Evidence for multipolar charge distribution in falling water drops
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A method for producing water drops with very small net chatfev fC) was employed in
conjunction with a sensing device, in order to identify the electric signals produced by falling water
drops. The sensing device consists of a wire loop hooked to a patch-clamp amplifier set into
voltage-clamp mode. Water drops with very small net charge produce a negligible signal at the
sensing device but when falling through a horizontal charged capacitor they produce well-defined
and reproducible signals which are proportional to the capacitor voltage. The experimental curves
can be fitted to the theoretical ones considering the drop as possessing a multipolar charge
distribution. There is evidence that this distribution is due to the contribution of the field-oriented
water molecules multipoles. @996 American Institute of Physids$S0021-897¢06)01422-3

I. INTRODUCTION Device 0 is a glass reservoir containing about 300 ml of

Water drops and droplets are known to possess an elex\{_ater and opened in the bottom to a no. 8 stainless-steel
trical charge. This is due mostly to electrification during for_d|sposaple needle, cut flat_. The drops are formed "’,‘t the
mation or during flight as in the case of rain drops. Evi- needle tip due to the passive pressure of the water in the

dences that water drops possess charge are rathé¢elidn reservoir, at a rate of about 1 drop/s. The needle is grounded
1860.! Electrical charge determination in single water dropst0 the cage carcass. , . .

has been undertaken since the 1920s in rain drops and innu-  D€Vice 1 consists of a aluminum ring enclosing the drop
merable other measurements have been made since then, g5.tS formation and creating a cylindrical cavity of 10 mm

ing different instruments. Despite extensive investigation orfiameter and 12 mm height which encloses the drop. This
the subject of drop electrification very scarce information is/@ces the still pedunculated drop to acquire a given charge

available concerning the charge distribution within falling or " ©rder to keep its potential at the reservoir potential which
immobile water drops. This is justifiable in view of the dif- 1S Z€ro- In this way the potential produced by the charge
ficulies in constraining a water drop without charge ex-distribution in the drop and the potential produced by the
change. However, even after the advent of the space shuttfarge distribution in the ring summate to zero. By changing
scientific missions at microgravity conditions no additional the voltage of the surrounding ring we were able to precisely
information has come up concerning charge distribution irftontrol the charge of the free drop. When the drop frees from
water drops suspended or falling in air. We have been able tf1€ needle it keeps the original charge throughout its short
control (see methodsthe charge with which drops are pro- flight. ) ) _ .

duced with a reasonable degree of accuracy. In this way we _Device 2 consists of a parallel-plateirculan capacitor
could produce drops of nearly zero net charge. When suclith a 67 mm separation between the plates and diameter of
zero charge drops fall through a time constant and verticall}40 mm. The drop enters and exits the capacitor through
directed electric field, a detector, placed inside the field lines8-mm-wide holes in the center of the plates. A potential dif-
reveals a pattern which is compatible with a mu|tip0|arference can be applied across the plates by connecting the

charge distribution. lower plate to a dc source and the upper plate to ground.
Device 3 is the measuring prolfleenceforth called sim-
Il. EXPERIMENTAL SETUP AND METHODS ply “sensor”) and consists of a copper wire loop of circular

, ) . aspect of 2.8 mm radius, and cross section of about 0.2 mm,
The experimental setup consists of four independent setgq g which the drops fall. The ring is connected to the 10

qf devices: Devige Ois thg dropper reservoir'; device_l estabg() probe of a model 8900 Dagan patch-clamp amplifier, in
lishes a voltage in the region of drop formation and imposege cyrrent-to-voltage configuration and set to voltage-clamp

a given electrical charge in the drop; device 2 is a chargeg,,qe at voltage zero. There is never direct physical contact

capacitor across the path of the falling drop; and device 3 otveen the probe and the drop, the coupling being only
measures the electrical effects produced by the passing dr%%pacitive.

