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Experiments were conducted to determine the operational characteristics of an electrostatic 
device that dispenses micrometer-size particles continuously without the use of a carrier gas. 
The dispenser's operational performance was determined under different operating conditions 
based upon four independent experimental variables: the environmental pressure in which the 
dispenser was operated, its interelectrode spacing, the applied voltage, and the type of particle 
used. Measurements were made of the dispenser's operating current and voltage, particle mass 
dispensing efficiency, and dispensed particle mass flow rate, current, and velocity. An increase 
in the strength of the dispenser's internal electric field was found to produce an increase in 
operating current and dispensed particle velocity, current, and mass flow rate. The measured 
average charge acquired by a particle and the particle average velocity under vacuum 
conditions were predicted using single particle theory. AU temporal measurements ofthe 
dispensed particle mass were correlated nondimensionally, independent of the particle type, 
interelectrode spacing, and applied voltage. The dispensing efficiency under atmospheric 
conditions, when expressed as a function of the strength of the internal electric field above the 
minimum field required for particle levitation against gravity, was shown to be independent of 
particle type. 

I. iNTRODUCTION 

This paper presents the results of experiments and ana
lytical studies conducted to characterize the operational per
formance of a laboratory-scale electrostatic powder dispens
er' (EPD). This device continuously dispenses solid, 
micrometer-size particles at a high efficiency under either 
atmospheric or vacuum conditions without the use of a car
rier gas or any mechanically moving parts. There are many 
potential applications for such a device, from the terrestrial 
applications of electrostatically controlled particle igniters 
(Yu and Colverl

), laboratory particle generators for cali
bration and testing, and particle transport devices, to the 
space applications of hypervelocity particle accelerators 
(Shelton, Hendricks, and Wuerker2

), material transporters, 
and low-level thrusters. 

This means of particle generation is based upon the prin
cipIes of electrostatic particle levitation and transport Ben
jamin} reported the first use of these processes by Andrew 
Gordon in 1742 to produce the chiming of bells. Benjamin 
Franklin4 later used this chiming technique to detect the 
presence of electrified clouds associated with thunder
storms. It was not until 200 years later, however, that de
tailed studies were undertaken to analyze the physical mech
anisms behind these phenomena. 

Studies conducted within the past 30 years specifically 
have been related to particle electrostatic charging, removal 
from surfaces, and transport. The contact charging of 
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spherical, micrometer-size (0.3-15 p.rn diameter), conduct
ing, semiconducting, and dielectric particles has been experi
mentally investigated by Cho.s Colver6 reported the results 
of analytical and experimental studies on the electrical 
charging of dielectric and metallic micrometer-size (29-
4760,um diameter) particles while in stationary or dynamic 
contact with a charged wall. 

Myazdrikov and Puzanov 7 have conducted experiments 
on the effect of surface adhesion on the electrostatic removal 
of particles from surfaces, whereas Cooper, Wolfe, and Mill
ers and Cooper and Wolfe9 have studied, analytically and 
experimentally, the electrostatic removal of particle singlets 
and doublets from conductive surfaces. Most recently, No
vick. Hummer, and Dunn 10 have reported the results of ex
periments and an analytical model for the electrostatic re
moval of micrometer-size particles from a layer of particles 
residing on a conductive surface. 

The electrostatic dispersion of particles at hyperveloci
ties of the order of km/s has been studied by Shelton, Hen
dricks, and Wuerker.2 Adamo and Nanevicz ll were the first 
to develop an electrostatic device capable of continuously 
dispensing bulk powder as micrometer-size particles in a 
vacuum. More recently, Olansen 12 has conducted experi
ments to characterize the operational performance of an 
EPD, the design of which was adapted from that of Adamo 
and Nanevicz. 11 

These studies indicate that the parameters that signifi
cantly affect the dispenser's operational performance are the 
environmental pressure in which the dispenser is operated, 
its interelectrode spacing and applied voltage (hence, its in
ternal electric field strength) and the diameter and density of 
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the particles are used. These factors dominate when particles 
with diameters greater than approximately 10 j-tm are dis
pensed electrostatically, where the adhesion force between 
the particles and their initial residing surface is negligible. 

The primary purposes of this paper are to describe the 
operational performance of the EPD in terms of these pa
rameters and to ascertain the utility of single-particle theory 
in predicting the experimental results. This paper correlates 
measurements of the dispenser's operating current and vol
tage, dispensing efficiency, and dispensed particle mass flow 
rate, current, and velocity as a function of environmental 
pressure, interelectrode spacing of the dispenser, applied 
voltage, and particle diameter and density. Where appropri
ate, these results are nondimensionalized or evaluated in 
terms of theory. The results reported herein are the first in 
the literature on the operational characteristics of a device of 
this nature. 

II. THEORETICAL BACKGROUND 

The design and operation of an electrostatic powder dis
penser as shown in Fig. 1 is based upon the principles of the 
electrostatic levitation and transport of particles. In this de
vice, powder is placed upon (or continually supplied to) the 
top of its center electrode. A potential difference is applied 
between the center and outer (electrically grounded) elec
trodes, thereby establishing an internal electric field. A 
charge on the particles residing on the center electrode is 
acquired by induction. If the field strength is sufficient, the 
particles are removed from the center copper electrode and 
travel to the upper, outer electrode. Upon reaching this elec
trode, an opposite charge is induced on the particles and they 
subsequently travel back to the center electrode. The upper 
electrode is shaped so that as this process repeats itself, the 
particles traverse radially outward until they eventually pass 
through the screen into the lower chamber. After doing so, 
the particles are focused over the exit orifice by the shape of 
the lower electrode and are subsequently dispensed from the 
device. The slanted configurations of the upper and lower 
stainless-steel electrodes produce a nonuniform electric field 
that focuses the particles over the screen and eventually the 
exit orifice, 

A goal of this study is to develop an analytical model for 
this device that relates the device's operating characteristics 

18cm 

to its design and operating parameters. Specifically, a suc
cessful model would relate the minimum electric field re
quired initially to levitate the particles, the particle charge 
and velocity, total particle current and power required for 
steady-state operation to the environmental pressure in 
which the dispenser was operated, its interelectrode spacing 
and applied voltage, and the type of particle used. 

