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Abstract: A water droplet deposited on a conductor of higlleformed sessile droplet on a line conductor distur
voltage transmission lines vibrates with a frequencprecisely the electric field along the conductaface.
proportional to the frequency of the applied ACtage. Thjs disturbance of the background field is attiioito
The droplet also deforms subsequently under S0etage 6 field enhancement at the deformed surfaceatf ea
stress. Likewise, it has been observed that thacaiof a water droplet, which is a positive feedback

water puddle on a high voltage conductor becomstaiie . ! ; X X

from a?certain valug of the? electric filed strengthith phenomenon causing further c_ilsto_rtlon or \_/Ibrab{)n
respect to the geometry of the conductor or trassion ;‘/‘:)?t;;?e droplet, when the line is submitted to AC
line. .

In this paper, the dynamics of a water/air intedais The dynamics of water droplets has been the subject
investigated theoretically when the electrode systeof a certain number of experimental works, but doty
containing the water droplet or water puddle isitted to  water droplets on dielectric surface under electric
AC voltage. A mathematical model enabling us taikite  stress. So far, and in our opinion, only few paples
the axisymmetric deformations of droplets is used tyjth experimental studies of the dynamic of conihggt
calculate the critical electric field strength athieh a \4ter surface submitted to ac voltage. Benjamin and
water/air interface becomes unstable according dms Ursell [2] investigate theoretically and expeririyt

approximation techniques, for a sessile water deoph a 2
metal electrode faced to rod electrode. Furthermanis € stability of the plane free surface of wateoefo

paper presents an experimental study of the defoomaf a@nd Teich [1] also investigate experimentally the
a water droplet and water puddle on a plane eletro behavior of droplets on different high voltage
faced to another rod electrode to check the theorgonductors showing high framing rate records of the
Fundamental observations of current dischargeperiodic deformation in the electric field. Finallyord
characteristic of water/air interface are presentethe Rayleigh [3] analyzed the equilibrium conditions &
behaviour of the inception field strength of pafrtiaconducting liquid in vertical electric field. His
.d'sclhargﬁs bEtWTehe” Watelr/a'rf'”gerface and aretebde gnnroximate treatment allowed him to determine a
is also shown. The results of the investigatioraviple a a6 equilibrium shape for a conducting liquidien
better understanding of the approach to calculatfteld a given applied electric field strength

inhomogeneity factor at the tip of a sessile wateplet. The aim of this paper is to investigate the dynamic
Key words. sessile droplet, water/air interface, dropletof an electrified water droplet and water surface.
instability, electric field strength, discharge @mtion, Precisely, we firstly use a mathematical model to

discharge current. calculate the theoretical electric field strengtithe
water/air interface, and secondly we experimentally
1. Introduction regard the discharges initiation and development

The dynamics of the water droplets on high voltageetween water/air interface and metal electrode Th
transmission lines under AC voltage stress canym®d results of the investigation can provide a better
complex dynamic shapes such as sideways wobblingderstanding of the approach used elsewhere [4] to
and other modes of volumetric vibrations, as on thmlculate the field inhomogeneity factor accordiog
surface of the outdoor insulator. Furthermore, atiou Schwaiger, and to determine the critical elecig@f
emissions from wet high voltage lines can reachllpc strength at which the water/air interface becomes
unacceptable levels and are linked to energy toss f unstable using a virtual sphere according to G. 1.
the lines [1]. It has been demonstrated that the$aylor.
acoustic emissions have their origin in electrical
discharges from deformed water droplets on thes)ine2. The water/Air Interface Analysis
and these discharges depend principally on thériglec
field strength at each droplet surface. In effeeich 2.1. Description of the water/air interface



Let us consider a water droplet on a conducting flavith

surface (Metal electrode) subject to an AC electric = & =

field, as shown in Fig. 1. This water droplet alaay v : D/WA(D Eﬁ) 3)

elongates in the direction of the field at a gitiemet. Fp =-A[Ap (4)
The metal electrode is smooth, horizontal and doés R _

dissolve or react with the used water. The water/ai Fe, =000, 5)
water/electrode and air/electrode interfaces corgba = =

so-called contact line. For the gas around theldtop Fun =11 EZ'U&“(D Eh) 6)

and the used water, we are made the same F, =AgRpZ @)

considerations as in [5]: The air is a perfectatitric T
steam, and water is conductive and incompressible,, Contrary to the simplifications made elsewhere [3],

