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Physicochemical Analysis at the Interface
between Conductive Solid and Dielectric Liquid
for Flow Electrification Phenomenon

M. EL-Adawy, T. Palilla, Y. Bertrand,O. Moreay, andG. Touchar

Abstract—At the solid-liquid interface, a charge zone callé the
Electrical Double Layer (EDL) appears. It is constiuted of two
zones of opposite sign, one in the solid and anothene in the
liquid. When a liquid flows through a pipe, an axid streaming
current is generated. This current is due to the aovection of the
charges coming from the electrical double layer. Té
physicochemical reaction at the solid-liquid inter&ce is one of the
most important parameters which control the diffuse layer
development inside the liquid, and consequently thepace charge
density. In this paper, we present an analysis forthe
physicochemical reaction in the case of liquid coatning
additives or impurities partially dissociated into positive and
negative ions. The addition of impurities, in our ase, is
associated with changing in both the polarity and he value of
streaming current. Thus, from this difference in steaming
current, we will be able to identify the reagent ofthe oil with the
solid material. Also, the effect of streaming potetial on the EDL
has been undertaken. Moreover, the fully developespace charge
density at the wall is calculated with the help ofstreaming
electrification experiments which are conducted inthe case of
non-fully developed EDL. This procedure can be conatted for
the investigation of flow electrification in transformers with
oil/metal configurations.

Index Terms—Electrical double layer, Flow electrification,
Physicochemical reaction coefficient, Streaming cuent.

I. INTRODUCTION

LOW electrification has been extensively studieithcs
over 50 years ago, due to its economical and thieate
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interest. It has been found to be the cause ofastla dozen
failures of large forced-oil cooled power transfersy and in a
compact HVDC substation. This phenomenon, occuriing
large power transformers, needs further study ttaioba
reliable design of such transformers particularithwegard to
the charge separation process occurring at thel-boliid
interface. Convection of liquid creates a streandagent and
leads to a continuous charge separation processheat
interface. When the solid is insulated from theuga), leakage
impedances limit the accumulation of these chamfeshe
wall. This leads to potential buildup and henceltiisges on
the surface of the solid material. Finally it maguse major
discharge damage as in the case of large oil-copteger
transformers [1]-[3]. To date, however, there arelazen
failures of large oil-cooled power transformersibtited to
this static electrification phenomenon. The predant
failure mode of these transformers involved intefteshover
across considerable oil distances, and these dailirave
alarmed both transformer manufactures and usergoy]

From the theoretical point of view, many papersehbeen
published which deal with the mathematical desienipof the
EDL [6]-[8]. These papers describe the distributiohthe
potential or of the space charge density in theidigThey are
always based on one parameter, which depends onthe
physicochemical proprieties of both the solid amal liquid. In
most cases, this parameter is the zeta poterg)abi the
Helmholtz potential ¢p). In other cases, it is the space charge
density on the walld,q) for a fully-developed EDL [9]. Also,
the diffuse layer thicknesg}) and the EDL development time
(7) should be considered due to there effect on ie. E

One of the most important parameters, the physeoatal
reaction at the pipe wall-liquid interface whichdirces the
flow electrification remains very difficult to quafy. When a
liquid solution is in contact with a solid surface
physicochemical reaction occurs at the solid-ligintrface,
leading to the formation of an EDL. This layer ialled
“double” because charge of one sign collects on dsbid
surface, while the opposite charge remains in ithéd. The
process of flow electrification is caused by theiabx
convection of the diffuse liquid part of the EDLpegaring at
the solid-liquid interface. Thus, the rate of thallwreaction
and the resulting charge concentration in the dguaiay
control the flow electrification.

The purpose of this paper is to analyze the phgbiemical
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reaction at the solid-liquid interface in the casfe liquid
containing additives or impurities partially dissded into
positive and negative ions. This reaction can tsogation or
corrosion (oxido-reduction) reaction depending loa type of
solid which is in contact with the flowing liquidMoreover,
the fully developed space charge density at thel vl
calculated with the help of streaming electrifioati
experiments that are conducted in the case of ulby-f
developed EDL. This procedure can be conductedtlier
investigation of flow electrification phenomena
transformers with oil/metal configurations. Specaiention
should be considered for the evolution time of expents to
avoid changing the interfacial reaction rates amasequently
the value of space charge density. Thus, it is wesful to
carry out all the experiments in times which am@seltogether

[1].

