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1. Introduction

HPHE determination of the average charge/mass (q/m) of
A an aerosol or a charged colloidal beam at atmospheric

pressure is an important parameter in any optimization study.
A method is proposed which can be used for q/m measure-
ments in either vacuum or at atmospheric pressure using
standard laboratory equipment. The technique may prove
to be useful in the performance analysis of some applications
which use an electrically charged colloidal beam as the work-
ing medium.

A commercial process that has proved to be efficient and
successful1 is the process of electrastatic painting. A second
field of interest is the electric propulsion of spaceraft. A
charged colloidal beam with a relatively high charge/mass on
each droplet (approximately 104 C/kg) is a serious contender
for the present types of electric propulsion devices employing
mercury, cesium, or potassium.2 A singly charged cesium ion
has a charge/mass of 7.26 X 105 coul/kg. A third more re-
cent application in which charged aerosols could be important
is in the generation of electricity (EGD).3

In all these applications the most important parameter
which limits the efficiency is the ratio of charge/mass of each
charged droplet. Many papers have been written on the
dynamics of charged particles.4'5 In the case of colloidal
propulsion it is necessary to consider chemistry of the liquid
during the formation of the droplet. This is a complex prob-
lem of charge neutralisation of the liquid ions at the wall of
the nozzle or capillary needle. A survey of this problem has
been given by Wineland and Hunter predicting criteria for
stable operation.6

In this Note a method is put forward for determining the
average charge/mass ratio for a charged aerosol which
can be used at atmospheric pressure for any solvent, and in
vacuo for liquids with a low vapour pressure where evapora-
tion from a free surface is negligible. From a few parameters
which can be measured accurately with standard equipment
(chemical balance, oscilloscope, high-voltage generator), it is
possible to determine the liquid thrust, the total thrust (liquid
thrust plus liquid corona thrust), efficiency, and average
exhaust velocity.

2. Experimental Arrangement and Theory

An aerosol generator was constructed from a glass tube of 5-
mm o.d. with a glass nozzle of 0.45-mm-diam bore. Two
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similar tubes were fixed to a Teflon cup that was located on a
low-friction pivot mounted vertically. The glass nozzles were
positioned at right angles to the glass tubes and the assembly
could rotate freely. The length of the radius arm was 12 cm.
In these tests one nozzle was permanently sealed to eliminate
any possible differences in efficiency of operation between the
nozzles.

The Teflon cup was filled with liquid and an electrode was
positioned below the liquid surface. When a high voltage was
applied to the electrode, an aerosol was generated from the
open nozzle. At atmospheric pressure the rotor revolved at
speeds up to 12 rad/sec, with a wide range of liquids. Power
was supplied from a 60 kv, 200 /*& Brandenburg generator.
The angular velocity and acceleration were measured by
arranging the rotor to intersect a light beam. The equipment
was located in a vacuum chamber and experiments were
carried out at atmospheric pressure and subsequently at the
ultimate 10 ~3 torr vacuum of the system. At atmospheric
pressure the dominant process is expected to be the corona
effect or electric wind. In vacuo the corona thrust would be
minimized and hence any thrust developed would be pro-
duced from the charged colloidal beam.

In general, we can assume the thrust developed by the
rotor consists of corona thrust (Tc), and from the acceleration
of the charged colloid beam or liquid thrust (TL).

In dynamic equilibrium

Tc = (1)

where VI is the input power, r the radius arm, 0 the equilib-
rium angular velocity, and rj the efficiency.

The general equation of motion is

(TL + Tc) r - F = J0 (2)
where F is the frictional couple of the pivot and / the moment
of inertia of the rotor about a vertical axis through the elec-
trode. At equilibrium 0 = 0 and F is determined at the
equilibrium velocity 6 from a run down experiment.

A particle of charge q accelerating through a potential V
volts will reach a terminal velocity v given by Vq =| m«J2.
The thrust developed by the droplet (TL) is equal to the rate
of change of momentum; hence TL = mv, where m is the mass
flow rate of the liquid. Hence the average charge/mass ratio
(q/m) per droplet is

(q/m) = 7V/2Vm2 (3)

Also, the power developed in accelerating the droplet is equal
to the average work done (J TL v). If we assume the efficiency
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Table 1 Experimental results: glycerol doped with NiCU, ZnCl2, and Nal; liquid metal gallium /indium
at atmospheric pressure

