitter, both Cartesian and cylindrical meshes
can be applied but the latter is much more computationally
efficient. The two and three hole emitters are best represented
with a Cartesian mesh. We could, in principle, design a cylin-
drical mesh for these emitters but this would enforce symmetry
between apertures and would produce a coarse grid in the
region of the holes. Within the constraints of a Cartesian mesh,
it is possible to embed a finer mesh within a coarser, overall
mesh and this was implemented for the two and three-aperture
emitters.

The meshes applied for the different ESI emitters are shown
in Fig. S1f. In all cases, the apertures are aligned along the
Z-direction. Both a cylindrical and a Cartesian mesh were chosen
for the single-aperture emitter with the objective of gaining
insight into an appropriate Cartesian mesh for the two- and
three-aperture emitters. Fig. SI(A)T shows a slice through the
R-Z plane for a uniform cylindrical mesh applied to the model
for the single-aperture tapered emitter. Fig. SI(B)f shows the
Cartesian mesh for the same emitter. Mesh sensitivity tests have
been performed for both emitters, as discussed in Section 5.

Aside from the mesh sensitivity tests on single-aperture emit-
ters, results are reported for a cylindrical mesh with 48 grid
points in the radial direction (R). Within the aperture regions of
each emitter, the Cartesian X—Y mesh is 0.5 um x 0.5 um to fully

characterize the cone and jet. A mesh of 100-to-120 points is
applied in the Z-direction.

Fig. S1(C) and (D)t show the non-uniformity of the Cartesian
mesh that is applied for the multi-hole models. The grid is
uniform in the aperture region but varies non-uniformly else-
where to limit the number of cells used for regions that are
farther away from the cone—jets. Fig. S1(C)t shows the X—Z view
of the Cartesian mesh applied for the two-aperture emitter. Only
the upper half of the computational region is covered with mesh
for calculations, with symmetry applied to generate the lower
half. The aligned three-hole emitter model is similarly designed.
An X-Y view for the triangular, three-hole model is shown in
Fig. SI(D)f. In this case, no symmetry is applied to the
computational region.

Boundary conditions are required to solve the electro-
hydrodynamic equations discussed in Section 2. Such conditions
are required at the outer limits of the computational region and
at the solid (emitter)—fluid interfaces. The characteristics of each
boundary are shown in Fig. S21. For all emitters, the fluid
entering the computational region is represented with velocity
boundary conditions (denoted by V' in Fig. S21) to guarantee
a constant linear velocity of the fluid. This initial velocity does
not directly correspond to the linear velocity within the actual
channels since the computational region may not cover an entire
hole and may begin with a fluid reservoir. At the other end, where
fluid exits, continuative boundary conditions have been chosen.
These conditions impose a constant velocity for Z beyond the
computational region, thereby assuming that the fluid will
neither accelerate nor decelerate after crossing the zero-voltage
plane. A no-slip condition is applied to all emitter-fluid bound-
aries so that fluid in contact with the emitter wall has a zero
velocity.

Additional boundary conditions are applied, depending on the
type of mesh used and the characteristics of the computational
region. For the single-aperture emitter represented by a cylin-
drical mesh, symmetric boundary conditions are introduced, and
these act like a mirror with no flow or heat transfer across the
boundary plane. In contrast, the same emitter represented with
a Cartesian mesh requires two types of additional boundary
conditions (Fig. S2(B)t): the two interior planes are set to be
symmetric and the peripheral ones are outflow boundaries. The
latter allows a constant acceleration of the liquid beyond the
boundary plane, which is closer to the real physical condition.
The boundary conditions for multi-hole ESI emitters are similar
to the single-aperture Cartesian case with the interior planes
being symmetric and the peripheral planes being outflow
boundaries.

