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ABSTRACT 
A rotating cylindrical electrode apparatus, which provided cylindrical Couette flow, 
was used to simulate flow electrification in an electric power transformer. The appa- 
ratus had Shell Diala A transformer oil filling the annulus between coaxial cylindri- 
cal stainless steel electrodes that were either bare metal, or covered by a thin cop- 
per sheet and/or EHV-Weidmann HiVal pressboard insulation. Extensive experi- 
ments characterized the time transient and steady state behavior of the electrification 
through measurements of the volume charge density, the terminal voltage, and the 
terminal current as the system was driven out of equilibrium by changes in the flow 
rate (inner cylinder rotation rates of 100 to 1400 rpm, Reynolds numbers of 5 x  l o3  
to 5 x  lo5), temperature (15 to 70'0, insulation moisture content (0.5 to 20 ppm in 
the oil), applied voltage (0 to 2 kV dc), and concentration of the non-ionizable anti- 
static additive 1,2,3 benzotriazole (BTA, 0 to 60 ppm). Generally, the electrification 
increased with flow rate and temperature but the BTA appeared to cause competing 
effects: it decreased the volume charge density on the liquid side of the interface by 
a factor of 4, which reduces the electrification, but also decreased the oil conductivity 
by a factor of 10, which enhances the electrification. A critical oil BTA concentration 
of 5 to 8 ppm minimized the electrification. The volume charge density was sensitive 
to the current flowing through the interface and surface charge accumulation. With 
pressboard covering the cylinders, the electrification effects of the temperature and 
moisture were decoupled during the transient following step reductions in the tem- 
perature. The oil moisture content did not affect the oil conductivity significantly, 
but the volume charge density varied inversely with the moisture content during an 
initial equilibration period just after the oil had been added to the system. The high- 
est electrification was observed during this equilibration period. 

1. INTRODUCTION 

UNDAMENTAL to any description of flow electrification is the F charge transfer process that occurs at the interface between 
the liquid and the solid phases. In essence, it is the preferential 
adsorption (or difference in interfacial reaction rates) of one of 
the charged species that leads to the generation of the electrical 
double layer and it is the diffuse charge in the electrical double 
layer that is transported by the fluid to accumulate or leak away 
at a downstream location. Consequently, in order to develop a 
comprehensive understanding of flow electrification, it is impor- 
tant to characterize the solidfliquid interface. As an example, one 

technique for studying interfacial charge transfer processes, de- 
veloped in the field of electrochemistry, is to measure the current 
that flows between a stationary electrode and a rotating disk elec- 
trode [I] or a rotating cylindrical electrode [2,3].  This terminal 
current can be related to parameters that describe the chemical re- 
action, such as rate constants, if the reacting species and the fluid 
flow profile are known. 

Experiments with rotating electrodes are advantageous over 
stationary electrode or pipe flow experiments because they al- 
low the kinetic processes at the electrodes to be studied under 
steady state and fully developed flow conditions. The rotating 
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electrode imposes a fluid flow profile that dominates the convec- 
tion caused by the motion of the individual charged species in 
an electric field. For rotating disks, the fluid flow is stable up 
to high Reynolds numbers and laminar flow conditions are gen- 
erally studied. In contrast, for rotating cylinders, the flow be- 
comes unstable at low Reynolds numbers and turbulent flow con- 
ditions are usually studied. In electrochemistry, aqueous elec- 
trolytic solutions having well-defined ionic species are usually 
treated. With the electrode material also known, the oxidation- 
reduction reaction that occurs at the interface can then be for- 
mulated. This chemical reaction describing the interfacial mass 
and charge transfer, coupled with the equations that describe the 
transport of the reacting species to the interface, can then be re- 
lated to the terminal current [21. 

The rotating electrode technique for studying interfacial kinet- 
ics in electrolytic solutions has been used also to study the charge 
separation process of flow electrification in non-aqueous semi- 
insulating liquids [4-121. While many of the fundamental con- 
cepts apply to both aqueous and non-aqueous systems, there are 
two significant differences. First, aqueous liquids tend to be much 
more conducting than the semi-insulating hydrocarbon liquids 
being considered here. This increased conductivity in aqueous 
liquids leads to increased charge relaxation so that the net charge 
density in the bulk of the fluid flow is near zero and interfacial 
properties must be inferred from terminal current measurements. 
For the semi-insulating liquids used in electric power apparatus, 
the net charge density in the bulk region of the fluid flow, the 
terminal current, and the terminal voltage can be measured and 
related to the interfacial properties [4,13,141. Second, whle the 
identity of the ionic species are usually known apriori in aque- 
ous solutions, the ionized species of interest in flow electrifica- 
tion problems with insulating liquids are usually formed by trace 
impurities. The unknown composition of these trace impurities 
leads to inherent difficulties in creating reproducible measure- 
ments; one way to account for this complication is to use experi- 
mental materials that are the same as those typically used in elec- 
tric power apparatus. 

This paper describes an experimental investigation of flow 
electrification in a rotating cylindrical electrode system in which 
the effects of various parameters, such as temperature, moisture 
concentration, oil conductivity, terminal constraints, energization 
and additive concentration, are explored. While t h s  work is pri- 
marily based upon an experimental apparatus that has previous- 
ly been described [4,7], it also introduces some newly developed 
sensors and methodologies. To put these results in perspective, 
comparisons are also made to rotating cylindrical electrode mea- 
surements in aqueous electrochemical systems. 

2. EXPERIMENTAL APPARATUS 

To simulate the flow electrification processes in a transformer 
and to study the effects that the oil and pressboard properties, 
such as moisture content, conductivity, and temperature, have on 

these processes, a Couette experimental facility (CF) was devel- 
oped. The CF had Shell Diala A transformer oil filling the annu- 
lus between coaxial cylindrical electrodes that were bare metal 
(stainless steel in this work) or covered with sleeves of other ma- 
terials, such as copper and/or pressboard insulation. The inner 
cylinder could rotate at speeds giving controlled turbulent flow 
so that electric charge was transported from the electrical double 
layers at the solid/liquid interfaces to the volume of the fluid and 
the mass transfer of moisture between the oil and the pressboard 
was enhanced. By measuring the charge density in the liquid, the 
voltage across the cylinders and the current flowing between the 
cylinders, the electrification processes under various operating 
conditions could be studied. Similarly, by measuring the mois- 
ture in the oil as the operating conditions are changed, the mass 
transfer dynamics between the oil and the pressboard could be 
studied. 

The CF, as shown in Figure 1, essentially consisted of a Couette 
charger (CC), which contained the rotating cylindrical electrodes, 
and a reservoir for storing the oil 14/71. The CC and the reservoir 
were equipped with heating tape and a cooling coil such that the 
temperature was controlled from 15 to 100°C. The reservoir could 
hold 11.4 1 whle the CC could contain 7.5 1. In this facility, the in- 
ner cylinder had a radius of 7.62 cm, the outer cylinder had a ra- 
dius of 10.16 cm, and the cylinders had a height of 0.4 m. For these 
experiments, the outer stainless steel cylinder was always kept 
bare and was used as a reference electrode. This helped make 
the temperature through the CC more uniform and avoided com- 
plications in interpreting moisture measurements since the mass 
transfer dynamics only occurred at the inner pressboard cylinder. 
Experiments were performed with the bare stainless steel inner 
cylinder, with a sheet of 0.254 mm copper epoxied to the inner 
cylinder, and with 1 mm thick EHV-Weidmann HiValTM press- 
board insulation epoxied to either the inner cylinder or the cop- 
per sheet. To create a measurable volume charge density inside 
the oil, the inner cylinder was rotated at angular rotation rates up 
to 2000 rpm. For transformer oil, rotation rates 2 60 rpm leads 
to turbulent flow in the oil-filled gap between the cylinders [7]. 
In turn, the mixing due to the turbulent flow led to a region of es- 
sentially uniform charge density which could then be measured. 

Before each experiment, with and without pressboard, the sys- 
tem was vacuum processed to the dry conditions found in actual 
transformers by pulling a vacuum and raising the temperature. 
The drying time was based on previous experience in drying the 
pressboard. Typically, the CC with not oil-impregnated press- 
board was kept at a pressure of 13 to 33 Pa and a temperature of 
90°C for 1 to 14 days while the oil-filled reservoir was kept at 13 Pa 
and 70°C for 1 to 12 h. After the drying process was completed, 
the pressboard was oil impregnated by transferring oil from the 
reservoir into the CC. 

