STATIC ELECTRIFICATION

Static electrification refers to the development of a net electri-
cal charge by the relative motion between two dissimilar ma-
terials. It generally involves the separation of charged species
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from the interface between the materials and the generation
of significant electric fields. Depending upon the conditions of
the system, this electric field can exceed the dielectric break-
down strength of the materials and cause an electrical dis-
charge which, in turn, can lead to failure of the system.

Although electrification can also occur when two solid ma-
terials are in relative motion, this article focuses on systems
where one of the materials is a stationary solid and the other
is a moving liquid dielectric. As a particular example, trans-
former oil is commonly pumped through electric power trans-
formers to improve the heat transfer while maintaining the
electrical insulation. This allows the transformer to operate
at higher power levels. Because of the motion of the liquid,
charge separation occurs at the interface of liquid and solid
boundaries. With the dielectric electrically insulating and in-
ternal components of the apparatus electrically isolated, sig-
nificant charge can accumulate so that electrical discharges
can occur. These discharges reduce the dielectric strength of
the insulation and ultimately lead to failure of the trans-
former.

GENERAL STREAMING ELECTRIFICATION PROCESS

The process of flow or streaming electrification involves four
distinct stages: generation, transport, accumulation, and
leakage. In the generation stage, chemical reactions in the
bulk region of the liquid create positive and negative charged
species. In the bulk region, these charged species neutralize
one another so that there is no net charge, but at the bound-
aries between the liquid and the solid phases, one of the
charged species is typically preferentially adsorbed onto the
interface while the opposite polarity species is diffusely dis-
tributed into the liquid. When the liquid is stationary, this
equilibrium separation of the charge carriers is called the
electrical double layer. When the liquid is in motion, some of
the distributed charge from the double layer is entrained by
the liquid flow as shown in Fig. 1. This entrained charge is
then transported to downstream locations where it can accu-
mulate in the liquid volume or on insulating or isolated sur-
faces. The charge accumulates until the leakage rate balances
the accumulation rate or an electrical discharge occurs.
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Figure 1. A preferential adsorption of negative ions onto the solid
leads to a net positive charge in the liquid which is then entrained in
the fluid flow.
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Figure 2. High-velocity liquid flow through narrow passages trans-
ports ions downstream and creates large local electric fields.

Figure 2 illustrates the transport and accumulation of
charged species from a narrow high flow rate region into an
expansion region, as would be the case for fluid flowing into
a tank or oil flowing through the windings of a transformer
into the header region. Charge can accumulate along the
boundaries of the duct region, if the duct is isolated or com-
posed of an insulating material, and in the volume and on the
walls of the expansion region. This charge accumulation
causes the electric potential to rise and leads to electric fields
within the duct wall and between the space charge region in
the expansion volume to the enclosure walls or to the opposite
polarity charge on the inside surface of the duct. If the electric
field in any of these regions exceeds the breakdown strength
of the dielectric then an electrical (spark) discharge will occur.
The peak electric field and the amount of charge that can ac-
cumulate are limited by the leakage through the solid insula-
tion of the ducts and through the volume of the liquid. The
characteristic time constant for the volume leakage process in
the dielectric liquid is the relaxation time 7, = €/o, where € is
the dielectric permittivity and o is the conductivity. The re-
laxation time indicates that the charge leakage rate is fast
for high-conductivity materials and slow for low-conductivity
materials. Representative properties for a room temperature
hydrocarbon liquid are € = 2.2¢,, with ¢, = 8.854 pF/m the
permittivity of free space, and o =~ 0.1 pS/m to 100 pS/m so
that 7, = 200 s to 0.2 s. If the residence time of the liquid
inside the expansion region is long compared to its dielectric
relaxation time then almost all of the charge relaxes to the
walls of the expansion region and the liquid exiting the
expansion region is essentially uncharged.

The stages of the electrification process are similar to those
found in a Van de Graaff generator where an insulating belt
transports charge from a corona source to a conducting dome.
The charge accumulates on the dome, raising the electrical
potential, until the accumulation rate balances the leakage
rate to ground or a discharge occurs. However, unlike the Van
de Graaff generator, the stages of flow electrification are not
necessarily spatially distinct and most factors, such as the
temperature, are involved in more than one stage. This cou-
pling of the stages makes it difficult to isolate each of the
stages in individual structures, such as pipes, ducts, pumps,
and filters. Nevertheless, most structures can be categorized
according to their net contribution to the fluid volume charge
density as the fluid flows through them, as either a charge
generator if the charge density increases or a charge relaxer
if the charge density decreases. For example, filters usually

act as charge generators because of the large surface area
exposed to the flowing fluid. This categorization is useful
when trying to understand the role of each component in a
flow network but does not necessarily lead to a better under-
standing of the dynamics occurring inside each structure
since the categorization may be influenced by other factors
such as the temperature or the contamination level from im-
purities.

A complete understanding of the electrification processes
requires coupling the laws of electromagnetism, fluid mechan-
ics, heat transfer, and electrochemistry and relating these
laws to observed critical factors such as the flow rate, temper-
ature, additive concentrations, and energization. More spe-
cifically, the generation and recombination of the various
charged and neutral species in the liquid volume and at the
interface between the liquid and the solid are described by
chemical reactions. Since ions from these chemical reactions
carry a net charge, the laws of electroquasistatics are neces-
sary to describe the associated electrical potentials and field
intensities. The transport of the ions by the liquid flow is de-
scribed by the laws of fluid mechanics while the heat transfer
equations describe the temperature variations throughout
the system.

The interdisciplinary nature of processes similar to flow
electrification has been explored in detail in several other
fields, including physicochemical hydrodynamics and colloid
chemistry. Usually the emphasis in these other fields has
been on aqueous solutions, where the electrical double layer
has a significant effect on the interfacial dynamics and mea-
surements of the bulk properties. Because of the importance
of the double layer, the term electrokinetic phenomena is con-
ventionally used to describe the interaction of an electric field
with the mobile charge in the double layer (1). Electrokinetic
phenomena have been classified according to the interfacial
material that is moving (the liquid or the solid) and whether
the motion is driven by an electric field (electroosmosis, elec-
trophoresis) or an electric field is created by the motion
(streaming potential or current). Thus, flow electrification is
a subset of electrokinetic phenomena. However, usually when
electrification leads to electrical discharges and poses a prob-
lem the liquids tend to be nonaqueous rather than aqueous
so the results obtained in other fields are not always directly
applicable.