At present, it is difficult to develop such a model, pri
marily because of the complexity introduced by the multiply 
oriented electrode surfaces and internal electric field inside 
the device. To date, the theory describing the operational 
performance of such a device has geen given only in terms of 
the steady-state behavior of a single particle within a paral
lel-plate capacitor geometry (Adamo and Nanevicz, 11 Cho,5 

and Colver6
). This single-particle theory approach, how

ever, has been sufficient to describe many of the experimen
tal results of these studies within reasonable agreement. 

Single-particle theory is a good approximation to actual 
particle behavior inside an EPD for several reasons. First, all 
of the significant governing parameters are considered in the 
theory. Second, the internal electrode walls of an EPD are 
nearly paranel, which is assumed in the theory. FinaHy, typi
cal particle number concentrations inside an EPD are on the 
order of lOJ/cm3 (depending on particle size), and the 
"mean free path" of a particle traveling inside an EPD under 
typical operating conditions is on the order of the spacing 
between the electrodes, Consequently, the number of parti
cle-particle collisions inside the device are negligible, which 
also is assumed in the theory. 

For a single particle in a parallel-plate capacitor ar
rangement, estimates of the charge that the particle acquires 
depends upon several assumptions. For the case of a single, 
conductive particle in a uniform electric field, the total 
charge induced on the particle as it is separated from contact 
with a conductive surface is given by (Shelton, Hendricks, 
and Wuerker,2 Adamo and Nanevicz, II Cho,s Myazdrikov 
and Puzanov 7 ) 

q = 7J3Eo D 2 E /6 

= 1.651TEoD 2E, (1) 

whereE = V Id,electricfieldstrength (V /m),D = thepar
tide diameter (m), d = the interelectrode spacing (m), 

~I-L 
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FIG. 1. Schematic of the EPD. 
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v = the applied voltage (V), and €o = the permittivity of 
free space (8.85 X 10- [2 F 1m). This expression for particle 
charge is useful only in determining the electrostatic force on 
the particle in a uniform electric field (where Fe = qE), not 
while the particle is residing on a conductive surface. The 
expression for the charge that a particle can acquire for the 
case of a single isolated conductive particle residing on an 
infinite conductive plane is given by (Novick, Hummer, and 
Dunn lO

) 

q = l.37rrEoD2g (2) 

In order to detennine the force required to remove the 
particle from a conductive surface, it is necessary to consider 
the effect ofthe surfaces contacting and adjacent to the parti
cle on its surface charge distribution. Inside an EPD, particle 
motion will initiate when the particle acquires a charge that 
is sufficient to levitate itself against gravity and adhesion 
from the particle reservoir. If the particles are sufficiently 
large, with diameters greater than approximately 10 p,m, 
particle adhesion may be assumed to be negligible. Conse
quently, for larger particles, the charge must only be suffi
cient enough to anow the electrostatic forces to levitate the 
particle against gravity. 

If the particle is surrounded by neighboring particles, 
the surface charge distribution will be less. Novick, Hum
mer, and Dunn I i have shown that a surface charge distribu
tion of approximately one-half of that expected for an isolat
ed particle [given by Eq. (2) J accurately describes and 
predicts the minimum electric field strength required to levi
tate the particles in a powder layer against gravity. Their 
data and analysis show that the minimum electric field 
strength required to levitate particles is given by 

E=5.21X105 (pD)1i2, (3) 

where D in their analysis represents the particle mass median 
diameter. 

After levitation, the overall motion of the charged parti
cles produces an electrical current. There are two particle 
currents that result from two possible current pathways, as 
shown in Fig. 2. These are the current carried from the EPD 
by the particles lp and the current lost to electrical ground 
inside the EPD Ig because of the charge transfer that occurs 
during each particle collision with a ground electrode. 

With the total number of particles n contained in a mass 
M of powder with density p being 

n = 6M i1rD 3p, (4) 

the total charge carried from the EPD by this mass of dis
pensed powder becomes 

Q= qn = rMcc V IDpd 

= 8.22MEo V IDpd. (5) 

In these two equations, it is implicitly assumed that the parti~ 
cle size distribution is monodisperse, where the particle di
ameter of average area D 20 and the diameter of average mass 
D30 are denoted by D. If the particle size distribution is poly
disperse, then D is replaced in Eq. (4) by the diameter of 
average mass and in Eq. (5) by the diameter of average area. 
This yields 
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FIG. 2, Schematic of the experimental setup, 

Q = (8.22Mco V )(D ~o). 
pd D3U 

(6) 

The current Ip ( = Q It) carried from the EPD by the 
exiting particles becomes 

I = (8.22M€o V)(D~o), (7) 
P tpd D ~o 

where t denotes time. Further, if each parti.cle collides N 
times with the ground electrodes before it exits and there is a 
charge transfer of2q to a ground electrode during each colli
sion, the ground current can be expressed as 

Ig = 2QN It. (8) 

The average number of total collisions or bounces N, that 
each particle makes with either electrode before it exits the 
EPD is determined by dividing the ground current 19 by 
twice the particle current Ip or 

N = Ig/2Ip. (9) 

The factor of 2 is present in Eq. (9) because the ground 
current represents the charge transfer per collision. This 
method of determining the number of particle bounces as
sumes no particle-particle collisions during transit between 
the electrodes. 