3.2. Spray current calculation

In order to calculate the spray current (eqn (11)), the jet radius,
velocity, surface electric charge distribution, and the Z-compo-
nent of the electric field along the jet surface need to be obtained.
All of these physical quantities are probed at a Z value close to
the zero-voltage plane. The first step is to locate the free surface
region, where the liquid—-gas boundary of the jet is located. Cells
where the fraction of fluid is between 0 and 1 identify this region.
The radius of the jet, r, at the specific Z value, is obtained by
calculating
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where the sum runs over all cells fully or partially occupied
by fluid, F; is the fraction of fluid within the cell, V; is the volume
of the cell, and AZ is the cell thickness. Fluid velocity in the
Z-direction and the surface electric charge are regular outputs
from the FLOW-3D simulation. The average fluid velocity is
obtained by simply averaging the velocities reported for all
fully or partially occupied cells at the specified Z value.
The surface charge densities are generally highest for cells
where F; is small (<0.2) but non-zero. We average over the
cells at the outer limits of the jet to determine the surface
charge density. Finally, the electric field magnitude at the
surface of the jet is estimated by picking the two adjacent
cells, above and below the chosen Z value. Then the electric
potential for these cells is used to calculate a numerical deriva-
tive, which is the estimated Z-component of electric field at the
surface.

3.3. Computational challenges for nano-ESI simulation

The simulation of nano-ESI processes is a rather challenging
task. The ESI process itself is a complex interplay of many
factors, thus the phenomenon is rather sensitive to any change in
physical conditions both in experiment and in numerical simu-
lations. Any change in hydrophobicity at the emitter tip surface,
conductivity of solvent, ezc. will affect ionization efficiency, spray
stability, and spray current.

For the small amounts of fluid involved in a nano-ESI process,
even small numerical errors during the simulation can lead to the
collapse of the whole computation and thus should be strictly
eliminated. The most common numerical error results from
a charged mist appearing during the formation of the cone—jet.
The existence of these mists greatly impacts the electric field
uniformity and disturbs the computational stability. To improve
the situation, we apply outflow boundaries for the peripheral
computational region instead of the symmetric boundaries used
by others.3!*8 In this way, the transient mists appearing within
the computational region will exit the system once they reach the
peripheral boundary. Also, the solid counter electrode plate was
removed from the model and replaced by a zero voltage plane
place right at the boundary. This prevents the possibility of liquid
collision with the endplate which can create backflow or droplets
that disrupt the computational stability.

Besides the boundary setup, the controllable numerical
parameters like mesh quality and computational time step are
equally crucial to the success of simulation. Several measures
are found to be useful in our experience. First, the mesh across
the free surface needs to be as uniform as possible without
causing convergence problems. Second, a mesh resolution finer
than 5 x 1077 m (cell size) should be used in and above the
channels, otherwise, no jet will be produced. Third, the
computational time step has to be strictly limited to less than 3
nanoseconds instead of relying on an automatic time step
adjustment, otherwise, the computation fails. Overall, we find
that a 3D Cartesian mesh is much more computationally
demanding and the resulting 3D equations are more challenging
to converge.

4. ESI experiments
4.1. Chemicals and materials

Glacial acetic acid and methanol (HPLC grade) were purchased
from Fisher Scientific (Ottawa, ON, Canada) and used without
purification. De-ionized water was obtained from a Milli-Q
filtration system (Bedford, MA, USA). Electrospray solvents
were degassed and filtered prior to use. The spray solvent was
composed of 50% water and 50% methanol with 1% acidic acid
(v/v) added as an ion source.

4.2. Specification and preparation of emitters

A single-nozzle TaperTip™ capillary was purchased from New
Objective (Woburn, MA, USA, Catalogue no. TT360-20-50-N-
5). The emitter is externally tapered leaving a uniform channel
with a 20 pm inner diameter. This emitter design encourages cone
formation, without increasing clogging in the tip region, to meet
the rigorous demands of continuous electrospray.

ESI results for a three-channel MSF have recently been
published. In those experiments, a three-aperture poly-
carbonate MSF was designed in our lab and fabricated by
Kiriama Pty Ltd (Sydney, Australia). The channels were placed
at the apexes of an equilateral triangle to ensure every Taylor
cone—jet experiences roughly the same electric field. Each
channel had a 8-9 um diameter, was 100 um from the fiber edge,
and the channel-to-channel separation was 402 pm. The large
distance between the holes was chosen to ensure the generation
of independent MES.