ELECTRIFICATION IN INDUSTRY

Several industries involved with the transport or flow of semi-
insulating liquids have had to cope with the problems and
hazards posed by flow electrification. A review of the critical
factors and mitigation techniques shows the commonality be-
tween the different applications.

Petroleum Industry

One of the first industries to identify flow electrification as a
hazard was the petroleum industry where many of the liquids
refined from crude oil are insulating when in a pure state
(2,3). The transport of these insulating liquids through pipes
and filters and between storage tanks and vehicles allows for
significant charge to accumulate in the liquid volume, at the
surface between the liquid and vapor spaces, and even on the
container walls if the container is not grounded. With the va-



por above the liquid typically combustible, electrostatic dis-
charges of sufficient energy can result in explosions and fires.

Critical factors which affect the electrification hazard are
the flow rate, the conductivity, the temperature, and the
moisture content of the fluid. Not surprisingly, higher fluid
flow rates lead to an increase in the net charge being en-
trained and transported by the fluid. In contrast, increasing
the conductivity leads to competing effects: it increases the
number of charged species available for transport by the
flowing fluid but also increases the conductivity which de-
creases the charge relaxation time and the distance that the
charge can travel before being neutralized. The net result is
that significant charge accumulation only occurs for interme-
diate conductivities where there is enough charge to be sepa-
rated by the fluid flow and the relaxation time is large enough
for charge to be transported over an appreciable distance. The
temperature affects the combustability of the gas vapor and
the material properties such as the conductivity and viscosity
of the liquid. Water in the fluid generally increases the
amount of charge generated by the flow (2,4).

Several techniques have been developed to avoid the elec-
trification hazard. The basic ones involve grounding all of the
metallic surfaces to prevent the electric potential from rising
above the breakdown strength of the surrounding medium
and lowering the flow rate to reduce the charging rate. Anti-
static ionizable additives are also added to the fluid to greatly
increase the electrical conductivity of the fluid to 50 pS/m to
300 pS/m even when present in trace quantities (mass frac-
tions of order parts per million). Other passive and active
techniques involve neutralizing the entrained charge by in-
jecting charge of the opposite polarity into the fluid but these
only have limited applicability since there is no guarantee
that they reduce the charge under all operating conditions
and they require specialized equipment (5).

Electric Power Industry

The increasing demand for electricity has driven the design
and construction of electric power apparatus toward compact
sizes and operation at higher power levels. This has led to
the use of new dielectric materials, changes in the chemical
composition of insulating liquids used to transfer heat and
withstand high electric stress, an increase in flow speeds, and
flow electrification problems, particularly in high-voltage
forced-oil-cooled power transformers (6). In these transform-
ers, insulating oils are used for both electrical insulation and
heat transfer, with the oil circulated from the windings of the
transformer to heat exchangers so that the transformer can
be operated at higher power levels. With paper cellulose
pressboard providing an insulating support structure for the
windings and the oil itself being insulating, there are numer-
ous locations for charge accumulation to occur.

The predominant charge separation process in electric
power transformers occurs in the insulation ducts composed
of insulation paper wrapped coils and pressboard washers, as
illustrated in Fig. 3. Typically positive charge on the liquid
side of the paper/liquid interface is entrained by the flowing
liquid and relaxes downstream onto insulated interfaces or to
ground while negative charge on the paper leaks to ground
through the coil windings, iron core, and tank walls. Most
electrical discharges occur at the bottom of the windings as a
surface discharge along the pressboard washers or in the
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Figure 3. Insulating oil circulated through electric power transform-
ers improves the heat transfer from the windings but also separates
the positive and negative charge carriers.

header space above the windings as a volume discharge
through the transformer oil (7,8). Surface tracking along the
washers has been observed and heard in unenergized trans-
formers, indicating that at least some of the discharge activity
is not associated with the applied voltage. These discharges
usually reduce the insulation strength and lead to a major
fault when the transformer is energized.

Several of the critical factors which affect the electrifica-
tion in transformers are the recirculation flow rate, energiza-
tion, the temperature, and the moisture content. Increasing
the flow rate increases the charge separation via the wall
shear stress, the charge transport, and the rate of charge ac-
cumulation. The application of high voltages and electric
fields can enhance charge injection and the charge separation
processes at the solid/liquid interfaces. Maximum charging
occurs within an intermediate temperature range of 30 to 60
°C due to the temperature dependence of the paper and oil
conductivities, the oil viscosity, the moisture partitioning be-
tween the paper and oil insulation, and the charge separation
at the paper/oil interface (7,9). Water is a ubiquitous impurity
and affects the accumulation and leakage processes through
the moisture-dependent dielectric losses of the paper insu-
lation.

One scenario for the electrification problem involves the
start-up transient when a transformer is being brought into
service. As the transformer temperature increases, moisture
is driven out of the pressboard insulation into the oil. This
moisture initially comes from near the pressboard interface,
leaving a relatively dry and highly insulating interfacial zone.
Without any leakage, the charge can accumulate on the sur-
face until tracking discharges occur. These discharges cause
gas formation which can rise into the high electric field region
causing a high-energy discharge and transformer failure. If
the failure does not occur during the initial transient, then
moisture deep in the pressboard has time to diffuse to the
surface. This moisture increases the leakage through the in-
terfacial dry zone so that the surface charge density cannot
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give rise to electric field strengths beyond the breakdown
strength of oil and pressboard.

The solutions developed for fuels are not always applicable
to electric power equipment. For example, grounded conduc-
tors are not possible in high field regions and raising the con-
ductivity of the insulating fluid with anti-static additives in-
creases the electrical losses which makes the device less
efficient. The main technique for reducing the electrification
hazard is to lower the coolant flow rate, even though this can
limit the power rating of the equipment. New transformers
are designed to operate with lower oil flow rates while ex-
isting units use automatic pump controls so that the pumps
are only activated when the unit is at an elevated tempera-
ture. Nonionizable anti-static additives, such as 1,2,3-benzo-
triazole, appear to reduce the charge separation at the solid/
liquid interfaces and act as electrification suppressants with
a minimal effect on the liquid conductivity (10).