Using this information, the power required for steady
state operation ofthe EPD can be determined. This is given 
as the product of the applied voltage and total current. Un
der these conditions, the power required to dispense a mass 
M of powder can be expressed as 

P = IV = Up + 19) V = (VQ ItH 1 + 2N). (10) 

However, because typically 2N',> 1, the total current can be 
approximated by the ground current, therefore, the power 
required to dispense a mass of powder becomes 

p= (16.44M€o V2N) (D~o ). (11) 

tpd D~o I 
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Different expressions for the average velocity !J of a par
ticle exiting the EPD can be determined depending upon the 
environmental pressure in which the EPD is operated. Un
der vacuum conditions, assuming no particle collisions, the 
conservation of energy equation for the particle yields 

( 
2Eor?V2 )112 

V = , 2 + 2gh , 
(D 30lD2o )pd 

(12) 

where h is the height from the last surface (usually the bot
tom surface of the center electrode) to the point where the 
velocity is determined (usually several cm directly below the 
EPD's exit orifice). This equation can be solved directly for 
the average particle velocity. Under atmospheric conditions, 
there is an additional force, a drag force, that acts upon the 
particles. Thus, Eq. (12) is rewritten to arrive at 

( 
2Eo""zV2 12FDh )1/2 

v= +2gh---
3 2 " CD 30lD 20 )pd 1TpD ~[) 

(13) 

where FD is the drag force on the particle. This equation 
must be solved numerically because the drag force depends 
upon the particle velocity. A more detailed analysis of these 
equations is presented by Oiansen. [2 

III. EXPERIMENTAL INVESTIGATION 

A cross-sectional view of the laboratory-scale EPD used 
in the present study is shown in Fig. 1. The electrode wan 
angles a, {3, and r shown in the figure are 10", 5.4°, and 8.2", 
respectively. A schematic of the experimental configuration 
is shown in Fig. 2. 

A potential difference between the center and outer elec
trodes is achieved by applying a high voltage to the center 
copper electrode while grounding the two stainless steel out
er electrodes. The center electrode consisted of a 2-mm
mesh copper screen supporting a 8.25-cm-diam copper plate 
upon which the powder initially resided. The stainless-steel 
electrodes were each 1.27 em thick at the outer edge. Delrin 
and plexiglas rings of various thicknesses were used to 
achieve the variable interelectrode spacings that were re
quired for the present experiments. 

As indicated by single-particle theory, the primary vari
ables expected to determine the operational characteristics 
of the EPD are the particle type, the voltage applied to the 
EPD, the interelectrode spacing of the EPD, and the envir
onmental pressure in which the EPD was operated. The val
ues of these independent variables used in the present study 
are presented in Table 1. 

A number of different materials and particle sizes were 
used in this study in order to generalize the operational char
acteristics ofthe dispenser as much as possible. However, the 
majority of experiments were conducted using three differ
ent particles as noted in Table I. This was because the parti
cle type had to be restricted to spherical particles for velocity 
measurements using the PDP A system and also because the
ory suggested a strong dependency on particle size and den
sity. Two types of spherical stainless steel particles [Duke 
Scientific, Type 410, Catalog No. 435, Lot No. 7791 (10-60 
j.lm diameter) and Type 316, Catalog No. 436, Lot No. 8335 
( 60-125 J.1.m diameter)] were chosen to elucidate the effect 
of particle diameter on the EPD performance. Silver-coated 

6101 J. Appl. Phys., Vol. 66, No. 12, 15 December 1989 

TABLE 1. Experimental independent variables. 

Primary materials: 
Type 410 stainless steel (1~60 /Lm) 
Type 316 stainless steel (6~ 125 lIm) 
Silver-coated hollow glass (10-100 ,urn) 

Interelectrode spacing: 
1.27 em 
1.905 em 
2054 em 
3.175 em 

Applied voltage: 
4 voltages per spacing: 

l.27-em spacing 5.0, 6.5, 8.0, 905 kV 
1.905-cm spacing 7.5,9.75,1200,14.25 kV 
2.54-cm spacing 10.0,13.0,16.0,19.0 kV 
3.175-cm spacing 12.5, 16.25,20.0,23.75 kV 

Operatil:.g pressure: 
Atmospheric 
Vacuum « 9x 10- 5 Torr) 

hollow glass microspheres [P.A. Industries, Metalite Silver, 
SF -14 ( 10-100 pm diameter) ] were chosen so that particles 
similar in size to the stainless steel particles but with a differ
ent density could be studied. The additional types of parti
cles, summarized in Table II, with diameters ranging from 
approximately 10-200 j.lm, were used in some of the experi
ments to provide supplementary datao 

The majority of atmospheric tests for this research were 
conducted in an open-air arrangement, whereas several at
mospheric and an of the vacuum tests were performed inside 
of a large stainless-steel vacuum tank. This tank was cylin
drical in shape with a 76.2 cm (30 in.) diameter and 152.4 
cm (60 in.) length and had a volume of 24.5 cubic feet. A 
pumping system, consisting of two mechanical roughing 
pumps (a Heraeus-Englehard Model E-135 and an Edwards 
Model E2M12) and an Edwards Model 160M Diffstak dif
fusion pump, was used to produce a vacuum on the order of 
10-.5 Torr. 