Il. PHYSICOCHEMICAL REACTION

As soon as this liquid is in contact with the sdigiface,
the complex solid-liquid initially neutral becomeslarized
under physicochemical reactions occurring at therface.
Such reactions generate a specific value of theasting

whereky, andk,, are the kinetic constants of the wall corrosion
reaction. Then when the catior@s+ are in contact with the

anions of the liquidB,, a surface reaction can occur in the
liquid region as follow: (ionic bound)

cr+B P c.B,

s L HQ@SD s

®3)

inwhere ky3 and ks are the kinetic constants of the ions

recombination reaction.
The balance sheet of the reactions (1), (2) &43) i

AB +C, D, - A'+C,B_+D (4)

B. Adsorption Model

When a liquid is in contact with a solid, the prefial
adsorption of charged species of the liquid by #uodid
induces the development of an EDL. However, in etaace
with (1) and (2), this reaction can be modelediha solid
region, as follow:

current depending on the type of the solid mateaiad the ot Lo
: > ° 0 " RN +B . RB]
chemical composition of the liquid, such as transfer oil, R (4)
which is difficult to be characterized. Ot oy
RP + R
Furthermore, even in a highly purified state, the AL”EPPD A

hydrocarbon liquid oil can contain impurities tltaih undergo
chemical reactions and affect the charge generayetiow
electrification. Since these impurities are usughgsent in
trace amounts, their composition tends to be unknflQ].
Also, additives may be used intentionally, e.greduce the
electric resistivity of the liquid or to significip modify the
EDL.

Different models have been proposed for modeling
chemical reaction process occurring at the sotjdid
interface which induces the EDL.

A. Corrosion Model

The corroding model [5] assumes that impurity oditie
A/ B, is weakly dissociated in the liquid. Thus we hdke
following equation (dynamic dissociation equilitmi

ABCEA B @

with RN andRP are the free active radicals of the cellulose, or
the part of Cland Dg, that will react (electrostatic
interaction) with B_ and A" respectively. RB and RA’

are the occupied active radicals whikg,y and ki are the
kinetic constants of adsorption and desorption tieas of

thpositive and negative ions respectively.

Thus, the main difference between these two madeise
mass transfer. For the corrosion model, the masssfer is
from the solid towards to the liquid, while for thesorption
model, it is from the liquid towards to the solidespective of
the mechanism of transfer, these two models leadhéo
polarization of both the liquid and the solid a¢ tbquilibrium
states. These reactions are equivalent to pogitinent at the
solid-liquid interface, and they lead to an accuatioh of
positive ions in the liquid, while the negative srreact on the
solid.

Concerning the mechanisms of mass transfer, theg ha

whereky;, andk,; are the kinetic constants of the dissociatiora”.ferent constants of reaction and consequenthy thave

reaction. When an initially electrically neutradjid comes in
contact with a solid surface, a physicochemicattiea starts
at the solid-liquid interface. This reaction depenoh the
nature of the solid and the liquid additive. Al#as assumed
that the solid surface is partly or totally compbsef

molecules CDs and undergoes the following reaction in

presence of the liquid (dynamic dissociation equiilim)

c,0,’ ¥ Cl +D; @

different kinetic development of the EDL. Also, seemodels
haven’t considered the effect of wall shearing ssren the
interfacial process, especially for high laminaryRads
numbers.

However, for these two models, most recent researft,

[5], [11] indicated that the concentration (ﬁg is not rate

controlling and varies with the shearing stresss Tileans that
the ionization process at the wall should be atfoncof the
wall shearing stress and not only a chemical reacti
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Thereby, the currents are generated by differeircebe Ill. THEORETICALMODEL

ionic diffusivities and/or by differences in thenio adsorption |hside the liquid, the Stern model [5] distinguishevo

or corrosion rates at the wall. When these sowsoms give ifferent regions: the compact layer so close eowll that its
current of opposite sign it is possible for theauity of the  glectrical charges are not affected by the ligliavf and the
current generated in a pipe to change as the ICIr yif,qe |ayer for which the space charge dengifydecreases

conductivity of the liquid is increased [6]. when one moves away from the wall according to
It has been shown previously that a reasonable ifode go;mann's law. At the wall, there is a maximumiueaof
streaming current phenomena may be deduced fro The streaming current is

physicochemical reactions at the wall between ticadditives SPace charge densityo.
or impurities and ions coming from the solids. tar from

the principle of charge conservation, and taking iaccount
the equilibrium conditions for these reactions, wean
determine the value of physicochemical reactiorffument Ks

asin [5].