The charge density in the oil between the cylinders was mea- 
sured using an absolute charge sensor (ACS), which brings a sam- 
ple of fluid from the turbulent core of the CC into a Faraday cage 
1141. The ACS sampling probe was mounted so that its end was 
flush with the edge of the outer cylinder that was in contact with 
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Figure 1. The Couette facility, where rotation of the inner cylinder creates controlled turbulent flow. An absolute charge sensor (ACS) was 
used to measure the charge density in the oil region between the coaxial cylinders of the Couette charger (CC). A moisture sensor was placed in 
the oil gap between the cylinders. A conductivity sensor was mounted above the inner cylinder. The expansion volume and the reservoir were 
used to allow the oil to expand and contract as the temperature of the CC varied. 

the oil (within 1 mm). In this position, the sampling probe should 
have had a minimal effect on the electrification process being 
studied. A data acquisition program was used to take the mea- 
surements and periodically set the rotation rate of the inner cylin- 
der. Typically, an entire set of measurements took N 3 min, with 
most of the time spent on the charge density and conductivity 
measurements. 

The conductivity of the oil was measured with a ganged paral- 
lel plate capacitor that was mounted in the oil space above the in- 
ner cylinder. This conductivity sensor had one set of plates driv- 
en at a 1 V peak, 0.1 Hz ac voltage, while the other set of plates, 
the sensing electrodes, measured a signal that is attenuated and 
phase delayed with respect to the driven signal. The measured 
signals depend upon the permittivity and conductivity of the oil 
and were used in a parameter estimation routine to calculate the 
oil conductivity 1151. A grounded stainless steel mesh surround- 
ed the plates to act as a shield and to reduce the flow rate of the 
oil between the plates, thereby reducing electrification along the 
plates themselves. The mesh size was on the order of 1 mm so 
oil was also able to circulate through the sensor. The capacitance 
between the shield and the sensing plates was not significant in 
these measurements. 

The oil moisture content was measured using two techniques. 
The first technique was to withdraw samples of oil occasion- 
ally from the CC and to measure the moisture content with a 

Mitsubishi CA-05 moisture meter (MM), which performs a Karl- 
Fisher titration. This technique is accurate for moisture contents 
> 1 to 2 ppm. Since one of the goals of this research was to un- 
derstand the electrification process at low temperatures where 
the moisture levels can be < 1 ppm, another method for mea- 
suring the moisture was required. The second technique was to 
monitor the moisture level in the oil continuously, using newly 
developed polyimide-based capacitive humidity sensors [16,17]. 
These experiments used a Harley moisture sensor CT-880-BN-H 
(0/100%)-X instrument, with the sensor itself placed in the gap 
between the cylinders. 

In order to use these moisture sensors to determine the absolute 
moisture content, the oil temperature had to be known accurately. 
Furthermore, the equilibrium curves describing the partitioning 
of moisture between the oil and the pressboard are temperature 
dependent [NI. In these experiments, the temperature of the CC 
was measured in two different locations. The first location had a 
thermocouple probe passed through the top flange of the CC so 
that the oil temperature in the well-mixed flow region was mea- 
sured. The second had a thermocouple probe passed through the 
side wall on the outer cylinder of the CC so that the probe tip pen- 
etrated ,., 1 mm into the oil. This side location was sensitive to 
both the oil temperature near the wall and the temperature of the 
outer cylinder. Significant thermal gradients (> 10°C) were ob- 
served while attempting to maintain the system at temperatures 
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below ambient with high rotation rates because the heat caused 
by the viscous shear of the rotating inner cylinder became appre- 
ciable, or during imposed temperature transients. To minimize 
the effects of these gradients, except during the imposed temper- 
ature transients, the experiments were performed at rotation rates 
and temperatures where both temperatures were approximately 
equal to within N 3°C. 

The terminal voltage and short-circuit current were measured 
using a Keithley 617 electrometer. In some cases, dc voltages were 
applied across the cylinders. These voltages were initially set 
manually with a Hewlett Packard 6218 C power supply, but later 
measurements had the capability of controlling the voltage built 
into the data acquisition software. When set automatically, the 
voltage was generated by a Wavetek arbitrary waveform genera- 
tor, model 75, and amplified by either a Trek 20/20 HV Amplifier 
or a Heathkit HV operational amplifier, model EUW-19 A. 

In several experiments, the additive 1,2,3 benzotriazole (BTA) 
was added to the CC to determine its effects on the electrification 
processes. The procedure for adding the BTA to the oil was to 
have the CC operating at an elevated temperature first (such as 
70"C), then a concentrated solution of BTA in oil (such as 300 ppm 
weight BTA/weight oil), which was prepared in a beaker at ele- 
vated temperatures outside the CF, was added to the CC through 
a 'T' connection where the ACS discharge line returned to the CC, 
as shown in Figure 1. Since the CC contained "N 7.5 1 of oil (6.75 kg 
using a mass density of 0.9 g/ml) only N 125 ml of the concen- 
trated solution had to be added to raise the average BTA concen- 
tration 5 ppm. To monitor the BTA content of the oil, samples of 
oil were withdrawn from the CC and the BTA concentration mea- 
sured by ultraviolet spectrophotometry [151. Although the same 
port of the CC was used for both adding and withdrawing the 
BTA filled oil, the discharge from the ACS circulated the oil from 
the 'T' into the CC and the sampling line was always flushed with 
oil from the CC before a sample was withdrawn. 

3. REPRESENTATIVE RESULTS 
Several types of representative measurements are presented in 

this Section. The general approach was to measure the baseline 
response for the system with bare metal cylinders and with HiVal 
pressboard covering the inner cylinder. Then the effects of adding 
copper, which is present in large quantities in transformers, and 
the additive BTA were explored. In each case, the controllable pa- 
rameters (inner cylinder rotation rate, temperature, and applied 
dc voltage) were varied as the measurable quantities (charge den- 
sity, terminal current or voltage, oil moisture content, oil conduc- 
tivity, and pressboard conductivity) were monitored. When pos- 
sible, both steady state and transient conditions were explored. 

The approach used for these experiments was self-critical with 
the measurements occasionally being repeated up to 20 or 30 
times for a given set of conditions. To check reproducibility, mea- 
surements were taken for both increasing and decreasing rota- 
tion rates and temperatures. To further check the reproducibil- 
ity, the oil and/or the pressboard in the system were periodically 
replaced. Although aspects of the data were quite reproducible, 

such as an increase in the charge density with rotation rate, some 
of the details of transient measurements were not reproducible. 
Whenever possible, representative measurements from numer- 
ous experiments are provided. 

In this paper, the basic data from the experiments are plotted. 
While it is natural to express the measured quantities in terms of 
nondimensional parameters, such as the hydrodynamic Reynolds 
number, most of the interdependencies of the various quantities 
are not known so it is more convenient to express the data in di- 
mensional form. An exception is Section 4, where normalizations 
motivated by the electrification models and the electrochemistry 
literature are presented. Subsequent papers will develop electri- 
fication models and present the data in a nondimensional form. 

3.1. ROTATION RATE DEPENDENCE 

The obvious variable parameter that is critical to flow electri- 
fication is the fluid flow rate. In the CC, the flow rate was con- 
trolled by the rotation rate of the inner cylinder. Physically, as the 
rotation rate increased, the flow rate also increased but the dif- 
fusion sublayer thickness (the thickness of the interfacial region 
where the effective diffusivity from the turbulence is dominated 
by molecular diffusion) decreased. The net result was that the 
core charge density tended to increase with rotation rate as the 
sublayer thickness decreased, and more charge was transported 
by convection, out of the interfacial electrical double layers into 
the core region of the flow. 

Sample sets of steady state electrification data are shown in Fig- 
ure 2 for identical bare stainless steel cylinders and in Figure 3 for 
pressboard insulation covering a copper layer on the inner cylin- 
der. For the bare cylinders, the charge density had the same polar- 
ity as the terminal current and voltage at high rotation rates, but 
the opposite polarities at low rotation rates, As shown in Figure 
1, the electrometer measured the terminal voltage and current in 
the external circuit from the inner cylinder to the grounded out- 
er cylinder. In contrast, when pressboard insulation covered the 
inner cylinder, the charge density had a polarity opposite that of 
the terminal current and voltage for all rotation rates. Also sig- 
nificant about these data is that the measured quantities tended 
to increase in magnitude as the rotation rate increased and did 
not reach a limiting or saturation value. This indicates that the 
interfacial charge transfer process was probably rate limited by 
the transport of ionic species to the interface, not the interfacial 
reaction rate. 