(see Fig. 1 In the voltage-clamp mode the apparatus maintains the
sensor continually at zero potential, by injecting currggt

dAuthor to whom correspondence should be addressed. through its feedback resistané® (in this case equal to
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FIG. 1. Experimental setup.

Water employed in the experiment was obtained in a

de-ionization apparatudNANO pure from Barnstegdand
5x10' ) which constitutes the amplifier gain. The product had resistivity of 0.18 Mbxm.

lin X Reg gives the voltage output of the patchclamp ampli-
fier measured in volt¥/ . The following relations then

hold: Ill. MEASUREMENT OF TOTAL DROP CHARGE
__[dP Measurement of total drop charge was performed with-
linj=C dt , (1) out a capacitor in the drop patbnly devices 0,1,8 using a
expt procedure similar to the one employed by MacLatchy and
. 2 . . . _ _
Vou=Reelin » (2) Ch!pman_(19_90 in measuring the charge of high-speed me
tallic projectiles.
From Egs. 1 and 2 we obtain The drop charge is then given by
(@) _ Vou | @ q=J Iy dt. (4
dt expt ResC

Usually the integration was performed on the first half of the
where @®/dt) gy is the instantaneous time potential deriva- curve, but integration of the second half gave almost identi-
tive sensed by the probe, in units of Vis(the probe poten- cal values.
tial is always kept at zejo C is the capacitive coupling The voltage output of the amplifier was acquired by an
constant and equal to 0.25 [g§ee below. The drop velocity —analog-to-digital(A/D) interface (Labmaster typeand fed
was estimated by making the drop fall alongside two probe®nto a 386-based computer. The softwaxeTAPE version 2
in tandem. The sensing region of the probes was, in this cas#/as used for the acquisition.
deeply recessed inside a grounded carcass in order to elimi- In order to test the charge measuring system, water drops
nate long distance charge sensing. By doing this we coulvere produced with the cavitidevice 3 maintained at dif-
obtain two reasonably sharp signals permitting to identify theferent potentials. The charge in the drops was then deter-
time interval related to the drop passage between the twlined by integrating the current versus time curves, (Eg.
probes in tandem. Distances from the drop origin to the senKnowing the drop radiug, the potential of the dro@ is
sor varied from 30 to 42 cm, depending on the experimentcalculated from

The capacitive coupling constaft of the system drop q
+sensor was estimated by measuring the response to a fall- &= .
ing drop of known electric chargesee below A drop with 4meod
0.27 pC(measured previously by integrating the current ver-Typical water drops had a mass of 13.04 ifag inferred
sus time signalwas made to fall through the sensing probe.from the weight of 50 dropsfrom which a radius of 1.46
A theoretical ¢,®=d®/dt) curve was then generated from mm was inferred assuming spherical symmetry and density 1
the known values of the sensor geometry, drop size, charge/cnt. The predicted potential was found to correlate well
and velocity. This curve was compared, at its maximumpwith the potential imposed in the cavifgevice 1, as shown
with the experimentally determined through E®) curve in Fig. 2. Initial tests were conducted in which the charge of
from which the value ofC was determined a€=0.25 pF a same drop was simultaneously determined using two dif-
with Reg=5%10 Q. ferent procedures:

©)
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(1) by integrating the current versus time cufas described
above and

(2) by using a Keithley 616 digital electrometer as a cou-
lombmeter. The correlation between the two measure-
ments was excellent indicating that the sensor ring de-
tects most of the charge of the drop. Different sensor
geometries were tested, and the measured charge, using
Eqg. (4), was found to be independent of the particular
sensor geometry within reasonably wide limits.

(3) In order to produce drops of near zero chafgee be-
low), the cavity potential is changd@ith the capacitor
in the discharged conditionuntil the falling drops pro-
duce a negligible signal on the sensor output.

(4) Multipole charge induction was accomplished by letting
drops with zero net charge fall through the capadita- 2F
vice 2 typically maintained at 30 V with 67 mm plate '
separation. The sensor probe is placed between the plates
at mid-distance between them. Initially the voltage of the
capacitor is fixed to zero and device 1 is adjusted until
no signal is detected by the sensor. Then, with voltage at
device 1 kept unchanged, capacitor voltage is brought to
values ranging from zero to 30 V, in either polarity.