C. Calcium Alkyphenate OLOA 218 A

To control the additive which is responsible of tEBBL
development in the oil, we introduced some additisech as

consequently due to the convection of charges ogrfriom
the diffuse layer inside the liquid. Thus, it degemainly on
the properties of the electrical layer: diffusedathickness or
Debye Lengthd, space charge density at the wall and the
EDL development time [5].

So the classical form for the wall current is tiodwing
[2]:

iw = Kf (pwd _pw) (6)

OLOA 218and OLOA 219 These types have been selected

because they have very well known structure [18} they
are highly soluble in the oil. Moreover, addingdbaypes into
some liquids like heptane, there will be changimgEDL sign
such has been observed in [9].

Bouregois [13], [14] has observed that, in the cafseil-
cellulose material (pressboard, paper ...) interfashen
adding certain additives to the pure oil, therénigersing in
the sign of the measured electric charge and coestly the
sign of the streaming current. This phenomenomuwétision
of sign has been occurred with different typesdiitaives but
all these additives have in common the presenceoonf
binding pairs of electrons in the external orbitdlseveral
atoms {.e. electron pairs not involved in a covalent bond).

From the molecular structure GLOA 218shown in Fig. 1,
it can be seen that the most reactive parts ar€4h® groups.
Thus, theCa atoms establish a covalent bound with e
from the aromatic cycles, and an ionic bond with tither
one. As a result, there is appearing of negdii#eions in the

The coefficient K; is related to the intensity of the
physicochemical reactions (in the classical modelisi
considered to be only dependent of the liquid-sclbdple).
Previous experiments [15] show that the space eharg
development time in the diffuse layer is much fasb@n the
evolution of the wall space charge density. Thignsethat the
relaxation timer.= & o, is much smaller than the time needed
for the development of the diffuse layer at theifgtce, where
¢ is the liquid’s dielectric constant andp its bulk
conductivity. Under these considerations, the speltarge
density profile is a quasi-static profile. Thusisireasonable to
assume that all along the channel axis, the spaeege
density profile is similar to a fully developed fdifed layer
profile.

To carry out our calculations for space charge itleresd
coefficient of physicochemical reaction, consideeetangular
cross section channel of half thicknemsand widthD as
shown in Fig. 2, whera << D, which allowing us to treat the

oil. Beside, bothO atoms bear non-binding electron pairs (Zgnfiguration as a parallel plate capacitor witfinite plane

and 3 respectively). The benzenic cycles of theemde are
stable and will
reactions. But we can note the presence of a disubridge
between these 2 aromatic cycles, where each ofstifar
atoms bear 2 non-binding electron pairs. Also thgpes of
additives have very high solubility in the oil dte the two
long hydrocarbon chair3;, Hos.

HOCa-O O-CaOHO

H2s5C12 CioH2s

S2

Fig. 1. The structure of OLOA 218.

not ready undergo additional chetnic

electrodes.

If we assume that the time needed for the formadibthe
diffuse layer profile (in the X-direction) is mucaorter than
the time needed for the development of space chatrdbe
interface, and also shorter than the residence diineeparticle
in the duct during the convection, the space chdagesity in
the liquid (in the case of weak space charge d@nisitgiven

by [1]:

2|

Fig. 2. Rectangular channel and associated codedgyatem.

D
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cosh(x/ J,) 7 density, and consequently the streaming currenthaih the
W’ O = o ) mean flow velocity and the value of chemical reacti
0 0 coefficient. Also, it can be used for the deterrtioraof space

. e . . charge density associated with flow electrification
where D, is the mean diffusion coefficient. The Veloc'tyexperiments for the fully-developed EDL.

p(x.2)=p,(2)

profile for a laminar flow in the channel is: Many papers [16]-]23] have been published that det
the methods for the determination of streamingesrin the

U(x):§U (1_X2J (8) case of fully developed EDL, in fact, for an intmisolid-
2 " a’ liquid contact time. For a partially developed deulayer, it

is difficult to determine the value of streamingremt because

where Uy, is the mean flow velocity. The streaming currenth® double layer is not completely formed, thighie reason
due to the charge convection could be obtainedutfircthe which we called it partially developed EDL. Thusisi seems

following surface integral: to be better to determine the value of space chdagsity
experimentally and then using a simplified procedly, [11]
D/2 a to determine the value of streaming current. Analyz
1,(z)= [ [p(x2) U(x) dxdy=2DC,p,(2) (9) experimental results which were made in a metaipillary
-D/2-a [5], it appears that the coefficierd; of the process is a
function of the wall shearing stress. In other vgoitthis means
whereC, can be determined as follow: that the physico-chemical process on the wall mhesta
function of wall shearing stress and not only ancical
5 .
c,=¢C,U,)= 3(?) [a-a,tanh(a/a,)] U, (10) reaction.