Automotive Industry

The increased usage of polymeric materials in automobiles
has also led to concerns about flow electrification (11). For
example, many of the metal components in the fuel transfer
system, such as the lines, pumps, tanks, and filter housings,
are being replaced with polymeric components which are light
weight and easy to manufacture and install. These polymers
tend to be electrically insulating so that charge can accumu-
late and the potential can rise high enough for spark dis-
charges to occur. Even though gasoline is doped with addi-
tives to raise its conductivity, the leakage of charge through
the liquid is insufficient for preventing the accumulation of
charge. This was not a significant problem when metal com-
ponents were used throughout the fuel system because all of
the components were grounded. However, when part of the
system can float in potential, such as a metal filter connected
by polymeric fuel lines, the electric potential of the filter and
the potential distribution along the insulating lines can rise.
While the spark discharges are usually to an external ground,
repeated discharges at the same location can lead to a pinhole
leakage of fuel. The fuel can then leak onto a hot surface or
create a combustible vapor so that subsequent discharges can
ignite the fuel.

Similar to the petroleum industry, the main technique for
eliminating the hazard involves increasing the electrical con-
ductivity of the polymeric materials. This serves to effectively
ground all of the components in the system, preventing the
accumulation of charge and large potential differences. These
conductivity enhancing additives are used in combination
with other additives for the polymers which help create the
desired mechanical properties such as toughness, stress resis-
tance, chemical inertness, and resistance to swelling.

Electronics Industry

Static electrification in the manufacture and handling of sili-
con wafers can lead to failures in semiconductor devices (12).
The static charge is generated by triboelectric effects, where
the wafer and another solid are in contact and then sepa-
rated, and by the flow of filtered air across the wafer. The
charge leads to device failure by attracting particles from the
air or personnel garments that contaminate the wafer surface
or by electrostatic discharges through the dielectric layers.
The problem is compounded by the use of electrically insulat-

ing wafer carriers that are chosen for their chemical in-
ertness, so that the charge does not leak away from the wa-
fers. Static prevention techniques include ionization sources
that neutralize charge in the air flowing across the wafers,
conductive (antistatic) garments and discharge wrist straps
for the personnel, grounded floor mats, and grounding work
station surfaces. Charge neutralizing antistatic coatings can
be applied to surfaces except that they also serve as another
source of wafer contamination. Electrification also occurs with
the aerosol cans of refrigerant often used by electronic techni-
cians when troubleshooting thermally overloaded circuits
(13). By successively freezing circuit board components, if the
circuit begins to function properly then the thermal problem
can be isolated. However, as the refrigerant leaves the can
and passes through an insulating polymeric straw it under-
goes flow electrification and deposits positive charge onto the
circuit board. This causes problems in erasable programmable
ROMS and in static RAMS. Charge buildup on the case also
induces charge on the active circuit and can lead to break-
down in the device or across air gaps. The simplest way to
avoid static buildup is to cover the chip with a thin piece of
metal when spraying so that the chip is cooled by contact with
the shielding metal but no charge reaches the chip itself.
Some coolant manufacturers add a small amount of conduct-
ing fluid to the refrigerant to increase the charge relaxation,
but even a small amount of conductor deposited on a circuit
board can disrupt the proper operation of the circuit.

STAGES AND FACTORS

A detailed description of the individual electrification stages
requires combining the chemical kinetics of the ionizable spe-
cies with the fluid mechanics of the flowing liquid and the
electromagnetics associated with the electrical charge. Al-
though this coupling can be complex, separating the electrifi-
cation processes into the stages of generation, transport, accu-
mulation, and leakage helps elucidate the roles of the
various factors.

Charge Generation

Positive and negative ions are created in insulating liquids by
the normal dissociation or ionization of trace impurities and
additives. This dissociation process can be described in terms
of a chemical reaction. Generally, when using additives, the
composition of the additive is known so that the exact chemi-
cal reaction is specified. When the conduction through the lig-
uid is dominated by trace impurities the composition is un-
known and the chemical reaction must be postulated. A
simple model for the chemical reaction is to assume that the
reacting species obeys the ionic equation

k
»C kéAﬂ + B (1)

where C dissociates into a positive ion A and a negative ion
B, k4 is the dissociation rate constant, k&, is the recombination
rate constant, and g is the magnitude of the ionic charge. The
empirical factor y represents the molecularity of the reaction;
it equals half the slope of the logarithm of the conductivity
plotted against the logarithm of the concentration of the neu-
tral species C. The ions try to neutralize each other and re-



combine in the bulk of the liquid, but at boundaries there is
a preferential adsorption of one species with the opposite car-
rier diffusely distributed over a thin boundary region called
the electrical double layer. The degree of net charge and the
depth to which it penetrates into the liquid volume are re-
lated by the balance of ion diffusion, migration, and convec-
tion. In stationary equilibrium, diffusion due to concentration
gradients is balanced by the electric field induced by the sepa-
rated charges. This is similar to the distribution of electrons
and holes in a semiconductor p—n junction.

As a result of the chemical reactions, the concentrations of
the individual species will change with both time and spatial
position. By balancing the time rate of change of the concen-
tration of each species in a differential volume with the chem-
ical reactions and the flux through the surface enclosing the
volume, the conservation equation for the positive and nega-
tive ions becomes
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where n. is the concentration and I'. is the flux per unit area
of the positive and negative species (equivalent to the current
density per unit charge) and n. is the concentration of the
neutral species. The first term on the right side gives the gen-
eration rate of the ions while the second term gives the rate
of recombination of the ions to form the neutral molecule. The
flux term gives the transport of each species through the fluid
and generally contains contributions due to diffusion, convec-
tion, and drift. The constitutive law for the flux per unit area
is

l-:‘j: = —DiVni + niﬂ + uiniﬁ (3)

where D. is the (liffusivity, v is the fluid velocity, u- is the
ion mobility, and E is the electric field. Einstein’s relation re-
lates the diffusivity and mobility to the thermal voltage

D kT
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where & = 1.38 X 1072 J/K is Boltzmann’s constant and 7' is
the absolute temperature. The electric field is related to the
potential distribution ® by E = —V®.