(a)

1

Amplifier output voltage (V)

4 L 1 L 1 L 1 R 1 L 1 .
35 40 45 50 55 60 65

Time (ms)

IV. EXPERIMENTAL RESULTS - (b)

A. Monopolar drops

w
T T

When, in initial tests, drops were formed without device
1 attached, we found that they always possessed a net chargeg
in the few pC range. Since many different sources of a dc
field could be present inside the cage, affecting the electrifi-
cation of the nascent drops, we did not pursue this problem
any further. By later keeping the forming drops inside device
1 we could, at the same time, shield them from the external
sources of charge and impose a known electrical potential to
the nascent drop. In this way we could produce drops of
positive or negative charge by maintaining the surrounding
ring (device 1 at respectively negative or positive voltage.
The signals produced by positive and negative drops were
essentially mirror images from each other. Typical signal
from positively charged drop&apacitor absent or at zero ]
voltage are shown in Figs. @) and 3b), for drops produced 5 A R R TR SR SR
with the surrounding ringdevice 1 at negative voltage. It 35 40 45 50 55 60 85
can be seen that the drop charge or potential has the opposite Time (ms)
sign of the ring potential.

With a discharged capacitor in the path the signal isFIG. 3. (a) Signal from a positively charged drop of 0.27 g€lrrounding
shown in Fig. 3b) and shows, besides the expected biphasiéﬁ”g at negative voltage no capacitor in thg pa.tl(b) Signal from a posi-
response, two tail currents. Comparison between this signAl’® charged drop with discharged capacitor in the path.
and that obtained without the capacitor in the dégig. 3(a)]
shows that the tail currents are a result of the shielding pro
vided by the capacitor plates, which cuts the signal when th
drop is outside the space delimited by the plates. As is showg
below, this shielding effect is not relevant for drops having
zero net charge, as their electrical influence is short reache

1

2+

Amplifier output voltage

capacitor(10—30 V with the lower plate at the given voltage
nd upper plate groundgdhe previously near zero signal
hanges to a well-defined four-phase signal having a mini-
&um of 50 times signal/noise ratio for individual tracings.

Vith the lower capacitor plate at positive voltage there is a
first positive deflection, followed by a negative deflection,
then a high-amplitude positive deflection, and finally a nega-

By adjusting the voltage in the upper ritdevice 2 we tive deflection. The signal amplitude increases proportionally

could obtain drops that produced essentially zero sigmatl  to increasing capacitor voltage. The pattern symmetrically
charge in the few fC rangeWe refer to these drops as zero reverts with voltage reversion at any given voltage from 10
net charge drop&NCD). When ZNCD transverse a charged to 30 V [Figs. 4a) and 4b)].

B. Multipolar drops
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FIG. 4. The figures corresponding to negative voltages are mirror images FIG. 5. (@Monopolar fitting.(b) Multipolar fitting with V=+30 V.
with those with positive voltages.

o sonable fittings using a theoretical free falling water drop
C. Curve fitting having a single charge located at the center.

1. Fitting for the monopolar distribution
Curve fitting for charged drops falling with no capacitor 2- Fitting for the multipolar distribution ZNCD

in the path were undertook using the equafisee Eqs(14) The experimental curve used for the fitting with a theo-
and(15) in Sec. V| retically derived signal is the average of at least 30 succes-
1 sive individual signals either for the monopole or for the
9 ®[z(t)]=— - v(22+1%)7%%zq, (6)  multipole. A program inQBASIC was employed to compare

the experimental curve to different theoretically generated
The experimental curve is the average of 30 successive signes. In the derivation of the theoretical signal the following
nals (see Fig. 5. As seen in Fig. & we could obtain rea- principles were used:
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d(x)=

qg px 1 XiX;
(F+T3_+§i2jQijr_5+”'- 8

N

4meg

r In Eq. (6) q is the total charge, or monopole moments the
é & electric moment,

p=f X p(x")d3x’, 9
andQ;; is the quadrupole moment tensor,
Qij:f (B X[ —r"28;)p(x")d". (10)