For a given liquid and channel configuration partereC, V. EXPERIMENTAL SETUP

is a function of the mean flow velocity,, Starting from the ~ The facility used to obtain our experimental resulas
principle of charge conservation, one can obtainfeiowing developed a few years ago as a part of the resgangnam of

expression for surface charge densigy1], [15]: “Electricité de France” and the University of Pei, France.
It consists of a closed loop where transformer ftolvs
K.z through a sensor which is consisted of a rectamciéanless
2.(zU )= pus {1— exp[ ! H (11) steel channel inserted in a PTFE frame as showfign3a.
1 Charge leakage takes place towards two stainlessl st

couplings placed at both extremities of the sensord
Equation (11) shows the dependence of surface ehargsulated from the rest of the loop by PTFE flacgeplings.
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Two plane electrodes are placed facing the exteundhces of
the stainless steel channel, beyond 2 mm of PTé-Edasure
a mainly capacitive currenj.., which is related to the charge
trapped inside the stainless steel channel (acationl
charges). A precise description of this facilitdahe sensor is
described in detail in [24]. A small modificatioras been
added to this sensor by connecting the stainlesd shannel
to a wire in order to grounding it through the anene2, as
shown in Fig. 3b, (grounded metal configurationdl ameasure
the generated current or to leave it floated (imalametal
configuration). This enables us to study the effettthe
potential on the EDL. In this work, the streamingrent is
produced by oil flowing through the rectangular el
(3%30 mm cross section, and 300 mm in length), asetifan
of time interval (at rest) between two consecutivi
measurements for a given flow velocity, and asretion of
oil mean flow velocity.

V. STREAMING CURRENTMEASUREMENT

The typical experimental measured values of cusrasta
function of time during flow and after the flow $sopped are
shown in Fig. 4 for the isolated metal. Fig. 5 shothese
currents for the grounded metal one. After a tirepahdent
on the initial conditions, the absolute value of ttreaming
current reaches a maximum, then starts to drop modeless
rapidly to constant value. In fact, the peak vakresents the
convection of a diffuse layer, developed at restrdpa time t.
Once the flow begins, the diffuse layer evolves amig a
dynamic equilibrium, which does not depend uportighi
conditions.The measurements, for the same couple of soli
liquid, of steady-state value of streaming curtanta function
of mean flow velocity (dynamic case [1]) are showrfig. 6
for the two configurations with the extrapolatiofi these
measurements. Also, it shows a remarkable depepdenthe
mean flow velocity as reported before [1]-[9]. Imeese series
of experiments, the oil proprieties werg=7.5x10"% S/m,
Do=4x10™ m?/s, and&=1.95x10"" F/m. These values give a
double layer thickness ofy= 10.20 um. The space charge
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Fig. 4. Measured currents versus time for the isdlanetal configuration
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Fig. 5. Measured currents versus time for the gledrmetal configuration.
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density at the wall for a fully developed doublgdacan be
calculated according to the simplified procedureicivhis
described in detail in [1]. However these valueggfare of
2.27x10° and 1.4210° C/n? for isolated and grounded metal
respectively. These values are of the same orderagfitude
than those reported in previous flow electrificatistudies
concerning hydrocarbon liquids [1], [2], [11], [15%egarding
the physicochemical reaction coefficieKt, its value was
3.40<10" and 8.7%10" m/s for isolated and grounded metal
respectively. From these results, we can note thatpotential
build-up on the metal part affects both the spabarge
density and the physicochemical reaction coefficigkiso,
there are changing in both the values and the campats of
the streaming currents as the flow velocity incesaas shown
in Fig. 6. To confirm these results, the applicatad different
potential values has been undertaken as showrgin/Fand it
leads to the same effect which is discussed before.

