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ABSTRACT

The gas flow induced by droplet motion has been included in the numerical simulation of electrosprays.
Steady state solutions were sought iteratively in a computational scheme that fully couples a 3D
La-grangian model for the droplet dynamics with a steady state 2D axisymmetric Eulerian model for
the induced gas flow. To resolve the reactive drag force on the gas by the droplets we employ
Gaussian filters with variable kernel widths that depend on the droplet number density. We have
applied this scheme to an experimentally characterized spray from the literature comprised of non-
evaporating pri-mary and satellite droplets in air. The predicted characteristics of the droplet plume
(droplet number density, droplet velocity, droplet size distribution) better match the experimental
values when the in-duced airflow is accounted for than when it is not (assuming still air). It is shown
that the induced air-flow contributes to faster moving droplets, shrinkage of plume, and a prominent
flux about the spray axis (centerline), as compared with the simulations assuming still air. Induced
airflow results in an in-crease of 80% in axial droplets velocity at the centerline at the collection
counterplate. The ratio of mass flux at the centerline between the cases of moving and still air equals
2.6 at the counterplate. We have also observed that the radial segregation by size of the satellite
droplets is sensitive to the functional relationship between their charge-to-mass ratio and diameter.
Induced gas flow is expected to have im-portant implications in the simulation of droplet evaporation

and vapor concentration in electrosprays.

Keywords: Electrospray, Lagrangian simulation, Induced gas flow, Numerical simulation, Spray
dy-namics, Deposition.



Nomenclature

Roman letter symbols

a

Felec,i
H

K
Keauss
N

n

Nr

factor in the relationship between & and di (Cm™/kg, )
exponent in the relationship between & and di

ensemble averaged reactive drag force density (N/m?)
fluctuating component of reactive drag force density (N/m?3)
capillary tube outer diameter (m)

instantaneous reactive drag force density (N/m?)

droplet drag coefficient

diameter of i-th droplet (m)

electrospray jet diameter (m)

count mean primary droplet diameter (m)

count mean satellite droplet diameter (m)

external electrical field (V/m)

drag force acting on droplet i (N)
drag force acting on droplet i at stage k (N)

electric force acting on droplet i (N)

capillary tube tip to counterplate distance (m)
Kernel function

Gaussian kernel function

number of droplets

local ensemble-averaged droplet number density

number of system realizations for ensemble averaging



p average pressure (Pa)

p' fluctuating pressure (Pa)

P instantaneous pressure (Pa)

Qi electrical charge of droplet i (C)
Q liquid flow rate (m®/s)

r polar coordinate (m)

Reynolds number

Rei pilu-Vil,
u

Ri (=[x, Vi, zi]) position vector of i-th droplet (m)
RK position vector of i-th droplet at stage k (m)

Ri (=[x, Vi, 2H - zi]) position vector of image of i-th droplet on counterplate (m)
Rij (= Ri - Rj) displacement between the position vectors of droplets i and j (m)

Rij (= Ri - Ry) displacement between the position vectors from the image of droplet j on the coun-

terplate to droplet i (m)
S average separation between the centers of neighboring droplets in the ensemble spray (m)
SDp,  Standard deviation of primary droplets’ diameters distribution (m)

SDs  Standard deviation of satellite droplets' diameters distribution (m)

t time (s)

u mean gas velocity vector (m/s)

u' fluctuating component of gas velocity vector (m/s)
U instantaneous gas velocity vector (m/s)

\Y volume of the spray (m®)

Vi velocity vector for droplet i (m/s)

Viet  electrospray jet velocity (m/s)

X (=[x,y,z]) position vector (m)



Ze

droplet emission point (m)

Greek letter symbols

o normalization factor
0 Dirac’s delta function
& electrical permittivity of vacuum (8.854x10712 C/V-m)
& droplet charge to mass ratio (C/kg)
3 0 average charge to mass ratio of primary droplets (C/kg)
&, average charge to mass ratio of satellite droplets (C/kg)
A (= x - Ri) displacement between the position vector x and position of droplet i (m)
7 dynamic viscosity of surrounding gas (kg/m-s)
¢ electrostatic potential (V)
Do electrostatic potential at the capillary tube (V)
04 density of drop liquid (kg/m?3)
Yo density of surrounding gas (kg/m®)
o Gaussian kernel width (m)
Acronyms
CFD Computational Fluid Dynamics
RANS Reynolds-averaged Navier-Stokes
CVFD Control Volume Finite Difference
LSC Lumped Space Charge
oD Outer diameter