The polarity reversal of the terminal quantities as the rotation 
rate increased is shown more clearly in Figure 4. As the rota- 
tion rate was varied, either the short-circuit current or the open- 
circuit voltage was monitored. The current was measured dur- 
ing both the startup and shutdown transients for the rotation of 
the inner cylinder. For the voltage measurements, the voltage 
was initially set to zero (short-circuited) until the inner cylinder 
reached a steady state and then the terminals were open-circuited 
as the voltage transient was measured. Afterwards, the decay- 
ing voltage transient was measured when the cylinder stopped 
rotating. In one case (at 1000 rpm) the electrometer was zeroed 
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Figure 2. Electrification for bare stainless steel cylinders. The 
charge density, open-circuit voltage and short-circuit current usually 
had the same polarity and increased with rotation rate. At each tem- 
perature and rotation rate, the open-circuit and short-circuit charge 
densities are plotted and appear to be essentially the same. The 
maximum voltage for each rotation rate appeared at an intermedi- 
ate temperature (50°C). 
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during the open-circuit measurement and the transient associat- 
ed with the voltage rising to its steady state level was repeated. 
The rapid increase in current as the rotation was started was prob- 
ably due to the redistribution of charge in the oil by the turbu- 
lent mixing. Similarly, during the shutdown transient, some of 
the response can be attributed to the relaxation of the charge in 
the bulk of the oil, but it also took a few seconds (usually 10) for 
the inner cylinder to stop rotating and the oil to come to rest. Sim- 
ilar measurements were obtained at other temperatures [15]. Al- 
though the charge density was not monitored because the sam- 
pling time for the ACS was long compared to the duration of the 
transients, the steady state charge density and short-circuit cur- 
rent were measured immediately prior to the transient measure- 
ments and showed that the charge density always remained posi- 
tive [151. Subsequent papers develop a model which describe this 
behavior in terms of the wall charge densities on the liquid sides 
3f the solid/liquid interfaces. Assuming that the wall charge den- 
sities are positive, with the outer cylinder charge density slightly 
larger than the inner cylinder's, the measured charge density is 
also positive but the terminal voltage (created by the difference 
in wall charge densities and the cylindrical symmetry) changes 
polarity as the flow rate increases and relatively more charge is 
transported away from the inner cylinder interface. 

The transient associated with step changes in the rotational 
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Figure 5. circuit voltage e density mea- 
surements board covering cylinder. The 
open-circuit voltage and charge density follow step changes in the 
rotation rate. 

its steady state level. Since the charge density remained essen- 
tially constant over this period, the redistribution of charge and 
the volume charge densities on the liquid side of the interfaces 
were independent of the current flowing through the system. 
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Figure 6. Transient short-circuit current and charge density mea- 
surements using the same materials as in Figure 5, with HiVal press- 
board covering the inner cylinder. While both the charge density 
and the current change with the rotation rate, the current slowly ap- 
proached its steady state level as surface charge accumulated at the 
interface between the pressboard and the oil. 

Ths  is consistent with the accumulation of surface charge at the 
oil/pressboard interface. Furthermore, this accumulated surface 
charge leads to a field inside the pressboard, not in the oil, because 
the oil volume charge density remains constant. 

3.2. T E M PER ATU RE D E P EN DEN C E 

The system temperature is readily controlled but the temper- 
ature dependent material properties (viscosity, conductivity, rel- 
ative moisture content between the oil and the pressboard, ion 
mobility and diffusivity, and the interfacial zeta potentials creat- 
ing the electrical double layers) can lead to competing effects. For 
example, the viscosity of the oil decreases as the temperature in- 
creases. This causes the diffusion sublayer thickness to decrease 
and more charge to be carried out of the electrical double layers 
into the bulk of the fluid. In contrast, the conductivity increas- 
es with temperature, which results in an increase in charge relax- 
ation and a decrease in the volume charge density. 

Sample sets of steady state electrification data showing the 
variations with temperature are given in Figures 2 and 3. In 
both sets of data, the charge density and short-circuit current in- 
creased with temperature at each rotational speed, to within the 
accuracy of the measurement. In contrast, the open-circuit volt- 
age was largest at an intermediate temperature (near 5OOC) for 
the bare metal cylinders but essentially independent of the tem- 
perature when pressboard covered the inner cylinder. Although 
these pressboard measurements had a copper sleeve over the in- 
ner cylinder, measurements without the copper sleeve present 
gave similar results. 

During temperature transients, the short-circuit current, charge 
density, moisture, and conductivity usually increased in magni- 
tude with the temperature, as shown in Figure 7 for a step in- 
crease in temperature and in Figure 8 for some temperature cy- 
cling. The charge density and current also showed long time scale 
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Figure 7. Temperature driven transient measurements at 400 rpm 
for HiVal pressboard covering the inner cylinder. The oil moisture 
content and conductivity followed the temperature, indicating a rel- 
atively rapid mass transfer of moisture from the pressboard into the 
oil at elevated temperatures. The current and charge density became 
larger as the temperature increased. 

transients after the temperature stabilized. While the accumu- 
lation of surface charge at the pressboard/oil interface was too 
short at the elevated temperatures to describe this transient, it is 
possible that the properties of the pressboard itself were chang- 
ing. The data in Figure 7 show the response of the first tempera- 
ture increase in the system after oil impregnating the pressboard. 
By measuring the voltage decay after applying a battery to the 
stationary inner cylinder, the effective conductivity of the press- 
board decreased after the initial low temperature electrification 
measurements [151. The slow decrease in the terminal current at 
70°C is consistent with a slowly decreasing pressboard conduc- 
tivity. After a few days at the elevated temperature, the data of 
Figure 8 was taken. Since the current did not appear to change 
appreciably with time at 70°C, the pressboard conductivity ap- 
parently reached a steady state. 

3.3. MOISTURE DEPENDENCE 

One ubiquitous impurity present in both the solid and liquid 
insulation is water. Standard procedures for reducing the mois- 
ture content of the insulation include heating the system and vac- 
uum processing, but some water is always present. In the steady 
state, the moisture equilibration curves show that the concentra- 
tion of water in the hydrophilic pressboard is much higher than 
that of the hydrophobic oils. Unless the volume of oil is extremely 
large compared to the volume of pressboard, most of the water is 
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Figure 8. Temperature driven transients at 400 rpm for HiVal 
pressboard covering the inner cylinder. This data is a continuation 
of that given in Figure 7. The charge density decreased slightly with 
time as the oil became more conducting. The oil moisture content 
reached a steady state level quickly at 70°C but slowly at 15°C. Since 
the charge density quickly reached steady state at the low tempera- 
tures, the charge density appeared to be independent of the oil mois- 
ture content in this dry regime. The current usually followed the 
temperature, except during the transient in which the temperature 
was changed. 

contained in the pressboard. In the CC, when the inner cylinder 
is covered with pressboard, the pressboard volume is N 200 cm3 
while the oil volume is N 7500 cm3. Using mass densities of 
1.0 g/cm3 for the pressboard and 0.9 g/cm3 for the oil, it is es- 
timated that a 3 ppm (moisture weight/oil weight) change in oil 
moisture content only leads to an average change in the paper 
moisture content of 0.01%. 

Moisture transients were induced by changing the tempera- 
ture of the system, when the equilibrium pressboard and oil mois- 
ture contents changed. In Figure 9, moisture was transferred from 
the pressboard into the oil as the temperature was raised from 
15 to 70°C. The moisture content followed the temperature and 
approached a steady state level of N 7 ppm after the first tem- 
perature increase, but after additional vacuum processing, the oil 
moisture content no longer followed the temperature closely and 
slowly increased with time. This slow increase in moisture was 
probably not due to a leak to atmosphere since the 70°C oil con- 
ductivity slowly decreased, indicating a lack of oxygen for oxi- 
dation of the oil, and the absolute rate of increase of the moisture 
did not remain constant even though the relative humidity of the 
air was essentially constant. It was probably not due to the redis- 
tribution of moisture in the pressboard either becauqe the initial 
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Figure 9. Temperature driven moisture transients at 400 rpm for 
HiVal pressboard covering the inner cylinder. The temperature was 
raised from 15°C to 70°C at time 2.5 h. The conductivity followed 
the temperature and then decreased slowly. With increased vacuum 
processing [initial case (a), then (b) and (c)] the oil moisture content 
decreased but it took longer to reach steady state levels at 70°C. The 
charge density increased with the temperature and appeared to be 
independent of the absolute oil moisture content. 

experiment (case a) showed the moisture reaching a steady state 
quickly and a moisture dynamics model for the CC suggests that 
the mass transfer is rapid at elevated temperatures [17]. Rather, 
these data suggests that vacuum processing affects the manner 
in which water is held in the pressboard, such as decreasing the 
diffusivity of water in the pressboard, possibly through degrada- 
tion of the cellulose fibers. This decreased diffusivity is consistent 
with the observations of Foss [20], in which the moisture concen- 
tration C (in percent) affected the diffusivity D according to 

D = Do exp[O.FjC] (1) 

with Do a temperature dependent coefficient. Using the mea- 
sured oil moisture content and the Norris curves relating the 
equilibrium concentrations of moisture in the oil and the paper, 
the pressboard moisture concentrations can be inferred 1181. For 
this experiment, the pressboard moisture content appeared to de- 
crease from 0.74% in case (a) to 0.14% in case (c). The diffusivity 
in case (c) is then estimated to be 0 . 7 4 ~  the diffusivity of case (a). 
While the decreased diffusivity does not appear to describe com- 
pletely the long time transient moisture behavior, it is consistent 
with the measurement. 