Liquid

Glycerol
Glycerol doped with NiCl2

Glycerol doped with ZnCl2

Glycerol doped with Nal

Gallium doped with indium

Resis-
tivity,
kftcm

2750
2.47
1.56
0.87
11.2
12.2
17.8
21.8
68.5
30.4
20.1

Concen-
tration,
g/cm3

0.1
0.3
0.4
0.1
0.2
0.3
0.4
0.05
0.1
0.2
25% wt

Power, w

0.18
0.08
0.12
0.1
0.15
0.1
0.1
0.132
0.48
0.65
0.15
0.39

TL + Tc,
mg

31.4
29
40
26
22
16
24
26
220
270
144
120

TL,
mg

2.1
1.3
0.6
0.9
1.4
0.6
0.5
0.5

16.1
19.6
5.0
1.57

* %
0.12
0.29
0.17
0.21
0.15
0.16
0.26
0.19
1.3
1.3
1.5
0.9

v,
m/sec

21.7
36.3
73.4
46.6
33.2
56.2
105
98.4
79.4
87.4
92.4
460

q/m X
10-3C/kg

7.8
33

137
53
25
78

279
221
125
152
238
3500

of producing thrust as given by (1) is equal to the efficiency of
converting electrical power into a moving charged colloidal
beam, then rj VI = % TL v;

In this analysis the derived values are averages; no attempt
has been made to include a distribution in aerosol particle
size or the divergence of the aerosol due to space charge effects.

From (1) and (4), torque power curves have been computed
and are shown in Fig. 1 for a rotor radius of 12 cm, together
with a mass flow rate of 0.3 mg/sec, an efficiency of 0.2% and
an equilibrium angular velocity of 1 revolution/sec. These
assumptions are based on typical experimental results (see
Table 1).

In the experimental tests, glycerol was used as the working
fluid. Because of its low vapor pressure, it was ideally suited
to operation in vacuo. Several additives were tested to inves-
tigate their effect on the charging mechanism. The data
supplied here was obtained from different mixtures of gly-
cerol/nickel chloride, glycerol/zinc chloride, glycerol/sodium
iodide, and a liquid metal gallium/indium.

3. Experimental Results

Experimental determination of the frictional couple of the
rotor bearing was found to vary slightly, the minimum value
^ 300 mgcm. In atmospheric tests the maximum power
input levels were of the order 0.6 w. From Fig. 1 it can be
seen that the liquid thrust by itself is not large enough to
overcome the frictional resistance and this was verified by
experiment. The efficiency was low for all the tests; the
variation was from 0.1 to 1.5%. The results given in Table 1
were all obtained at atmospheric pressure with input powers
of approximately 0.1 w and applied voltages of 20 kv (+ve).7>8

The experimental results show the effect of the additive
concentration on the charging process. By increasing the
concentration of ZnCl2 from 0.1 g/cm3 to 0.4 g/cm3 the
charge/mass passed through a maximum of 0.28 C/kg at a
concentration of 0.3 g/cm3. The average droplet velocity
(v) was derived from the rate of change of liquid momentum
(TL)/m. Undoped glycerol developed an exit velocity of
22 m/sec in comparison to the maximum velocity of 460 m/sec
which occurred with the liquid metal gallium/indium. The
liquid thrust component (TL) was in all cases smaller than the
corona thrust (Tc) and for the organic propellants the ratio
TC/TL varied from 14 for glycerol to 66 for NiCl2 at the con-
centration 0.3 g/cm3, and the total thrust was 31.4 and 40
mg, respectively.

Conclusions

From the experiments the average charge/mass ratio has
been measured and the charging process was found to vary

significantly with the choice and the concentration of the
additive. From theory it was possible to infer the magni-
tudes of the liquid thrust component and these predicted the
rotor would not rotate in vacuo, which was verified experi-
mentally. The method proved, at atmospheric pressure, to
be extremely simple to apply and indicated the importance of
the doping additive that was similar to that obtained by Wine-
land and Hunter whose measurements were made in vacuo
using a quadrupole mass spectrometer.

The effect of adding ZnCl2 to glycerol was found to improve
the charging efficiency varying from (q/m) of 0.008 coul/kg
to 0.28 coul/kg. This was accompanied by a decrease in the
resistivity of the undoped glycerol to the optimum charging
value of 1.78 X 104 12cm. Wineland and Hunter similarly
found there was an optimum concentration of ZnCl2 in
glycerol, which when used in vacuo gave a (q/m) of 3000
coul/kg at a resistivity of 6 X 10412cm. The thrusts obtained
from glycerol doped with Nal were considerably larger than
any of the other propellants. A maximum liquid thrust of
19 mg was produced with a concentration of 0.1 g/cm3.
This result is in general agreement with other workers who
find Nal to be one of the best dopants when the concentra-
tion is approximately 0.2 g/cm3.

With the liquid metal a q/m of 3.5 coul/kg was obtained at
the highest exhaust velocity of 460 m/sec. This propellant
has been tested in vacuo9 and specific charges of 7 X 105

coul/kg were recorded suggesting the formation of ions.
Using the Rayleigh criterion for droplet stability,4 the

average droplet size at the optimum charging conditions with
glycerol ZnCl2 was 5/x. These results are in close agreement
with what has been found in electrostatic paint spraying.
The best practical results are generally particle sizes ~ IM
and q/m ~ 0.1 coul/kg, and a resistivity between 2 X 106 and
2 c^ 10712cm. These conditions are approximately those ob-
tained for undoped glycerol. From these experiments we
have shown that a significant improvement can be obtained in
the charging processes at atmospheric pressure, if the liquid
conductivity is increased.

