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Droplet motion in an electrohydrodynamic fine spray

J. M. Grace and P. F. Dunn

Abstract The results of a combined experimental and
numerical study on droplet behavior within an electro-
hydrodynamic fine spray are presented. The fine spray exists
in the transition region between the multiple cone-jet and
rim emission spray modes. Experiments were conducted
specifically to characterize the motion of droplets within the
spray. Light-sheet visualizations and measurements of droplet
speed and velocity using laser-based, single-particle counters
were obtained. Additionally, a numerical simulation of the
droplet motion within the spray was made.and compared to
the experimental results. The electrohydrodynamic fine spray
of ethanol droplets (~1 to 40 pm diameter) was generated
using a typical capillary-plate configuration, with a capillary tip
electric field intensity of ~ 10° V/m and a spray charge density
of ~70 C/m’. Acquired images of the spray revealed a zone of
rapid expansion near the capillary followed by a more gradual
expansion farther from the capillary. In situ laser-diagnostic
measurements confirmed these observations. Measured
droplet speeds decreased rapidly with increasing axial distance
from the capillary, but then increased beyond the spray’s axial
mid-plane as a result of a change in the sign of the axial
internal electric field. Droplet axial velocity components
behaved similarly. The radial velocity components exhibited
a maximum value off of the spray’s centerline in the near-
capillary region. Farther away from the capillary, they in-
creased monotonically with increasing radial position. These
trends identified the significant role that the radial internal
electric field plays in spray expansion. The numerical simu-
lation of the normal spray verified the inferred change in sign
of the axial internal field and underscored the dominant con-
tribution of the external electric field in the near-capillary
region and of the internal electric field farther away.

1

Introduction

The motion of similarly charged particles is a fundamental
problem in fluid mechanics considered in many disciplines,
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e.g., in plasma physics where microscopic electrically charge
particles are treated as a continuum or space charge (see Giles
et al. 1979) or in the macroscopic domain of electrosprays
where the droplets are considered part of a two-phase system
(see Balachandran 1991). This paper presents the results of an
experimental investigation of the motion of similarly charged
droplets within an electrohydrodynamic (EHD) fine spray to
determine how the droplet charge distribution within the spray
contributes to the global droplet motion. A supplemental
numerical model has been developed and is presented. The fine
spray mode exists upon increasing the applied potential to

a point slightly less than global gas breakdown. It is charac-
terized by a polydisperse droplet population and a large spray
plume with comparable radial and axial velocities (see Grace
and Marijnissen 1994).

The use of an applied potential gives an additional control
parameter (the droplet charge) that can be exploited for in-
creased efficiency in the end application of a droplet spray,
e.g. in paint spraying, non-impact printing and combustion.
Additional applications such as lung deposition experiments
(Nadarajah and Swift 1993) and high efficiency surface coat-
ings (Shackleford 1985) take advantage of the polydisperse
nature of such a spray, while applications such as microdroplet
reactions benefit from high applied potentials similar to the
fine spray mode (Harris et al. 1994). Continued benefits from
droplet spray manipulation using the charge as a control
parameter require an understanding and clarification of sev-
eral outstanding issues which govern the dynamic motion of
electrically charged droplets within an electrospray. For
example: what forces predominate at various locations within
the spray? how does the self-generated droplet internal electric
field contribute to droplet motion relative to the externally
imposed electric field?

An electrospray basically results from the atomization of
a liquid by the action of electrical charges moving along the
liquid surface under the influence of an applied electrical
potential difference. Several electrical configurations for the
electrospray exist, with the capillary-plate configuration being
the most common (see Grace and Marijnissen 1994). In this
configuration, liquid is forced through a capillary that is
maintained at a high potential relative to the plate, and, upon
exiting, is disrupted by electrical forces into droplets (see
Lefebvre 1989; Bailey 1988).

The history of electrosprays goes back to at least 1600 when
William Gilbert noticed the deformation of a liquid drop into
a conical form in the presence of charged amber (Gilbert 1600).
Since that time many significant developments in the field have
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taken place. Lord Rayleigh (1882) derived the maximum
charge potential that an isolated, conducting, spherical, liquid
surface could sustain to balance the surface tension potential
without disruption. Zelany (1914) began investigating the
changes that an electrospray undergoes with an increased
applied potential. Drozin 1955 catalogued these changes into
7 experimentally distinct spray variations. Taylor (1964)
analytically described the stability conditions for a conical
liquid surface under the action of electrical stresses. This cone,
termed the Taylor cone, with a cone angle of 49.3%, is the basis
for the Taylor cone spray mode {commonly referred to as the
cone-jet mode). This mode represents the most frequently
studied EHD spray mode. Many authors have investigated this
mode (e.g., Vonnegut and Neubauer 1952; Hendricks 1962;
Smith 1986; Hayati et al. 1987; Cloupeau and Prunet-Foch 1989;
Tang and Gomez 1994; Rosell-Llompart and Fernandez de la
Mora 1994) and several models have been proposed to predict
spray properties such as droplet diameter and specific charge
(e.g., Pfeifer and Hendricks 1967, Garian-Calvo et al. 1994, and
Fernandez de la Mora and Loscertales 1994). Despite the vast
research effort on this mode, it has not fully been described for
all conditions. For as much effort as has been spent on the
cone-jet mode, as little has been spent on the fine spray mode
due to the increased complexity. The state of electrospray
research can be found from the literature, especially reviews on
the EHD topic, e.g., Kozhenkov and Fuks ( 1976), Cloupeau and
Prunet-Foch (1990) and Grace and Marijnissen (1994).