In stationary equilibrium v = 0 and the flux of each ion is
zero, I'. = 0, so that Eqs. (3) and (4) require that the ion
concentrations obey Boltzmann distributions as

ny(x) = noewd)(x)/kT (5)

where n, is the equilibrium concentration of each ion when
the potential is zero. With the net charge density defined by
p = q(n, — n_) and a dielectric permittivity of €, Eq. (5) in
Poisson’s equation yields
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which is the Poisson—Boltzmann equation. Generally, this
equation must be solved with the conservation equations for
both carriers [Eq. (2)] and the neutral species, including the
finite recombination and dissociation rates. However, in situ-
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ations where the local concentrations of each carrier are not
far from their equilibrium values, a good approximation is
that the potentials are much less than the thermal voltage,
q®/kT < 1. Then, Eq. (6) can be linearized to

@
Vo — — =0
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where
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is the Debye length and indicates the length scale of non-
charge neutrality near the interface. The last equality in Eq.
(8) relates the Debye length to the ohmic conductivity o =
gno(us + w-) = 2gqnou. assuming u, =~ w_ so that D, =~ D_ =
D. To simulate the preferential adsorption of charge onto a
solid/liquid interface, assume that the interface can be mod-
eled as a charged sheet with potential ¢ at x = 0. On the
liquid side of the interface (x > 0), the potential, electric field,
and the charge density obey

& =re ¥
do ¢ .,
Br=ge =3 ©
_ dEx € .,
P=dx ~ 2°¢

The volume charge density on the liquid side of the interface,
called the wall charge density p,, is related to the zeta poten-
tial as p, = px = 0) = —e/A% It follows from Eq. (5) that the
wall concentrations of the ionic species are also related to the
zeta potential by n.(x = 0) = ny(1 ¥ gZ/kT). Often the zeta
potential and the Debye length are used to characterize the
interface since the carrier concentration, charge density, and
field distribution can be calculated from them.

Depending on the properties of the electrolytic solution,
the potential and charge distributions of Eq. (9) can be main-
tained in the presence of an externally applied electric field
and fluid convection. Consider an aqueous solution at room
temperature where o ~ 0.1 S/m, D ~ 107!° m?/s, and € =
80¢, = 700 pF/m so that A = 0.8 nm, which is quite small. A
zeta potential of order of the thermal voltage at room temper-
ature ({ = 25 mV) across this double layer yields a large inter-
nal electric field of E, = {/A = 30 MV/m. Because of the large
electrical conductivity in these solutions, externally applied
fields cannot approach such magnitudes and thus hardly dis-
turb the equilibrium of the double layer. Similarly, convection
has a negligible effect on the double layer as seen by compar-
ing the electrical relaxation time 7. = €/o = 7 ns to a liquid
transport time 7, = L/U where L is a characteristic travel
length for a fluid moving with velocity U. For a representative
length of L = 1 ¢cm and velocity U = 1 m/s, 7 = 0.01 s is
much greater than 7., indicating that the charge in the fluid
can redistribute rapidly compared to the imposed fluid con-
vection. The ratio of the dielectric relaxation time to the
transport time is the electric Reynold’s number R, = 7./7 =
eU/oL ~ 107% Because R, < 1, convection in aqueous electro-
lytes usually does not disturb the charge distribution in the
double layer.
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In contrast, external electric fields and imposed fluid con-
vection can greatly alter the charge distribution in the double
layer for highly insulating nonaqueous fluids. As an example,
consider transformer oil which has room temperature proper-
ties of ¢ ~ 1 pS/m, € = 2.2¢) = 19.5 pF/m and viscosity n =
0.02 N-s/m?% The mobility of the ions in hydrocarbon liquids
is empirically related to the viscosity by Walden’s rule

_2x1071

wA [m2/(V-s)] (10)

For transformer oil this yields u =~ 10° m?/(V-s) and a molec-
ular diffusion coefficient from Eq. (4) of D =~ 2.5 X 1071
m?/s. The corresponding Debye length is A = 22 um and the
internal electric field is then E, =~ 1.1 kV/m. With such low
internal electric fields, reasonable externally applied fields
are significant in determining the charge distribution in the
double layer. With a relaxation time of 7, = 20 s, the electric
Reynold’s number R, =~ 2000 is large and fluid convection also
strongly influences the distribution of charge in the double
layer.

Charge Transport

Electrification occurs when the mobile portion of the electrical
double is entrained in the fluid flow. In general the fluid ve-
locity also depends on the electrical forces on the charged spe-
cies, as in electrophoresis and electroosmosis, even when the
charged species are present in trace amounts. However, usu-
ally when flow electrification is a problem the fluid velocity is
primarily imposed by an external system such as a pump and
the electrical forces on the particles can be neglected. The
fluid flow is governed by the Navier—Stokes equation

-

Dv L =
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Dt (1)

where p,, is the mass density, D/Dt = 9/dt + v -V denotes the
convective derivative, p is the pressure, and F‘e denotes exter-
nal forces applied to the system, such as gravity. For low-
viscosity liquids the velocity of the liquid is determined by the
fluid viscosity. As the mean velocity U increases, the inertial
effects become important. The nondimensional parameter
that describes the relative importance of the inertial and the
viscous effects on the flow is the hydrodynamic Reynold’s
number R = p,UL/n where L is a characteristic system
length. For small Reynold’s numbers the flow is smooth and
steady (laminar) while at moderate and large Reynold’s num-
bers the flow becomes agitated with rapid fluctuations (tur-
bulent).

To illustrate the role of the fluid velocity, the streaming
current through conducting pipes will be calculated for both
laminar and turbulent flows. The pipe flow model is impor-
tant because the transport of liquids through pipes was an
initial problem in the petroleum industry and it resembles
other structures such as the pores in filter paper and the flow
ducts in an electric power transformer. It serves as a model
system for both experimental and theoretical investigations.

Laminar Flow. The flow is in the laminar regime when the
hydrodynamic Reynold’s number is low. With the flow velocity
zero at the wall, the fully developed flow velocity distribution

in a pipe of radius a and average velocity U is

A\ 2
v,(r) =2U0 |:1 - (5) i| (12)
The corresponding streaming current [ is
I:f p (M, (r)2nrdr (13)
0

For typical pipe dimensions the Debye length A is much
smaller than the radius of the pipe, and the small fluid veloc-
ity within the double layer has little effect on the charge dis-
tribution. Defining x = a — r as the distance from the pipe
wall, the charge distribution is approximately given by Eq.
(9) and the velocity near the pipe wall is approximately v, =
4Ux/a. Substitution into Eq. (13) gives the approximate
streaming current as

I~ / p(x)8Unxdx = 87U pur? (14)
0

Thus, for laminar flow the streaming current increases lin-
early with the flow rate and is proportional to the wall charge
density or the zeta potential. Modifications to this expression
are required when the fluid flow or charge distribution devel-
opment lengths are long compared to the length of the tube
(see Eq. 17) or when the radius of the tube is comparable to
the Debye length (14,15).