From the stability criteria for charge neutralization,6 an
improvement in the charging efficiency of the aerosol gen-
erator would be expected if the polarity was reversed to nega-
tive. It has been shown that the work functions </>+, 0—
for either +ve or — ve polarity must be related to the level
of the ion in solution.

In the case of ZnCl2, a positive polarity required complete
neutralisation of the cations (Zn+) for maximum charging and
(/>— < 6.29 ev. With a negative polarity the anions (Cl~) are
neutralised and 0+ > 5.23 ev. In both inequalities a double
layer potential of 1 ev has been assumed. Hence, it can be
concluded that a glass capillary would be ideally suited for
operation at negative potentials with glycerol/ZnCl2 solu-
tions and this may prove sufficient to achieve larger liquid
thrusts and the possibility of measuring q/m in vacuo.
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Dispersion Analysis by the Simultaneous
Application of Tolerances
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Introduction

ONE well-known technique for accomplishing a dispersion
analysis is the so-called root-sum-square (RSS) method.

Normally, one conducts the RSS method by first calculating a
nominal case and then successively varying one parameter at a
time, while observing the deviation from nominal caused by
the perturbation of that particular parameter. These devia-
tions from nominal are then root-sum-squared to obtain the
expected resultant deviation under toleranced conditions.
The drawback of this procedure is that it requires n separate
analyses for n given parameters.

In this paper it is shown that, under most conditions, it is
feasible to perform a single analysis in which the various
parameters are toleranced simultaneously, and accomplish
essentially the same end result that the RSS method yields.

Conventional Root-Sum-Square (RSS) Approach

Assume that the function Y, which is being investigated for
the effect of tolerances, is a function of the parameters Xi,
X*, . . ., Xn. The approximate dispersion in Y due to param-
eter variations can be expressed by the linear expansion

AF == (1)

where the Ki terms are usually referred to as "influence co-
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efficients" and the AX* terms represent the parameter devia-
tions from nominal.

Since the X* parameters are subject to tolerances, they can
be considered as random variables that are statistically dis-
tributed about their nominal values. If the Xi parameters are
independent, then the &-sigma dispersion in AF is given by
the familiar RSS relationship

= r » ~|1/2

" L^i * a x i J (2)

where the ax* values represent the standard deviations of the
individual AXi distributions.

To apply Eq. (2), we must first evaluate the Ki influence
coefficients. Normally, the relationship between Y and its
parameters is known only implicitly; therefore, one usually
evaluates the influence coefficients by varying the parameters
one at a time and noting the corresponding dispersions in F.
Thus, this procedure requires n separate analyses for n given
parameters.

Proposed Approach

Assumptions
In addition to the usual assumptions of linearity and

statistical independence required for the RSS method, the
proposed approach is predicated on the following assumptions:
1) the directional characteristics of the tolerance effects, i.e.,
the signs associated with the products of the influence co-
efficients and their corresponding tolerances, are known; and
2) the significant tolerance effects outnumber the insignificant
tolerance effects.

The first assumption is vital to the proposed dispersion
analysis technique, since it depends on applying the tolerances
such that their effects are all in the same direction. Satisfac-
tion of this assumption may require some previous experience
or some a priori reasoning based on the physics of the problem.

The second assumption is aimed at achieving good accuracy,
since the accuracy of the method depends on constraining the
value of a statistical parameter known as the coefficient of
variation f between zero and unity. Should a preponderance
of small terms be toleranced in proportion to the significant
terms, then it is possible for the coefficient of variation to ex-
ceed the latter constraint. From a practical standpoint, how-
ever, this assumption will tend to be satisfied automatically,
as the analyst will usually exclude negligible effects from the
analysis.

Description of method
The approach suggested in this paper is to perform a single

analysis and obtain essentially the same result for ko-y as
would normally be obtained from the conventional RSS ap-
proach. The procedure is simply to apply appropriately
scaled tolerances simultaneously, in the proper direction, and
note the resultant dispersion in Y due to the combined effect
of the tolerances.

Referring to Eq. (1), note that if all the tolerance effects
were in at the same time and in the same direction, say, posi-
tive, then all the parameter deviations would contribute
uniquely to an increase in AF. With this in mind, we can
express the resulting dispersion in F by a modified form of
Eq. (1) as

AF == V^ \KiAX., (3)

where the absolute values denote that all the terms are forced
positive by proper selections of signs associated with the
tolerances.

t Defined as the ratio of the standard deviation to the mean of a
statistical sample.1


