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Abstract —An experimental equipment of around 5m height has been assembled to observe the charge transferred by electrostatic induction
of a falling droplet of various liquids during its fall. The droplets were generated by a syringe push with an automat. The droplets can be
charged with an applied electric field at the tip of the needle. Then 4 metallic cylinders and a collecting vessel detect the charge on the droplet
along its fall. We observe the size of the droplet at the top and the bottom of the fall to be sure that it did not break in several parts.

[. INTRODUCTION

Even if the research report in this paper is purely fundamental, important applications in the field of electrostatic hazards in industry
exist. After a website forum on the dangerousness of splash filling with specialists in flow electrification and electrostatic hazards like 1.
Pavey, M. Glor, U. Von Pidoll, H. Walmsley..., we decided to begin with a fundamental experiment to prove that there is no flow
electrification of liquid moving in gas. For that we have examined the evolution of the charge on a droplet falling in air upon a rather long
distance. But, first, in order to clearly differentiate the case of a liquid flowing past a solid body and the case of a liquid flowing past a gas,
we are going to briefly explain the flow electrification phenomenon and what is found in the case of clean gas flowing past a solid body.

Il. FLOW ELECTRIFICATION PHENOMENON

At the contact between a solid and a liquid a physico-chemical process takes place which leads to the formation of a so called
Electrical Double Layer. It is a double layer because one part of this layer is in the solid while the second part is in the liquid. Each layer is
electrically charged with opposite polarity, this means, for instance, that negative charges are on the solid very close to the interface and in
the liquid, on the other side of the interface, positive charges exist. In fact Stern [1] shows that in the liquid two sub-layers exist, one very
close to the interface, with a thickness in the order of magnitude of atom diameter, is called the compact layer. A second one, deeper in the
liquid can be affected by diffusion, migration and convection; it is called the Diffuse Layer. When the liquid is moving past the solid
surface, the compact layer, very close to the interface and strongly connected to it, is not affected by the liquid motion. On the other hand,
the diffuse layer, the thickness of which is proportional to the root square of the electrical liquid resistivity is affected by the flow of the
liquid especially for high insulating liquids. This phenomenon is now known for a long time and still investigated as it could be at the
origin of the so called Electrostatic Hazards [2-3] in various kinds of industries and often give rise to nuisances [4-39]. Even if the charge
generation process at the interface is fundamentally different, flow electrification phenomenon exists also for dusty gas flow in pipes [40]
and, it is from these experiments and other experiments made in the same domain that it is now clear that flows of clean gas in pipes do
not generate flow electrification. Thus, it seems perfectly predictable that a droplet falling in air will not gain electrical charge. However,
as no experiments have already clearly demonstrated this fact and as some controversy still exists on the subject, (which could be due to
another phenomenon as we will see later), it seems important to make some fundamental investigations on the electrical charge evolution
of falling droplets in air.

Ill. GENERAL EQUATIONS
A falling droplet is submitted to three different forces:
- The gravitation E =mg Z (1
- The buoyant force m = — pgir Vol Z )
- The air friction D= —2CpparV?AZ  (3)

In these equations Fg) is the force of gravitation, m is the mass of the droplet, g is the gravity constant (g = 9.81 m/s? ), Z is the unit

vertical vector in down direction, F,, is the buoyant force, pg; is the volumetric mass density of air, Vol is the volume of the droplet,
D is the force due to the drag, Cp is the drag coefficient, V is the droplet velocity and A the frontal area exposed by the droplet to the
flow direction.
Assuming the droplet as a sphere of radius R, having a volumetric mass density pgropier W€ can write:
m= 4/3 T[Rg Paroplet (€]
and:
A =TR2 5)

Finally the motion equation is:
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y being the droplet acceleration.
An analytical solution exists if we assume Cp constant (which is not the reality, as we will see later).

A. Analytical solution

We put:
a=9g <1 - ﬂ) @)
pdroplet
And:
3 .
_Pair Cp (8)

- 8Ra pdroplet
Then, we assume that the droplet has a null velocity at the beginning of its fall, more, the beginning of the fall is taken as the origin of the
axis Z . Thus, we obtain:

V= \/g tanh(Vab t) 9
It is usual to set:
V, \/E aT ! (10)
= |- an =—

This is the maximum, or limit, velocity that can be reached by the droplet and T a characteristic time.
Finally we obtain:

t
V = Vytanh (F) 11
And:

z= % Ln [cosh (%)] (12)

However, even if this analytical solution gives a good idea of the motion of a spherical droplet falling, it is not exact for several reasons.
First the drag coefficient Cj, is not constant, second the shape of the droplet does not remain spherical, third the proximity of the cylinder
influence the droplet motion. We are going to examine these different aspects.