Turbulent Flow. The flow is in the turbulent regime when
the hydrodynamic Reynold’s number is large. As the flow ve-
locity is increased, in addition to a mean flow the flow profile
has rapidly varying fluctuations in time and space. These ve-
locities fluctuate about a mean value with variations gener-
ally large compared to the mean value. The fluid paths are
extremely complicated and result in extensive mixing which
greatly alters the charge distribution and the amount of con-
vected charge. This enhanced mixing is sometimes expressed
in terms of a turbulence enhanced effective molecular diffu-
sivity Dr. The turbulent mixing leads to a core region where
the carrier concentrations are essentially uniform (if the De-
bye length based on Dy is much greater than the pipe radius).
At the edge of this region, near the boundaries diffusion
sublayers develop in which molecular diffusion and drift dom-
inate the convective mixing of the turbulent flow. The thick-
ness of the sublayer & is usually taken as the distance where
the molecular and turbulent diffusivities are equal.

For pipe flow, Abedian and Sonin derived an expression for
the convection current carried in a pipe of radius a (16). For
a fluid with an average velocity U and kinematic viscosity
v = 7/pn, empirical correlations give a pipe wall shear stress
Ty Of

7w ~ 0.0396p,U2R~1* 4000 < R < 100, 000

(Blasius correlation) (15)

and a sublayer thickness of
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where the hydrodynamic Reynold’s number is R = 2Ua/v. The
steady-state streaming current can be expressed as

I=1I(1—e#"e) +1)(z = 0)e /e amn
where z is the axial distance along the length of the pipe, I,
is the initial streaming current at the z = 0 entrance to the
pipe section, and I, is the streaming current for a pipe with
length much longer than the development length L., defined
in terms of the wall charge density p, by

I,  Rty)? 8/ 8/ 1
pwtalU ~ pnUZ2a? sinh8/x | sinh&/A 1+ ad/2A2
(1
eU/o
L A 1
T 1+4+2)2/as (19)

Note that for § > A the streaming current reduces to the lami-
nar flow streaming current of Eq. (14). In the absence of an
inlet current, the streaming current, which generally has a
larger magnitude than the laminar flow streaming current, is
again proportional to the wall charge density but the flow-
rate dependence is more complicated. Using this expression,
Abedian and Sonin successfully fit a large database of re-
ported streaming currents in hydrocarbon liquids flowing
through smooth-walled conducting pipes to a single value of
the zeta potential, { =~ 0.5kT/q =~ 13 mV (17). Alternative
models for pipe flow streaming currents attempt to capture
more of the physics of the turbulent mixing and/or the in-
terfacial charge boundary conditions but are generally more
complicated and require numerical solutions (18-21).

As described in the previous section, application of an elec-
tric field can influence the charge being transported by the
liquid, particularly under turbulent flow conditions. For high-
voltage ac energization, the maximum displacement for
charge carriers of mobility u by an electric field of amplitude
E, and radian frequency o is 2uE,/w. When the electric field
direction reverses, the charge returns to the boundary unless
the charge has already crossed the diffusion sublayer where
it is then entrained in the flow. The critical condition for the
turbulent core charge density to be enhanced by the ac elec-
tric field is 6 = 2uEy/w; the maximum displacement of the
charge carriers must be greater than the sublayer thickness
for the charge to be entrained in the turbulent core region.
For dc energization, the dc field enhances the migration of
charge across the diffusion sublayers which can lead to an
increase in the net charge density in the well-mixed core re-
gion of the flow. These fields also cause a net charge to de-
velop on the interfaces in the system, similar to the separa-
tion and accumulation of charge inherent in the flow
electrification process.

Charge Accumulation

The charge entrained by the liquid flow can accumulate in
the volume of the liquid, on insulating surfaces, or isolated
conductors. When all of the enclosure surfaces are conducting
and grounded, the electric fields due to the separated charge
are much smaller than that required for electrical discharges.
The fields can only build up to breakdown strength values if
there is an isolated conductor or insulating surface which
allows surface charge to accumulate at a rate that exceeds the
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leakage rate. As an example consider an isolating conducting
sphere of radius R, in a dielectric of permittivity € and con-
ductivity o. The sphere has a capacitance with respect to in-
finity of C = 4weR,, which is approximately 2.5 pF for a 1-cm
radius sphere in transformer oil (e/¢, = 2.2), and a leakage
resistance of Ry, = 1/(4moR,) plus any other series leakage re-
sistance through insulating supports to ground. For a con-
stant charging streaming current I the voltage transient for
an initially uncharged sphere is

v(t) = IRy, (1— e "RiC) (20)

At short times (¢ < R;C) the voltage increases linearly with
time as V = I¢/C. For a streaming current of 2.5 nA, the volt-
age increases at a rate of 1 kV/s. If the sphere is connected to
ground via a leakage resistance Ry the steady-state voltage,
if breakdown does not occur first, is V, = IR;. With a stream-
ing current of 2.5 nA, this voltage can exceed 100 kV if Ry,
exceeds 40 TQ. If Ry, is only limited by the leakage through
the oil then the time constant R C for the potential rise
equals the dielectric relaxation time 7. = €/o. To limit the
steady-state voltage rise to less than 100 kV, 7, = R;,C must
be less than 100 s.

Insulating solids and pipes allow charge to accumulate
along the solid/liquid interface. If the surface served as the
initial source of charge then the net surface charge density
increases as the entrained diffuse charge is transported away
by the flow. If the surface is at a downstream location from
the charge source then charge entrained in the liquid can re-
lax onto the surface. If the insulating pipe is surrounded by a
conductor or has a grounded conductor nearby, the field in
the insulating pipe wall could become very high, exceeding
the breakdown strength of the dielectric to initiate a spark
discharge.

Charge Leakage

For insulating surfaces or isolated conductors, charge leakage
through surfaces and the volume determines the steady-state
potential distribution. This leakage is represented by the
term Ry, in Eq. (20). If the leakage resistance is too high, the
potentials can exceed breakdown values and there is a dis-
charge. To increase the leakage, anti-static additives are often
used. Shell ASA-3, a xylene-based solution of chromium and
calcium organic salts stabilized with a polymer, is typically
used with jet fuels. By weight it is § xylene, § chromium alkyl
salicylate,  calcium disulfosuccinate (Aerosol OT), and § poly-
methylmethacrylate dispersant (copolymer of alkyl methacry-
late and vinyl pyridine). Hydrocarbon fuels usually have in-
trinsic conductivities in the range of 0.1 pS/m to 10 pS/m at
room temperature. The recommended safe conductivity range
is 50 pS/m to 300 pS/m and is achieved by adding approxi-
mately 0.5 g/m?® ASA-3 to the fuel.