There have been few experimental investigations of the fine
spray mode per se. Snarski and Dunn (1991) investigated the
interaction of two adjacent fine sprays and Grace and Dunn
(1992a) characterized the production region of the fine spray.
Other investigators, e.g., Cloupeau and Prunet-Foch (1989),
Hayati et al. (1987), and Liittgens et al. (1992) have identified
this spray mode through the course of describing the evolution
of an EHD spray with applied voltage. None of these works
fully addressed the basic physics behind the droplet behavior
in this mode. Several works experimentally investigate droplet
behavior in different spray modes; e.g., Tang and Gomez
(1994) and Gafian-Calvo et al. ( 1994) in the cone-jet mode;
Wang et al. (1993) in the ramified jet mode; Meesters et al.
(1992) and Dunn et al. (1994) in hybrid modes that are
specifically characterized by additional electrodes. Compa-
risons between spray modes or between different electrical
configurations is difficult because of the large differences
in production mechanisms and forces controlling droplet mo-
tion. This paper focuses on the motion of droplets within the
spray per se and as such does not consider the production
mechanism in any detail. Comparisons to similar electrical
configurations will, therefore, be made only where applicable.

The present study, specifically, investigates experimentally
the droplet behavior within the EHD fine spray in order to
understand the underlying physical processes that control its
structure. Additionally, this work evaluates numerically the
space charge effects on droplet motion, which, although
generally accepted as significant, are often neglected or globally
approximated in spray modeling. Only a partial numerical
solution to this inherent multi-body, elliptic problem is off-
ered. The present model does not consider the effects of an
air-phase velocity. Yet, it reveals that space charge has suf-
ficient magnitude to influence droplet motion everywhere
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Fig. 1. Experimental apparatus

within the EHD fine spray and qualitatively predicts droplet
velocities while quantitatively predicting droplet trajectories.
The present analysis of the fine spray space charge effects also
is applicable to other EHD spray modes as well as other aerosol
problems of this nature, In the following, the experimental data
are presented first and then discussed. Their analysis raises
questions which the numerical model ( presented following the
experimental section) attempts to resolve. Since the model
attempts to answer several questions raised by the experi-
mental analysis, it is referred to in context rather than asana
posteriori discussion in the numerical section.

2

Experimental apparatus

The EHD fine spray was produced using a typical capillary-
plate configuration, see Fig. 1. A blunt-tip, stainless-steel
hypodermic needle (27 gauge: 0.0406 cm 0.D., 0.0216 cm LD.
and overall length of 1.9 cm) served as the capillary, while
an electrically grounded brass plate (60 ¢m x 60 cm) loca-
ted 20 cm below the capillary tip acted as the plate. A DC high
voltage supply connected in series with the capillary gen-
erated electric field intensities at the capillary tip on the order
of 10° V/m." All cases presented in this paper were conducted
using an applied voltage of 15kV (see Grace, 1993 for other
cases). The working fluid, ethanol, was pumped through the
capillary at a constant volumetric flow rate of 4.34 « 107 cc/s
(ethanol properties: density, p =789 kg/m’, electrical con-
ductivity, 0,=2.0 +10 ~* S/m, surface tension ¢ = 0,022 N/m).

" The electric field is calculated using the capillary-plate approximation
(Jones and Thong 1971) and constrained by the breakdown strength of
air.




The spray charge density, defined as the ratio of the
droplet current at the plate to the volumetric flow rate, was
70 C/m’. The test cell dimensions were about 1.5 m on each
side.

The primary measurement tool for this experiment was
a laser-based, in situ, single-particle counter (SPC). Two in-
dividual SPC’s based on different operation principles were
used during the course of this investigation. The two systems
were a particle-counter-sizer velocimeter (PCSV) by Insitec
(1989) and a one-component phase-Doppler-particle analyzer
(PDPA) by Aerometrics (1987). The classic references on
these two measurement systems are those by Holve and
Annen (1984) and Bachalo and Houser (1984). Each system
had unique measurement capabilities (and limitations) that,
when used in concert, allowed for a more thorough
investigation of the EHD spray. See O’Hern and Rader (1993)
for a differentiation of these and other light scattering
measurement techniques. Note that the specific PCSV used
for this experiment was only configured to measure droplet
speed.