When an AC electric field is applied to the sessilf'€ consideration of viscosity makes it possiblake

water droplet, its shape can change with respeheto Into account the force interaction in the direction

polarity of the electric field. That means the dedpan :angen:ia: Wwa. Acco;dinfgt:]o Gf"' Tay(ljor [?]' ?hneltyéhe
vibrate [6] with or without elongation other motion  ‘aNgéntial components ot Ine lorces due to thereec
stress and to the effect of the viscosity intenathe

. direction tangential tbya of the droplet, thus equation
[Hv Electrode) (2) becomes

F,+F,=0 8)

with

(Ground Electrode]

Fig.1 Electrode arrangement with a water droplet
submitted to electric field

Let us consider the droplet vibration with or wittho
elongation as a simple deformation of the dropléte
direction of the electric field. It is shown elsesvh [5] z
and by lliev [7], that this deformation is a resofithe v
change of the different interface energies, and the
phange of the negative Wofk Suppl_y to the Water/a”i:ig. 2 Normal and tangential components of thetgtec
interface and the contact line subjected to externa .4 at the water/air interface in the surroundaig
forces due to the interfacial tension, the pressure
difference, the electric stress, the effect ofiseosity
and the gravity. ; ;

The reduction of the Gibbs free energy of bot%’z'iﬁt%t‘?;::%nsc’f theshape of the water/air
water/air interface and contact line towards zero pqr generalization of results of the calculatiorg t
enables us to obtain the main equation of the sbBipeyystem of the differential equations of the shefg,o
the water/air interfacky, at tpe equilibrium state [4] 31 be written in a non-dimensional form as 5]

yWA[ﬁDDﬁ)_ZfI =0- (1)

Let us decompose the force balance given by gg 1

equation (1) into normal and tangential components, d*S: —
[HO eyt CoseJ

sind + A2

VX2 +Y?2

(1+ A1)-

according to Fig. 2. The interaction of all extérarrd
internal forces in the direction normalig enables us
to rewrite equation (1) in (11)

ﬁtzfl:|3p+|3En+lflm+|3g Ify 2)



dXx configuration, the height of the droplet, a poiant

as cosf[tosa (12) gifference and the shortest distance between both
d\? electrodes. It is assumed that the water considered
F =cos@&inga (13) conductive.

E =sind (14)

ds

with
Al=B, [Z +W,, B Eos a [{K, + K, [tos 6)
A2=Q B [tos atosd
S =bl§, X =bl¥, Y =bly and Z =b[Z, where
e p=—1 isthe curvature at the origin of

pex

coordinates (Apex);

* T,=1376010°[R is atime constantins;

* Q. =4421E2 is an electric parameter iff s
for homogeneous electric field and for a unit
area;

* B, =672300° [R*is the non-dimensional .
Bond number- Fig.3. Top view of a droplet faced to rod electrode

* W, = 308107 [EZ, [Ris the electric non- Without water droplet, this electric field strengtin
dimensional Weber number for homogeneous be expressed as
electric field and for a unit area ; U
« J=E? kog(2rft) is a non-dimensional variable B, = n.d (16)
0
pargmeter T ) 1], is a corresponding inhomogeneity factor for the
’ ETecltSrii Hglr&-.dlmensmnal form factor forthe g6 ctrode-electrode configuration.
) ’ o One defines in this case the electric form fader,
+ Eg. isthe electric field strength of a 1
homogeneous electric field ikv/cm, for a E,= h (17)
water temperature of 20°C; ni1-—
* R isthe initial radius of the droplet mm o d)
«  K;=1 andK, = 78.18 are non-dimensional for droplet-electrode configuration, and also
electric constants; E =1 (18)

on

. . 0
2.3. Calculation of the form factor of the electric  for electrode-electrode configuration without skessi
field at water/air interface droplet. The double influence of the geometry & th

For a sessile droplet on a conducting solid surfiee . . L
deformed water/air interface enhances the initiglroloIet onE, cgn be noticed. The fII’S.t 'S_ d.lrectly
electric field at its tip. This is a positive feedx through the height, and the second is indirectly

phenomenon, which causes further distortion of tferough the inhomogeneity factor; calculated
droplet. Furthermore and under certain condititmes, according to ag, g) geometry of the configuration
sessile water droplet can disintegrate or jumphéo ttaken into consideration.
faced electrode Let R andr be the radii of the major and minor
Let us materialize witlt the electric field strength of spheres of a sphere-sphere configuration, respctiv
the normal component of an electric field at onthef The (o, q) geometry is defined by [9, 10]
elementary points on the droplet tip. For a sessile —d+r . qg=R 19
droplet, as shown in Fig. 3, this electric fielctesgth p= r an q_r . (19)
can be expressed as For the calculation of the form factor of the efict