1. Introduction

Electrosprays are dense clouds of highly charged micro drops that are set in motion by the action of
external electrostatic fields. Such collections of aerosol particles move with a net velocity relative to the
surrounding gas and, as a result, exert a reactive drag force on the gas, which induces gas flow. This gas
motion can be significant in the study of electrospray dynamics, particularly when droplet evaporation
is involved. Droplet evaporation is a key process for many applications of electrospray, such as elec-
trospray ionization mass spectrometry (ESI-MS) (Fenn et al, 1989; Fenn, 2003), particle synthesis by
electrospray (Jaworek & Sobczyk, 2008; Bock et al 2012), and electrospray deposition for the synthesis
of thin films and coatings (Jaworek, 2007), in which the extent of droplet evaporation determines
whether a film will be granular (Bodnar & Rosell-Llompart, 2013) or display a range of film morpholo-
gies (Rietveld et al, 2006).

Because of the difficulty in the experimental accessibility to gas velocity in electrospray systems, on-
ly a few experimental reports have addressed the question of gas flow induction by the droplet motion.
Tang & Gomez (1994), while carrying out a detailed experimental study on the structure of a heptane
electrospray, measured gas velocities along the spray centerline as high as 34% of the droplet axial ve-
locity. Hartman et al. (1999) found that while droplet diameters do not vary radially, their axial velocity
dropped as much as 40% from its centerline value. They took this result to mean that the gas must move
with a significant axial velocity at the electrospray centerline.

Our ability to predict the induced gas flow pattern is currently very limited because we lack general
methodologies for predicting it. The majority of numerical simulation works have assumed the gas to be
still as a matter of convenience, given the complexity of the endeavor. The first reported numerical sim-
ulation of droplet dynamics in an electrospray is by Gafan-Calvo et al. (1994), who assumed that the
surrounding gas is still. The constituent terms of their Lagrangian model are the electrical forces pro-
duced by the external field (due to the electrodes) and by the space charge (droplet—droplet Coulombic
repulsion, including image charges at the counterplate), and the drag force on the droplets due to friction
with the gas. This general model has subsequently been followed to simulate various electrospray sys-
tems by different authors, viz., Hartman et al. (1999), Wilhelm et al. (2003), Oh et al. (2008), Jung et al.
(2010), Yang et al. (2012) and Grifoll & Rosell-Llompart (2012). The still gas assumption has also been

followed in the recent Eulerian model of Higuera (2012).



In some of these works, the assumption of still gas has been justified based on conservation argu-
ments about the global influence of the droplet motion on the gas. Gafian-Calvo et al. (1994) obtained
the characteristic droplet velocity by balancing viscous drag to electric force. By globally balancing the
energy transferred per unit time to the gas by the spray drag, with the energy dissipated by the viscous
stresses outside the spray boundaries, they estimate that the characteristic (average) gas velocity is much
smaller than the characteristic droplet velocity. Wilhelm et al. (2003), while evaluating the extent of
droplet evaporation, applied global momentum balance to their electrospray system estimate the average
gas velocity to be 0.4 m/s, which falls between 3.7% of their highest axial droplet velocity and 11.7% of
their lowest one. Higuera (2012) justified neglecting the gas motion in his Eulerian simulation after an
order of magnitude estimation of the momentum exchanged between the droplets and the gas.

Since the conservation arguments are based on radially averaged variables, they can overlook regions
of high local gas velocity. Therefore, they are not in contradiction with the experimental determinations
of high centerline gas velocities which were mentioned earlier. Indeed, using a more detailed approach,
Hartman et al. (1999) estimated that the gas velocity close to the spray centerline could be around 32%
of droplet axial velocities. They arrived at this conclusion by balancing the electric power of the system
with the kinetic power of the induced gas flow (confined within a radius) and the kinetic power of the
droplets.

Deng & Gomez (2007) are the first to partially include the effect of gas flow on the droplet drag cal-
culations, by treating the early stage of the spray as a continuous cylindrical surface, and adopting a
boundary layer sub-model based on the momentum integral of a logarithmic gas velocity profile.

In sum, while many numerical models have neglected induced gas flow, the experimental evidence
shows that the gas speed can be significant locally (at the centerline). Therefore, there is a need for a
general methodology to include the induced gas flow caused by the droplets in current numerical mod-
els of electrospray dynamics. Furthermore, since the gas motion also influences the droplet motion, a
formulation that can accurately describe these motions should be fully coupled (i.e., two-way coupled).
Such improved models should be able to elucidate the influence of the induced gas flow on variables of
practical importance such as the flux deposition pattern on the counterplate, plume spread, droplet num-
ber density distribution, and also in the prediction of droplet evaporation.