B. Drag coefficient evolution
For very slow motion we have the very well known “Stokes equation”:

D =67 pair Vair Ra V (13)
Where v, is the kinematic viscosity of air.
Taking into account equation (3) we find:
24
Crh = — 14
b= (14
R, being the Reynolds number:
2V R,
R, = —— (15)
Vair

The “Stokes equation” and the equation (14) are available for low Reynolds number, that is to say less than 0.545. For greater Reynolds
we take the following analytical law:

Cp = exp {[~1.75863 +3.16108 - exp (- 22228)| . 15(10)} (16)

As we can see in figure 1 this analytical expression is in good agreement with experiments of Liebster, Schiller & Schmiedel and Allen
after Schlichting [41]

C. The evolution of the shape of a falling droplet

Due to the surface tension, just after it detaches from the needle tip the droplet has a spherical shape, then the pressure applied on the
frontal edge by the drag deforms the spherical shape into a kind of ellipsoid in which the vertical diameter is reduced while the horizontal
one is enlarged [88-91].
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Figure 1 Evolution of the drag coefficient in terms of the Reynolds number up to 1000.

In order to make valuable comparison between predictions and experiments we must take into account this deformation. Thus we made
photographs with a high speed camera (Photron Fast Cam APX-RS 1024-1024). An image of a droplet at the nearly end of the fall is
shown in figure 2-a. The exposure time is 100 ps. As we will see later the velocity of the droplet in this zone is around 4.5 m/s, thus it
moves around 0.45 mm during 100us. This is noticeable on the photograph. We can see in figure 2-b the photograph simulation of an
ellipsoid falling at the same velocity. In figure 2-c we can see this ellipsoid at rest. The horizontal diameter of this ellipsoid is 2 mm and its
vertical diameter 1.14 mm; it seems to be in good agreement with the photograph of the droplet.

a b c

Figure 2 Photograph of the falling droplet (a), equivalent falling ellipsoid (b), ellipsoid (c)

D. Influence of the vicinity of the cylinder

When the droplet falls through the cylinders used to measure the charge transferred by induction as the diameter of these cylinders is
smaller than the big cylinder used as a Faraday cage, thus the velocity of the droplet could be influenced by the wall of the cylinders.
However, the droplet size is very small compared to the cylinder’s diameter then the vicinity of the cylinders can be neglected.

E. Numerical solution
Taking into account the real value of Cpthere is no analytical solution of equation (6). Thus, we have to solve numerically the

following system of equations:
av Pair 3 Pair 2
dt g <1 pdroplet) 8Ra Paroplet CD(V) Y
dz
prie %4 a7
This system is solved with a Runge-Kutta method of fourth order (RK4). The time increment used is 1 ms (in fact we compared 1ms
increment with 0.5 ms increment and did not find significant difference). By cons, a rather big difference exists between the numerical
solution of the exact system (17) with the simplified analytical solution considering the drag coefficient Cpconstant and equal to 0.5 as it is
usually taken. Indeed, we can see in figure 3 (in the case of a kerosene droplet that we will analyze later) the evolution of the velocity in
terms of time of a falling droplet using both methods. As well, in figure 4 is plotted the vertical position of the droplet, we can see that a
significant difference exists also.
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Figure 4. Vertical position of the droplet

Thus, for the evolution of the charge transferred by electrostatic induction by the charged droplet we will consider the results given by the
numerical analysis.

IV. CHARGE TRANSFERRED ON SENSORS BY ELECTROSTATIC INDUCTION

As we will see in the setup description, the sensors are composed of 4 vertical cylinders and one collecting vessel all connected
together. The collecting vessel in which the droplets are gathered at the end of their fall operates like a Faraday pail; the four successive
metallic cylinders are charged by induction from the droplet falling through. To compute the charge induction, we suppose that the charge
on the droplet is punctual and that it falls vertically on the cylinder’s axis (figure 5). We suppose that the droplet has a charge qq. If the
droplet was totally surrounded by a conductor, the charge induction would be total and the conductor would get the same charge as the
droplet (qq). In that case the solid angle of the cone with its summit at the droplet centre and based on the outline of the conductor is the
same that for a total sphere, that is to say 47 (Gauss law). In the case of one cylinder (figure 5) the solid angle Q is given by the following
expression:

Q=27 [1-cos(a;)] — 2m [1 —cos(a,)] (18)

Finally the charge transferred by electrostatic induction on this sensor, we will suppose it is the cylinder 1 (the upper one), can be

written:

Ger = S {[1 = cos(@)] — [1 = cos(@)]}  (19)
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Figure 5. Scheme for the calculus of the charge transferred by electrostatic induction of the droplet in the cylinder.
It can also be written in terms of z (the droplet position), z; (the position of the upper side of the cylinder, h (the height of the cylinder) and

z1— 2z 20)