U 1 (15) field at water/air interface, we consider two gap

/7(d _ h) configurations:

/7[1—2} = Sphere-sphere for water droplet faced to rod
n, hU and d are respectively a corresponding electrode Withp:m r
inhomogeneity factor for the droplet-electrode fw Mw

-V
d

W andq= E :




= Sphere-plane for water surface faced to rod
with

electrode and to point electrode
-h+
= dh—rE and q=oo.
e

5h% +3rh? + Zh+v =0, (20)
r

with | = Ny pandVy the volume of the water droplet.

m

To calculatey for the sphere-sphere configuration;tg determinateEn for the water surface and electrode
we assimilate the radius of curvature at the tithef configuration, it was assumed that the deformation
droplet to a virtual sphere according to G. I. ‘Bayl the water surface had only a neglected influendben
[8]-Moreover, a small water droplet can roughly bgjstance between electrode and water surface.rin ou

regarded here as having the form of a cap of ellips c55e the inhomogeneity factor according to Schevaig
of revolution [4]. Since the droplet deformation2] can be approximated to

modifies the distanag - h, which in turn influences the

field, En will have to be determined by an iterativ
computation. The necessary algorithm is given inl§a

1.

Table 1

Necessary algorithm for iterative computationkaf

Step | Related actior

Related equations for tt

droplet tig

0 [ Initializatior E@=1d

1 | Begin an iterative r(n+1)and h(n+1)
loop

2 1
Calculate the (r(n+1)? 2
ellipticity n+)=1-——+-

e(n+1) (h(n+ D)

3 Calculate the
principal radii of
curvature at the
droplet tip,
according to [24]

ry (N+2) =h(n+1) a(n+1)

with
a(n+1) =1-(e(n+1))*

4 Calculate the
distance between
the droplet tip and
the faced electrot

a(n+1) =d-h(n+1))

5 | Calculate the nc-
homogeneity factor

nn+1) = f(r, (n+1,a(n+

6 Calculate the forn
factor and check for
its convergence.
Stop if not
converged.

If converged, go to
step 1, up to a givern
n and store the

calculated valu

E,(n+1) = f(7(n),h(n))

—-0,904

n=a , (21)

Sor droplet faced to rod electrode, wihhe spacing

between the droplet tip and the opposed rod eldetro
in mm.
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Fig. 4 Relative PD inception field strength of asike
droplet versus spacing)(and corresponding calculated
field strength, for rod electrode.

2.4. Numerical results of the calculated critical
dectric field strength

2.4.1. Water droplet on plate electrode faced to

rod electrode
The numerical results presented in this paper were
obtained for a droplet with an initial radiRsof 3mm
and the calculation was only done for a spherefgphe
configuration. At begin of the -calculation, the
developed numerical routine considers automatically

the electric form factoEn = 1 to reduce the still more
computational costs. It is also well known thatftiren
factor depends on the shape of the droplet under
voltage stress. For the computation of the shajpieeof
droplet under voltage stress, we used the sameotheth
as in [4, 5] to solve the system of equations fatimg

As explained in our former works [4, 5], the Volumezgs. (11) to (14). In our developed MATLAB routine,
of the droplet is supposed to be constant, dutieg twe consider that air have a dielectric strengt8®f
deformatlon of the droplet. In our case, the dgmm kV/cm under normal conditions amgd = 5 mm. The
of the sessile water droplet is also charactetigettie  optained result of the calculated electric fielesgth

variation in the radius r and the height h of theptet. i jllustrated in Fig. 4, with comparison to the
Wh||e adm|tt|ng th|S Observatlon aISO fOI‘ a SeSS|!gxperimenta| determined f|e|d Strength.

droplet on a conducting smooth surface, and aaogrdi

to Leibniz [11], we can write and solve followings 4 2 \Water surfacefaced to rod eectrode

equation:

Fig. 5 illustrates the calculated electric fieldagth
for water surface faced to rod electrode as a ipmof
the distance between the water surface and thesegpo



electrode. These results of calculation were coetpar
to experimentally determined electric field strémigtr

video |

corresponding configurations. In our case, we have/ - ?‘
considered in the calculation that water/air ireteef o o
does not move. Therefore, the form factor of the —

electric field will not have to be determined by an

iterative computation. For the calculation IBf and \//~
the electric field strength, we consider the spiptage
configuration. The problem has been solved for
e re=5mm 0..400 V
 the dielectric strength for the surrounding aif=3
kvicm.
In our case, the electric field strength at water/a — —
interface, according to Schwaiger [12] for no Fig. 6 Experimental setup

deformable water/air interface, can be approximeted
E= a'laz +a,a+a,, (22) For the water droplet and generally water surfaee,

used normal drinking water with a conductivity @03

400 V/S0KV

camera

L3

for water surface faced to rod electrode, with= uS/cm. The volume of the droplet was [B0 This
2010° kV/cmithn, o, = 3,7 kV/enim andas = 3,3 sessile droplet was placed on the surface of almeta
kv/cm, ain mm. plane electrode with the help of a glass syringe, a

shown in Fig. 7 for rod-plane electrode arrangement
Furthermore, for the flat water surface configumati

40

e we used a specially shaped electrode which is robde
30 L stainless steel and which can contain up to10 rténva
casured - as shown in Fig. 8 with rod electrode.
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Fig. 5 Relative PD inception field strength for ater/air
interface versus spacing (a) and correspondingilzaér Fig. 7 Water droplet in rod-plane electrode arramget.
field strength, for rod electrode.
The applied AC voltage on the electrodes

3. Experimental Study of the Dynamic of arrangement is measured using a Tektronix P6015A
Water/Air Interface high voltage probe (TEK 2). The potential drop asro

In the preceding paragraph, we showed throughe resistance R75 Q, 1/4 W) fed directly to the
descriptions and mathematical formulations thafigital storage oscilloscope (Tektronix, TEK 1) to
water/air interface is distorted when submittecito measure the discharge current characteristics. AC
electric field. We also calculated the electricldie voltage was supplied from a single phase 230 VX60 k
strength at water/air interface faced to a metabst transformer. The behaviour of the drop surtace
electrode. In order to verify these results, wealistth  water surface was recorded by using a CCD-IRISovide
qualitatively the dynamics of a sessile water dgbph camera.The 50-Hz-voltage was increased gradually
metal electrode and a conducting water surfacstil the first partial discharges (PD) occurredeT

submitted to AC voltage. exact value of the PD inception voltage and thtagel
_ shape were recorded with a digital storage osciips
3.1. Experimental setup (Tektronix). The measurements for the determination

A simple set-up has been used to study thsfthe PD inception field strength have been evallia
behaviour of water/air interface under AC voltagaccording to the proposed method of IEC 60060i&. It
stress, as in the case of sessile droplets onigie hassumed that all experiments are normally disteithut
voltage liens [13, 14]. Fig. 6 shows the complete@lith 95 % confidence interval of the expected ealu
experimental setup with an electrodes arrangemeitt.our case).

The rod electrode is connected through a high gelta
resistance (R of 100 M2 to the AC high voltage
source and the plate electrode connected to ground.



for the rod electrode, as shown in Fig. 5. Nevédette
the water surface will become unstable for lowelcdfi
strengths with point electrode as well as with rod
electrode. The agreement of the calculated eldiethit
strength with the measured PD initiation field st
was only partially satisfactory. In effect, the PD
initiation field strength will become constant oillw
decrease foa > 5 mm.

Fig. 8 Water surface with the rod electrode.

3.2.3. Theingtability of thewater/air interface

3.2. Resultsand discussion A potential U of up to = 15 kV could be applied to
the water drop by means of a continuously variable
3.2.1. ThePD initiation field strength for a power supply. Higher values of potential tended to
conducting sessile droplet faced to metal cause the water/air interface to become unstabée or
electrode water droplet to move up from plane electrode t ro

The initiation voltage of the partial dischargeBJP electrode. The camera presented in Fig. 6 enabltd u
between a droplet surface and metal electrode onsisserve and film the droplet and the water surface
depends on the initial geometry and a furthdsefore and after the course of each experiment. The
deformation of the droplet. Fig. 4 shows the bebiawi experiments were performed for five different distes
of the PD inception field strength of the dropletface from the top of the droplet (or water surface)he t
faced to the rod electrode, with respect to spading faced electrode: 3.18 mm, 4.14 mm, 5.24 mm, 6.13
the same figure, the corresponding calculatedrgectmm and 7.23 mm.
field strength is compared to the measured PD
inception field strength.