4.3. Electrospray for spray current measurement

A schematic of a typical electrospray setup for measuring the
spray current is provided in Fig. S3t. The fluid was delivered to
the emitter from a nano-flow gradient pump kindly provided by
IDEX Health & Science LLC (Oak Harbor, WA, USA). A
micro-tee is used to connect the emitter to the pump. A plat-
inum wire is inserted into the third port of the micro-tee and
a positive voltage is applied by a TriSep 2100 high-voltage
module (Unimicro Technologies, Pleasanton, CA, USA). The
counter electrode plate was held at ground and placed a short
distance away from the emitter tip. A Keithley Picoammeter
connected to the counter electrode plate is used to monitor the
spray current where averaged signals were taken every 300 ms.
Fig. S31 shows the experimental layout. The microscope is
a Nikon Eclipse Ti-S (Nikon Canada, Mississauga, ON, Can-
ada) and images and video were captured with a Nikon DS
digital camera.

5. Results

This section begins with a detailed characterization of the single-
aperture emitter. The results of mesh sensitivity tests are reported
in Section 5.1. The impact of ESI voltage, flow rate, tapering at
the tip, hydrophobicity, and fluid conductivity are examined in
Section 5.2. Two- and three-aperture emitters are discussed in
Sections 5.3 and 5.4, respectively. Calculated spray currents are
discussed in Section 5.5.
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5.1. Mesh sensitivity tests: single-channel emitters

The successful generation of a Taylor-cone and jet is shown in
Fig. 2(A) together with iso-potential lines indicating the change
of the electric field. By 0.08 milliseconds, a jet has formed with
the base of the Taylor cone well confined by the tapered emitter
tip. The corresponding electric field intensity contours are pre-
sented in Fig. 2(B) where the color variation identifies a large
jump in the electric field across the free surface of the cone—jet.
This electric field is responsible for the normal and tangential
electric stresses; the normal stress maintains the cone shape while
the tangential stress accelerates the liquid towards the jet.

Fig. S4(A)T shows the evolution of the mean kinetic energy of
the fluid during the simulation. The kinetic energy dramatically
increases as the Taylor cone—jet is generated and the fluid
accelerates towards the zero-voltage plane. The evolution
towards a steady state can also be monitored by examining the
properties of a specific cell with time. For a Z-value on the jet
surface, close to the zero-voltage plane, the time dependence of
the potential, charge density, electric field magnitude, and
velocity along the jet are provided in Fig. S4(B)—(E)t. All these
parameters show that the computation approaches a steady state
after roughly 0.0015 s when the fluctuations are less than 5%.

* I o o<
M - =

t=2.6 X 10"5sec

t=8.0 X 105sec

|
0 100 200 300 400 500 600
Electric Potential (V)

t=1.0 X 10-°sec

t=2.0 X 10 5sec

t=2.6 X 10 5sec

|

0 38 7.6 120 19.0 23.0
Electric Field Magnitude X 106 (V/m)

Fig. 2 Simulation of Taylor-cone and jet formation for the single-
aperture tapered emitter at a flow rate of 0.06 m s~' and a voltage of
600 V. A cylindrical mesh is employed with a mesh size of 5 x 1077 m.
Isopotential lines (A) and corresponding electric fields (B) are shown at
different times.

The results of the cylindrical mesh convergence study are
shown in Fig. 3(A). The jet is small and difficult to represent with
a finite grid. For this reason, the jet radius serves as our measure
of mesh convergence. We find that the jet radius is well converged
for a cell size of 2.5 x 1077 m or smaller. A comparison between
the CPU time for a single time step (1 microsecond), the cell size,
and the total number of cells is shown in Fig. 3(B). As expected,
a finer grid increases the computational time. Taking into
consideration both the accuracy and the efficiency of the
computation, a mesh size of 2.5 x 10~" m was chosen.

As a preparation for multi-nozzle electrospray emitters, where
a cylindrical mesh is no longer practical, a Cartesian mesh
sensitivity test was performed on the same model. With the
change in computational region, from 2D cylindrical to 3D
Cartesian, the number of cells has increased significantly
(see Table 1). As a result, the CPU time for a simulation that uses
a Cartesian mesh is considerably longer. As an illustration,
a successful generation of a 3D electrospray within the compu-
tational region is shown in Fig. S5f. The electric charge density
contours show that charge accumulates on the liquid surface, as
expected, and is gradually transported towards the counter
electrode.

The results from the Cartesian mesh convergence test are
shown in Fig. 3(C) and (D). The jet radius and CPU time, as
a function of the mesh, show that the optimal mesh size is around
2.5 x 107" m. This mesh is a good compromise between accuracy
and computational efficiency. This value will be used in the
aperture regions of the two-hole and three-hole emitters.