Figure 9 also shows that the charge density was not simply de- 
pendent on the absolute oil moisture content. While the largest 
charge densities were initially obtained with the wettest oil, com- 
parable charge densities were also obtained at lower moisture 
contents after the initial vacuum processing. In contrast, although 
the oil conductivity also changed slightly, tended to increase with 
the moisture content in each case. Voltage decay measurements 
of the pressboard dielectric relaxation time at 70°C gave 108 s for 
case (a), 89 s for case (b) and 191 s for case (c), which suggests that 
the conduction through the bulk of the pressboard did not change 
appreciably throughout these measurements [21 I .  These obser- 
vations implicate the 'conditioning' or past history of the system, 
not simply the oil moisture content, as having a critical role in de- 
termining the charge density. 

3.4. OIL CONDUCTIVITY DEPENDENCE 

Since the conductivity of the oil was not controlled by means 
of dissolving additives into the oil, the oil conductivity had a ten- 
dency to change with time. In some cases, the conductivity de- 
creased, possibly indicating an adsorption of the trace impurities 
to the walls of the CC or even an absorption of the impurities in- 
to the pressboard insulation. There were also many situations in 
whch the conductivity increased with time, possibly due to the 
oil being oxidized or the pressboard insulation released impuri- 
ties into the oil. 

15OC, 400 rpm 

4 3  
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50  1 OD 150 200 

Time ( h )  
Figure 10. Oil conductivity effects on the charge density with 
HiVal pressboard covering the inner cylinder. The charge density 
tends to decrease with increasing conductivity. The gap in the data 
at time 65 h occurred when the data acquisition program was restart- 
ed. 
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The time variation of the oil conductivity was used to explore 
the charge density dependence on the conductivity when the oth- 
er parameters such as the temperature and moisture content re- 
mained reasonably constant. One set of data that satisfied these 
criteria is shown in Figure 10. The oil moisture content initial- 
ly decreased as the pressboard dried the oil because immediate- 
ly prior to the measurement the system had been at 80°C and 
had a high oil moisture content. The moisture content then re- 
mained essentially constant, only increasing slightly, over the du- 
ration of this test. In contrast, the oil conductivity increased al- 
most linearly with time. Except for an initial increase in charge 
density, possibly due to the accumulation of surface charge at the 
oil/pressboard interface, the charge density decreased almost lin- 
early with time. The decreasing charge density with increasing 
conductivity is consistent with a ‘constant wall charge density 
(pw 1’ model in which the charge density goes as po M pw ~ , i l / ~ d ,  

with ~ ~ i l  the oil dielectric relaxation time and T d  the diffusion time 
across the interfacial diffusion sublayers [4,7]. The data are con- 
sistent with pipe flow experiments showing an initial decrease in 
the charge density when the oil is aged, but the oil conductivity 
itself was not given [22]. 

3.5. APPLIED DC VOLTAGE DEPENDENCE 

Many researchers have shown that the electrification charge 
density can be increased by HV ac energization [7,23]. The ap- 
plied field enhances the migration of charge across the diffusion 
sublayers which leads to an increase in the net charge density in 
the well-mixed core region of the flow. If the field is large enough, 
which is typically the case in electric power apparatus, charge 
can also be injected into the fluid. While this has practical ap- 
plication in electric power apparatus, it only provides limited in- 
formation about the electrification processes since new parame- 
ters, such as an injection charge density 171, are also introduced 
to explain the phenomenon. In contrast, application of dc volt- 
ages causes net charge to develop on the interfaces in the system, 
similar to the separation and accumulation of charge inherent in 
the flow electrification processes. In this Section, some transient 
measurements with high dc voltages applied across the cylinders 
are presented, but the bulk of the measurements utilize relatively 
small dc voltages under steady state conditions. 

Representative measurements of the charge density variation 
with small dc applied voltages are shown in Figure 11. The charge 
density increased linearly with the applied voltage in both cases. 
The resolution of the measurements is illustrated by the scatter in 
the data at each voltage. Even though the charge densities were 
quite small and near the resolution of the instrument, the linear 
variation in charge density was quite distinct. This linear depen- 
dence on the applied voltage does not appear to be an experimen- 
tal artifact of the ACS since the offset current due to leakage cur- 
rent into the ACS was independent of the applied voltage. 

Related measurements showed that the charge density had 
a slight dependence on the terminal constraints [15]. By tog- 
gling the electrometer between voltage (open-circuit) and current 
(short-circuit) mode, perturbations in the volume charge density 
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were observed, as shown in Figure 12. At the low rotation rates, 
when the terminal voltage and current were small, the charge 
density was unaffected by the terminal impedance. At the high- 
er rotation rates, when the terminal current became appreciable, 
the short-circuit charge density was found to be smaller than the 
open-circuit charge density. These results are consistent with the 
applied voltage measurements showing the largest change in the 
charge density (with applied voltage) at the lowest rotation rates. 
When the applied voltage is large compared to the open-circuit 
voltage, as at low rotation rates, the perturbation in the charge 
density is larger than that observed by changing the load imped- 
ance, but when the applied voltage is small compared to the open- 
circuit voltage, as at high rotation rates, the charge density pertur- 
bation is also smaller. In general, accurate measurements of the 
change in the charge density with the terminal impedance were 
only obtained in this type of experiment; comparing sets of da- 
ta where the rotation rate varied between open-circuit and short- 
circuit conditions usually showed similar trends, but small rela- 
tive changes in the system temperature and oil conductivity ob- 
fuscated the results. 

Transient measurements in which the charge density was mea- 
sured after starting rotation and changing the terminal voltage 
provide insight into the charge transfer mechanism. The time 
transients in the core charge density were only measurable at the 
lower temperatures because the development times were longer 
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Figure 12. Charge density variation with terminal constraints for 
a copper sleeve covering the inner cylinder. Ths set of data shows 
the charge density being slightly larger when the terminals are open- 
circuited rather than short-circuited. 

than the sampling time of the charge sensor. Representative tran- 
sient measurements, shown in Figures 13 and 14 for a tempera- 
ture of 15°C show that the charge density decreased immediately 
after applying a positive voltage and then decayed back to near its 
steady state level while the voltage was applied. The charge den- 
sity increased when negative voltages were applied. The applied 
voltage did not appear to affect the steady state charge density 
appreciably, in contrast to the results of Figure 11, probably be- 
cause the relative conductivity of the pressboard to the oil is very 
small at low temperatures [241. 

One qualitative description of these transients comes from con- 
sidering stationary cylinders so that the oil and pressboard can be 
described as simple dielectrics which have a single permittivity 
and conductivity. Electrically, the system can then be modeled as 
a Maxwell capacitor in cylindrical coordinates [25, pp. 1841881. 
If the system starts from an uncharged state in whch the interface 
between the oil and the pressboard is free of charge, then the ap- 
plication of a dc voltage between the electrodes will cause a cur- 
rent to flow through the system and a surface charge nj to devel- 
op on the interface according to 

with RI the inner cylinder radius, a the radius of the pressboard 
sleeve, a - RI the pressboard thickness, Rz the outer cylinder 
radius, V, the applied voltage, €1 the pressboard permittivity, 01 
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Figure 13. Transient voltage effect on the core charge density with 
HiVal pressboard covering the inner cylinder. The temperature was 
lowered (from 70°C) at time zero and the inner cylinder rotation 
was started at time 10.6 h and the terminals were short-circuited un- 
t1121 h. dc voltages of -100 V, 22.5 V, and -200 V were applied 
to the cylinders as shown. The open-circuit terminal voltage was 
measured when the voltage source was disconnected. The average 
pressboard moisture content was measured to be between 0.4 and 
0.5%. 

the pressboard conductivity, €2 the oil permittivity, ~2 the oil con- 
ductivity, and re the charging time constant given by 

(3) €1 In(Rz/a) + € 2  ln(alR1) 
01 In(Rz/a) + 0 2  1n(a/R1) 

re = 

When the voltage source is disconnected, the decay of this sur- 
face charge depends upon the terminal connections. If the termi- 
nals are short-circuited by a current measuring electrometer, the 
current is the same through both the oil and the pressboard re- 
gions and the decay time is the same as the charging time con- 
stant T ~ .  In contrast, if the terminals are open-circuited then the 
fields in each region decay independently so that there is no cur- 
rent ffow through the terminals. The open-circuit voltage decay 
can be expressed as 

vOC(t )  = vl(O-) e x p [ - t / ~ ~ ]  + m(O-) exp[-t/.rz] (4) 

where 211 (0- ) is the initial voltage across the pressboard region, 
v2(0-) is the initial voltage across the oil region, 71 E EI/CI is 
the pressboard dielectric relaxation time and 7 2  e € 2  / a 2  is the oil 
relaxation time. The first term reflects the decay of the field stored 
in the pressboard while the second term comes from the decay of 
the field across the oil. If a steady state had been achieved dur- 
ing the charging period (t >> T~), then the discharging transient 
becomes 
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Figure 14. Voltage (f l  kV) and rotation transient effects on the 
core charge density with HiVal pressboard covering the inner cylin- 
der. This experiment used the same materials as those of Figure 13. 
The transients in the charge density appear to be consistent with the 
accumulation of surface charge at the pressboard/oil interface. 