The experimentally determined field strength gives
the critical condition for the stability of the vesfair
interface, and is observed for spacing up to 7.28 in
can also be observed, that for relative small ga |/ TR
distances the water/air interface surface will Ineeo |
quickly unstable. However, the calculated L S e SR
corresponding electric field strength does no| i e S siskrisiil sy
completely behave with spaciadjke the PD initiation | -0,013 /0008 | {0,003 * “ 0002 {liftlio007 /0012
field strength. This difference is due to approxiom
method used for the calculation. But, the disagesgm S | |1 A—
between both experimentally and theoretically algtai
results is related to spacing. The dielectric
characteristics of airfor instance the mechanism
related tadischarge initiation and development in air, _ _
have certainly significant influence on experiménta Fig. 9 Typical voltage and current measured duaing
results for large distances between droplet sudade discharge development for a water/air interfacgpacing
opposed rod electrode. These characteristics vegre n of 3.18 mm to the rod electrode.
considered in the calculation of the critical efiedteld
strength. In effect, in our theory the air is afper
dielectric steam.

The behaviour of the recorded voltage and current
illustrates clearly the dynamic of water/air interé.
All recorded results show that when the appliethga
3.2.2. The PD initiation field strength for a reached a certain value, a current began to flow
conducting water surface faced to metal between the metal electrode and the droplet orrwate
dectrode surface. This current can become stabile (estadalish

A water surface can become unstable whed!Tent) or unstable (impulse current). Fig.9 titates

subjected to an electric field and when the fiell{1 typical behaviour of voltage and dischargeseeur
strength reaches the relative critical value. Frar t OPS€rved when the water surface is subjected t8250-

: ; e electric field for both point and rod electrodeshieT
considered experimental arrangement, the initdd fi tability of water/air interface is thereby eviged

strength is imposed by the geometry of the oppos rough the flow of impulse current in the gap due

metal electrode. The mechanism which comes into pl ; 19k
under these conditions is the electrostatic deftoma c°rona discharges on the water surface. This iifigtab

of the water/air interface. This was observed fdP alsc/) <_:h_aracfterised by the vibration or motiothef
spacing up to 9.18 mm. Below this spacing, PWyater/airinterface.
initiation field strength is generally found to losver



4, Conclusion water droplets on solid surface in electric field
It has been shown how a simple mathematical model Simulation of the shapes of a water droplet onlatel
can be used to predict the dynamics or the stabilia solid surface in an AC electric figldournal of Colloid
water/air interface, and an experiment has been and Interface Science, vol. 298, 2006, pp. 869-879.
described which approximately confirms the theo

r . : :
under certain conditions with respect to the dirtars 8 X.Oléﬁfnm%gﬁgrigofhﬁ" S’\rlgsggrg? isf,\'gt];’ %‘r’oilzrf L:)ar:l’

of the system used. We also apply the theories of j,qjated solid surface in an AC electric fieGanadian
Schwaiger and G.I. Taylor to calculate values ef th  j5umal of Physics, Issue 85, 2007, pp. 1-17.

field strength which can initiate the instabilitf the

water/air interface. However, the relative smak. Higashiyama, Y., Tamagata, T., Sugimoto Vilration
dimensions of our system compared to Schwaiger’s of water droplet located on hydrophobic sheet urider
experiments are not a negligible obstacle to the tangential AC field Industry Application Conference,
calculation of the field strength at the water/air 1999. Thirty-Fourth IAS Annual Meeting. Conference
interface with higher precision. Record of the 1999 IEEE, Vol. 3, pp. 1825-1830.
The dynamics of the water droplet on a conducti
-SOIid surface, _and also of the conducting Watd-asar equilibrium state of a liquid droplet in contacttivia

IS hereby evidenced through the ﬂ.OW of impulse solid, Journal of Colloid and Interface Science 213,
current in the gap due to corona discharges at the;ggg 1.19

water/air interface. Furthermore as expected, the ' ’

obtained results also enable us to affirm, that the Taylor, G. I.: Disintegration of water drops in an
electric field applied to the water/air interface i electric field Proceeding of the Royal Society, A, vol.
controlled by the electrode geometry and spacing 280 (1964), 383-397.

between water surface and the electrode..

n?. lliev, S. D.: The effects of resistance to shift of the

9. Bresson, C. Appareillage électrique haute tension :
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