During tests, the streaming current's peak valuéesa
depending on the time at which the flow was stoppetidveen
two consecutive runs, for a given flow rate. Alsle peak
value increases with time to reach a constant vaftez long
time (t— ). These curves can be extrapolated to obtain the
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steady state value as shown from Fig. 8. Alsorethis a

difference between the peaks values of the streaunrents
for both configurations and consequently this défece

affects the values of space charge density for eash.

With (9), and considering that the profile af(z) is constant
along the channel (at rest), the value of spacegehdensity at
the wall can be obtained as described in [1]. Bséhseries of
experiments, the oil properties werep=8.8x10"? S/m,

Dy=4x10 m?/s, ande=1.95¢<10* F/m. The difference in oil
conductivity is attributed to the fact that theeiribce between
the solid and liquid has been changed and can plaiegd as
follows: the strong dependency of space chargeityems the

reaction coefficientk; has been noticed in (11), and the

reaction rate affects the magnitude, but not tHaerjig, of the
space charge perturbation by the flowing currertoAthe
past history of an experiment causes the interfacebe
slightly different, for example, the passage ofrent through
the interfaces may cause the formation of an owitlieh will
have a different thickness on each interface

Consequently, it will be useful to carry out alleth
experimental measurements through times which &sec
together, as soon as possible, to avoid divergeéncéhe
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Fig. 8. Peak streaming current values as a fundidime interval between
consecutive runs.

(10] °

calculation of space charge density [1].

These values give a double layer thicknesge9.41um.
The fully developed space charge dengifyare of 5.4%10°
and 5.1%10° C/n? for isolated and grounded metal
respectively. Comparing these values of space ehdegsity
with those are obtained before, we can note thecefbf
potential build-up on the metal part which caussséhchanges
in the values of space charge density.

VI. EFFECT OFIMPURITIESOLOA 218

The oil under test has been doped with 30 ppm ditiads
OLOA 218 and it was noted that there are changes of
amplitudes and signs of all currents as shown @ 8i This
effect has been tested also for different flow vitles as
shown in Fig. 10. In these series of experimentg t
proprieties for the additived oil aregp=2.6x10"" S/m,
Do=4x10™ m%s, and&e=1.95¢<10™ F/m. These values give a
double layer thickness o&=5.48 um. The space charge
density o, are of -2.1%10% and -1.1k¥10? C/n? for isolated

and grounded metal respectively. Regarding the
504
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Fig. 9. Measured current versus time for the tsdlanetal configuration and
oil doped with 30 ppm OLOA 218.
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physicochemical reaction coefficiel, its value is 7.9710°®

streaming current when fixing the potential of thetal part

and 2.48107 m/s for isolated and grounded metakespecially for higher flow velocities.

respectively. By comparing the results with and haitt

After the addition of impurities OLOA 218, thereeasigns

impurities, K; is changed depending on the additivéeversal of both the streaming current and the genar

concentration. This means that physicochemicalti@s at

the wall are smaller when the liquid contains inifes or

additive ions [9]. Again, there are changing in ttadues and
the comportments of the streaming currents as tbe f
velocity increases as shown in Fig. 10. The pedkevaf

streaming current versus the time at which the floas

stopped between two consecutive runs for the isdlatetal

case and with oil doped with 30 pp@LOA 218additives is
shown in Fig. 11. Similar results have been obthinden

changing the type of additives @_OA 219

75 —
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Fig. 11. Peak streaming current values as a fumctidime interval between
consecutive runs for oil with 30 ppm OLOA 218.

Comparing this case with those before the additiohs
impurities, you can note that there is a changb@famplitude
and the sign of the streaming current and conselyutre

accumulated at the solid surface and this trenddcde
explained depending on the type of reaction as\oll
If we considered the corrosion reaction, the negatins of

the solid D, will undergo chemical reaction with the positive

ion Ca, leaving inside the liquid the negative idDs.
These reactions lead to an accumulation of positime in the
solid and hence negative streaming current.

For the adsorption reaction, the positive ioﬁ:'ia; are

preferentially adsorbed by the solid material tactewithin it
leaving negative ions in the liquid. Hence, thiaatéon leads
to accumulation of negative ions in the liquid.