%(t) = 

a In(a/R1) e x p [ - t / ~ ~ ]  + ~1 ln(R2/a) e x ~ [ - t / n ] ]  (5) 

If the pressboard is much more insulating than the oil (so that 
the geometrical factors can be neglected), then the electrical ener- 
gy is essentially stored in the field inside the pressboard and the 
free surface charge at the oil/pressboard interface is imaged to 
the inner cylinder. When the pressboard conductivity becomes 
comparable to the oil conductivity, more of the electric field pass- 
es through the oil and more of the free surface charge is imaged 
to the outer cylinder. 

To explain qualitatively the experimentally observed transients 
in Figures 13 and 14, first assume that the effects of the applied 
voltage on the inner cylinder dominate those at the outer cylin- 
der. To justify this assumption, note that the electric field is larg- 
er at the inner cylinder than the outer cylinder by the ratio of 
R2 f a M 4/3, the amount of charge taken from the inner cylinder 
sublayer is larger by the same ratio because the diffusion sublayer 
on the outer cylinder is larger by that ratio and less charge would 
be stripped away from the interface, and the inner cylinder sur- 
face area is smaller by the ratio a/Rz. The net contribution to the 
charge density should be higher from the inner cylinder by the ra- 
tio Rz/a and therefore only the charge dynamics near the inner 
cylinder interface will be discussed. Also, to be consistent with 

vo [ ~1 In(Rz/a) + m 1n(a/R1) 
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the measured volume charge densities, assume that without ro- 
tation and without an applied voltage the chemically adsorbed 
surface charge on the inner cylinder is negative so that a positive 
volume charge density develops in the electrical double layer on 
the liquid side of the interface. 

When the rotation of the inner cylinder is started, some of the 
positive volume charge is transported by the fluid into the core 
region. When a positive voltage is applied, the volume charge 
near the interface is decreased because negative volume charge 
accumulates to shield the applied field from the bulk of the fluid. 
This leads to a decrease in the core charge density as well. Because 
some of this negative charge gets adsorbed onto the interface to 
form a surface charge, the volume charge densities return to near 
their steady state levels. After removing the voltage source and 
keeping the terminals open-circuited (as in Figure 131, the accu- 
mulated surface charge leads to a terminal voltage that decays 
with the relaxation time of the pressboard. The charge density 
rapidly returns to its original level because the oil relaxation time 
is small compared to the charge density measurement time. In 
contrast, after removing the voltage source and keeping the ter- 
minals short-circuited (as in Figure 14), the accumulated negative 
surface charge is imaged by a positive volume charge on the liq- 
uid side of the interface and the core charge density then increas- 
es. When the surface charge decays, the core charge density al- 
so decays. The charging and discharging transients have simi- 
lar time constants, consistent with the accumulation and decay 
of interfacial free surface charge discussed for ohmic dielectrics 
between stationary cylinders. The opposite polarity effect occurs 
when a negative voltage is applied. 

15OC, u,,,=1.2 pSlm, molsture=l.4 ppm 
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Figure 15. Voltage transient effects on the core charge density with 
HiVal pressboard covering the inner cylinder. Again, the transients 
in the charge density appear to be consistent with the accumulation 
of surface charge at the pressboard/oil interface. 
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A representative plot of the time transients in the charge densi- 
ty as the terminal voltage was varied for two rotation rates is giv- 
en in Figure 15. By increasing the rotation rate, the diffusion sub- 
layer thicknesses were decreased. Since the measured time con- 
stants associated with the transient decays in the charge densities 
were roughly the same at both rotation rates, the charge dynam- 
ics were probably reaction limited. In contrast, the charge density 
increased with rotation rate when there was no dc excitation, sug- 
gesting that the charge dynamics were at least partially transport 
limited. From these observations it would appear that the trans- 
port rate and the reaction rate for charge transfer at the interface 
are comparable for these semi-insulating materials. 

3.6. CONDITIONING TRANSIENTS 

While most of the measurements discussed thus far have fo- 
cused on experiments that had a relatively short duration] long 
time transient variations were also observed in the experiments. 
In general terms, electrification (charge density, terminal current 
and voltage) measurements showed long time variations that 
were not correlated to measurements of the moisture content or 
conductivity. Since the electrification data is sensitive to the in- 
terfacial properties, it is concluded that the interfacial dynamics 
(adsorption and desorption of ions) are significant over these long 
transients. 

One example of a 'conditioning' transient occurred with bare 
stainless steel cylinders. Initially, at temperatures of 15/35, and 
50"C, the charge density and terminal voltage had opposite po- 
larities, but after reaching 70"C, they had the same polarity. Sub- 
sequent measurements showed that the charge density and volt- 
age still had the same polarity, even at the lower temperatures. 
The terminal current tended to follow the voltage. These mea- 
surements indicate that the system was conditioned by some pro- 
cess. The terminal voltage showed the 'conditioning' process 
more markedly than the core charge density because it is more 
sensitive to differences in the interfacial properties [71. One pos- 
sible mechanism for the conditioning is that the different current 
densities at the cylinder interfaces led to the formation of oxide 
layers of different thicknesses. Indeed, related measurements of 
the leakage current as oil flows through a sintered filter have al- 
so shown passivation effects in which the current tends to de- 
crease with time once the filter has come into contact with the flu- 
id [26,27]. 

Another example of a conditioning transient, given in Figure 
16, shows the charge density changing with a long time constant. 
During the initial equilibration period, the charge density ap- 
peared to vary inversely with the oil moisture content, but the 
charge density did not appear to follow the oil moisture content 
after that period; the moisture only appeared to be important dur- 
ing the initial phase. As in previous measurements, the low tem- 
perature charge density decreased as the conductivity increased. 
At the higher temperatures, the charge density did not consistent- 
ly track with the conductivity. Thus, although the charge density 
occasionally tracked with the oil moisture and conductivity, the 
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Figure 16. Conditioning transient during temperature cycling for 
HiVal pressboard covering the inner cylinder and 400 rpm. There 
was no rotation from 77 to 89 h. Initially the charge density appeared 
to vary inversely with the oil moisture content. After raising the 
temperature, the charge density followed the conductivity while the 
moisture remained constant. Repeated temperature cycling did not 
result in the sharp peak in charge density associated with the initial 
temperature transient increase. 

long time transient change in the charge density was probably not 
caused by either of these. 

Although relatively rare, the oil volume charge density was oc- 
casionally negative. Usually this resulted from long time tran- 
sient changes in the system, but on one occasion, the charge den- 
sity was negative immediately after the rotation was started. As 
shown in Figure 17, during the initial 15°C equilibration period, 
the moisture in the oil migrated into the pressboard and the oil 
conductivity remained essentially constant. On the other hand, 
the charge density was negative and the terminal current was pos- 
itive and relatively large. During this period, sharp discontinu- 
ities in the charge density and current were present, which ap- 
pear to be consistent with discharges in the system. Subsequent 
measurements showed the charge density and current repeatedly 
reversing polarity. Some of these polarity reversals were driven 
by changes in the temperature but others occurred at a constant 
temperature. In these extended measurements, the moisture con- 
tent and conductivity increased slowly with time, indicating that 
the system was probably slightly exposed to the atmosphere. 

One possible mechanism leading to the discharges is that sur- 
face charge was accumulating at the oil/pressboard interface 
as the fluid flow redistributed the charge in the system. Once 
enough surface charge accumulated, the associated electric field 
exceeded the local breakdown field which, in turn, caused all of 
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Figure 17. Initial 15°C equilibration period for HiVal pressboard 
covering the inner cylinder and 400 rpm. The oil moisture content 
slowly decreased as the pressboard dried the oil. The sharp discon- 
tinuities in the charge density and terminal current appear to be con- 
sistent with discharges in the system. 

the accumulated charge to discharge. The discharge appeared to 
be global rather than local because the terminal current, which 
gives the net current flowing across the entire inner and outer 
cylinder interfaces, was discontinuous. The total charge involved 
in the discharge can be estimated from the discontinuity in the 
charge density and the volume of the annular gap. Using a vol- 
ume of 6500 cm3 and a charge density change of 4 pC/m3, 26 nC 
of charge were discharged. With a rotational speed of 400 rpm 
corresponding to an average oil velocity of 190 cm/s (based on 
a radius of 9 cm), this quantity of charge is consistent with pub- 
lished magnitudes for electrostatic discharges created by flowing 
oils [28]. 