Rc (the radius of the cylinder).
qa zi+h—z
c1 = — -
42 V@ +h—22+Rcz  \[(z; — 2)® + Rc?
As well for the three other cylinders we have:
qa | Z,+h—2z Z, — 2 ]
Qe2 = = - (21)
272 |/ (z + h—2)2 + Rz \[(z, — 2)2 + Rc?|
qq | Zz3+h—2z Z3— 2z |
Ges =5 . ——— (22)
2 l\/(zs + h—2)2+Rc?  \[(z; — 2)? + Rc?]
[ Zy+h—2z Zy— 2
qa 4 4 (23)

q = —_— —
“4T 2 ,\/(24 + h —2)% + Rc? \/(24 —7)?% + Rc?]

7,, 73, Z4 being the upper side position of the three other cylinders. Finally for the Faraday pail we have:
]
Zpp — Z | 24

qa
drp = 2 1- —2
[ ,(pr -z) 4 Rc?|

But, as all the cylindrical sensors and the Faraday pail are connected together, the charge measured s on the coulombmeter is given by:
(25)

Qmes = qc1 T G2t qes + qea + qrp
We can see in figure 6 an example of the theoretically measured charge during the droplet fall in terms of time using the numerical

solution for the fall of the droplet and the equations 20 to 25 for the charge transferred by induction.

V. EXPERIMENTAL SETUP

It is composed of four main parts (figure 7, photographl). The upper one is the droplet system delivery with the charging system, then
a high cylinder (4.58m high and 300 mm in diameter) is used as a Faraday cage inside which are the 4 metallic cylinders (500 mm high
and 150 mm in diameter) used as sensors. Finally a parallelepiped shape cage contains the collecting vessel (Faraday pail). The high
cylinder was made of plastic shielded by aluminum foil; as well as the parallelepiped shape Faraday cage was made of wood shielded by
aluminum foil. It is important to point out that, as the charge measured is rather weak (in the range of 10"'°C), the shielding against
influences of the electrical network was a major problem and could be solved more or less by consequent contact of all shielding elements
and earthing them at one point. In spite of this a 50 Hz ripple could not be completely avoided (as we will see on experimental results) and

manifested itself the more the lower the droplet charge was.
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Figure 6. Example of the theoretical evolution of the charge measured during the droplet fall

A. Thedroplet delivery system
It is composed of a programmable syringe pump push with a stepping motor (Kd Scientific 210), a glass syringe of 20cm’ and a needle
with triple bevel (BD Microlance™ 304000) 13mm long, 0.305 mm of outer diameter and 0.140 mm of inner diameter (figure 8). With

such a needle and appropriate flow rate (0.05cm’/min) and also an appropriate charging voltage, we can get droplets around 1.6 — 1.7mm
in diameter.

B. The droplet charging system
When the droplet is formed at the tip of the needle, it is charged by electrostatic induction with the help of a metallic ring connected to
a DC high voltage, the needle being earthed (figure 7). In fact we used two DC high voltage power supplies Spellmann SL10, one +30kV
10 mA and the other -30kV 10mA, depending if we want to charge the droplets negatively or positively the droplets. The voltage applied
is generally F 2.5 kV. The ring is set in a plane perpendicular to the needle which is on the ring axis at approximately 10 mm above the
ring plane. Charging the droplet induces a faster detachment from the needle and thus a smaller droplet size.

Photographl. Upper and lower part of the setup.
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Figure 7. General setup
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Figure 8. Droplet delivery and charging systems.

C. Sensors and collecting vessel
Four metallic cylinders are used as sensors along the droplet fall. These cylinders are fixed to the big cylinder used as a Faraday cage
with two P.T.F.E. supports. The charged droplet falling on the axis of these cylinders generates a charge by electrostatic induction.



VI. EXPERIMENTS

We have tested 11 different liquids, listed in Tablel. The physical characteristics of these different liquids are in Table 1. The electrical
resistivity was measured except for Ethanol-methanol for which it was too low to be measured. The other quantities are taken from data
bases.

TABLE 1. Characteristics of the different liquids tested.

Resistivity (Qm) Density(g/cm’) Kinematic viscosity | Surface tension
(m?/s) (mN/m)

Ethanol-methanol < 10° 0.790 0.8810° 22.
Deionized water = 106 1.0 1.010° 72.
Acetone 1.6 10° 0.791 0.4210° 23.46
Trichloethylene 1.210° 1.46 0.36 10°° 28.7
Diesel 6.0 10’ 0.835 8.410° 23.8
Kerosene 3.210" 0.793 2310° 23.
Toluene 4.1 10" 0.867 0.68 10° 28.5
Heptane 1.4 10" 0.684 0.610° 19.8
Essence F 2.0 10" 0.750 0.910° 27.