The ionizable additive DCA-48 increases the bulk conduc-
tivity of the liquid but also affects the solid/liquid interface
(22). It is a steric amine salt having a molecular weight of
approximately 6000 and contains 24 to 28 diamine-carboxylic
functional groups. It has been used as an antistatic additive
in trichlorotrifluoroethane (Freon 113 or Freon TF) in a com-
pact high-voltage dc valve where the Freon was circulated
through insulating Tefzel (a modified copolymer of ethylene
and polytetrafluoroethylene) tubing as a coolant. Adding
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DCA-48 raises the liquid conductivity (up to 0.2 pS/m) and
reduces the electrification streaming current. Measured relax-
ation times decrease with time while the bulk liquid conduc-
tivity is constant, suggesting that the DCA-48 also increases
the interfacial conductivity.

Another technique for increasing the leakage losses is to
modify the configuration of the system. If one component of
the system, such as the pump or the filter in a fuel line, is
acting as a charge source, one may be able to place a relax-
ation region, such as a grounded expansion volume or con-
ducting pipe, immediately downstream from the source. This
helps to limit the charge reaching downstream locations. An-
other example, currently used in electric power transformers,
is to modify the coolant flow pattern so that lower flow rates
are necessary for maintaining the temperature of the appa-
ratus.

Factors

Table 1 summarizes many of the factors known to affect elec-
trification stages when a dielectric fluid is pumped across a
solid surface. The solid is usually taken to be insulating, but
the electrification of metallic solids is also considered. For
transformers, the solid is a paper insulation. In other sys-
tems, such as fuel transfer and processing systems, it can be
a polymeric or metal enclosure. Energization applies primar-
ily to electric power apparatus. These factors contribute to
hazardous field buildup through the four electrification
stages: charge generation, transport, accumulation, and
leakage.

Each of the factors in Table 1 generally affects more than
one stage. For example, trace materials either inadvertently
present or added to control electrification can contribute to
the charging phase by selective ion adsorption at interfaces

Table 1. Factors Affecting the Electrification Stages

which causes the initial charge separation. This same mate-
rial may also increase the conductivity of the fluid to enhance
charge relaxation through the volume or over time add to the
surface conductivity at the interface increasing leakage,
thereby helping to alleviate the electrification problem. A sim-
ilar dual role is possible with moisture which adds to leakage
in the volume and at interfaces, and so thereby also alters the
field distribution with and without energization which can af-
fect the field-dependent injected charge density. Grounded
metal conductors in the flow, thought to provide a path to
ground for impacting charge, may actually provide a surface
and thus a source of additional streaming current.

MEASUREMENT TECHNIQUES

Although there are many different diagnostic techniques for
characterizing the electrification processes, all of them in-
volve measuring the voltage rise of an isolated structure, the
electric field around an isolated structure or the streaming
current through a structure. Based on these measurements
the charge entrained in the flowing liquid or the accumulated
surface charge can be measured. These measurements allow
the effects of the various factors in the previous section to
be quantified.

Generic Flow Models

Many electrification experiments use a continuous flow model
similar to that shown in Figure 4a (22,23). The structure to
be tested, such as a conducting or insulating pipe, a filter or
a pressboard duct with spacer blocks, is placed between two
isolated fittings in a flow line. Pressurized dry nitrogen gas
forces the test liquid through the pipes, the test structure,

Stages

Factors

Generation

Transport

Accumulation

Leakage

Flow rate; turbulence

Temperature

Contaminants; additives;
surface active agents
Configuration

Surface condition

Energization

Electrical charging ten-
dency (ECT)

Dielectric strength

Moisture

Streaming current; diffusion
sublayer; turbulent dif-
fusion

Reaction kinetics; Debye
length; diffusion sublayer;
Arrhenius

Zeta potential; adsorption;
charge injection

Inlet current from upstream
sources (pumps, ducts,
grounded pipes), liquid/
solid interface

Roughness; turbulence

Charge injection

Charge buildup on duct
walls; charge buildup in
liquid volume

Discharges due to potential
buildup

Source of ions at liquid/solid
interface

Reynold’s No.; flow profile;
diffusion sublayer thick-
ness; wall shear stress

Viscosity (Reynold’s No.)

Cooling ducts; entrance
and exit regions;
headers

Wall shear stress

Electroconvection

Entrainment of mobile
double layer charge

Selective adsorption

Upper plenum; liquid/
solid interfaces;
charge deposition
from upstream in-
jection

Entrained charge ac-
cumulates on iso-
lated surfaces

Residence time

Liquid and solid conduc-
tivity; moisture equi-
librium

Enhanced conduction

Liquid, solid, and liquid/
solid interfacial con-
ductivity; grounded
conducting surfaces

Tracking; surface dis-
charges; bulk dis-
charges

Liquid, solid, and liquid/
solid interfacial con-
ductivity
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Figure 4. (a) A generic flow model in which the streaming current
or voltage of a test structure or a receiving unit is monitored and
related to the electrification processes inside the test structure. (b)
Electric field components around insulating structures are measured
with noncontacting field probes.

and into the receiver. Monitoring the streaming current i,
from the test structure or i, from the receiving vessel and
downstream conducting pipes allows the charge density p en-
trained by the flow to be calculated from

L 1
1Y ) (21)
where @ is the volume flow rate. Generally, measurement of
the current to an isolated structure gives the difference be-
tween the current leaving and the current entering the struc-
ture, and any structure simultaneously acts as both a relax-
ation region for entering charge and as a charging region for
internally separated charge. To use Eq. (21) one must ensure
that the inlet fluid is uncharged; one way to minimize the
inlet current is to place a relaxation volume before the inlet.
For insulating structures and pipes, Fig. 4(b) shows that the
radial and axial electric field components can be measured by
noncontacting field probes in the wall of a grounded sur-
rounding metallic enclosure. The axial electric field compo-
nent which drives surface leakage can be greatly minimized
at the expense of increasing the radial field by making the
enclosure a tightly fitting sleeve. Current and potential distri-
butions along insulating pipes can be measured from the
leakage current and surface potential of segmented electrodes
surrounding the pipe.
For complicated structures, such as filters inside insulat-
ing housings, both the streaming potential and noncontacting

STATIC ELECTRIFICATION 431
field probes can be used simultaneously. The streaming cur-
rent provides a measure of the charge entrained in the flow
and carried downstream while the field probe can measure
the dynamics of the net charge left behind. For the case of the
filter, the charge can leak away from the filter paper onto the
insulating housing so that large electric fields can be present
both inside and outside the filter housing. As another varia-
tion of this measurement technique, the charge generated by
flow sources such as pumps can be measured by minimizing
the length of the inlet pipe section and running the flow di-
rectly into the receiver.