These results were somewhat surprising because discharges 
were not seen in previous or subsequent measurements. Al- 
though the oil moisture content was very low in this measure- 
ment, indicating that the pressboard insulation was also very dry, 
other experiments that achieved similar moisture contents did not 
exhibit these discharges. Furthermore, the change in the volume 
charge density as a result of the discharge was relatively small; 
other measurements showed larger volume charge densities at 
the same temperature, but no discharges. After disassembling 
the system and looking at the pressboard, the only surface blem- 
ish that was found was near the top of the inner cylinder. The 
blemish was slightly darker than the surrounding area and could 
have been due to the discharges. Apparently, once the local area 
of the discharge had been damaged, the discharges stopped. 
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In summary, these experiments highlight some of the difficul- 
ties associated with the electrification measurements. While nu- 
merous sets of experiments showed the same general trends (such 
as increased currents, voltages, and charge densities as the rota- 
tion rate or temperature were raised), there were also a number of 
experiments that exhibited longer time transient, conditioning be- 
havior, Even though these experiments showed some of the non- 
reproducibility associated with the measurements, possibly due 
to leaks in the system or other uncontrolled parameters, they al- 
so showed long time scale dynamics. In a real transformer, both 
the initial conditioning phase, immediately after processing, and 
long time transient phases will be present. These measurements 
seem to indicate that the initial phase, immediately after process- 
ing, led to the largest electrification behavior. 

3.7. EFFECTS OF COPPER 

Since copper is present in large quantities in a transformer and 
deactivated by BTA 1291, a thin sheet of coqper was attached to the 
inner cylinder. Although the copper in a transformer is typically 
covered by paper or pressboard insulation, initial measurements 
were performed with bare copper on the inner cylinder. In gener- 
al, copper and stainless steel appeared to have similar electrifica- 
tion characteristics. The system also went through the same type 
of conditioning transient observed with bare stainless steel cylin- 
ders in which the charge density and the terminal variables had 
opposite polarities at low temperatures, but after increasing the 
temperature to 70°C and then returning again to the lower tem- 
peratures, the charge density and terminal variables had the same 
polarity. 

For comparison with earlier data without the copper, moisture 
and temperature transient measurements were also performed 
with HiVal pressboard insulation covering the copper sheet. For 
example, Figure 18, like Figure 7, shows the result of a step in- 
crease in temperature from 15 to 70°C. The moisture content 
tracked with the temperature and remained essentially constant 
once the temperature stabilized. The conductivity increased dur- 
ing the transient, then decreased slowly, even though the temper- 
ature was constant, possibly because of ionic absorption by the 
pressboard. The terminal current also decreased in magnitude, 
possibly as part of a conditioning phase in which the pressboard 
became more insulating with time. The charge density initially 
increased with the decreasing conductivity then remained essen- 
tially constant. Since a higher oil conductivity usually leads to a 
lower charge density, this suggests that another competing pro- 
cess canceled the effects of the oil conductivity on the charge den- 
sity 

3.8. EFFECTS OF BTA 

The effects of the additive BTA were measured during the tran- 
sient period in which the BTA was added to the oil in the CF and 
also during relatively short duration measurements in which the 
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Figure 18. Initial temperature transient for HiVal pressboard cov- 
ering the copper sleeve on the inner cylinder and 400 rpm. The step 
change in temperature drives the system to higher charge densities 
and terminal currents. Moisture is transferred out of the pressboard 
into the oil. The decrease in oil conductivity at the elevated temper- 
atures is not completely understood; the terminal current followed 
the conductivity, but the charge density did not. 

charge density, voltage, and current were measured as the rota- 
tion rate and temperature were varied. In addition to the electrifi- 
cation data, the oil moisture content and conductivity were mon- 
itored and the pressboard properties were inferred from period- 
ic transient measurements of the open-circuit voltage and short- 
circuit current decays, just after disconnecting a dc voltage source 
or abruptly stopping the rotation of the inner cylinder. In the ex- 
periment discussed here, concentrated solutions of the BTA were 
periodically added to the oil, with the same oil and pressboard 
used throughout the experiment. 

3.8.1. BTA MEASUREMENTS IN OIL 

Before considering the effects of the BTA on electrification, first 
consider the mass transfer dynamics of the BTA in the oil. After 
adding the BTA to the oil in the CF, the BTA concentration slowly 
decreased, as shown in Figure 19 for several different initial BTA 
concentrations. This decrease in BTA concentration is similar to 
that observed in actual transformers [30]. 

Some of the concentration decrease can be attributed to the BTA 
absorption into the paper. Like any constituent present in trace 
amounts, the relative concentrations of the BTA in the oil and 
pressboard are determined by partition coefficients at each tem- 
perature. Although the details of the experiment were not pro- 
vided the ‘equilibrium’ adsorption content of BTA in paper insu- 
lation has been given as 4.2 ppm of BTA (pg BTA/g pressboard) 
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Figure 19. A series of measurements of the oil BTA concentration 
in the CC, whch had a copper sheet over the inner cylinder, and 
HiVal pressboard over the copper sheet. Each symbol denotes a dif- 
ferent initial BTA concentration. Throughout these transients, elec- 
trification measurements at numerous rotation rates and tempera- 
tures (15 to 70°C) were performed. The decrease in BTA concentra- 
tion appeared to be independent of the temperature and flow condi- 
tiOnS. 

at 15°C and 21 ppm of BTA at 70°C [301. Similar results have al- 
so been obtained by adding BTA to a beaker containing known 
masses of oil and paper insulation. By measuring the decrease 
in the oil BTA concentration and assuming that the concentration 
decrease was due to BTA migrating into the paper, the BTA con- 
centration in the paper was calculated [31]. Since the BTA content 
of the oil was not reported, this would appear to be the solubility 
of BTA in the paper, but the measurements given in the next Sec- 
tion contradict t h s  conclusion. For comparison, recall that the oil 
volume in the CC was N 7500 cm3 and the pressboard covering 
the inner cylinder only had a volume of N 200 cm3 so that only 
a small fraction of the BTA was expected to be transferred from 
the oil into the pressboard. 

3.8.2. BTA MEASUREMENTS IN PRESSBOARD 

Direct measurements of the BTA in the pressboard showed that 
significant amounts of BTA were present in the pressboard 1151. 
When the pressboard was diced, peeled, and mixed thoroughly 
with the extract solutions, the pressboard BTA concentration was 
estimated to be 130 ppm (pg BTA/g pressboard). The concentra- 
tion was reasonably uniform over the height of the cylinder, be- 
ing roughly 123 ppm at the top of the inner cylinder and 139 ppm 
BTA at the bottom. Additional measurements were performed to 
determine if the BTA was in the bulk of the pressboard or at the 
surface. In this case the pressboard samples were diced, but not 
peeled, and were mixed less thoroughly with the extract solutions 
to yield BTA concentrations of 67 ppm at the top of the inner cylin- 
der, 62 ppm in the middle, and 59 ppm at the bottom. In the first 
set of measurements, the peeling of the pressboard increased the 
surface area exposed to the extract solution which, with the extra 
mixing, apparently allowed more of the BTA to be extracted from 
the pressboard. These results indicate that most of the BTA came 
from the bulk of the pressboard and not the surface. Otherwise, 
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the second set of measurements would have had BTA concen- 
trations comparable to those of the first measurement. Based on 
these measurements, the solubility of the BTA in the pressboard is 
much higher than that given by the previously mentioned 'equi- 
librium' levels. 

3.8.3. ELECTRIFICATION MEASUREMENTS 

Consider next the transient when the concentrated solution of 
BTA was added to the oil in the CF, as shown in Figure 20. The 
measurements show that the BTA had both short term and long 
term effects. In the short term, immediately after adding the BTA, 
the charge density decreased and the current became positive and 
large. After this initial transient period, the charge density tended 
to be slightly enhanced and the current tended to become more 
negative. In the long term, the charge density and current were 
initially reduced when the BTA concentration was increased to 
N 10 ppm, but the magnitudes of the charge density and current 
were increased when the BTA concentration was increased fur- 
ther. 

After the BTA concentrated oil was added, the oil was mixed 
for N 30 min before samples were withdrawn for BTA concen- 
tration measurements. The initial decay of the BTA was proba- 
bly caused by the BTA being absorbed into the pressboard, but 
it could also have been an experimental artifact because the BTA 
had not yet been mixed uniformly into the oil of the CF or be- 
cause the same 'T' port was used for both adding the BTA filled oil 
and withdrawing oil samples. The much slower decay of the BTA 
probably resulted from further absorption into the pressboard, 
adsorption onto the interfaces, or degradation of the BTA mol- 
ecule itself, which is known to be light sensitive. These experi- 
ments were done with a minimal exposure to light, so that the 
degradation should have been minimal. 