In order to dispense the particles that were placed inside 
the EPD on the copper plate, a high voltage on the order of 
several kV was applied to the center electrode. A Glassman 
high voltage power supply, Series PH, Model PSI 
PH050N60-X18, was utilized for this purpose. It provided a 
continuous adjustable output voltage from 0 to 50 kV at 
currents up to 60 rnA. 

The particles that were emitted from the EPD were col
lected on an electrically isolated plate or pan at least approxi
mately 25 cm below the EPD exit. The plate was connected 
electrically through a relay switch to a Keithley Model 617 
programmable electrometer which measured the current 
carried from the EPD by the particles. The purpose of the 
relay switch was to enable the electrometer to read both the 
effluent particle current described above and the current lost 
to ground by particle collision with the ground electrodes 
inside the EPD. For experiments conducted in open air, a 
copper plate was set on a Sartorius electronic balance, Model 
E 8100 P, to measure the accumulated particle weight dis
pensed by the EPD. 

The dispensed particle velocity measurements on the 
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spherical particles listed in Table I were acquired using a 
phase Doppler particle analyzer (PDPA) designed and 
manufactured by Aerometrics, Inc. (Bachalo and 
House(13

). The PDP A system operates under the same prin
ciple as a typical laser Doppler velocimeter system with one 
additional feature; it uses three photodetectors instead of 
one. This enables both the particle diameter and velocity to 
be determined from the light scattered off of spherical drop
lets or particles. Because spherical, opaque particles were 
used in this set of experiments, only the reflected light scat
tered from the particles was collected. For the open-air tests, 
the PDP A system was set up to receive light in the 30° for
ward scatter mode. For the tests conducted in the vacuum 
tank, the 90' side scatter receiver configuration was utilized. 

The dispensed particle velocity measurements on the 
nonspherical test powders listed in Table II were made using 
a particle counter-sizer-velocimeter (PCSV) designed and 
manufactured by Insitec (Halve and Annen 14). The PCSV 
is basically a single particle counting system that utilizes one 
focused laser beam. Absolute particle concentration, size 
distribution, and speeds are determined from the intensities 
and widths of the scattered light pulses using an intensity 
deconvolution algorithm. In this set of experiments, the scat
tered light was collected 3.60 off axis in the forward scatter 
mode. 

For all of the experiments conducted, the operating pa
rameters and several of the output test variables were moni
tored using the National Instruments LabVIEW software 
data acquisition package and a Macintosh II computer. 
Data were acquired from a serial port and from an IEEE bus 
port. These ports were used for recording the accumulated 
effluent particle mass data (via an RS-232 serial port) the 
dispensed particle, and particle lost-to-ground currents (via 
an IEEE bus port). Typically, data were acquired at a sam
ple rate of one set per second for a duration from approxi
mately 30-300 s. 

The parameters that were measured or determined di-

TABLE II. Additional materials. 

Particle type 

Silver-coated hollow 
glass microspheres 
(Ag SF-44) 

Brass microspheres 
(brass) 

Copper dust 
(Cu dust) 

Copper-coated hollow 
glass microspheres 
(eu SG) 

Zinc powder 
(Zinc) 

Density 
(kg/m') 

850 

9404 

9977 

825 

7140 

Mass median 
diam (,urn) 

31.5 

135 

12.0 

90 

14.5 
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rectly from the measurements described above induded the 
EPD's minimum voltage for particle levitation, its dispens
ing efficiency and dispensed particle mass flow rate, the par
ticle current carried from the EPD, the particle current lost 
to ground inside the EPD, the particle average exit velocity, 
and the EPD's power requirement. 

IV. RESUL T5 AND DISCUSSION 

The experimental results that characterize the perfor
mance of the EPD and its output are described and dis
cussed. First, the results of experiments conducted to deter
mine the minimum voltage required for particle levitation 
inside the EPD are presented. Second, the experimental re
sults regarding the dispensed particle mass flow rate, dis
pensed particle current, particle current lost to ground, and 
dispensed particle velocity as a function of the EPD operat
ing parameters are considered. Finally, experimental results 
of the dispensing efficiency of the EPD are presented. 

A. Minimum threshold voltage 

In the first series of experiments, data were obtained to 
determine the minimum voltage required to levitate particles 
inside the EPD. Above this minimum threshold voltage, the 
electrostatic force on the particles in the top layer of the 
powder bed of the EPD becomes greater than the combined 
forces of gravity and adhesion. The particles thereby obtain 
motion towards the upper electrode. Novick, Hummer, and 
Dunn II have reported the functional dependence of the min
imum electric field required for levitation on the diameter 
and density of the particles used. Assuming that the force 
due to adhesion is negligible, as shown for particles greater 
than approximately 10 j..tm in diameter in their study, their 
particle force balance yielded a minimum applied electric 
field given by Eq. (3), where the electrostatic force on each 
particle equaled 0,68 1T€oD 2 E 2. 