In addition to the SPC measurements, the global nature of
the EHD fine spray was recorded using flow visualization. This
flow visualization was performed using a two-dimensional
sheet of laser light (see Grace and Dunn, 1992b for a descrip-
tion of the technique). This sheet illuminated a two-di-
mensional slice of the entire spray (~ 1 mm thick) at variable
locations. The laser light-sheet was produced by directing
the beam of a 5 W Ar-ion laser through a plano-convex
cylindrical lens. The light scattered from the droplets crossing
the laser light-sheet was recorded with a video camera and
recorder at 30 frames/s. The video images were digitized into
a personal computer using a frame grabber board and then
analyzed using imaging software.

3

Experimental resuits

The results of this experiment are summarized in Figs. 2-8. The
order in which the experimental results will be presented is as
follows: first, a global flow visualization image of the spray,
then the droplet speed and velocity, which represents the bulk
of this study, the droplet diameter, the droplet size-velocity
correlation, and finally the spray number concentration. The
droplet diameter is discussed to characterize the spray mode
and presented as a function of position within the spray. The
size-velocity correlations and spray number concentrations
are discussed in terms of the general spray nature, while the
size-velocity correlation is also investigated to assess the
influence of the electric field components.
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Flow visualization

Figure 2 presents a digitized video image of a two-dimensional
slice of the spray along the capillary axis. This image is
presented to show the global scale and general expansion
character of the fine spray. In addition, the spatial uniformity
of the droplet streaklines and the rapid spray expansion near
the needle followed by the gradual spray expansion farther
from the needle is shown. These trends suggest a significant
internal (or droplet) electric field effect in the region of rapid

Fig. 2. Light sheet visualization of droplets in the plane of the needle’s
axis

spray expansion.’ The influence of the internal electric field on
spray expansion can also be seen in Fig. 5. of Grace and Dunn
(1994) where a droplet trajectory calculated using only the
external field significantly under predicts the radial expansion.
The spray expansion of the cone-jet mode (e.g., True 1980;
Ganan-Calvo et al. 1994; Tang and Gomez 1994) does not
match that of the fine spray mode due to the droplet produc-
tion process in that mode where initial radial velocities as well
as radial positions (relative to the scale of the production
zone) can be large.

3.2

Droplet speed and velocity

Figure 3 presents the average droplet speed measured using the
PCSV.’ Data were acquired at each measurement location for
a specific period of time (~ 180 s). Valid data result from any
droplet passing through the measurement volume in the test
time and generating a scattered light signal that falls within the
range of the size and speed discriminators. The discriminator
ranges selected for this experiment were 2 to 50 um for the
droplet diameter and 0 to 20 m/s for the droplet speed. Note
that the speeds and velocities are not normalized in this and
subsequent figures because there is no accepted ‘characteristic
velocity in the fine spray mode.

The data in Fig. 3 extends axially to 15 cm from the capillary
tip (3/4 of the capillary-plate spacing) and radially to regions
where the measurement count rate was less than approximately
10 Hz. The spray does extend beyond the radially measured
range for axial positions far from the needle tip, i.e., greater
than 7 cm (see Fig. 9 which shows the reticulated, digitized
spray boundary).

*The electric field nomenclature used in this paper defines an internal
and external field, where the internal field results solely from the
presence of charged droplets, and the external field results from the
capillary-plate configuration and is independent of the presence of the
droplets. The total electric field then is the vector sum of the internal
and external fields.

*Speed measurements covered a larger spray domain than the velocity
measurements.
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Fig. 4. Comparison of near-field and far-feld experimental droplet
speeds

The speed measurements presented in this figure exhibit
a rapid decrease in droplet speed with distance for measurement
positions near the needle, a decrease in the droplet speed with
increased radial position for all axial locations, and an increase
in speed with axial position, beyond the 7 ¢m axial station, for
all radial locations. This measured speed increase with axial
position is greater than the measurement uncertainty. The speed
measurement technique has an uncertainty that varies with
position in the spray, being greater in regions near the needle.
The total uncertainty is reported as less than 8% in the
near-needle region and less than 5% elsewhere in the spray
(Grace and Dunn, 1992a).

Figure 4 presents the data of Fig. 3 in a two-dimensional
format highlighting the variation in speed with radial position.

This figure demonstrates the rapid speed decrease in the near
needle region followed by the gradual decrease in the far needle
region. The rapid decrease in speed with axial and radial
position near the needle follows expected trends of an ex-
panding electrospray. Here the expansion decreases both the
spray kinetic energy through aerodynamic drag and the
electrical potential energy through the monotonic decrease in
the external field with distance from the source. The gradual
decrease in speed with increasing radial position from the
spray centerline far from the needle follows the slowed spray
expansion and the more gradual decrease in the external
electric field in this range. The increase in speed for axial
positions far from the needle cannot be explained by this
approach,

The results of the numerical model (see Sect, 4) suggest
a mechanism responsible for the measured speed increase. The
model predicted an axial velocity increase beyond the spray
axial mid-plane. This was a result of a sign change in the axial
internal electric field. The magnitude of the foral axial electric
field actually increased near the plate due to this internal
electric field sign change. The sign change can be shown simply
by considering two limiting cases. In the limit of a point very
near the needle tip, all the droplets exist below this point and
the internal electric field must, therefore, be directed towards
the needle. In the limit of a point very near the plate, all the
droplets exist above this point and the internal electric field
must then be directed towards the plate.