In the present work, we have developed a two-way coupled Lagrangian description of the droplet
dynamics with an Eulerian description of the induced gas flow. The gas flow description does not con-
sider the detailed flow around each droplet. Instead, two-way coupling is attained by seeking time-

averaged pseudo-steady state solutions in both frameworks (droplet dynamics and induced gas flow).



The predictive capability of this methodology is assessed by applying it to the experimentally character-
ized system of Tang & Gomez (1994) which considers non-evaporating droplets.

2. Methodology

We propose a numerical method that solves for the droplet dynamics and the gas flow using an itera-
tive procedure, and seeks pseudo-steady state solutions using separate codes for the droplet and gas
transport equations. The motion of non-coalescent, non-evaporating droplets under electric forces in
moving gas is simulated by a 3D Lagrangian particle tracking model. The droplet-induced pseudo-
steady gas flow is simulated by a 2D axisymmetric Eulerian model. All of the space within the spray is
available to the gas, since the volume fraction of the droplet phase is much smaller than unity (dilute

aerosol approximation).

2.1. Governing equations

2.1.1 Lagrangian ‘particle dynamics’

The 3D Lagrangian droplet dynamics simulations are based on the model first proposed by Gafian-
Calvo et al (1994). The electrospray system is considered to be made of electrostatically interacting
droplets considered to be point particles for which the mutual aerodynamic interactions are not consid-
ered. The droplets also experience drag from the surrounding gas, and interact with an external electro-
static field created by electrodes (a droplet-emitting capillary tube, and a droplet-collecting plate named
counterplate). Following these assumptions, the droplet dynamics are described by Newton's second

law:
%dfpd %—\t/ =F + Fye. ©)
where Fi and Felec,i are the drag and electric forces acting on droplet i, which are given by:
Fi :CDi%dfpf(u—Vi]u—VJ (2)

where
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The motion of a droplet i is described by its position vector Ri and velocity vector Vi, as

dR,
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Equations (1) and (5) are solved for each droplet to obtain its trajectory from the emission point to

the counterplate.

2.1.2. Gasflow dynamics and boundary conditions

The body force impelling the gas flow is the reactive drag force due to the droplets' motions. There-
fore, the gas motion is governed by the continuity equation (assuming incompressible gas flow) and the
Navier-Stokes (momentum transport) equations extended to include droplet drag forces:

V-U=0 (6)

p{%#ﬁiLVUJ:—VP+pVﬂJ+D (7

where D is a fine grained function that describes the reactive drag force per unit volume exerted by the
droplets on the gas, which, when droplets are modeled as material points, is given by
N
D(x)=> (-F)s(x-R;) 8)
i=1
The instantaneous flow velocity, pressure and reactive drag force density are split into their time-

averaged and fluctuating components as

U=u+u' 9)
P=p+p (10)
D=d+d' (11)



In the present work, we seek to determine the time-averaged gas flow field u. Hence, Eq. (7) is time-
averaged in order to obtain the steady-state fluid flow equation, which is similar to RANS equation in

turbulent flows, i.e.

P U-VU=-Vp+NVU-p,V- (u'_u')+d (12)

where p,u'U’ is analogous to the Reynolds stress term in turbulent flow, though different in its cause.

In order to account for this viscous-like stress in Eq. (12), a closure model would be needed. This clo-
sure model could be formulated either by comparing system-specific solutions of Eqgs. (6-7), or detailed
experimental data, to Eq. (12). Here, the gas velocity perturbations u' are associated with the local per-
turbations on the gas mean flow caused by passing droplets. Therefore, such system-specific solutions
or data would have to resolve very fine flow scales, and thus present enormous difficulties. Any such
approach is beyond the scope of the present formulation, in which, as a first approximation, the term
pr-(u'_u') is neglected.

The computational domain and boundary conditions for the gas flow are 2D axisymmetric, as shown
in Fig. 1. The surfaces of the cylindrical capillary tube electrode and the counterplate are assumed to be
stationary walls with no-slip conditions imposed on them. The gas is free to flow in and out through the
open boundaries, in such a way that the flow is normal at the top boundary and fulfills a self similarity
condition at the side boundary (Deshpande & Vaishnav, 1982). The jet extends from below the capillary

tube (Fig. 1), and moves with velocity Vjet which is estimated from the total flow rate and djet by the

2
jet

mass conservation principle (= 4Q/(7zd )). The surface of the electrospray jet is modeled as a cylindri-

cal boundary of uniform diameter djet, which can be estimated from the count mean droplet diameter as

ol_p /11.89 (Tang & Gomez, 1994; Rosell-Llompart & Fernandez de la Mora, 1994).
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Fig. 1. Schematic diagram of the 2D axisymmetric computational domain for the gas flow, including

boundary conditions.