Expanding Eq(6) up to the quadrupolar term we obtain

oo L (a1 1 ,
(X)—Fe0 F+r_§(pxx+pyy+pzz)+ﬁ(QxxX
sensor

ring y + QY2+ Q.22+ 2Q XY+ 2Q X2+ 2Q, Y 2)

X +--- ) . 1y
drop
velocity . . . .
Adapting the former equation to our experimental sdtig.

(52 12\1/2
FIG. 6. Drop coordinates. 5), r—(z + ) , we have

<I>[z<t>]=# (Z+1%) M+ (22 +12) A pyx

(1) The theoretical drop falls freely in vacuum but a correc- °
tion is made to fit its velocity at the sensor position, with
the velocity of the experimental drop;

(2) the theoretical drop does not change its net charge during

1
TP+ P2)+ 5 (22417 Qux® + Qpyy?

the flight; +Q2222+2Qxyxy+ 2szxz+ 2Qyzyz)
(3) the system has azimuthal symmetry;
(4) the theoretical sensor ring has no peduncle whereas the +-- (12

experimental has one.

. . . _ The temporal derivative of the potential will be
Considering our experimental condition with the charge on P P

the drop equal zeraqy=0, Eq.(15) (see Sec. Ytransforms, @[ 2(1)] = 4;6 vz( (22+I2)‘3’2(—zq+ 0+ (2
HPLAUI= =g v (@15, (24155 + IZ)OS’Z[—Bz(loxX+ PyY+Ppz2) + Q.2
X (—32%p,+ Q,,2) — g (2+12)"27(Q,J2 + QX+ Quy]— g (2+12)"27(Q, X2
1Q,2) |4 @) + QY+ Qy2°+2Qu XY+ 2QuXZ
The comparison with the experimental curve gives a best +2Qyzyz)) o (13

fitting when the multipolar parameters are the follow- ) - )
ing: p,=1.20x10® Cm, Q,=4.10x10'° Cn? Applying the condition of azimuthal symmetrp,=p,=0

Q,,=27X107* C . andQ; ;=0 for i #j with Q,,=Qy,,, Egs.(13) transform,
1
a@{2(t)]= 71— v,| (Z2+1%) ¥~ 2q+p,)
V. THEORY o
Potential spectrum of a falling charged droplet: The drop +(22+1%) 75~ 32%p,+Q,,2) — g (22

coordinates are shown in Fig. 6: When the droplet falls in the

z direction, the detector which has a circular shape of radius

| surrounding the axis senses the temporal derivative of the +12) T2 QX2 +yA) + Q2% |+ . (1)
potential @, ®=dP/dt). The potential outside the droplet

can be written as a multipole expansi¢see for instance Considering the detector positioned»at|, y=0, then Eqg.
Jackson), (14) transforms,
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— 2.,12\-3/2 2\ =712 2 2
R[2(V]= oo (Z+12) K~ 2a+py) +17)P2Qul?+ Q20 [+ (19