In these measurements, the oil moisture content remained es- 
sentially constant and only increased when the relatively 'wet' 
BTA concentrated oil (which contained N 15 ppm of water) was 
added to the system. The fact that the moisture content remained 
nearly constant indicates that the system was reasonably well 
sealed. 

The BTA appeared to have a strong effect on the oil conductiv- 
ity. This was a surprising result because BTA has been found to 
contribute little to the oil conductivity [28,291 or to increase it [321, 
but those measurements showing an increased conductivity were 
performed with paraffinic oils rather than the naphthenic oil used 
here. One possible mechanism by which the BTA can reduce the 
conductivity of the oil is that the BTA molecules cluster around 
the ionic species, similar to the hydration of ions in water, there- 
by increasing the effective size and reducing the mobility of the 
ions. If the mobility is reduced enough, the clustering of the BTA 
around the ions could effectively reduce the number density of 
ions contributing to the conduction process. During the first ad- 
dition, the conductivity increased probably as a result of the BTA 
concentrated oil having a high conductivity; in subsequent addi- 
tions, the kettle containing the BTA concentrated oil, which was 
open to atmosphere, was raised to 70°C for much shorter periods 

of time so that oil oxidation would be minimized. The significant 
increases in conductivity before the second and third additions of 
BTA may have been caused by the BTA concentrated oil not be- 
ing degassed so that the oil could be oxidized more readily. The 
pressboard conductivity appeared to be unaffected by the BTA, 
but once the oil became very insulating, the pressboard appeared 
to become more insulating as well. 

To help explain the role that the BTA played in reducing, and 
then enhancing, the electrification charge density, data were al- 
so obtained at various rotation rates and temperatures for exper- 
iments having a short duration compared to the decay in oil BTA 
concentration. The results are shown in Figure 21. During each 
measurement, the BTA concentration was essentially constant at 
the indicated levels. 

At each BTA concentration, the charge density usually in- 
creased with both rotational speed and temperature, consistent 
with previous measurements. Similarly, the open-circuit voltage 
and short-circuit current tended to become larger in magnitude as 
the rotational speed and the temperature increased. Exceptions 
to this behavior occurred when the BTA concentration was near 
5 to 10 ppm; the voltage then decreased as the rotation rate in- 
creased, in some cases, and the current occasionally reversed po- 
larity. Measurements of the rate of change of the charge density 
with respect to the applied dc voltage show that both positive and 
negative values were obtained, but the scatter in the data prevents 
more detailed observations from being made. 

The primary goal of this particular experiment was to deter- 
mine the effect of the BTA on the electrification processes. These 
measurements showed that the addition of small concentrations 
of BTA, 5 10 ppm, did not affect the electrification data signifi- 
cantly in charge density, voltage, and current. Once the oil con- 
tained 2 10 ppm of BTA, the magnitudes of the charge densi- 
ty, voltage and current were reduced. The electrification data re- 
mained at these reduced magnitudes even as the oil BTA concen- 
tration decayed. As more BTA was added, the charge density, 
voltage and current increased with BTA concentration. Subse- 
quent measurements taken after the BTA had been in the system 
an additional 515 h showed that the electrification data again be- 
came smaller in magnitude. These measurements confirm some 
of the conclusions in the literature that an oil BTA concentration 
of about 10 ppm is critical for reducing the electrification [29,331. 
While polarity reversals or monotonic reductions in the electri- 
fication with increasing BTA concentrations were not observed, 
these effects may be caused by the differences in experimental 
configurations. 

Physically, it appears that the BTA had two separate, but com- 
peting, effects on the electrification. As an illustration, represent 
the volume charge density on the liquid side of the solidhiquid 
interfaces with a wall charge density p,,, . This wall charge densi- 
ty is assumed to be constant at a given temperature that is inde- 
pendent of rotational speed but dependent upon the BTA that has 
been added to the system. The first effect of the BTA was to reduce 
pw , which reduces the charge in the interfacial electrical double 
layers and the magnitudes of the core charge density, voltage and 
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Figure 20. Time transient measurements associated with the addition of BTA to oil in the CF. The system was at 70°C with HiVal pressboard 
covering the copper sleeve on the inner cylinder and 400 rpm. Concentrated solutions of BTA in oil, also at 70°C, were added as indicated. The 
oil was periodically sampled and the BTA concentration, illustrated by the circles, measured using ultraviolet spectrophotometry. The time At 
(h) between additions of the BTA is indicated. 

current. The second effect of the BTA was to reduce the oil con- 
ductivity, which tends to cause an increase in the core charge den- 
sity. An exception to these effects is the data showing a decrease in 
the charge density as the oil conductivity increased; this increase 
in conductivity does not appear to be associated with the BTA and 
was probably the result of oil oxidation. In essence, the measure- 
ments are a superposition of the effects of the BTA reducing the 
wall charge density and the variations in the oil conductivity. 

This physical model can also be used to describe qualitatively 
the time transient data when the BTA is added into the CF. On the 
short time scale, as the BTA is added to the oil, some of the BTA 
is immediately absorbed into the pressboard or, at least, onto the 
surface so that it can diffuse into the pressboard [33]. The BTA 
disrupts the diffuse charge distribution in the double layer, pos- 
sibly by shielding the adsorbed interfacial surface charge. In the 
limit that all of the surface charge is sluelded, then the wall charge 
density at the pressboard interface would become zero. The net 
effect is that the core charge density would also be reduced since 
charge would only be getting stripped away from the outer cylin- 
der interface. Furthermore, the terminal current would become 
positive, assuming positive charge is diffusely distributed in the 
outer cylinder double layer, as positive charge is entrained in the 

fluid flow and transported away from the outer cylinder inter- 
face. As the BTA diffuses into the bulk of the pressboard, less 
is present to shield the surface charge at the pressboard interface 
and the charge density and current return to their original levels. 
On the long time scale, as the BTA gets adsorbed onto the inter- 
face, the diffuse charge in the double layer is again reduced. Al- 
though somewhat speculative, this physical picture appears to be 
consistent with the essential features of the data. 

4. COMPARISON TO CLASSICAL 
ELECTROCHEMISTRY 

As discussed in the introduction, rotating cylindrical electrodes 
have been used to study mass transfer rates in aqueous electrolyt- 
ic solutions. These studies typically use ionic salts which undergo 
a known chemical reaction with the electrode materials. Since the 
solutions typically have a conductivity on the order of 1 S/m, a 
net charge does not develop in the bulk of the liquid and the ter- 
minal (short-circuit) current is used to infer the chemical reaction 
rates at the inner cylinder. In general the current is affected by the 
transport of the ions to the interface and the interfacial chemical 
reaction. To reduce the effects of the transport so that only the re- 
action is being studied, supporting electrolytes are added which 
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Figure 21 . The steady state electrification data as the rotation rate of the inner cylinder, the temperature, and the BTA concentration are varied. 
The system had HiVal pressboard covering the copper sleeve on the inner cylinder. The oil BTA concentration during the reported measure- 
ments is given, with the number in parentheses denoting the initial measured concentration. The time At (h) between the current addition of 
BTA and the start of the set of electrification measurements is indicated. The symbols denote the temperature as circles:15'C, triangles:35'C, 
squares:50"C, and stars:7O0C. The oil conductivity (pS/m) at each temperature is indicated. 

raise the conductivity of the liquid but do not react at the inter- 
face. This reduces the electric field in the bulk of the solution so 
that the transport is essentially given by diffusion of the reacting 
species to the surface. By raising the rotational speed of the inner 
cylinder, the transport can be made fast compared to the reaction 
rates and the current is rate limited by the interfacial reactions. 
This is observed experimentally as a limiting current when the 
rotation rate is increased. 