2.1.3. Ensemble averaged reactive drag force

In Eq. (12) the reactive drag force density d can be computed by ensemble averaging Eq. (8) over a
large number Nr of system realizations (ergodic hypothesis). Nr is defined as "large” enough to make d
become independent of Nr. In addition, the fine grained (singular) description based on Dirac's delta

must be replaced with a coarser grained (non-singular) kernel function K such that

> () K(x-RY) (13)

1 i=1

P4

R

=~

1M

I
NR
In this work we employ the Gaussian kernel defined as
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where o is the filter width for smoothing the reactive drag forces, and « is a normalization factor that

ensures conservation of force globally within the ensemble averaged system, so that

10
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Similar smoothing of the particle drag force has been employed in numerical simulations of particle
laden flows (Kitagawa et al, 2001; Maxey & Patel, 2001; Apte et al, 2008; Finn et al, 2011).

Deen et al. (2004) suggest that the filter width should be in the order of particle diameter, rather than
at finer length scales. This is a logical consequence of the fact that each droplet transfers its drag to the
gas phase at the droplet surface. Kim et al. (1993) simulated three-dimensional flow over two fixed
spheres normal to the line connecting their centers, for 50 < Re < 150. They found that the drag increas-
es as the spheres become close together, and that the drag coefficient for separations larger than four
diameters differs by less than 0.7% of the drag for an isolated single sphere. Since the kernel width
should not be smaller than the "region of influence™ of the drag force, the smallest kernel width extends

to about two droplet diameters in this study.

At the same time, our formulation is tolerant of filter widths that are larger than the particle diameter,
as long as d(x, y, z) remains unchanged. This can happen when ¢ is sufficiently smaller than the char-
acteristic distance for maximum change of d:

d

< |Vd| (16)

o<

Finally note that any choice of filter width & implies a large enough ensemble (large enough Ng),
such that the density force field becomes independent of the ensemble size. In other words, the graini-
ness of the ensemble spray should not be "imprinted” onto d(x, y, z), which, instead, should be a smooth
function of position. In mathematical terms, in the ensemble spray the droplet centers must be much

closer together than the filter width o :
o>>S8= (nNR)_Us,
where n is the local ensemble-averaged droplet number density, and s is the average separation between

the centers of neighboring droplets in the ensemble spray. Therefore Nr must fulfill:

Ny >>—— a7)

no?®
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2.2. Numerical implementation

The numerical scheme has been implemented in three parts: droplet dynamics, reactive drag force
calculation, and gas flow dynamics. These parts have been run iteratively through successive stages
according to the flow chart shown in Fig. 2. Initially (stage 0), quiescent gas is assumed (u = 0) and the
droplet dynamics is simulated long enough to ensure that a statistically significant portion of the steady
state is captured (Grifoll & Rosell-Llompart, 2012). Using this solution, an ensemble-averaged drag
force field is computed. Such field is then used with the gas dynamics code to compute the steady-state
velocity field solution. This solution is then fed back into the droplet dynamics simulation, initiating a
new stage of the global iteration loop. The overall scheme is considered to have converged by compar-
ing the gas flow solutions of two consecutive stages. A more detailed description of these steps is pro-

vided next.

2.2.1. Droplet dynamics and the reactive drag force calculation

The present 3D Lagrangian droplet dynamics simulations use the LSC method of Grifoll & Rosell-
Llompart (2012). This scheme simplifies the far droplet-droplet electrostatic interactions (last term of

Eq. (4)) using a coarse-graining approximation without any significant loss in accuracy.

Upon attaining a droplet dynamics solution, the droplets’ relative velocities (Vi - u) and position data
Ri are used to compute the corresponding drag forces Fi (Eq. (2)). Next, through the methodology ex-
plained in Section 2.1.3, the fine grained reactive drag force data are ensemble averaged over Nr realiza-
tions. Then, they are smoothed in a 3D Cartesian grid of cubic elements of side equal to the kernel
width. And these smoothed data are then transformed from the 3D Cartesian domain to the 2D cylindri-

cal domain in which the computation of gas flow is carried out (Fig. 1).

2.2.2. Gas flow dynamics

The 2D Eulerian gas flow computations are based on the stream function-vorticity formulation and on
the Control Volume Finite Difference (CVFD) discretization scheme proposed by Gosman et al. (1969).
The CVFD methodology is an integral approach which considers control volumes, each surrounding a
computational node. It has the advantages of ensuring the conservation laws and ease of physical inter-
pretation and implementation. More details of this discretization scheme and the solution procedure can

be found in Deshpande & Vaishnav (1982). The numerical scheme was tested against the laminar jet
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problem of Deshpande & Vaishnav (1982), resulting in better than 2% agreement in the stream function

values.