A plot of the minimum electric field versus (pD) 1/2 for 
the present experiments obtained under both vacuum and 
atmospheric conditions using all of the materials listed in 
Tables I and II is shown in Fig. 3. A least-square fit of this 
data yielded E = [0.915 + 3.99(pD) 1/2] X 105

, which is 
shown by a dashed line in the figure. These results are consis
tent with those of Novick, Hummer, and Dunn,ll where a 
least-square fit of their data yielded 
E= [0.362 + 4.85(pD)1/2] X 105

, which is shown by a solid 
line in the figure. It appears that for the smaller, lower den
sity particles, a somewhat higher electric field strength 
above that found under vacuum conditions is required when 
the EPD is operated under atmospheric conditions. This is 
probably due to the effect of humidity in the air, which can 
increase particle adhesion. Humidity in the atmospheric 
cases also contributes to charge leakage from the surface of 
the particles to ions present in the air. This current leakage 
was measured to be from 0.01 to 10 f-tA over the range of 
electric field strengths from 0 to 8 k V / cm. It can be conclud
ed that the minimum electric field under atmospheric or 
vacuum conditions needed to levitate particles greater than 
approximately 1O.um in diameter in an electric field can be 
predicted well using Eq. (3). 
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FIG. 3. Minimum electric field for particle levitation. 

80 Dispensed mass flow rate 

Another series of tests were performed using the materi
als listed in Table I to determine the dispensed mass flow rate 
as a function of the independent experimental variables. The 
dispensed mass flow rate is defined as the mass of powder 
emitted from the EPD per unit time. These tests were con
ducted in the epen-air atmosphere so that the Sartorius bal
ance could be used to acquire mass flow rate data. A typical 
result is shown in Fig. 4, where the accumulated mass of 
stainless-steel (Type 316) microspheres ejected from the 
EPD under atmospheric conditions is plotted versus time for 
the case of an lnterelectrode spacing of 2.54 cm and an elec
tric field strength of 5.12 kV /cm. The results for all three 
types of particles tested at the four different interelectrode 
spacings were similar and showed that as the applied voltage 
increased for a particular interelectrode spacing (up to the 
point where arcing occurred between the electrodes) the dis
pensed particle mass flow rate also increased. 

The mass flow rate of particles ejected from the EPD 
was found to depend upon particle density. For the two types 
of stainless-steel particles tested under the same operating 
conditions, the mass flow rates for the Type 410 particles 
with greater density (8000 kg/m3) were approximately 
10% greater than the Type 316 ones with lesser density 
(7700 kg/m3). The results of the silver-coated microsphere 
tests further showed a more noticeable effect of particle den
sity on the mass flow rate. Although the volumetric flow rate 
for the silver microspheres was greater than that for either of 
the stainless steel particle cases, its dispensed mass flow rate 
was an order of magnitude less. This was consistent with the 
difference in particle density between the two materials (850 
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FIG. 4. Stainless-steel microsphere (Type 316) ground and dispensed par
ticle currents and ejected mass (atmosphere, E = 5.12 k V /em, d = 2.54 
cm). 

vs 8000 kg/mJ for the silver-coated and the Type 410 stain
less-steel particles, respectively). The effects of voltage and 
interelectrode spacing, although evident, were not as promi
nent for the silver-coated microsphere test cases. This is 
probably because a much weaker electric field strength was 
required to levitate these particles as compared to the stain
less steel particles. 

The dispensed mass flow rate was found to depend also 
on the interelectrode spacing of the EPD. As the spacing was 
increased, the mass flow rate increased as well for the same 
electric field strength. The ejected stainless steel (Type 410) 
particle mass versus time is plotted as a function of the elec
tric field strength in Fig, 5. For each of the three electric field 
strength cases on this plot, there are three distinct curves. 
The slopes of these curves represent the mass flow rates ob
tained at the different interelectrode spacings. The higher 
mass flow rates were obtained at the large interelectrode 
spacings for each of the electric field strength cases shown. 

Ideally, for a parallel-plate capacitor arrangement, all 
curves of the mass flow data would collapse onto one curve 
for each electric field strength. It is postulated that this 
would not occur in these tests because of the nonuniform 
electrode geometry of the EPD. However, at the higher elec
tric fields and larger interelectrode spacings, it can be seen 
that the data approach a limit that can be represented by one 
curve. This limit is presumed to occur when the electric field 
between electrodes becomes predominantly two dimension
al. It is apparent that at the lowest interelectrode spacing, 
1.27 cm, the nonuniform geometry of the upper and lower 
electrodes is such that this did not occur. However, as this 
interelectrode distance is increased, the nonuniform geome-
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d (em) E (kV/cm) d(cm) 

D 1 .27 3.94 lIB 2.54 
e 1.27 5.12 ~ 2.54 
+ 1 .21 6.30 M 2.54 
a 1 .905 3.94 III 3.175 
.& 1.905 5.12 '" 3.175 
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FIG. 5. Stainiessosteel microsphere (Type 410) ejected mass for various 
electric field strengths (atmosphere). 

try of the electrode becomes less important and apparently 
the electric field becomes more two dimensional. 

These temporal measurements of the dispensed particle 
mass also could be correlated nondimensionalIy, indepen~ 
dent of the particle type, interelectrode spacing and applied 
voltage. This was accomplished by postulating that the efflu
ent mass flow rate was directly proportional to the particle 
mass present in the center electrode particle reservoir. This 
implied that the total particle mass accumulated on the cop
per collection plate below the EPD exit at any given time mp 

was related to the final accumulated mass mf by the expres
sion 

(14) 

where 7 is the time at which 11 e of the total particle mass has 
been conected on the plate. 'T represents the physical time 
constant of this first-order system, which can be related to 
other experimental variables using Eq. (4): 

'T = 6mJh1TpD ~o, (15) 

where mj represents initial mass ofpaticles in the reservoir 
and h the particles per second leaving the reservoir. Since no 
model exists at present for predicting n, each value of 7 must 
be determined empirically. The acquired data expressed in 
this format are shown for the case of the stainless-steel (Type 
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410) particles in Fig. 6 for the three electric fields (3.94, 
5.12, and 6.30 kV lem) and two interelectrode spacings 
(1.27 and 2.54 em) investigated. Although there is some 
minor variance in the data as the accumulated mass ap
proaches the final mass, there is no consistent dependency 
on the electric field or interelectrode spacing. Similar results 
were obtained for the other two particle types examined. 