An increase in axial velocity with approach to the plate
electrode has also been reported by Garan-Calvo et al. (1994)
for the cone-jet mode. Tang and Gomez (1994) also measure
droplet velocity in the cone-jet mode, but report a monotonic
decrease in the axial velocity with plate approach. Although
these authors also note a change in sign in the internal axial
electric field (as predicted from a comparison between the
experimental data and a semi-analytic external electric field), it
occurs too close to the production zone to influence the droplet
motion. The experimental parameters for the cone-jet modes
reported in these references are slightly different than this
work (lower applied voltage, lower flow rate, shorter needle-
to-plate distance, larger droplet diameter, greater magnitude of
the velocity, and different liquid properties), but the common
ground of charged droplet motion exists.

The radial and axial component droplet velocities acquired
using the PDPA are detailed in Figs 5a and 5b. These mea-
surements cover the near needle spray region axially up to
7 cm from the needle tip and radially to 3 cm from the spray
centerline for all axial positions and farther to 7 cm radial for
the 7 cm axial position. These figures show that the rapid
decrease in droplet speed with distance results primarily from
a decrease in the axial component of the droplet velocity. The
axial component exhibits the rapid decrease in magnitude in
the near-needle region followed by the gradual decrease farther
from the needle. The radial component exhibits a similar
decrease in the rate of change with axial position; however, in
this direction the velocity component is zero along the spray
centerline (by symmetry) and increases with radial position,
The form of the lateral velocity radial profile at the 5 mm axial
station indicates that the lateral velocity reaches a maximum at
some radial position and then decreases beyond this point.
Similarly, the form of the lateral external electric field exhibits
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a local maximum off of the centerline. This electric field
exhibits an off-centerline, local maximum for all axial posi-
tions, though the corresponding trend is not explicitly seen
in the remaining lateral velocity data.

The numerical model showed that, in fact, this trend will not
be seen in the remaining lateral velocity data. The internal
lateral electric field dominated the droplet motion after a small
radial distance (r ~ 2 cm), and this field continuously increased
(beyond a small initial radius) for the spray domain. This
increase in lateral internal electric field with radial position
follows analogously to the sign change in the axial direction as
the droplet number concentration decreases with radial posi-
tion beyond a small initial radius.

Tang and Gomez (1994) also report a near-field, off-axis
peak in the radial velocity profile. This peak does not dis-
appear, rather it continues into the far field, moving to
greater radial positions for increased axial positions. This work
also reported that the internal radial electric field has a con-
tinuous increase with radial position. The decrease in the radial
velocity profile while the internal electric field increases is not
explained.

In summary, the speed and velocity results show that the
EHD fine spray exhibits a source-like dispersion of droplets,
rapid velocity changes in the near needle region followed by
gradual changes farther from the needle, and that significant
internal electric field effects are present within the spray.

33

Droplet diameters

Droplet diameters were measured at the same locations as
the droplet component velocities using only the PDPA system.
The subject spray is inherently polydisperse with diameters 157
ranging from about I to about 30 um as shown in Fig. 6. The :
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Fig. 7. Number mean droplet diameter versus radial position

distributions show the actual data (dark columns) and the
corrected data (light columns) using an algorithm to adjust for
the diameter dependence on the measurement volume
{Aerometrics 1987). Here the four diameter distributions
show the persistence of the polydisperse nature through the
spray.

Figure 7 details the variation in the arithmetic mean droplet
diameter, Dy, for the 14 measurement stations investigated.
The curve-fits in this figure are intended only to clarify the
data, not to define trends between adjacent data. From this
figure a masked trend where the peak of the radial profile
moves radially outward with increasing axial position can be
seen, especially for the stations less than 7 cm from the needle.
The z=7.0 cm stations and the z=0.5, r=0 cm station ob-
scure conclusive trends, possibly due to electric field in-
duced droplet segregation and increases to the measured dia-
meters as a result of the production region, respectively. The
radial resolution is not sufficient to discriminate between
z=0.5 and z=1.0 cm at the r=1.0 cm position. It is sufficient
to show radial motion of the peak from these two station to the
2=3.0, r=3.0 cm station. This characteristic is seen for any
distribution diameter, e.g., the Sauter mean diameter (Dy,).
Other cases not presented in this paper show that the trend
becomes more apparent with an increase in the applied voltage
(Grace 1993). This is consistent with a spray expansion where
little intraspray mixing occurs, i.e., moving droplets across the
streaklines in Fig. 2.