At each iteration stage (Fig. 2), the computed gas flow field is fed to the droplets dynamics code in
order to update the spray configuration. The drag forces on the droplets are re-calculated according to
Eq. (2) where the updated gas velocity at the droplets positions is interpolated from its values at the
neighboring grid points. Since the variation in velocities between contiguous grid points is small, we opt
for zero-order interpolation, namely taking the gas velocity value of the cell to which each droplet be-

. itigoe Initial gas velocity u =0
Droplet dynamics }

simulation under steady u

longs.

A 4

Reactive drag on gas Stage
by the motion of droplets k=k+1

A 4

Steady state simulation

of gas flow Update u

Convergence for
gas flow field

End )

Fig. 2. Numerical scheme for two-way coupling.
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3. Results and discussion
3.1. System description

The numerical scheme has been applied to simulate the experimental system of Tang & Gomez
(1994), whose parameters are provided in Table 1. This system was previously simulated under the as-
sumption of still air by Grifoll & Rosell-Llompart (2012).

This spray is comprised of non-evaporating primary and satellite droplets. The primary droplet size
distribution is the experimental histogram provided by Tang & Gomez (1994), while the satellite droplet
distribution is assumed to be log-normal, also based on their data. The computation for droplet charge
(q) for both primary and satellite droplets is based on a single functional dependence of charge-to-mass
ratio (&) with droplet diameter (d):

&=ad’ (18)

Details on the goodness of the two parameters a and b can be found in Gamero-Castano (2008) and
Hai-Bin Tang et al. (2011). For the present spray configuration these parameters were calculated to be a
= 6.13x10° Cm*%/kg and b = -1.5. These values are chosen to be consistent with the report of Tang &
Gomez (1994), who find an average charge density of the primary droplets equal to 22.5 C/m3, and a

charge-to-mass ratio dependence with the average diameters for the primary and the satellite droplets

:[ j (19)

The external electrical field has been calculated by solving Laplace's equation for the electrostatic

given by:

ERIEAY
o 2

potential ¢ in the region between the capillary tube and the counterplate, in cylindrical coordinates, us-
ing a very fine non-homogeneous grid. The boundary conditions are ¢ = ®q at the capillary tube and
Taylor cone surfaces; ¢= 0V at the plate, dg/0z =0atz = - 9H, and ag/aor =0at r = 10H.

Taking the largest droplet velocity in the system as equal to the jet velocity, we can estimate an upper
bound of the Reynolds number, which is 27 for an average droplet moving in still air. This value is well
within the range of application of Eq. (3).

Table 1. System configuration*®
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Parameter (units) Dol "~ Value
Capillary-to-plate separation (m) H 0.03
Capillary tube OD (um) Dc 450
Droplet emission point (cm) Ze 0.24
Count mean diameter for primary droplets (um) d_p 32.3

Coefficient of variation of primary droplets' diameter SD”/d” 0.06
Count mean diameter for satellite droplets (um) Js 9.96
Coefficient of variation of satellite droplets' diameter sD,/d, 0.25

Capillary potential (V) ) 5000
Liquid flow rate (cc/h) Q 10

*From Tang & Gomez (1994)

3.2. Selection of kernel width

Finding the steady state solution to the governing equations requires a smooth reactive drag force
field, since the streamfunction-vorticity formulation uses the spatial derivatives of such force field. Ini-
tially we tried computing the reactive drag force density by simply averaging the contributions from
droplets present within given control volumes. However, the number of system realizations needed to
get a smooth force field became prohibitive. Instead, we have tested the effect of various Gaussian ker-
nel widths (o) on the smoothing of the ensemble averaged reactive drag force (d), as explained in Sec-
tion 2.1.3. We have found that 3000 is a practical number of system realizations (Nr) in this system.
Such realizations (independent snapshots) were selected at equally spaced times within the period
0.1< t<0.7 s, in which the system was found to be under steady state (following the criterion of Grifoll
& Rosell-Llompart, 2012).

Fig. 3 shows the effect of the Gaussian kernel width (o) on the axial component of the reactive force
density along the centerline. These curves are smooth near the droplet emission point between z. (0.24
cm) and several mm downstream. But they display increasing noisiness further downstream. This noise
grows in amplitude for the smaller values of o, and is due to statistical under-sampling in regions of the
spray where the number density is so low that Eq. (17) is not fulfilled. In the emission point region, the
different curves do not coincide, nor do they show an asymptotic trend. This effect is due to the use of

kernel sizes which are wider than the spray in this region (shown later). Indeed, near to the emission
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point the swarm of droplet centers cluster tightly together around the centerline, within a radius that is

smaller than the average primary droplet diameter (Jp ). A choice of kernel width much smaller than d_p

would lead to an asymptotic d(x, y, z) function, provided Nr was large enough. However, such d would
have no physical meaning because the drag force is transferred from the droplet phase to the gas phase
at the length scale defined by the radius of the droplet-air interface (droplet radius) rather than at signif-

icantly finer scales.