5.2. Characterization of nano-ESI: single-channel emitters

In ESI experiments, the characterization curve that relates spray
current to the ESI voltage is often used to identify the spraying
mode and, in particular, the operationally stable cone—jet mode.
Smith e al. suggest that the morphology of the Taylor cone
should also be considered when determining the stability island
of the cone-jet mode.*

Electrospray simulations were conducted for a broad range of
applied voltages and flow rates to identify the stable cone—jet
region. Operational parameters that are able to generate the
cone—jet in the simulations are indicated by the shaded region of
Fig. 4. However, this region also includes some astable states
where the cone is either too small or too elongated to be
consistent with the shape Taylor predicted, and the jet keeps
growing and shrinking with a certain frequency. A conclusive
determination of the stable cone—jet mode requires also the
investigation of the spray current.

Fig. 5(A) shows a typical characterization curve from the
simulations at a constant inflow velocity of 0.04 m s~'. With an
increasing electric field, several regimes of electrospray are
obtained. At low fields, a dripping mode is observed since there is
not enough force to transport the fluid away and the cone adopts
a round shape and deforms towards the counter electrode.
Droplets or jets burst out periodically to decrease the surface
energy of the growing cone. Every ‘burst-out’ event results in the
cone returning to its original shape and then the process repeats
(Fig. 6(A)). As the voltage increases, the droplet gradually
decreases in size and, eventually, a pulsating regime is observed
where the Taylor cone grows and shrinks. A further increase in
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Table 1 Comparison of the number of cells, under the same mesh
resolution, for cylindrical and Cartesian meshes

Total number of

Cell size x 107" m cells (cylindrical)

Total number of
cells (Cartesian)

5 3408
4 5340
3 94380
2.5 13 632
1 85200

81792
160 200
379 200
654 336

8 064 000

voltage yields the cone-jet regime, where a pointed cone is
formed with well-defined edges. Moreover, within this regime,
the spray current appears to be independent of ESI voltage.
When the voltage is too high, there is not enough support for the
fluid, the jet is too thin and frequently breaks up, and stability is

3000
2500
2000
1500 %
1000 4
500 - . o x

o ox

Applied Potential (V)

0.02 0.04 0.06 0.08 0.1
Flow Velocity (m/s)

Fig. 4 Simulation predictions of the operational cone—jet mode (shaded
area) for the single-aperture tapered emitter. Circles represent the simu-
lation trials that are successful in forming the cone—jet, ® represents the
simulation trials that fail to form a cone-jet.

lost (Fig. 6(B)). All these simulation results are consistent with
available literature***! and our own experimental observations
shown in Fig. 5(B).

Besides the ESI voltage, flow rate is another important oper-
ational parameter for ESI performance. By increasing the flow
rate at a constant voltage of 1.5 kV, our experiments show that
the Taylor cone grows in size (Fig. 7(A)). The simulations show
the same tendency for the growth of the cone (Fig. 8(A)). Because
of the small size of the jet and the limitations in the imaging
equipment, the jet cannot be directly observed in our experi-
ments. However, the jet can be observed in the simulations and
we find that a thicker jet is produced with a larger cone
(Fig. 7(B)). This result is consistent with the preference for low
flow rates in ESI experiments, since a thinner jet yields smaller
droplets.

Wetting of the emitter tip is a common problem in ESI
experiments. A tapered emitter tip is often chosen to minimize
wetting. To explore the connection between tapering and
wetting, parallel simulations were performed under the same flow
rate and field conditions with a flat-tip emitter and a tapered-tip
emitter. When the contact angle is set to 30 degrees, the liquid
wets to the outer periphery of the flat tip (Fig. 8(A)). Under even
stronger wetting conditions, shown in Fig. 8(B), the liquid wets
all over the emitter tip and no cone—jet can be supported. The
situation is greatly improved with a tapered design under the
same wetting conditions, where a stable cone—jet is generated and
restricted to the inner wall of the channel (Fig. 8(C)).

In most ESI experiments, additives like acetic acid are often
included in the spray solution to enhance conductivity, protonate
silanol groups on the wall, and to provide a source of protons for
ionizing analytes. The impact of the change in conductivity on
spray performance is shown in Fig. 9. Simulations show that
a thinner jet is generated by a more conductive solvent.