Average mass flow rate data in all tests were obtained 
also to allow for comparison between the atmospheric and 
vacuum cases. The average mass flow rate for all tests was 
determined by dividing the total mass collected by the total 
dispensing time. From the results, for all three patic1e cases 
under both atmospheric and vacuum conditions, the mass 
flow rate was found to be independent of the two pressures 
tested. 

C. Particle current lost to ground 

Measurements of the ground current were made using 
the materials listed in both Tables I and II; however, only 
those listed in Table I were tested extensively under both 
atmospheric and vacuum conditions for various interelec
trode spacings. The ground current versus time for the case 
of the stainless-steel (Type 316) microspheres in atmo~ 
sphere also is shown in Fig. 4. These results were typical of 
those obtained using the other particle types. They clearly 
revealed that as the electric field strength was increased, the 
current lost to ground increased significantly. This is attrib
uted directly to the increase in charge on each particle [as 
shown by Eqs. ( 1 ), (5), and (8) ] as well as to the increase in 
the number of particles that were oscillating inside the EPD, 
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FIG. 6. Stainless-steel microsphere (Type 410) nondimensional ejected 
mass for various electric field strengths and electrode spacings (atmo
sphere). 
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which occurred as a result of the increase in mass flow rate 
with increasing electric field strength. For a given volume of 
powder, the EPD dispensed aU of the supplied particles in 
less time as the applied voltage was increased. This implied 
that the mass flow rate increases as the voltage is increased 
(subject to arcing limitations). For the lowest applied vol
tage case examined (5.0 kV), the particle mass flow rate was 
low enough to achieve steady-state operation over a duration 
of approximately 35 s for 2 cm3 of stainless-steel particles. 

The effect of inter electrode spacing on the current lost 
to ground during EPD operation under atmospheric condi
tions was also investigated. The magnitude of the ground 
current for a constant electric field strength was found to 
increase with interelectrode spacing for all electric field cases 
examined. This effect can be explained by Eqo (8) only if the 
number of particles levitated per unit time increases with 
interelectrode spacing or if the number of bounces increases. 
Because the approximate percentage increase was the same 
as that percentage increase found for the mass flow rate (as 
the interelectrode spacing was increased while maintaining 
the same electric field strength), this behavior is consistent 
with the expectation that the ground current is directly pro
portional to the mass flow rate. It is also important to note 
that for a given amount of material, the duration of particle 
motion, as indicated by the ground current, was shorter for 
the 2.54 cm interelectrode spacing than for the 1.27 cm inter
electrode spacing. This is a result of the mass flow rate being 
proportional to the interelectrode spacing for a similar elec
tric field strength. Under vacuum conditions, this depen
dence on the interelectrode spacing was found to be similar. 
The most noticeable difference between the atmospheric and 
vacuum cases was that the magnitude of the ground current 
under vacuum conditions was greater for the same electric 
field strength and interelectrode spacing by approximately 
150% to 200%. This is attributed to the presence of charge 
leakage that occurs under atmospheric conditions, as pre
viously discussed. 

The effect of particle material type on the ground cur
rent is best seen by examining the results of vacuum tests 
conducted using both the silver-coated and stainless-steel 
(Type 410) particles. These are shown in Figs. 7(a) and 
7(b), respectively. These results reveal a significant effect of 
particle material type. The two most obvious differences in 
these results are the maximum amplitudes and durations of 
the ground currents. The silver-coated microspheres pro
duced a ground current a full order of magnitUde greater 
than the stainless steel particles. This was expected based on 
Eqs. (5) and (8), which predict that the ground current is 
inversely related to the material density. Because the silver
coated particles have approximately one-tenth the density of 
the stainless-steel particles, the duration of the ground cur$ 
rent is expected to be greater than for the stainless steel parti
cle case (with aU other parameters equal in these experi
ments). However, compared to the stainless-steel case, the 
ground current resulting from the silver-coated particle 
"bounces" was significantly shorter, implying that the other 
parameters were not individually equal. Although the mass 
flow rate of the silver-coated particles was one-tenth that of 
the stainless-steel particles, their volumetric flow rate was 

6105 J. Appl. Phys., Vol. 66, No. 12, 15 December 1989 

10-4 

10-5 ~i"i~" C E:3.94 kVlcm 

[J C C Co~ A E~5.12 kVlem a 

" 
0 Ez6.30 kV/em 

C 

:g 10-6 0 
0 - " !: 

l!! 0 ... 
10-7 0 ::I 

" U IJ 
"0 
£: Ci 
::s 0 

" (.) 10-8 ... 
(!l Cl 
CI) 

" U A 
:;:: 10-9 0 ... 
Ill! 0 
C. A 

C! 

10-' 0 
0 

&. D 
0 0 "" Cl C 

10-11 

0 10 20 30 40 50 60 70 

(0 ) Time (5) 

10-5 

10-6 ~o 
A·tt.tt.t.e't ••• ttt ••••• ~.t ... ttt~A 

=- A 
...... .iI. 

10-7 0 
E 
0 CI E=3.94 kV/cm 0 " .. ... 

A E~5J2 kV/cm A ::l 
U 0 

0 E~6.30 \IV/em 
'C 10-8 .A-
i:: C ::s 
0 " ... 
(!) 0 

~ 
, 

CI) 
10-9 A i 

U C! 0 ~ 
'f ~ 
Ill! C A a. 