In order to avoid the large fluctuations found in some of the force density curves of Fig. 3, we have
used a combination of kernels in different regions, as summarized in Table 2. In the region near the
emission point we have chosen a kernel width of approximately 2 primary mean droplet diameters (c =
75 um) (Section 2.1.3). In regions far away from the emission point, where the spray becomes more

dilute, the kernel widths have been increased as given in Table 2.
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Fig. 3. Reactive drag force computed along the axis for different kernel widths.
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Table 2. Characteristics of the tested kernels.

Kernel size, &  Axial range of use

(nm) (cm)
75 0.0-0.6
150 0.6—1.0
300 1.0-15
600 15-3.0

3.3. System simulation

The streamlines for steady-state induced air flow on attaining convergence after five global iterations
are shown in Fig. 4a, superimposed on a snapshot of the simulated spray system, also in steady state.
Figure 4b shows another snapshot of the same system, however obtained assuming still air. In both of
these simulations the model predicts the segregation of droplets experimentally observed by Tang &
Gomez (1994), whereby a shroud of satellite droplets forms around a core of primary droplets. The air-
flow streamlines of Fig. 4a show the formation of a jet-like structure. The flow impinges onto the coun-
terplate wherefrom it develops a wall jet boundary layer.

These airflow computations were performed using a non-uniform grid of 193x252 cells extending
10Hx10H (Fig. 1). The smallest radial grid size corresponds to dje/2 at the centerline, whereas the
smallest axial grid size is 45 um both at the counterplate and at the capillary tube tip. Grid independen-
cy was tested using a double refined grid (386x504 cells). The maximum difference in velocity field
between the two solutions was found to be 5.7% at the axis (z = 0.25 cm), and the average variation was

0.12% for the entire flow domain.
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Fig. 4. Spray snapshots projected on rz plane for (a) simulation with moving air, including the stream-
lines of the induced air flow, and (b) simulation with still air. The circles diameters are proportional to

the actual droplet diameters.

The radial profiles of the axial and radial air velocity components (Figs. 5a, b) show that high air ve-
locities occur mainly in a region close to the spray axis. Fig. 5a shows that the axial velocity attains its
maximum value at the axis near the emission point. At all axial positions, the axial velocity decays radi-
ally from a maximum value at the axis, and is below 0.1 m/s for r > 0.8 cm. The inward (negative) radi-
al velocity found at z = 0.5 and 1.5 cm (Fig. 5b) is due to the air entrainment effect (see Fig. 4). When
the counterplate is approached (curve for z = 2.5 cm) the radial velocity increases as the air spreads ra-
dially out forming a wall jet like pattern. The humps present in all these velocity profiles correlate to the
presence of the primary and satellite droplet plumes.

The observed radial drop in axial velocity shown in Fig. 5a is consistent both with the previous exper-
imental determinations of centerline air velocities, and with the conclusions from various radially-

averaged conservation balances, that were mentioned earlier in the Introduction.

18



105"""""'"""""""""'E 00 rr————7F———7T 7T T

0.05 F |

oo M\/\/

v —
~ (2 — — —
~— - -
> o LY e 1
0.1F o005t N\, . ]
i :I f\/\ /l ]
1
.|, ]
-0.10 -|, E
0.01 E -|,
E :\
_0'15 | T T T TN [N T NN T TR N T ' 1 U T T [N N T WA WO N T T T

0.0 0.5 1.0 15 2.0 2.5 3.0

r (cm)

Fig. 5. Air velocity at various axial positions: (a) axial component, (b) radial component.

Fig. 6 graphs the centerline velocity of the air and the droplets obtained in the experiments of Tang &
Gomez (1994) and in the present simulations with and without air flow. Droplets velocities simulated
when the air is at rest (gray line) significantly underpredict the experimental values. This line displays a
monotonous decrease in the initial spray zone (z < 0.8 cm), unlike the experimental data (squares). On
the other hand, the simulations that account for airflow predict air and droplet velocities which are in
fair agreement with the experimental data. In the downstream spray zone (z > 0.8 cm), the simulated air

velocity (dashed line) decays slower than the experimental data (circles), overpredicting them.