Extensive measurements have found that the nondimensional 
mass transfer rate, the Sherwood number sh, is related to the drag 
coefficient Cj ,  Reynolds number R and Schmidt number S, via 

(6) 

where JL is the limiting current density at the inner cylinder, z is 
the valence of the reacting ion, q is the charge of a single electron, 
and co is the bulk concentration of the reacting species [34]. The 
drag coefficient can be expressed as 

8 x 10' < R < 8 x IO5 

with e / a  the surface roughness height divided by the inner cylin- 
der radius [35]. Since the ionic species and concentrations in the 
Couette facility measurements are not known, the terminal cur- 
rent is converted into a Sherwood number using 

with H the cylinder height, 02 the oil conductivity, b the ionic mo- 
bility, Dm the molecular diffusivity of the ions, Boltzmann's con- 
stant IC = 1.38 x J / K  = 8.6167 x eV/K, and T the 
temperature in Kelvin. The last equality uses Einstein's relation 

(9) 
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to relate the mobility and diffusivity. In this work the Schmidt 
number and Reynolds number are given by 

10000 
k 7O0C 
U 50DC 
4- 350c 

Hival pressboard o v e r  copper  

(10) 

with R the cylinder angular velocity (rad/s) and U the kinematic 
viscosity of the fluid, given by 

2Ra2 s c -  =1/ RE-- 
Dm U 

U = ua exp[W,/kT] (11) 

where ua = 3.956 x lo-'' m2/s and W, = 0.2725 eV 1361. 
Since the ionic species are not known, the ionic diffusivity must 
be estimated and a valence of z = 1 was assumed. Empirically, 
the ion mobility (SI unit m2 /Vs) in hydrocarbon liquids has been 
related to the viscosity (SI unit kg/s m) by Walden's rule as [37] 

bq M 2 x (12) 
with 7 = pmu the dynamic viscosity of the liquid and pm M 

886 kg/m3 the oil mass density 1381. Thus, the temperature sets 
the viscosity of the oil and the ionic diffusivity can be estimated 
from the calculated mobility and the Einstein relation. 
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Figure 22. A comparison to classical electrochemical measure- 
ments for metal cylinders. The solid line represents the accepted 
current for reaction limited conditions (Equations (6) and (7) with 
e / a  = 0) .  

Representative plots comparing the nondimensional current 
from the Couette facility to accepted correlations based on aque- 
ous electrochemical measurements are given in Figures 22 and 
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Figure 23. A comparison to electrochemical measurements for 
rough cylinders and HiVal pressboard covering the inner cylinder 
using the data of Figure 3. The solid line represents the accepted cur- 
rent for reaction limited conditions (Equations (6) and (7)), assum- 
ing a pressboard surface roughness of 100 pm [40] so that e / a  = 
0.0013. 

23. In general, the Couette facility values are in good agreement 
with the accepted values. This is somewhat surprising because 
the ionic species are not known and estimates for the ionic dif- 
fusivity had to be used, the accepted correlations were found for 
lower Schmidt number fluids (10 < S,  < lo4)  as opposed to 
the lo4 < S, < 10' range for transformer oil, and the current 
densities for the semi-insulating oils are much lower than those 
found in aqueous experiments (recall that the Sherwood number 
has the terminal current divided by the liquid conductivity). In 
light of these differences, the deviations of the experimental da- 
ta from the accepted limiting current Sherwood numbers are not 
significant. 

This data suggests that the transport of the ions to the inter- 
face and the reaction rates must be treated on equal footing. For 
low Reynolds numbers, the Couette facility Sherwood numbers 
are much lower than the reaction limited values. In contrast, at 
high Reynolds numbers the data approach a line that is roughly 
parallel to the reaction limited current. This indicates that the ex- 
periments span the transition from the transport limited regime 
to the reaction limited regime. 

5. DISCUSSION 

HIS paper presented a relatively extensive set of experimen- 
tal measurements. While the data can be used on a purely 

empirical basis to determine how specific parameters affect the 
electrification processes, the data can also be compared to elec- 
trification models (in future papers) to explore some of the fun- 
damental mechanisms for the interfacial charge transfer. The fol- 
lowing summarizes the important observations from the experi- 
ments. 

T 

Measurements of the core charge density between rotating 
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cylindrical electrodes tended to show an increase with the rota- 
tion rate of the inner cylinder and with temperature. These mea- 
surements are similar to leakage current measurements in pipe 
flow experiments which show the leakage current becoming larg- 
er as the fluid velocity and the temperature increase. In addition, 
measurements of the terminal voltage and current between the 
cylinders usually track with the charge density, but occasionally 
they showed peaks at intermediate rotation rates and tempera- 
tures. Similarly, in transformers, measurements of the leakage 
current from the windings have shown peak magnitudes at in- 
termediate temperatures. 

Measurements of the charge density and terminal current at 
low oil moisture contents showed that the oil moisture content 
does not have a significant effect on the electrification processes. 
In contrast, the conduction through pressboard is strongly mois- 
ture dependent and decreasing the pressboard moisture content 
leads to less conduction and smaller terminal currents. An ex- 
ception to the oil moisture dependence of the charge density was 
found during the initial equilibration period, immediately after 
processing of the pressboard, in which the oil was brought into 
contact with the pressboard. During this period, before the sys- 
tem was raised in temperature, the charge density appeared to 
vary inversely with the oil moisture content. This result seems 
to be consistent with ministatic tester measurements which show 
that the leakage current resulting from oil flowing through a pa- 
per filter increases as the oil moisture content decreases [36]. Fur- 
thermore, the charge density not appearing to change with the 
moisture content after the initial conditioning phase suggests that 
the ministatic tester measurements do not represent equilibrium 
measurements. Indeed, similar measurements with hydrocarbon 
liquids flowing through a filter required a conditioning phase in 
which the filter was immersed in the liquid being studied for a 
few hours or days before consistent and reproducible measure- 
ments were obtained [391. Long time transients were also ob- 
served in experiments using an earlier version of the CF 141. These 
conditioning transients, which had been associated with the oil 
and paper insulation coming to moisture equilibrium, were elim- 
inated by heat treating and processing the paper. The process- 
ing was similar to the vacuum drying and oil impregnation of 
the pressboard performed in the experiments presented here. The 
difference in results may be due to the oil impregnation process 
happening more rapidly in the relatively thin paper, in the earli- 
er measurements in the CF, vs. the thick pressboard used in these 
measurements. 

Numerous measurements also showed that dc applied volt- 
ages, surface charge accumulation and terminal constraints, can 
affect the electrification charge density. In particular, while it is 
well known that energization itself, i.e. ac for power transformers, 
can enhance the charge density, measurements performed here 
showed that if the pressboard/oil interface accumulates charge 
from an external source and the source is then removed, the elec- 
trification charge density can then be increased or decreased, de- 
pending upon the polarity of the accumulated surface charge. 

The terminal constraints (open or short-circuit) are also impor- 
tant in determining whether the electric field associated with the 
surface charge is through the pressboard or the oil; if the field is 
through the oil, the charge in the electrical double layer and the 
electrification charge density can be affected. 

Copper was also added to the system to simulate the presence 
of copper in an actual transformer and the additive BTA tends to 
deactivate copper. Comparisons between the electrification data 
obtained with and without copper covering the stainless steel in- 
ner cylinder showed that the copper gave results similar to those 
with the stainless steel electrodes. 

The effects of the additive 1,2,3 benzotriazole (BTA) were al- 
so studied. The BTA content of the oil in the Couette facility de- 
cayed with time, similar to that observed in actual transformers 
[28,301, but on a different time scale. This confirms that the CF is 
a convenient facility for simulating at least the mass transfer dy- 
namics in a full-scale transformer. The decrease in oil BTA con- 
tent may be the result of the BTA being absorbed into the bulk 
of the pressboard, adsorbed onto the surfaces in the system, or 
even decomposition of the BTA molecule itself, which is known 
to be light sensitive. Direct measurements showed that significant 
amounts of BTA could be stored in the pressboard, but measure- 
ments of several standard solutions stored in amber high-density 
polyethylene bottles, in the absence of any light and pressboard, 
also showed concentration decreases. It is likely that all three fac- 
tors contribute to the decrease in BTA concentration. 

In regards to electrification, nominal BTA concentrations near 
10 ppm appear to have caused a reduction in the magnitude of the 
electrification data. But the BTA also appeared to decrease the oil 
conductivity, which tends to increase the magnitude of the elec- 
trification data. These competing effects limit the effectiveness of 
the BTA, but over long periods of time the BTA appeared to cause 
a continual net decrease in the electrification charge density, pos- 
sibly as a result of slow electrochemical adsorption of the BTA in 
the interfaces. These observations are consistent with some (but 
not all) of the literature describing the effects of BTA on electri- 
fication. For example, in some of the original experiments used 
as proof that BTA reduces the electrification charge density, the 
charge density decreased monotonically with increasing additive 
concentration (from a positive level toward zero) while other ex- 
periments taken over the same concentration range showed the 
charge density decreasing from a positive level, passing through 
zero, and becoming negative with a magnitude that increased 
with BTA concentration [28,33], Early laboratory measurements 
showed that the BTA had little [41] or no 1361 effect on the electri- 
fication process, but subsequent measurements have shown that 
the BTA caused the charge density to become smaller or more 
negative [42] and long term effects caused a reversal in the charge 
density temperature dependence so that it decreased as the tem- 
perature increased [431. 

Some of the experiments were also compared to established 
correlations from aqueous electrochemical measurements. The 
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