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 A comparison of simulated and measured nano-ESI character-
ization curves for single-aperture tapered emitters. (A) The relationship
between spray current and ESI voltage for a 20 um inner diameter at
a constant inflow velocity of 0.04 m s™' (equals 753.6 nL min~'). (B)
Experimental results measured at a constant inflow velocity of 30 nL min~".

Moreover, the surface electric charge distribution, which is the
charge per surface area along the jet, increases significantly with
enhanced conductivity. Fig. 9(A) illustrates that better ESI
performance is obtained by spraying a more conductive solvent:
a smaller initial droplet size with a higher electric charge density
will be produced. As expected, the spray current increases
(Fig. 9(B)) with a higher electric conductivity. These simulation
predictions are in good agreement with previous studies.*>*?

A B

Fig. 6 Simulated astable regimes for the single-aperture tapered emitter.
Snapshots are shown 0.22, 0.5, 0.56, and 0.6 milliseconds. (A) Dripping
mode, where the voltage 100 V is used under the applied inflow rate of
0.02 m s7'; (B) Breakup mode, where a voltage of 1600 V is used with an
inflow velocity of 0.04 m s~'.
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Fig.7 Variation of the Taylor cone and jet, at a constant ESI voltage of
1.5 kV and flow rates of 20, 30, 40, and 50 nL min~'. The flow rate
increases from left to right in the panels above. (A) Experimental Taylor-
cones, (B) Taylor-cones and jets from simulations, and (C) simulation
predictions for the change of jet radius with increasing inflow velocity.

5.3. Nano-ESI simulations with two-hole emitter

Two two-hole emitters have been considered, with center-to-
center distances of 60 um and 180 um. The simulations have
a fluid inflow velocity of 0.09 m s~! and a voltage of 2000 V. The
initial onset voltage is found to be several hundreds of volts
higher than for the tapered-tip single-channel emitter under the
same inflow velocity. This is due to the fact that the tapered shape
induces a higher local electric field than a flat tip.

At smaller aperture separation, interactions between the jets
are expected but, at 180 pum, the distance is large enough to
anticipate that the jets will be independent. The profiles of the
two electrosprays are shown in Fig. S61 together with electric
potential contours. Two Taylor-cones and jets are successfully
generated and the two jets appear to be semi-parallel. In addi-
tion, the electric field lines between the channels are parallel to
the emitter surface, indicating that the neighboring cone-jets
have little impact on each other at this separation. We conclude
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Fig.8 (A) Simulated electrospray under contact angle of 30 degrees with
a flat-tip emitter; (B) simulated electrospray under contact angle of 20
degrees with a flat-tip emitter where no cone—jet formed; (C) simulated
electrospray under contact angle of 20 degrees with a tapered emitter. All
simulations are performed at an applied potential of 800 V and a flow rate
of 0.07 m s,

that a 180 pm separation is sufficient to yield emitters that are
effectively independent.

To investigate the influence of the distance between holes on
multi-electrospray performance, similar simulations were per-
formed with the distance between the two holes reduced to only
60 um. As expected, a strong repulsion between the two cone—jets
occurs since they are closer together and both are positively
charged on the surface of the jet. This leaves each jet experiencing
an additional Coulomb force that acts to push the jets away from
each other. Additional simulations were further performed
(Fig. 10(A)—(C)) under varying ESI voltage, keeping all other
physical parameters the same. With increased voltage, the jets
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Fig. 9 The impact of varying conductivity for the single-aperture
tapered emitter, at a voltage of 800 V and a constant inflow velocity of
0.09 m s7'; (A) the jet radius (dash line) and surface electric charge
distribution (solid line); (B) the connection between spray current and
conductivity.

|
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Fig. 10 Effect of ESI voltage on multi-electrospray performance for the
two-aperture emitter with the channels 60 um apart. The inflow velocity is
0.09 m s~ while the applied voltage of 1000 V (A), 1500 V (B), and 2000 V
(C). The repulsion between the jets, measured by the angle between the jet
and the aperture axis, increases with applied voltage.

become thinner, and the repulsion between them increases, as
shown by the angle between the jet and the channel axis. When
the voltage is 2000 V, the base of the Taylor cone moves
outwards and is nearly beyond the channel. This is consistent
with multispray experiments'* where repulsion moves the cones
and jets away from the holes.