1:\9 1fl!!i:J ~ 0 
10.1 

Ci !O Cl 

CI Cc9=! 0 

IJ 
10-11 

a 50 100 150 200 

(b) Time (s) 

FIG, 7. (a) Silver-coated microsphere (Ag SF-14) ground current for var
ious electric field strengths (vacuum, d = 1.27 cm). (b) Stainless-steel mi
crosphere (Type 410) ground current for various electric field strengths 
(vacuum, d = 1.27 em). 

greater; hence, their number concentration inside the EPD 
was greater. For this reason, it took longer to dispense the 
stainless-steel particles, which resulted in a ground current 
that was less in magnitUde but longer in duration. At pres
ent, it is clear that aU individual parameters cannot be com-
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plete1y isolated for such experiments. Further work is re
quired in this area before accurate operational predictions of 
the EPD can be made. 

D. Dispensed particle current 

Measurements of the dispensed particle current were 
made using most of the materials listed in both tables. The 
dispensed particle current is defined as the current carried by 
the particles emitted from the EPD. This current, as shown 
in Fig. 4 for stainless-steel (Type 316) microspheres emitted 
in atmosphere, foHows trends similar to those of the ground 
current. The same trends were exhibited for other particle 
types tested under both atmospheric and vacuum condi
tions. 

For those cases in which steady-state operation was 
achieved, it was possible to use single particle theory for both 
the atmospheric and vacuum cases to predict the measured 
average charge acquired by a particle, regardless ofthe mate
rial, electric field strength, or intere1ectrode spacing tested. 
The result of this comparison for the vacuum cases of six 
different particle types is shown in Fig. 8, in which the mea
sured average charge per particle for a given electric field 
strength, interelectrode spacing, and known particle charac
teristics is plotted versus the value predicted using single 
particle theory. Here, the measured average charge acquired 
by a particle was determined by dividing the integral of the 
dispensed particle current over the dispensing time by the 
total number of particles found using Eq. (4). The theoreti
cal values were determined using Eq. (6), where the particle 
diameters of average area and mass were those determined 
from the PDP A system measurements of their respective 
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FIG_ 8. Average charge per particle: theory vs experiment. 

6106 J. Appl. Phys., Vol. 66, No. 12, 15 December i 989 

experimental cases. As shown in the figure, there is reasona
ble agreement between the measured and predicted values, 
especially for particle charge values above approximately 1 
E - 14 C. For particle charges less than this value, the mea
sured values approach an asymptotic limit equal to approxi
mately 3 E - 16 C as the particle charge decreases. This 
limit is the same order of magnitude as the contact potential 
charge cited by Cho5 for a metal sphere in contact with a 
conducting plate. Using his approach, and assuming the dis
tance between the sphere and the plate to be 0.01 pm and the 
intermolecular distance to be 1 pm, the capacitance between 
the particle and plate is 6.5 E - 16 F. This subsequently 
yields a contact potential ranging from approximately 0.65 
to 6.5 E - 16 C for work function values from 0.1 to 1.0 eV 
for the materials used in the present experiments. 

A similar comparison for the atmospheric cases re
vealed that the measured average charge acquired by a parti
cle was approximately 50% less than its vacuum case coun
terpart. Similarly, the dispensed particle current was 
approximately 150%-200% less. Both these differences are 
attributed to the leakage of charge from the particle under 
atmospheric conditions, as discussed earlier. 

In all cases examined, the dispensed particle current was 
measured to be two to three orders of magnitUde less than 
the particle current lost to ground. For both types of stain
less steel particles, the measured dispensed particle current 
was approximately two orders of magnitude less than the 
ground current; for the silver-coated particles it was approx
imately three orders of magnitUde less. A typical compari
son of the ground and dispensed particle currents measured 
versus time can be seen in Fig. 4. In this case, steady-state 
operation was achieved over the period from approximately 
20 to 50 s. From single-particle theory, as given by Eg. (9), 
this implies that there were approximately one thousand 
particle-ground electrode collisions for a silver-coated parti
cle before it exited the EPD. Along the same lines, there were 
approximately one hundred collisions for the stainless-steel 
particles. The calculated number of particle-ground elec
trode collisions also increased as the applied voltage was in
creased but these collisions occurred over a shorter period of 
time because of the fixed volume of particles used for each 
test. 

Eo Dispensed particle velocity 

Measurements were made at 1.27 cm below the exit ori
fice of the EPD along its axial centerline of the average dis
pensed particle velocity of the materials listed in Table I 
under both atmospheric and vacuum conditions using the 
PDP A system and of those listed in Table II under vacuum 
conditions using the PSCV system. 

The measurements conducted under atmospheric con
ditions for all three spherical particle types yielded average 
velocities that did not depend upon the electric field strength 
(Leo, upon both the applied voltage and the interelectrode 
spacing). These average velocities ± their standard devia
tions were 0.85 ± 0.10, 1.06 + 0.09, and 0.62 + 0.09 for the 
stainless-steel (Types 410 a;:;-d 316) and the~ilver.coated 
particles, respectively. These results imply that under atmo-
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spheric conditions each of the particle types reached an ef
fective terminal velocity (subject to electrostatic and gravi
tational forces) at the point of measurement. 