It is difficult to draw particular conclusions about droplet
motion through the spray from this data, even though the data
is repeatable. It does not appear that droplet evaporation plays
a large role in the droplet diameter results. Indeed, tests
acquired at a single spray location for over 300 s from a dry
start (i.e., test cell evacuated of ethanol vapor) show identical
distributions for a given time increment anywhere within the
test period. The minimum time increment investigated was
20 s, which is many times shorter than the time between spray
start-up and data acquisition.
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Fig. 8. Droplet number concentration versus radial position
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Droplet number concentrations

The spray number concentration can be derived from three
sources. The PDPA system measures it directly, the PCSV
measures it indirectly (in this experiment), and it can be
estimated from the size and velocity data coupled with the
spray geometry in an order-of-magnitude sense. The last two
sources would seem to be unnecessary given the direct mea-
surement with the PDPA system. However, the number con-
centration results using the single component PDPA for
non-principle axis measurement stations* were not repeatable
from test to test, nor from station to station. As a result, ad-
ditional methods were used to supplement the PDPA results.
The velocity and diameter data were very repeatable through-
out the measurements,

Figure 8 shows the number concentration results of the
PDPA system as a function of radial position for the four axial
measurement stations. The curves in this figure again are
intended only to clarify the measurements positions rather
than to define continuous trends between the discrete data.
This is particularly obvious for the 7 cm axial stations where
the continuous trend indicated by the curve make little sense.
The results show that the number concentration generally
decreases with increasing radial position while decreasing with
axial distance from the needle as expected in an expanding
spray. The magnitude of this data indicates a number con-
centration that falls within the range indicated by the two
other sources considered, but does not match the high and low
values. The existence of an off-centerline peak in number
concentration that moves radially outward with increasing
axial position, akin to the masked trend in Fig. 7, has some
support, though it cannot be demonstrated effectively with the
present data.

The variation in spray number concentration can also be
approximated using the PCSV count rate and speed data

* Non-principle axis measurement stations refers to tests where the

PDPA orientation did not match the major spray direction, e.g., radial
measurements near the spray centerline,




through the simple algorithm C.R. = U 4§ n. Here C.R. refers to
the count rate, U the spray average droplet speed, n the spray
average droplet number concentration and AS the cross-
sectional area of the measurement volume. Though A4S is
implicitly a function of the droplet diameter and of the
discriminator setting, it can be estimated for the dynamic range
of the system’ (Insitec 1989). The speed data smoothly
progresses from near needle positions to the far field. Count rate
data also follows the smooth and predictable character of the
speed data, though it is not reported in this paper. Hence, the
variation in droplet number concentration is taken as regular
and predictable. The magnitude of the number concentrations
determined in this manner are slightly lower than but on the
same order as the other sources, being about 10* # /cc in the near
field and less than 10° #/cc in the very far field.

The number concentration also can be estimated using an
order of magnitude approach based on the spray geometry as
observed through flow visualization, the known mass flow rate,
and the average droplet velocity and diameter measured near
the needle. Approximating the spray as a cone near the needle
and considering the experimental data yields a droplet number
concentration on the order of 10'-10° #/cc in the near field.
The averaging property of this method reduces its applicability
to the far field.

Data presented by Snarski (1988) show centerline
concentrations in the near field of approximately 10° #/cc
which decrease to approximately 10* #/cc at the spray
periphery, also in the near field. Far field data does not exist in
this reference. Note that the ground electrode had a different
geometry than in this work, though all other experimental
conditions were identical.

In summary, all these sources support that the droplet
number concentration in the fine spray mode is ~10*-10°#/cc
in the near field down to ~10° #/cc in the far field.

3.5
Droplet size—velocity correlations
The following section considers the size-velocity correlation
drawn from the PDPA data. In this section, the correlation data
are presented along with the limitations necessary for data
interpretation. In addition, a physical interpretation of the
correlations based on the governing equations is developed.
The size-velocity correlation exponent, m, is derived from an
experimental curve-fit of the form V=d" and shown in Table
1 as a function of measurement location.® Additionally, the
linear correlation coefficient and the probability of linear fit are
presented. The linear correlation coefficient and the proba-
bility of linear fit relate the accuracy with which this equation
models the experimental data (Taylor 1982). This experi-
ment used from 4 to 15 points to generate a given correlation
curve, with a majority of the curves based on 8 to 10 points.
A probability of linear fit >85% is required for an indication
of a significant correlation.

* Note that discretization of this count rate algorithm into size-
dependent classes constitutes the intensity deconvolution algorithm,
the size measurement principle of the PCSV.

°The size-velocity correlations discussed in the work are all implicitly
size-velocity component correlations. The experimental data was
acquired using a single component PDPA.

Table | shows that a positive correlation exponent (m > 0)
exists everywhere in the measured domain, indicating that the
larger droplets move faster than small droplets throughout.
Two ranges of correlation exponent exist in this table: those
20.5 and those ~0.2. The high correlation values are re-
stricted to the near needle regions and along principle mea-
surement directions, i.e, in the axial direction on the spray
centerline and in the radial direction near the spray periphery,
Investigation of the average velocity increase over the diameter
range versus the rms velocity of that data set show that values
of m<0.2 do not indicate a detectable correlation. Hence,

a significant size-velocity correlation is assumed for positions
with a correlation exponent greater than 0.2, and a high
probability of linear fit.