However, from these different values of streandngents
before and after the addition of impurities, we avable to
identify the reagent of the oil with the solid maé

VIIL

In this paper, we presented an analysis for
physicochemical reaction in the case of dielectiguid
containing additives or impurities partially disgged into
positive and negative ions which is in contact with
conductive solid material. This reaction can berasion,
adsorption or combination between them dependinghen
solid which is in contact with the flowing liquiddowever,
before the addition of impurities, these reactioase
equivalent to positive current at the solid-liqgunderface, and
they lead to an accumulation of positive ions ie tluid,
while the negative ones react on the solid.

The addition of impurities of very well known sttuce,
such asOLOA 218 and OLOA 219leads to changing the

CONCLUSION
the

values of space charge density and physicochemig@mplitude and the sign of the streaming currentis Th

coefficient.
impurities, we can confirm that, this is the effe€impurities
on the physicochemical reaction at the metal-liGantérface.
This reaction can be either corrosion or adsorptéattion or
a combination between them.

This trend is attributed to the fact that, becao$ethe
unavoidable trace amounts of water in oil, the atiggtion of

Regarding these changes after addihg tdifference in the values of streaming currents sielg to

identify the reagent of the oil with the solid méé

The modification, which has been added to our itgcil
enabled us to study the effect of the potentiathenEDL and
consequently on both the streaming current andespharge
density. We noticed that there are changing in Ilo¢hvalues
and the comportments of the streaming currentshadlow

ionic bondCa"OH" in the additive is possible, leading to thevelocity increases.

appearance of positive—Ca and OH™ negative ions in the
liquid.

VIl. DISCUSSION

Before adding the impurities to the oil, the streagm
current was positive and the charge accumulatetieasolid
surface was negative.

The calculated space charge density for a fullyettgped
EDL is determined in the case of non-fully develkbgeDL.
Also, with respect to the evolution time of expegims, it was
usefully to carry out all the experiments in timehkich are
close together to avoid changing in the value efcspcharge
density which depends upon the interfacial reaatides.

ACKNOWLEDGMENT

The modification, which has been made in the sensor The corresponding author would like to express his

enabled us to confirm that the potential build-uptioe metal
part affects the space charge density, the physeuical
reaction coefficient. Also, there is changing ime tbrofile of

indebtedness to both the staff and techniciand=A.lAlso he
gratefully acknowledge to both the University of itiaws
(France) and Mansoura University (Egypt).



Conf Presentation - >POSTER SESSION 1, Paper 1.18 8

REFERENCES [22] Audrey Bourgeois, Thierry Paillat, Olivier Morea@erard Mortha and
) ) Gerard Touchard, “Flow electrification in powerrtsformers: salt-type
[1] M. El-Adawy, J. M. Cabaleiro, T. Paillat, O. Moreand G. Touchard, additive as a potential remedy?,” J. Electrostaf8s(2005), pp. 877-
“Experimental determination of space charge denastyociated with 882.
flow electrl_flcatlon phenomenon: Application to pemtransformers,” J. [23] Juan M. Cabaleiro, Thierry Paillat, Olivier Moreaand Gerard
Electrostatics 67 (2009), pp. 354-358. . o ) Touchard, “Parametric Study by Electrical Analogypplication to
[2] G.Touchard, T.W. Patzek, C.J. Radke, “A physicaubal explanation Flow Electrification in Power Transformers,” ProESA/IEJ/IEEE-
for flow electrification in low-conductivity liquid,” IEEE Trans. IAS/SFE Joint Conference on Electrostatics 20064p8469.

Industry Applicationd/ol. 32, No.5, September/October 1996, pp. 1051[24] O. Moreau, T. Paillat and G. Touchard, “Flow Eldictation in

1057. ) . . Transformers: Sensor Prototype for Electrostatizaf#,” Institute of

[3] 1. A. Metwally, “Influence of Solid Insulating Phason Streaming Physics Conference Series, 178(2003), pp. 31-36.

Electrification of Transformer OIl,"IEEE Trans. Dielectrics and
Electrical InsulationVol. 4, No. 3, June 1997, pp. 327-340

[4] H.Wu and S. Jayaram, “dc Field Effects on stregnfifectrification in
Insulating Oils,”IEEE Trans Dielectrics and Electrical Insulatipkol.
3, No. 4, August 1996, pp. 499-506.

[5] T. Paillat, J.M. Cabaleiro, H. Romat and G. ToudhatFlow
electrification process: the physicochemical commgdnodel revisited,”
International Conference of Dielectrics and LiquRi®ceedings, 2008,
pp. 433-436.