Fig. S61 and 10 show instantaneous snapshots during the
electrospray process for different channel separations and ESI
voltages. Note that the jets are not identical in the snapshots.
Instantaneous differences in the jets ultimately begin from small
discrepancies in the channel dimensions and in the channel
placement within the overall emitter grid (see Fig. S1t). Over
time, these minor differences lead to cones and jets that are
different too. If sufficiently long computations are run, average
properties will be indistinguishable for both channels. We could
impose symmetry constraints to suppress dynamical fluctuations
but these fluctuations duplicate the experimental situation where
field non-uniformity, emitter imperfections, and other factors,
lead to cones and jets that are not identical. In fact, symmetry
constraints would reduce the computing time but our emitter
models have been chosen to ensure that dynamical fluctuations
can occur.

5.4. Nano-ESI simulation with three-hole emitter

Arrays of ESI emitters have been reported as a way to enhance
the ionization efficiency.>'*'!"* However, closely spaced
emitter arrays introduce a deleterious shielding effect from
neighboring channels. To be precise, the channels experience
different local fields and may operate in different spray regimes.
Thus shielding limits the range of flow rate and voltage where all
channels form a cone jet. Though the exact mechanism for this

This journal is © The Royal Society of Chemistry 2012
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Fig. 11 Snapshots of the simulated multi-sprays for the linear three-channel emitter arrays at an applied voltage of 2 kV and an inflow velocity of
0.02 m s~'. The apertures are separated by 110 pm (A) and 60 um (B). The last row shows the electric field lines at 1 x 10~ s.

shielding effect is not yet clear, the space charge created from jet
breakup is found to be an important contributor.*®

To investigate the shielding effect in the absence of the space
charge contribution, ESI simulations with aligned three-hole
emitters were performed with two channel separations: 110 um
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Fig. 12 Comparisons of the jet properties for the three-aperture emitter
in Fig. 11. The labels L, M and R refer to the left, the middle and the right
jets respectively. (A) Difference of jet radius and electric field magnitude
between the three aligned jets. (B) Difference of surface electric charge
distribution and spray current for the three aligned jets.

Fig. 13 (A) 3D view of the simulated multi-ESI for the triangular 3-hole
emitter under inflow velocity of 0.02 m s~' and applied voltage of 2 kV.
Comparison of multiple electrospray with 3-aperture emitter* showing
similar repulsion between charged jets on X-Y (B) and on Y-Z planes (C)
respectively.
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Table 2 Spray current from a one-hole, two-hole, and a linear three-hole emitter. The one-hole model is a flat tip emitter. The hole spacing, distance
between the emitter and the zero-voltage plane, ESI voltage, and linear flow velocity are given to fully characterize the emitter. The spray current is
calculated as discussed in Section 3.2. The final column shows the calculated constant C from eqn (13)

Hole Spray ESI Velocity” Total flow rate” Total spray

spacing distance voltage (V) (ms™) Q (m’s™) current 7 (A) C(A [s m]'?)
1-hole N/A 0.07 mm 2000 0.09 942 x 107" 2.98 x 1078 3.1 x 1073
2-hole 60 pm 0.07 mm 2000 0.06 1.20 x 107° 1.40 x 1077 29 x 1073
2-hole 180 pum 0.07 mm 2000 0.04 1.20 x 10~° 1.51 x 1077 3.1 x 107
3-hole 60 um 0.07 mm 2000 0.04 4.80 x 1071° 7.59 x 108 2.0 x 1073
3-hole 90 pm 0.07 mm 2000 0.04 4.80 x 10-1° 9.30 x 10°* 2.5 %107

“ The linear flow velocity refers to flow into the computational zone, which may include a reservoir. This zone may differ for the various emitters. The
flow rate, in m® s, is calculated from the linear flow velocity and the size and shape of the computational zone, including the impact of a reservoir if

present.

and 60 pm. Simulations were performed under the same applied
voltage of 2 kV and the same inflow velocity of 0.09 m s~'. Fig. 11
shows the multi-spray behavior during cone—jet formation at
different times for both channel separations. When the channels
are well-separated, the three cone—jets remain similar from the
very beginning to the end (Fig. 11(A)) of the simulation with
hardly any interference observed.