A further examination of the raw correlation data shows
a constant rms velocity exists over the measured size range for
the measurement stations >2 ¢m from the needle tip. This
indicates that the forces governing droplet motion in this
region are similar for all droplets. If this constancy were not
true, the average correlation would have a greater uncertainty.

However, for the axial measurement station at (r=0,
z=5) mm and the radial measurement station at (r=10,
z="5) mm a size-velocity correlation plot shows a sigmoid
shape. These stations exhibit a bi-modal velocity distribution.
There is no correlation for very small droplets (<2 pm) and
for large droplets (>25 um). The rms velocity in the positive
correlation region shows a nearly constant ratio of rms velocity
to average velocity. The variation in rms velocity with position
indicates a more complicated forcing of droplet motion near
the generation point relative to that farther away. The sigmoid
correlation condition is short-lived as the droplets relax to the
far field trends very quickly. By the 10 mm axial station, the
droplets exhibit the nearly constant rms velocity and smooth
slopes as alluded to above. The time constants governing
droplet production (~ 1 ms) and droplet motion (~ 10 ms) are
consistent with this data (Grace and Dunn 1992b).

Additional information on the meaning of size-velocity
correlations can be gathered through analytic arguments. The
correlation can be described in terms of the forces acting on
the droplets by using the mobility equation,

Here Z is the electrical mobility, E the electric field intensity
and the subscripts on the terminal velocity, V. The electrical
mobility can be rewritten in terms of a droplet relaxation time,
7, and the charge-to-mass ratio, g/m, as

V'F,E, = {g‘ f] E
m

The charge-to-mass ratio and the relaxation time functionally
depend on the droplet diameter. A complete correlation re-
lationship can now be derived from the above equation by
expanding E into its internal and external components. The
external component does not depend on the droplet diameter,
while the internal component depends on the diameter
through the Coulombic equation. The correlation then, will
have two contributing terms as seen in the following ex-
pression where the internal and external fields account for
the first and second terms on the right-hand-side, respectively.

V’IiE’w(dZn‘fl%‘dn«;)
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Table 1. Size-Velocity correlation power-

law behavior Measure Axial Radial

station

[r, 2] mm fm] Linear Probability [m] Linear Probability
correl, of lin, fit Correl. of lin. fit
coeff, coeff,

(0, 05) 060 092 100 N/A N/A N/A

0, 1) 060 095 85 0.60 0.36 23

(0, 30} 0.14 0.66 75 0.05 0.36 30

(0, 70} 0.11 0.90 98 0.33 0.24 37

(0, 100) 0.17 093 99

{10, 05) 0.63 0.85 100 0.63 0.80 100

(10, 10} 0.53 0.89 106 0.73 0.96 100

(10, 30} 0.10 054 87 0.16 0.74 91

(10, 70) 0.06 0.75 96 0.19 0.87 96

(30, 05) 030 041 40 0.10 0.47 70

(30, 10) —0.01 0.00 ] 0.19 0.52 86

(30, 30) 0.27 0.88 97 0.27 0.88 97

(30, 70 0.09 0.81 7 0.05 0.52 85

(70, 70) 0.21 0.99 100 0.19 0.94 99

(100, 70) 0.18 0.78 96 0.20 0.98 100

Here n relates the droplet charge to diameter by (g~ d").” The
numerical model presented in this paper uses the maximum
entropy charge model where n=1 (Kelly 1984), See the last
paragraph in Sect. 4.1. Hence, this equation reduces to V., ~d.
Alternatively, using either the Rayleigh limit (Rayleigh 1882),
the most probable or the minimum energy models (Pfeifer and
Hendricks 1967), all of which have n=1.5, results in V,, ~
(d*+d"’). Neither charge relationship yields a correlation
that matches the data well.

It should be noted that a correlation exponent around m ~ 0.5
can result from a dominant external field and a charge model
with 7= 1.5. The measurement positions that correspond to this
value of m are found in the regions where the external field is, in
fact, much larger than the internal field. For conditions like
(r=1, z=1) cm where m=0.73, the internal field may act to
increase m. The internal field does influence the radial
expansion of the spray close to the needle, in regions where the
axial direction sees only the dominant external field. These
stations exhibit the sigmoid-type or relaxed sigmoid-type
correlations that have been shown above to reduce the certainty
of the correlation analysis. The decrease in m with increasing
distance from the source presently cannot be accounted for.

There is some evidence of a spatial segregation of droplets,
e.g, (Dunn et al. 1994 and Ganan-Calvo et al. 1994), probably
due to the electric field action. The influence of segregation on
the measured droplets parameters is not considered in this

paper.

4
Numerical model

A numerical model was developed that predicts droplet tra-
jectories within a monodisperse EHD fine spray by solving

"Note that the simple Coulombic expression for the internal electric
field holds as long as the relationship between charge and diameter
(g~4d") is the same for all diameters.

the steady state conservation and the steady state momentum
equations along with Gauss’s Law for the electrostatic po-
tential. This was similar, in general, to other aerosol models,
e.g., Filippov (1991, 1992). The model here utilizes finite dif-
ferences and the equations are written using the cylindrical
coordinate system with an Eulerian reference frame. The spray
is axisymmetric around the needle axis; hence, the model is
two dimensional (radial, r and azimuthal, z). A hyperbolic-
tangent grid transformation (Fletcher 1988) was used to greatly
reduce the required computation time while retaining the
accuracy necessary for the high spatial gradients in the
near-needle region.