We should note that had we computed the air velocity fluctuations term p, v-(u'u’) in Eq. (12), a

faster decay of the axial air velocity would have been obtained, because this term would enhance the
momentum transfer. In numerical simulations of electric wind caused by corona discharges by Zhao &
Adamiak (2005) this term was also neglected, and a similar overprediction of the axial air velocities was
found, with an increasing deviation towards the centerline. Since the radial variation of axial velocity is
maximum at the centerline, this is where maximum overprediction of gas velocity would be expected.
To better understand the droplet dynamics along the centerline, it is also helpful to look at the differ-
ent terms of the droplet momentum equation (Eqg. (1)): the inertia term, the drag force, and the electrical
force. We have taken all 3000 snapshots and have averaged each of these terms within equal cylindrical

slices of radius 0.03 cm centered at the centerline. As shown in Fig. 7, the drag tends to zero at the
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emission point because the droplet and air velocities are equal (to the jet velocity, 12.3 m/s). (This be-
havior is opposite to the case of still air, for which the drag is maximum at this position, rather than min-
imum, and the droplet velocity decays with a significant slope; as shown by the grey line in Fig. 6.) Ini-
tially (near the droplet emission point), the air momentum at the centerline is rapidly transferred to its
surroundings due to the action of viscous stresses, causing a rapid drop in air velocity at the centerline
(Fig. 6). As a result, the drag force on the droplets (Fig. 7) suddenly increases; however this change is
too short lived to appreciably change the droplet velocity (Fig. 6). Beyond this initial transition, which
ends at about z = 0.4 cm, the air slows down at a much slower rate. Up to this location the inertia term is
near zero (Fig. 7), consistently with a nearly constant droplet velocity in both the simulated and the ex-
perimental results (Fig. 6). Beyond this zone (z > 0.4 cm), the air velocity continues to decrease (Fig. 6),
causing an increase in the drag force (Fig. 7), and the electrical force starts to decrease. At about z =
0.55 cm, the drag force reaches a maximum when both the droplets and the air slow down at equal rates.
Near the counterplate, the air stream is deflected and the axial velocity drops towards zero (Fig. 6). As a
result, the drag force on the droplets is increased (Fig. 7), though with minimal effect on the droplet
velocity (Fig. 6). These simulations also show that along the axis the droplets do not attain electropho-

retic motion (zero inertia).
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Fig. 6. Numerical and experimental values of axial velocities along the centerline for air and droplets.
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Fig. 7. Average electrical forces, drag forces, and inertia sensed by the droplets along the centerline.
Secondary abscissa shows the droplet Lagrangian time based on the droplet axial velocity given in Fig.
6.

Tang & Gomez (1994) also show radial distributions of the number density and average droplet di-
ameter at a constant axial position of z = 1.2 cm. In Fig. 8 we compare these data to our numerical pre-
dictions with and without airflow. Volumetric bins of height 250 um, consistent with the kernel size at
this axial location (z = 1.2 cm) were considered for these calculations.

The number density distribution (Fig. 8a) shows a similar pattern to the experimental data, with a
core spray of primary droplets, surrounded by a shroud of satellite droplets. Only when the model in-
cludes airflow, the number density near the centerline increases to a maximum, in qualitative agreement
with the experimental data. However, a disagreement in number density is found close to the axis, with-
in a region of radius ~1 mm. This disagreement could be the result of two causes. First, the actual
charge-to-mass ratio for the largest droplets might be higher than as defined in Eq. (19). If so, the actual

particles would be expected to expand radially faster than predicted by the present model, leading to a
reduced number density. Second, because the model neglects the fluctuation term pfv-(u'_u') (as dis-

cussed earlier), it may lead to overprediction of the air axial velocity at the centerline, resulting in a
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shorter Lagrangian time for the droplets. This would imply lesser expansion by space charge repulsion
near the centerline, and an increased number density.

We have quantified the effect on the number density shown in Fig. 8a when increasing the kernel
size in the initial axial range, 0 <z < 0.6 cm (Table 2) from 75 to 150 um. The effect is minor, with only
a 7% decrease in the number density at the centerline (r = 0) which rapidly diminishes to a 1.4% de-
crease at r = 0.5 mm. However, as argued earlier in the context of Fig. 3, 75 um is a more appropriate
kernel size for the initial axial range.

On the other hand, the locations of both the primary and satellite droplet plumes show better agree-
ment with the experiments, than the simulations which consider still air. This improvement is the result
of two factors. First, the axial motion of the cloud is faster in the presence of airflow. Therefore, the
droplets sampled at a fixed z are "younger" (in Lagrangian time) than when airflow is neglected. And a
younger spray should have expanded radially less than an older one. Second, the radially converging
airflow close to the droplets' emission point reduces the extent of radial expansion (Fig. 4).