When the three channels are aligned and 60 pm apart, the
electrospray generated from the interior emitter differs from the
other two. The field lines at 0.05 milliseconds are provided in
Fig. 11 and show a much more complicated pattern, with clear
interaction between neighbouring channels. A detailed investi-
gation of the three jets was performed close to the zero-voltage
plane, to quantify the differences. As shown in Fig. 12(B), the
middle jet experiences the lowest electric field, while the other two
are roughly the same. Moreover a slightly thicker jet is produced
in the middle due to the weaker electric field. Differences in
surface electric charge distribution and the spray current are
shown in Fig. 12(A). The two peripheral jets have similar prop-
erties but their spray current is significantly higher than for the
middle jet. With both a thicker jet produced and at a lower
charge density as well as spray current, the operational regime in
the middle jet is less favorable compared with the outer emitters.

To balance the electric shielding effect across the channels of
a multi-electrospray system, a circular pattern'® of channels has
been proposed. Using a similar idea, a simulation was performed
for a three-hole emitter with channels being positioned at the
apexes of an equilateral triangle. The successful generation of
multi-electrospray is presented in Fig. 13(A). Though three cone—
jets have formed, the interference among the jets is clearly seen.
Qualitative comparisons with the experimental observation from
different views are shown in Fig. 13(B). Instead of pointing
straight toward the zero-voltage plane, the three jets repel one
another. The phenomenon is rather similar to the experiments
shown on the right.

5.5. Calculated spray currents

The basis for the expected current increase of a multi-electro-
spray system, summarized in eqn (1), is a relationship between
current, I, and flow rate, Q, proposed by de la Mora and
Loscertales.** Generalizing to a multi-spray system, this rela-
tionship is

1
1= Vi f(e) [%]2 N (13)

€
where n is the number of independent channels, K is the
conductivity, vy is the surface tension, and ¢ is the dielectric
constant of the liquid. We have examined this relationship for the
one, two, and linear three-hole emitters and the results are
summarized in Table 2. The channels are separated by
60-180 um. The ESI voltage is kept constant along with all the
fluid properties in the simulations. Under these conditions the
same value for C is expected if the channels are operating inde-
pendently. That is, the \/n scaling shown in eqn (1) will occur
only if a constant C value is calculated for the one-, two-, and
three-hole emitters. If multispray performance is reduced for the
multichannel emitters, then the corresponding spray current will
be reduced along with the calculated value for C.

From the simulations, we calculate that C is roughly 0.003 A
(s m~3)" for the one-channel emitter. A very similar value is
obtained from the two-channel emitter for both channel sepa-
rations, with only a slight reduction when the channels are closer.
For the three-channel emitter, C is calculated to be much smaller
when the apertures are separated by only 60 um. This indicates
that shielding, in the linear three-channel emitter, has led to
a reduced current as expected from Fig. 11 and 12.

A more detailed, quantitative analysis of the shielding would
require a better estimate of the spray current. For this, a finer
grid, applied over a greater region of the computational region,
would be required since the jet radius, fluid velocity in the
Z-direction, surface charge density, surface electric charge, and
electric field magnitude at the surface of the jet are all required to
calculate the current (eqn (13)) but all are impacted by the grid.

6. Conclusion

CFD has been successfully applied to the simulation of the
dynamic process of nano-ESI and the methodology has proved
to be rather effective at testing the geometric effect of the ESI
emitter. Simulation predictions for single-channel nano-ESI
behavior under various operational regimes show good agree-
ment with previous literature* and our experiments.
Multi-electrospray was successfully simulated with two-hole
and three-hole emitter models. The impact of hole-spacing was
investigated and relatively independent cone—jets are formed
when the distance between the holes is large. A significant
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repulsion between the charged jets is observed when the holes are
closer to each other, conforming to experimental observation.
The effect of ESI voltage was examined for the two-hole emitter
and the results indicate a greater repulsive force under a higher
electric field. Three-hole emitters were simulated with two
different emitter designs. For an aligned emitter array, channel
spacing is varied to test the electric shielding effect. Though space
charges are not considered in our model, interference from
neighboring sprays makes the interior emitter act differently due
to the weaker electric field. For the model with a triangular
pattern for the three channels, the repulsion among charged jets
is significant even for a channel separation where the two-
channel emitter indicated minimal channel-to-channel interac-
tions. This result points to a many-body (many-jet) contribution
to shielding.

Future simulations will focus on elucidating a detailed
shielding mechanism, on exploring a wider range of emitter
designs, and on improving the charge current calculations.
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