Electrostatic Charging Tendency

The most common laboratory technique for characterizing
electrostatic charging tendency (ECT) is the ministatic tester
shown in Fig. 5. It was initially developed for jet fuel mea-
surements by Exxon Research and the Naval Research Labo-
ratory (3) but was adapted to transformer oil measurements
by Westinghouse (24). The ECT is measured by forcing the
liquid of interest through standard filter paper which is a
high-grade cellulose material. The same filters are used for
transformer oils because the paper insulation in transformers
is not sufficiently porous for adequate fluid flow. The current
from ground necessary to compensate double layer charge en-
trained in the fluid is measured, or equivalently the current
to the receiver grounded through a low impedance electrome-
ter is measured. The numerous pores in the filter increases
the effective area and thereby increases the streaming cur-
rent. At volumetric flow rates of @ = 1 cm?®/s to 2 cm?®/s, charg-
ing currents i are typically in the range of 10 pA to 1 nA.
From Eq. (21), the associated charge density ranges from 5
wC/m? to 1000 uC/m?, with low charging liquids usually hav-
ing charge densities below 25 wC/m3. This approach is fast
and simple for comparing the relative charging tendencies of
different liquid samples against a particular material filter.
Changing the type of filter generally changes the charging

N - Faraday cage

- Rubber stopper

L~ Supports

Insulating syringe

Valve

Electrometer Insulating shaft

\
¢

Figure 5. The electrostatic charging tendency of a liquid is measured
in the Ministatic tester by measuring the current created by pressur-
ized flow through a filter.

<—1— Metal filter holder

| __+— Receiver

Support
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level but usually does not change the ranking levels of differ-
ent liquids.

Charge Density Measurements

Although terminal voltage and current measurements on a
structure provide useful information about the electrification
process, a direct measure of the charge entrained by the flow
is also possible.

Conducting Probes. Early attempts at directly measuring
the charge density of the fluid involved placing conducting
probes into the flowing liquid and measuring the open circuit
voltage or short circuit current. One example is a charge den-
sity probe composed of three equally spaced parallel circular
plates (9). The outer two electrodes are grounded and the
charging potential V, of the center electrode is measured by a
high-impedance electrometer. Assuming that the charge den-
sity p is uniform, integrating Gauss’ law across the dielectric
and solving for the charging potential yields

pd?
P oo (22)
where d is the separation distance between the plates. Unfor-
tunately, this does not provide an unambiguous value for the
charge density since one may never be certain to the extent
to which the probe response is due to impacting charge from
the flow or from charge that is removed from the probe by the
same charge separation process that is being studied. Fluid
flowing through the probe, even if entering uncharged, will
separate some charge from the electrode surfaces, raising the
measured potential. There is no way to separate the effects of
entering charge due to upstream flow electrification from
charge separation within the probe.

Absolute Charge Sensor. The absolute charge sensor (ACS)
shown in Fig. 6 measures the charge density independent of
the fluid’s electrical properties, the velocity of the fluid, and

Fluid flow
Probe
C/md —
g m3/34> > Return
7 Solid wall”
i
+‘5 Insulators
v
Q| | Three-way
valve
| Expandable
metal bellows
- Insulators

A .
Y Linear motion

Linear actuator

Figure 6. The absolute charge sensor (ACS) measures the net charge
density entrained in the flow by sampling a portion of the fluid.

any electrification process within the instrument (25). A sam-
ple of the fluid is pumped into a Faraday cage by an expand-
able metal bellows driven by a linear actuator. The electri-
cally isolated Faraday cage is connected to ground by an
electrometer so that the measured short-circuit current or
open-circuit voltage is directly proportional to the fluid charge
density. The probe entrance is shielded so that streaming cur-
rents generated from electrification on the outer surface of
the probe are not measured. The three-way valve allows the
sampled fluid to be returned to the system at a downstream
location or a relaxation region so that the exiting fluid is not
in the proximity of the sampling probe.

The charge density is calculated from the known filling
flow rate and the measured current or voltage, depending on
the measurement mode of the electrometer. A charged body
introduced into a Faraday cage induces an opposite polarity
charge on the interior wall of the conducting volume. Thus,
without actually being transported to the wall, the net charge
induced onto the conductive inner wall would be equal to but
of opposite polarity to that in the fluid. Because the rate of
accumulation of the charge so induced in the inner wall of the
container comprises a capacitive electrical current that can be
measured externally, it is possible to measure this net charge
with an electrometer. In addition to the image charge, there
is a conduction current associated with the relaxation of the
charged fluid and a current due to flow-induced electrification
on the internal surfaces of the ACS volume. However, because
the total charge within the Faraday cage volume whether due
to imaging, charge relaxation, or electrification remains con-
stant, with no fluid leaving the Faraday cage during the mea-
surement, the measured current i depends only on the inlet
convection current. For inlet flow rate @, the fluid charge den-
sity is calculated from Eq. (21). Except for possible electrifi-
cation effects at the tip of the sampling probe, this device pro-
vides an absolute measure of the charge density.

Tandem Charge Monitor. An alternative to the ACS that
does not require moving parts is the tandem charge monitor
(TCM) (26). The TCM consists of two identical shielded cham-
bers through which the dielectric fluid passes with laminar
flow. Each chamber is virtually grounded through electrome-
ters which measure the currents i; in the upstream chamber
and i, in the downstream chamber. These currents reflect the
fluid residence time and dielectric relaxation time in each
chamber. The charge density in the entering fluid is then
computed from

iy
N S 23
P 0=i,/i)Q (23)

where @ is the volume flow rate of the fluid. This expression
is independent of the fluid conductivity and is valid even if
the fluid still contains charge as it exits the second chamber.
The flow through the device is maintained by either the pres-
sure drop between the sampling and return ports or by an
external pump on the return line.