Oil Nytro 10XN 3.210" 0.895 28.10° 40.
White spirit 4.010" 0.700 1.5710° 28.

One important remark is, that, except for water and oil to a lesser extent, the surface tension of the various liquids is rather low and one
could expect a breakup of the droplets [42-43] which would totally compromise our experiments. Happily, the small size of the droplets
and the rather weak charge on it prevents this breakup. In fact, the position of the ring connected to the high voltage supply and as well the
magnitude of the voltage have to be carefully adjusted in order to get a good droplet size and charge which will not induce a breakup but
allows observing with a good accuracy the charge of the droplet during its fall.

For each liquid we made experiments for two charging voltages: -2.5 kV and +2.5 kV. As an example, we can see figures 9 and 10 the
experimental results obtained with trichloethylene. These results are directly extracted from our recording from a set of experiments for
each liquid and one charging polarity. It corresponds to the fall of one droplet among a set of droplets falling, this is the reason why there
is an offset on time and on potential as well.

We can make several remarks. First, as this was the goal of this research, the charge on the droplet does not vary all along the fall.
Indeed, the level indicated by the coulombmeter when the droplet passes the first cylinder (first summit or valley) is the same when it
passes the second, the third and the fourth cylinder, except the very low drift due to the electrometer. This is the main point of all these
experimental results. Second, of course, the charge on the droplet is negative when the potential on the ring is positive and positive when
the applied potential is negative. Except for Toluene, for which in case of +2.5kV of charging potential the droplet sizes were greater than
normal, the magnitude of the charge is often similar for both voltages applied.

We made also experiments with deionized water droplets for several applied potentials on the ring. Once more, the charge of the
droplet does not vary all along its fall whatever the magnitude of its original charge was, even when the charge is very small (for no
applied potential on the ring). We can see in figure 11 the evolution of the droplet charge in terms of the absolute value of the potential
applied on the ring, it is nearly proportional.

In figure 12 the evolution of the droplet charge is plotted in terms of the resistivity of the liquid. Even if there is a large dispersion, it
seems that the charge taken by the droplet is decreasing when the resistivity of the liquid is growing. This is probably due to the fact that
the time needed for the charge transferred by induction is greater for high resistivity liquids and probably the droplet detached from the
needle before the process was completed.

VII. COMPARISON BETWEEN THEORETICAL PREDICTION AND EXPERIMENTS

We are going to make this comparison in the case of kerosene. The resistivity of this liquid is in the middle range. We can see in figure
13 a comparison between the theoretical charge prediction in terms of time taking into account the numerical solution for the fall of the
droplet and the equations 20 to 25 for the charge influence, with the experiments.
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To make this comparison, the theoretical charge on the droplet has been set to the value of the droplet charge for this experiment with
kerosene. The physical characteristics of the kerosene were also taken into account for the computation, and the droplet size was
determined with the camera. Finally, the agreement between theory and experiment is rather good, even if the value recorded from
experiments shows a slower decreasing of the charge measured when the droplet is between two successive sensors, this could be due to
the electrical response of the measuring system including the electrical characteristics of sensors and cables.



10

60

55 - °

504
ue

45

40 - !

m -25kV
® +25kV

35

Charge (picoCoulomb)

304

25 -

am
20 T
10° 10 100 100 100 10° 10" 10%  10° 10"
Resistivity
Figure 12. Evolution of the droplet charge in terms of the resistivity of the liquid

20 4
— Experiment ——— Theory ‘

10

picoCoulomb

-30 4

-40

time(s)

T T T T T T T T T
28,50 28,75 29,00 29,25 29,50 29,75 30,00

Figure 13 Comparison between theoretical prediction and experiments

VIII. CONCLUSION

The goal of this research was especially to find out if a droplet does gain charge or not during a fall in air. It has been confirmed by

experiments made on 11 liquids whose electrical resistivity is distributed in a wide range that it does not. The droplet’s charge,
independent of its polarity, is not influenced by the fall through air. That has been proven by numerous experiments when the droplets
were passing the cylinders and were collected in the pail. This does not mean that in any case falling droplets never gain charge, but the
process may possibly occur during breakup and is not yet well understood.
More, we take this opportunity to make a theoretical analysis of a charged droplet falling in air on a long distance and to make a
comparison with the experimental results. The rather important difference between the numerical analysis and the classical expression of a
falling droplet has been pointed out and the comparison with experiments has been made using the numerical results which are more
realistic. Finally the good agreement of the numerical results with the experiments seems to validate the numerical analysis.
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