The average diameter profile (Fig. 8b) also shows better overall agreement with the experimental data
when airflow is included than when it is not (except in regions for which the droplet count, shown in
Fig. 8a, is very low).

Initially, we had carried out the simulations assuming a constant charge-to-mass ratio for both prima-
ries and satellite droplets, as done previously by Grifoll & Rosell-Llompart (2012) in absence of air-
flow. This assumption was consistent with the information provided in Tang & Gomez (1994), but, un-
der the presence of airflow, resulted in reverse dependence of local satellite diameter versus r. In
conclusion, the radial segregation by size of the satellite droplets is sensitive to the functional relation-
ship between charge-to-mass ratio and diameter. By contrast, the assumed relationship given by Eqg.
(18), which is also consistent with Tang & Gomez (1994), leads to a correct prediction of the segrega-
tion effect (Fig. 8b).
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Fig. 8. Radial profiles at z =1.2 cm of (a) droplet number density, and of (b) droplet diameter.

Figs. 9a, b show the radial distributions of the droplets' axial mass flux at two axial locations (z = 1.2
cm and on the counterplate, i.e. z = 3 cm) for the cases of still air and moving air. The ability to predict
the droplet mass flux is of interest to practitioners of electrospray deposition who make thin films and
coatings. In Figs. 9a and b, the contribution from the satellite droplets to the mass flux is extremely
small, as can be confirmed by comparing Fig. 9a with Fig. 8a, and 9b with 4 . The effect of the induced
airflow is to raise the mass flux near the center and reduce the plume width. The ratio of mass flux at the
centerline between the cases of moving and still air is 2.2 at z= 1.2 cm, and 2.6 at z = 3.0 cm. This ef-
fect is the result of the aforementioned causes of inwardly radial airflow and reduction of Lagrangian
time available for cloud expansion. An indication of reduced residence time of the plume in the pres-
ence of airflow is the reduction in average number of primary droplets in the plume from 1125 in still
air to 904 in moving air, and in the average number of satellites from 1755 to 1656. It should be noted
that close to the centerline, the flux may be overpredicted since, while the droplet velocity closely

agrees with the experiments (Fig. 6), the centerline number density is overpredicted (Fig. 8a).
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Fig. 9. Comparison of mass flux assuming still or moving air at (a) z=1.2 cmand (b) z=3.0 cm.

4. Conclusions

The air flow induced by droplet motion has been included into a Lagrangian model of electrosprays.
Steady state solutions for air flow and droplet dynamics were sought iteratively in a fully coupled com-
putational scheme. Detailed simulations have been performed on an electrospray plume which was ex-
perimentally characterized by Tang & Gomez (1994). Results show that including air motion in the
simulations modifies the droplet trajectories significantly. Radial profiles of number density, and of
local average droplet diameter, and centerline droplet velocities show better agreement with the experi-
mental data when airflow is taken into account. Significant air entrainment towards the spray axis is
observed near the droplet generation region, which develops into a jet like structure that impinges onto
the counterplate. The droplets mass flux radial distribution is particularly sensitive to the air entrain-
ment, which results in a steep increase near the spray axis.

In order to resolve the reactive force on the air by the droplets while using a practical number of in-
dependent system realizations, it is necessary to use a filter. In the present simulations, with 3000 en-
semble-averaged realizations, we have used a range of Gaussian filters differing in kernel width at dif-
ferent axial locations. At the denser spray regions close to the droplet emission point, the kernel size

should neither be much wider nor much smaller than the average droplet diameter. Further downstream,
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where the droplet number density decreases, a wider kernel width has been used in order to suppress the
fluctuations in the reactive force density.
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FIGURE CAPTIONS

Fig. 1. Schematic diagram of the 2D axisymmetric computational domain for the gas flow, including
boundary conditions.

Fig. 2. Numerical scheme for two-way coupling.

Fig. 3. Reactive drag force computed along the axis for different kernel widths.

Fig. 4. Spray snapshots projected on rz plane for (a) simulation with moving air, including the stream-
lines of the induced air flow, and (b) simulation with still air. The circles diameters are proportional to
the actual droplet diameters.

Fig. 5. Air velocity at various axial positions: (a) axial component, (b) radial component.

Fig. 6. Numerical and experimental values of axial velocities along the centerline for air and droplets.
Fig. 7. Average electrical forces, drag forces, and inertia sensed by the droplets along the centerline.
Secondary abscissa shows the droplet Lagrangian time based on the droplet axial velocity given in Fig.

6.

Fig. 8. Radial profiles at z =1.2 cm of (a) droplet number density, and of (b) droplet diameter.

Fig. 9. Comparison of mass flux assuming still or moving air at (a) z=1.2 cm and (b) z = 3.0 cm.
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