Rotating Electrode Measurements

Rotating disk and cylinder electrode apparatuses are com-
monly used to investigate interfacial chemical kinetics. In
these apparatuses, measurements of the current or voltage of



Brush contact .
Inner cylinder

Rotation rate Q

v/ Insulating top
v/ Outer cylinder

/ Fluid region

|||-o| <+0

)
2

Inner sublayer
Turbulent core

Outer sublayer

f o= X
=

= Insulating base

(L

Figure 7. In a rotating cylinder apparatus, rotation of the inner cyl-
inder generates fluid flow and separates charge. Measurements of the
terminal voltage, terminal current, and charge density in the turbu-
lent core region characterize the electrification processes.

the disk or electrode via a brush contact are correlated to the
interfacial transport properties (1). The rotating cylinder elec-
trode apparatus shown in Fig. 7 has been used extensively
to investigate electrification effects for many semi-insulating
liquid/solid combinations because it offers many advantages
over pipe flow measurements (27,28). The fluid under test fills
the annulus between cylinders that are covered with the solid
material to be tested such as oil-impregnated paper backed
by metal. The rotation rate of the inner cylinder is varied to
give controlled laminar or turbulent flows. This compact ap-
paratus allows for flexibility in testing liquids, trace impuri-
ties, and solid insulation without involving large amounts of
material and allows the materials to be easily changed. By
virtue of the re-entrant flow, it acts like a pipe of infinite
length and thus provides for the measurement of basic electri-
fication parameters even in highly insulating systems, where
the electrical development length L. in Eq. (19) for a pipe flow
system is likely to be longer than the practical length of a test
section. By sampling the charge entrained in the azimuthal
flow at a sufficiently slow rate to not disturb the azimuthal
flow, equilibrium electrification parameters can be deduced.
The flow Reynolds number, and thus the diffusion sublayer
thicknesses analogous to that given in Eq. (16), is set by the
shaft rotational velocity of the inner cylinder, independent of
the flow rate used to sample the charge carried by the liquid.
Effects of energization can also be studied with the brush con-
tact allowing a high voltage to be imposed. The brush contacts
also allow measurement of open-circuit terminal voltage and
short-circuit current due to inner cylinder rotation which can
be related to the volume charge density. To measure the
charge entrained in the fluid flow, the rotating cylindrical
electrode apparatus can be used as the test structure of Fig.
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4 or the ACS or TCM probes can be inserted through the sta-
tionary outer wall into the turbulent fluid core.

Similar to the streaming current calculation in turbulent
pipe flow, the terminal measurements and the core charge
density are related to the rotation rate of the inner cylindrical
electrode (29). Empirical studies give the sublayer thickness
&, at the inner cylinder and &, at the outer cylinder as

8: 8o 3.3
N 24
R, ScO35RC, (24)
where R; is the inner cylinder radius, R, is the outer cylinder
radius in contact with the fluid, R = 2QR?/v is the Reynolds
number, () is the inner cylinder angular velocity, Sc = v/D is
the Schmidt number, and C; is the drag coefficient given by

1
N R,

~ —0.6 — 4.07log,, <i> ; 8x10? <R <8 x10°
(25)

For bare metal electrodes the turbulent core volume charge
density under open circuit conditions is

21 Pw.o + Ri Py i
Po = ) o i (26)
R |:1 - (&) j| sinh (8—()) R sinh (i>
o R, A A
with open-circuit voltage
In &
A Ropw.o 1 Ri 2 Ro
o = sy 27\’ TR
sinh <—°> 1 R;
A R,
27

(28)

and the short-circuit turbulent core volume charge density is

5 1 B 1
— . 8; . 8o Is
nH (R? - Rlz) k; sinh <f> ko sinh <7>
(29)

Ps = Po +
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Figure 8. Increasing the rotation rate of the inner cylinder increases
the core charge density (a), the open-circuit voltage (b), and the short-
circuit current (c). The charge density and current also increase with
temperature but the voltage reaches a maximum at intermediate
temperatures.

where H is the height of the cylinders, and k; and %, are sur-
face reaction velocities at the inner and outer cylinder inter-
faces. This shows that the charge density in the core region
depends on the current flowing through the interface. The re-
action velocities are only involved when there is a net current
flow across the interface. The core charge density, voltage,
and current become larger as the rotation rate increases and
the sublayer thickness becomes small compared to the Debye
length. Figure 8 shows a representative set of data for trans-
former oil filling the gap between stainless steel cylinders as
a function of the inner cylinder rotation rate.

FUTURE CONSIDERATIONS

Although many of the basic electrification processes associ-
ated with the separation and accumulation of charge are well

understood, one important phenomenon is still unresolved:
the interfacial charge-transfer process (30). This is not sur-
prising since the ions responsible for the charge separation at
the electrical double layer typically come from the ionization
of uncontrolled trace impurities. This limits the effectiveness
with which one can isolate the effects of the various factors,
such as the additive 1,2,3-benzotriazole (BTA), on the interfa-
cial charge transport. Several boundary conditions have been
postulated to represent this charge transfer, including a con-
stant wall charge density (&;, £, — o) in Egs. (28) and (29), a
constant interfacial zeta potential (17), or spatial derivative
of the charge density at the walls (31). Although these models
provide a reasonable representation of the equilibrium in-
terfacial boundary condition, it is not obvious that these equi-
librium results can simply be extended to the nonequilib-
rium case.

Current research in the field is focussing on understanding
the interfacial kinetics and coupling the effects of finite
charge transfer reaction rates and accumulated surface
charge on the charge entrained in the electrical double layer
(18,29,32). An example pertaining to power transformers is
the controversy surrounding the benefits of the additive BTA.
Japanese transformer manufacturers add approximately 5 to
50 ug/g BTA to the oil to reduce the electrification, but mea-
surements show that the BTA concentration decreases with
time and the magnitude of the electrification streaming cur-
rent does not always decrease with addition of BTA (10). For-
tunately, the compact rotating cylindrical electrode apparatus
of Fig. 7 is well-suited to this type of investigation. By using
core charge density, open-circuit voltage and short-circuit cur-
rent measurements similar to Fig. 8, the effect of BTA on the
interfacial wall charge densities can be estimated, as shown
in Fig. 9 for a pressboard/transformer oil interface (29). Al-
though this shows the surface-modifying behavior of the BTA
as the wall charge density decreases for oil BTA concentra-
tions greater than approximately 10 ug/g, the nonionizing
BTA also reduced the oil conductivity, which increased the
Debye length and led to larger core charge densities and ter-
minal voltages and currents (28). This type of measurement
should help to resolve the questions regarding the efficacy of
BTA and lead to a better understanding of the interfacial pro-
cesses.

Pressboard /oil interface

—— 15°C
RSN, e 3500
-4--  50°C

Wall charge density (mC/m?%)

BTA concentration (1g/g)

Figure 9. The wall charge density generally decreases once a critical
concentration of 1,2,3-benzotriazole, in this case approximately 10
ng/g in transformer oil, is reached.
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