[6] H. Walmsley and G. Woodford, “The generation otctle currents by
laminar flow of dielectric liquids,” J. Phys. D: Ap Phys. 14 (1981),
pp. 1761-1782.

[7] J. Gavis and |. Koszman, “Development of chargéowm conductivity
liquids flowing past surfaces: a theory of the piveena in tubes,” J.
Colloid Sci. 16 (1961), pp. 375-391.

[8] T.V. Oommen and S.R. Lindgren, “Streaming eledaifion study of N
transformer insulation system using a paper tubdefiblEEE Trans. impulse' VO
PWRDVol. 5, No. 2, April 1990, pp. 972-983.

[9] T. Paillat, E. Moreau and G. Touchard, “Space ohaensity at the wall
in the case of heptane flowing through an insutatipipe,” J.
Electrostatics. 53 (2001), pp. 171-182.

[10] A. P. Washabaugh and M. Zahn, “A Chemical ReadBased
Boundary Condition For Flow Electrification,” IEEEans. Dielectrics
and Electrical Insulation, Vol. 4, No. 6, Decemit&87, pp. 688—709.

[11] Juan M. Cabaleiro, Thierry Paillat, Olivier Moreaand Gérard
Touchard, “Flow electrification of dielectric liqus in insulating
channels: Limits to the application of the claskieeall current
expression,” J. Electrostatics 66 (2008), pp. 79-83

[12] S. B. Borshchevskii, V. L. Ivankovskii, L. A. Gudfino and O. V.
Rozhdestvina, “The Structure of Highly Alkaline Plges,” Chemistry
and Technolgy of Fuels and Oils, Vol. 43, No. 6 vBimber-December
2007, pp. 503-507.

[13] A. Bourgeois, “Etude du phénomene d'électrisatian gcoulement sur
les cartons des transformateurs de puissance, D. Rhesis, INP de
Grenoble, 2007.

[14] Audrey Bourgois, Gérard Mortha, Thierry Paillat, ré&@& Touchard,

Olivier Moreau and Yves Bertrand, “Flow Electrifizan in Power
Transformer: Study of a potential remediEEE trans. Dielectrics and
Electrical Insulation,Vol. 13, No.3, June 2006, pp. 650-656.

[15] T. Paillat, E. Moreau and G. Touchard, “Streamifegteification of a
dielectric liquid through a glass capillary,” Inélppl. Conference, 2000.
Conference Record of the 2000 IEEE. 2 (2000), gB.-7748.

[16] H. Chen, G. G. Touchard and C. J. Radke, “A Liresti Corrosion
Double-Layer Model for Laminar Flow Electrificatiasf Hydrocarbon
Liquids in Metal Pipes,” Ind. Eng. Chem. Res. 3998), pp. 3195-

3202.

[17] P. Fung , H. Chert , G. G. Touchard and C. J. RatikeNonlinear
Corrosion Double-Layer Model for Laminar Flow Elgfitation of
Hydrocarbon Liquids in Long Metal Pipes,” J. Elestatics. 40-41
(1997), pp. 45-53.

[18] Gérard Touchard, “Flow Electrification,” J. Elecétatics 51-52 (2001),
pp. 440-447.

[19] G. Touchard, H. Romat, P. O. Grimaud and S. Wagrt&vlutions for
the electrical interfacial problem between a diglecliquid and a
metallic wall: applications to industry/EEE Proceedings of the™4
International Conference on Properties and Applimas of Dielectric
Materials, July 3-8, 1997, pp.336-339.

[20] R. M. Radwan, R. M. El-Dewieny and I. A. Metwallynvestigation of
Static Electrification Phenomenon due to Transform® Flow in
Electric Power ApparatusJEEE trans. Electrical InsulationVol. 27,

No. 2, April 1992, pp. 278-286.

[21] H. L. Walmsley, “The electrostatic fields and pdiels generated by the
flow of liquid through plastic pipes,” J. Electratts 38 (1996), pp.
249-266.

M. El-Adawy Khalil was born in EGYPT in 1975.
He received the BEng. degree in Electrical
Engineering from Mansoura University (MU),Egypt
in 1997. The Master Eng. Degree in High-voltage
Engineering was from MU in 2003. He is a PhD

(LEA), University of Poitiers, Poitiers, France.sHi
area of research includes oil-flow electrification

ltage and modeling of power transformers.

student at the Laboratoire D’Etudes Aerodynamiques

electric  power apparatus, generation and
measurement of impulse voltage, characterization of