The system of equations governing droplet motion in the
spray: the droplet momentum, the droplet number conse-
rvation and the droplet electric potential are, respectively:

6 -
(V'V)V:m {2-78 *10 ’ *d*(Eext+Eint)

+3nuVd + {1 +1iRe*)]
V.-NV=0

Vig= ‘&:@:N*ZJS +10 7% +d

& & &

Here, V is the droplet velocity, E,,, and E,,, the external and
internal electric fields, N the droplet number concentration,
¢ the droplet electric potential, p the liquid density of the
droplet, p, the space charge density (in units of charge per unit
volume of spray) and d the droplet diameter. These equations
are all in mksC units and the charge is evaluated using the
maximum entropy charge model. This model includes the
constant (2.78 10 "), which results from a ratio of Lagrange
multipliers used in the conservation equations for charge and
energy (—2/f=10"""]) multiplied by the permittivity of free
space and divided by the fundamental charge. Gravitational




forces are several orders of magnitude below the electric and
drag forces and are, therefore, neglected (Grace 1993).

4.1

Model assumptions

The assumption used in this model are: steady-state processes,
a negligible air velocity, a monodisperse diameter population,
a conserved droplet number and the maximum entropy charge
model. These assumptions are briefly evaluated in the fol-
lowing paragraphs.

The steady state assumption results from experimental
observations where the variation in SPC measurements from
test to test is less than 5% of the average. The variation within
an individual test (each ~ 150 s duration) is considered
negligible by the observed constancy in the spray video image
and the smooth increase in the probability density function
with measurement time.

The assumption of negligible air-phase velocity decouples
the droplet momentum equation from the air-phase mo-
mentum equation, greatly simplifying the model. This as-
sumption considers the spray to be dilute such that the
droplets act aerodynamically independent. An analysis by Soo
(1989) considers this condition to be true when droplets are
separated by more than the boundary layer thickness. Cal-
culation of the interparticle spacing based on the droplet
number concentration (separation ~n~ ') shows that the
droplets are, in fact, separated by several boundary layer
thicknesses. Additional analysis following the method of Fuchs
(1964), where the sum of the drag forces acting on the in-
dividual particles is compared to the drag force acting on the
spray as a cloud, shows that the cloud drag is larger for the
conditions in this spary. Therefore, again the particles are
assumed to act aerodynamically independent.

The droplet conservation is predicated on the assumption
that the droplets remain intact throughout the spray and are
not lost through its boundary. Droplets will not coalesce due to
their similar charges (Dunn and Snarski 1991), nor will they
pass through the boundary in appreciable numbers due to their
attraction to the electrically, grounded plate. Droplet dis-
ruption is not considered due to negligible aerodynamic
forces and low evaporation rates. A monodisperse droplet
population assumption makes the model computationally
practical.

The charge per droplet is calculated based on the maximum
entropy charge model where the charge is linearly related to
the droplet diameter (Kelly 1984). The validity of this model for
this particular spray has not been rigorously proven; however,
it has features, e.g., a diameter-dependent approach to the
Rayleigh limit, which suggest that it best models the spray
charging physics relative to other common charge models, e.g,,
Pfeifer and Hendricks (1967). In addition, True (1980) suc-
cessfully modeled an electrospray combustion plume using
this charge model and experimental evidence by Dunn and
Snarski (1992) suggest that this model best predicts the droplet
charge in the EHD fine spray.

4.2

Solution methods and boundary conditions

The solution method for the model is straightforward. The
momentum and conservation equations both use a spatial

marching technique and are solved in series. The electric
potential equation is then solved using the alternating
direction implicit {(ADI} simultaneous solution technique
(Press et al. 1989). The momentum equation is solved for

a velocity field, this then is input into the droplet conservation
equation which is solved for the spatial number concentration.
The number concentration is finally substituted into the
electric potential equation to solve for the internal electric field.
The total electric field is then calculated and resubstituted into
the momentum equation. This procedure is then repeated until
appropriate convergence is achieved. Generally, the solution to
the electric potential equation required 2500 iterations on

a 100 x 100 grid, while the resubstitution procedure required
30 iteration for convergence to less than 0.05%. Results cal-
culated using a 50 x 50 grid matched those of the 100 x 100
grid, though the latter allows for better far-field spatial re-
solution.

The velocity boundary conditions result from curve-fits to
the experimental data acquired along the radial line 5 mm
below the needle tip. The boundary location is selected because
it represents the experimental measurement station that is
nearest to the needle tip, but beyond the developing region for
a large part of the domain.

The droplet number concentration boundary condition is
a Gaussian boundary profile which decreases to less than 5% of
the centerline value at the experimentally measured spray
boundary. SPC flux measurements, converted to number con-
centration, and video data support the selected profile. The
magnitude of the centerline concentration and the model
diameter result from the experimental data. They were taken to
be 10°#/cc for a Dy =10 pum.