The measurements conducted under vacuum condi
tions for six of the particle types listed in the tables revealed 
average velocities that depended upon the materia! type, ap
plied voltage, and interelectrode spacing. These measured 
average velocities are shown in Fig. 9. In this figure, the 
measured average velocity is plotted versus that calculated 
using Eq. (12), in which the particle charge is found from 
single particle theory using Eq. (6). It can be seen that the 
particles of relatively high density (Cu dust, stainless-steel, 
and zinc particles) have measured average velocities of ap
proximately 2 mls or less, whereas those of relatively low 
density (silver-coated microspheres) have velocities ap
proximately 2 mls or greater. These higher velocities for the 
lower density particles were the result primarily of the 
greater electrostatic contribution to the velocity, as given by 
the first term on the right-hand side of Eq. (12), which is 
i.nversely proportional to the material density, For these 
cases, the electrostatic contribution to the velocity, as deter
mined using Eq. (12), was approximately ten times greater 
than its gravitational contribution. On the other hand, the 
contributions for the higher density materials were approxi
mately equal. These results imply that reasonable agreement 
between experiment and theory can be achieved using single 
particle theory. 

F. EPC dispensing efficiency 

Additional experiments were performed to determine 
the dispensing efficiency of the materials listed in the tables 
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as a function of the applied voltage, interelectrode spacing, 
and environmental pressure. Here, the dispensing efficiency 
of the EPD is defined as the ratio of the amount of powder 
dispensed mf to the amount of powder supplied mi' In these 
experiments, the EPD was operated until the dispensed par
ticle current decreased more than two orders of magnitude 
below the initial current or to identified background levels. 
Some powder was not ejected due to particle adhesion to 
walls or collection in crevices inside the EPD. For all cases 
examined, this efficiency at a particular interelectrode spac
ing was found to increase with increasing electric field 
strength until essentially aU of the particles were emitted. 
With all other conditions similar, there were no discernible 
differences between the atmospheric and vacuum cases for a 
particular type of particle. 

This efficiency, when expressed as a function of the 
strength of the electric field above the minimum field re
quired for particle levitation, was found to be independent of 
particle type for all of the atmospheric cases. The results of 
the experiments conducted using the three particle types list
ed in Table I are displayed in Fig. 10 for the smallest of the 
four interelectrode spacings examined (1.27 em), which in
cludes all of the data obtained for that interelectrode spac
ing. It can be seen that the efficiency increases toward a max
imum final value (95%) as the value of E - E min increases, 
independent of particle type. 

Further, it was found that as the interelectrode spacing 
was increased, the maximum efficiency was attained at a 
lower value of E - Em,,,' At the largest interelectrode spac
ing examined (3,175 em), the maximum efficiency was at
tained at an electric field strength slightly greater than that 
required for particle levitation. This effect of interelectrode 
spacing is illustrated in Fig. 11, in which the various efficien-
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cies achieved are plotted as a function of the interelectrode 
spacing and the electric field strength above the particle levi
tation minimum. The constant efficiency lines were obtained 
from a best fit of the data when plotted for each interelec
trode spacing in the same manner as in Fig. 10. As shown in 
Fig. 11, very little electric field strength above the particle 
levitation minimum is required at the largest interelectrode 
spacing to achieve the maximum efficiency. This increased 
efficiency at large interelectrode spacings for a given electric 
field strength above minimum is postulated to be the conse
quence of a more two-dimensional electric field inside the 
EPD that probably is achieved at the larger interelectrode 
spacings, as discussed previously. 

It should be noted, however, that under certain circum
stances the EPD dispensing efficiency can depend upon the 
material type. This has been demonstrated by Olansen. 12 In 
particular, the EPD cannot efficiently dispense insulating 
particles in a vacuum (because there is no medium for 
charge transfer) or particles less than approximately 10 /lm 
in diameter (because particle adhesion is dominant). 

V.SUMMARY 

In this study, the operational performance of an electro
static particle dispensing device was determined under dif
ferent operating conditions based upon four independent 
variables. These were the environmental pressure in which 
the dispenser was operated, its interelectrode spacing and 
applied voltage, and the type of particle used. 

In order for particles to be dispensed from the EPD, a 
minimum applied electric field strength was necessary to 
initially levitate the particles from the center electrode. This 
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minimum electric field strength was found to depend upon 
the diameter and density of the particles used and could be 
predicted using the theory presented herein. 

The dispensed particle mass flow rate, dispensed parti
cle current, and particle current lost to ground were found to 
depend on the magnitUde of the electric field strength, inter
electrode spacing, and density of the particles used. The tem
poral measurements of the dispensed particle mass also 
could be correlated nondimensionally, independent of the 
patic1e type, interelectrode spacing, and applied voltage. As 
a result of the numerous particle-electrode collisions that 
occurred inside the EPD, it was determined that the mea
sured particle ground current was approximately two to 
three orders of magnitUde greater than the dispensed parti
cle current. The measured average charge acquired by a par
ticle as determined from the dispensed particle current could 
be predicted using the theory presented. 

The dispensed average particle velocity measured under 
atmospheri.c conditions was found to be independent upon 
the applied voltage and intere1ectrode spacing, whereas un
der vacuum conditions it was not. Under vacuum condi
tions, greater velocities were achieved using relatively low 
density particles which was the consequence of a significant 
electrostatic contribution to particle acceleration. These 
measured average velocities could be predicted using the 
theory presented. 

The dispensing efficiency of the EPD was found to de
pend upon the electric field and type of particles used. This 
efficiency, when expressed as a function ofthe strength ofthe 
internal electric field above the minimum field required for 
particle levitation against gravity, was shown to be indepen
ent of particle type for all of the atmospheric cases investigat
ed. 

In conclusion, the results of this study collectively sup
port that it is possible to dispense micrometer-size particles 
under both atmospheric and vacuum conditions using an 
electrostatic device that is mechanically simple and does not 
rely upon the use of a carrier gas. 
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