In the former equations the coordinatend the velocity,

5
2 2\—5/2 _ 2 _ (72
(21T A= 327p+ Qe 2) 2 (z have to be replaced by
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ZZH—UOzt—%QtZ and z,=—(vg,+0t). (16) If we consider the possibility that even purified water to a
resistivity of 0.18 M) m has a dielectric relaxation time in
the range ofus’ we have that, in the time scale of the im-
posed perturbation, the water drop would behave like a con-
ductor which permits writinge—o making the premultiplier
in Eq. (17) approach 1. WitlE=447 V m ! anda=0.146
cm, p=1.54x10"1 C m which is the order of the experi-
Despite many previous work$that report experimental mental fitting value(1.20x10 *® C m). Another possibility
procedures for measuring electrical charges in free movingor purer water withe=80 would givep=1.49x10® C m.
objects, there are no consistent data describing the spatial The contribution of the quadrupolar momepi, of the
charge distribution within or on the surface of water dropswater molecule is estimated from the reported values of qua-
immersed in air. Tonw and Kallay studied the charge distri- drupolar moments and the number of water molecules con-
bution inside droplets immersed in oil, and described a distained in the drop. Due to the random orientation of the
tribution based on a Poisson—Boltzmann equation. molecules around theaxis the only component of the quad-
Falling drops are adequate systems to study spatiaupole moment expected to resuli@s,. With respect to the
charge distribution since they provide, at the same time, aexistence in the fitting oQ,, we believe that this is due to
object that is electrically insulated and moving relative to athe conducting peduncle that links the annulus part of the
stationary sensing device. The present work provides expersensing device to the prolieee Fig. 1, which breaks the
mental evidence that the electrical charge in a water dropandom orientation of the molecules in the radial plane.
falling in the direction of an applied electric field is distrib- From the reported value @,,=8.34x10 %° C n? (see
uted in a multipolar pattern. Our results were made possibl®ef. 6 the combined quadrupolar moment of the individual
only because a means of nullifying the total charge of thewvater molecules in the drop is given by
drops was employed, otherwise th_e net drop charge .would 8.34x 10-%0% 4.35¢ 107°=3.63x 10~ 1° C P,
have masked the much smaller signal from the multipolar
charge distribution. Although the capacittdevice 2 has  which is to be compared with the experimental fitting param-
two holes for entry and exit of the drops the field can be, oreterQ,,=27x10 * C cn?.
a first approximation, considered uniform along the drop  In conclusion, the experimental curves can be fitted to
path. the theoretical ones generated by an electric multipolar ob-
The theoretical fittings for our experimental results areject, falling through the sensor ring. There is evidence that
not in accordance, however, with what one would expect fothe measured charge distribution in this object is due to the
a dielectric sphere in a uniform electric field, in which case acontribution of the field-oriented water molecule multipoles.
pure dipolar pattern would be observed. The present results
can be interpreted along two main lines of reasoning. ThRACKNOWLEDGMENTS

first sees the macroscopic charge distribution on the drop and - Thjs work was partially supported by the Conselho Na-

the second relates the experimental signal to molecular pgsonal de Desenvolvimento Ciéfito e Tecnolgico (CNPq

rameters of the water molecule. Brazil) and Funda@ de Amparo aPesquisa do Estado de
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to a phenomenological macroscopic charge distribution in an
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. . . 2 H
In a uniform electric field, the water drop can be taken as,C- S- MacLatchy and H. A. Chipman, Am. J. Ph§, 811 (1990.
h havi dipol ? f J. D. JacksonClassical Electrodynamic8/Viley, New York, 1962.
a sphere having a dipolé moment o 4M. Tomic and N. Kallay, J. Phys. Cher86, 3874(1992.
5J. B. HastedAqueous Dielectric§Chapman and Hall, London, 197%.

in order to visualize the experimental spectral patterns.
In Fig. 7 are shown the different multipolar contributions
to the temporal derivative of the potential.

VI. DISCUSSION

e—1
p=4me, a°E. 1n e
€+2 J. Verhoeven and A. Dynamus, J. Chem. PI§%.3222(1970.
J. Appl. Phys., Vol. 80, No. 10, 15 November 1996 Fornés, Procopio, and Sartorelli 6027

Downloaded-03-Feb-2005-t0-200.137.205.136.-Redistribution-subject-to—AlP-license-or-copyright,~see-http://jap.aip.org/jap/copyright.jsp



	I. INTRODUCTION
	II. EXPERIMENTAL SETUP AND METHODS
	III. MEASUREMENT OF TOTAL DROP CHARGE
	IV. EXPERIMENTAL RESULTS
	V. THEORY
	VI. DISCUSSION
	ACKNOWLEDGMENTS