The electric potential equation is elliptic; hence, the bound-
ary conditions are specified on the entire surface surround-
ing the computational space. Due to the axisymmetric char-
acter of the spray, the computational space is a square with a
boundary along the spray centerline. The (North) boundary,
adjacent to the needle and parallel to the plate, uses a normal
derivative determined in a separate program that simulates the
spray as a static distribution of droplets based on experimental
observations (Grace 1993). The (South) boundary along the
plate is set to zero, the (West) boundary coinciding with the
spray centerline, i.e., along the needle axis, specifies a zero
normal derivative by symmetry, and, finally, the (East)
boundary is defined by the closure of the square and set to zero
(at infinity).

4.3

Droplet trajectories

Droplet trajectories are calculated from the converged
velocity field. Figure 9 provides an assessment of the model
through a comparison between the experimental trajectories
(those derived from the digitized video images) and the
numerical trajectories. Note that the digitized video images
do not explicitly isolate the 10 pm droplet population

(see Fig. 2). The spray boundary is also presented in Fig. 9
as determined from experimental data and numerical
results. The numerical spray boundary is determined by the
radial position where the droplet number concentration
decreases to less than 5% of the centerline value at the grid
origin.
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Fig. 9. Comparison between numerical and experimental droplet
trajectories and spray boundary (10 um droplets)

Figure 9 shows that the model has good qualitative
agreement with the experiment. The numerical trajectories
capture the expansion of the spray and the plate-ward
trajectories far from the needle in the axial direction. The
numerical trajectories less than z~ 13 cm show excellent
agreement with the video image trajectories. The numerical
trajectories in the near needle region (z> 16) cm under predict
the spray curvature, but capture the curvature far from the
needle. This figure shows that the numerical spray boundary
closely follows the experimental spray boundary. Note that
experimental trajectories calculated without an internal electric
field (using only the external electric field) do not exhibit any
noticeable radial expansion; indicating the role of the internal
radial electric field in the spray (Grace 1993).

4.4

Droplet velocity

The numerical velocity results are compared to the experi-
mental data in Figs. 10a,b. Both figures present only the near-
field results of the numerical model. The far-field trends,
e.g., the increase in the axial velocity component and the con-
tinuous increase in the radial velocity component, do not fit the
scale of the experimental data.

The salient characteristics of the radial velocity component
(Fig. 10a) are a maximum velocity located off-axis in the near
field that moves radially from the centerline with increasing
axial distance and a nearly constant, high velocity in the far
field. The axial velocity component (Fig. 10b) exhibits a rapid
decrease in both increasing radial and axial directions near the
needle followed by a more gradual decrease in both directions
with increasing distance from the needle.

The numerical velocities qualitatively capture the charac-
teristic droplet motion in the spray. Quantitatively, the mag-
nitudes differ appreciably from the experimental data. This
difference is probably the result of a negligible air-phase
velocity assumption. Though this assumption had merit, and
has been used in other modelling {e.g., True 1980 and Gagan-
Calvo et al. 1994) it probably does not reflect the actual spray.
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Fig. 10. a Comparison of experimental and numerical radial velocity
versus radial position; b comparison of experimental and numerical
axial velocity versus radial position

In fact, Gafian-Calvo, et al. (1994) report a numerical under
prediction of the experimental data and propose that the
discrepancy is due to entrainment, Tang and Gomez (1994)
experimentally measure the entrained air velocity along their
spray centerline using seed particles. These results indicate an
air velocity from 10% to 30% of the local droplet velocity. Work
on adapting the model to consider this two-phase flow
situation is in progress.

5

Conclusions

The droplet behavior within an EHD fine spray has been
characterized for the first time through a combined exper-
imental and numerical study of the spray. Laser light-

sheet visualizations of the droplets within the spray have
shown that the spray expands uniformly and rapidly, with little
crossing of droplet streaklines. In situ laser diagnostic mea-
surements have provided more detailed information on droplet
diameters, number concentrations, speeds, axial and radial
velocity components and their correlations with diameter
throughout the spray.




Droplet speeds were found to decrease rapidly with in-
creasing axial distance from the capillary and then to in-
crease beyond the spray’s axial mid-plane. Droplet axial velocity
components behaved similarly. The radial velocity compo-
nents had maximum values off of the spray’s centerline in the
near-capillary region, and farther away from the capi-
llary, they increased monotonically with increasing radial
position.

All of these measured droplet speed and velocity component
trends were verified by a numerical simulation of the spray.
The observed increase in the droplet’s speed and axial velocity
component was shown to be the result of a change in sign of
the axial internal electric field. The recorded droplet radial
velocity component behavior in the near-capillary region
was found to be governed primarily by the external electric
field and by the internal electric field farther away from the
capillary.

These findings for the EHD fine spray mode collectively
underscore the dominant role of the external electric field in
the near-capillary region and of the internal electric field
farther away.
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