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ABSTRACT 
A selective review is presented of the use of optical, electrical, and electromechanical measure- 
ment methodologies of the electric field, charge, conductivity, and permittivity in dielectrics. 
Kerr electro-optic measurements are presented to demonstrate how volume charge distribu- 
tions can distort the electric field distribution :significantly and how the field and charge dis- 
tributions depend on dielectric and electrode materials and geometry, and on voltage magni- 
tude, polarity, and time duration. A new class of interdigital dielectrometry sensors is reviewed 
which from one side can measure profiles in dielectric permittivity and conductivity and related 
physical properties such as moisture content. Electromechanical devices such as the absolute 
charge sensor, a flow loop, and the couette charger (cc) with a rotating cylindrical electrode are 
reviewed for their applications in liquid flow electrification measurements. 

1 INTRODUCTION 

HE physics of charge injection and transport is generally not well T understood or controlled so that space charge and interfacial sur- 
face charge distributions are generally not known. The electric field dis- 
tribution cannot then be simply calculated from knowledge of the elec- 
trode configuration and source excitation alone. Distributions of mate- 
rial properties also can change the dielectric permittivity and conduc- 
tivity, such as the diffusion of moisture or other impurities, and temper- 
ature gradients. The measurement and analysis of spatial and temporal 
variations of such properties lends valuable insights into physical phe- 
nomena, provides measurement approaches for system monitoring and 
diagnostics, and can be used to optimize design performance of electri- 
cal devices. 

Many analytical models assume that the electric field is spatially uni- 
form. This motivates many tests to use parallel plane electrodes, but the 
uniform field assumption is only true in the central region between elec- 
trodes in the absence of net volume charge. Breakdown tests typically 
involve point-plane electrodes so as to localize the initiation of break- 
down near the sharp point electrode and to have breakdown onset at 
reasonable voltages due to the electric field enhancement near the point. 
Although the space charge free solution of electric field can be expressed 
approximately in closed form for the shape of a hyperboloid of revolu- 
tion [l], injection of charge from the point will distort this electric field 
distribution significantly. 

To help understand space charge effects, typically due to charge in- 

jection from electrodes and charge dissociation in the dielectric, we con- 
sider the simplest case of planar electrodes with an r-directed electric 
field E' which is distorted by net charge density p ( 2 )  only dependent 
on the n: coordinate. In such a one-dimensional electrode geometry, 
Gauss's law requires that the slope of the electric field distribution be 
proportional to the local charge density 

(1) - P d E P  
E GF E 

Q.E = - i - = - 

where E is the material dielectric permittivity 

For the case of no volume charge, shown in Figure l(a), the ekctric 
field is uniform given by Eo = V/d for a voltage V across a gap d. The 
electric field drops at a charge injecting electrode, but its average value 
Eo remains constant at V/d. Charge injection thus causes the electric 
field to increase above the average value at the non-charge injecting elec- 
trode. In Figure l(b), unipolar injection of either positive or negative 
charge has the electric field maximum at the non-charge injecting elec- 
trode, thus possibly leading to electrical breakdown at lower voltages. 
For bipolar homocharge injection in Figure l(c), positive charge is in- 
jected at the anode and negative charge is injected at the cathode, so that 
the electric field is lowered at both electrodes and is largest in the cen- 
tral region. Since electrical breakdown often initiates at the elecirode- 
dielectric interface, this case can allow higher voltage operation WI thout 
breakdown, being up to -40% higher in highly purified water [2]. If the 
voltage suddenly reverses, the electric field also must instantaneously 
reverse, but the charge distribution cannot change immediately because 
it takes some time for the volume charge to migrate. Thus, for early 
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Figure 1. Space charge distortion of the electric field distribution be- 
tween parallel plate electrodes with spacing d at voltage V so that the av- 
erage electric field is EO = V / d .  (a) No space charge, the electric field is 
uniform at EO. (b) Unipolar positive or negative charge injection so that 
the electric field is reduced at the charge injecting electrode and enhanced 
at the non-charge injecting electrode. (c) Bipolar homocharge injection so 
that the electric field is reduced at both electrodes and enhanced in the cen- 
tral region. (d) Bipolar heterocharge distribution where the electric field is 
enhanced at both electrodes and depressed in the central region. 

times after voltage reversal, positive charge is near the cathode and neg- 
ative charge is near the anode, enhancing the fields near the electrodes as 
shown in Figure l(d). Such a bipolar hetero-charge configuration leads 
to breakdown at lower voltages as has been found in HVDC polyethy- 
lene (PE) cables when the voltage is instantaneously reversed to reverse 
the direction of power flow. A similar configuration to Fig. 1 d also oc- 
curs in ionized dielectric liquids where free ions are attracted to their 
image charges on the electrodes. 

2 KERR ELECTRO-OPTIC FIELD 
MAPPING MEASUREMENTS 

Optical measurement of high electric fields offers near-perfect electri- 
cal isolation between the measured field and the measuring instrumen- 
tation, avoids interference errors, and makes extensive shielding and in- 
sulation requirements unnecessary. 

2.1 GOVERNING ELECTRO-OPTIC 
E Q U AT I 0 N S 

HV stressed liquids are usually birefringent, in which case the refrac- 
tive indices for light (of free-space wavelength A) polarized parallel nil, 
and perpendicular nl, to the local electric field are related by 

where B is the Kerr constant and E is the magnitude of the applied elec- 
tric field [3]. The phase shift 4 between light field components polarized 
parallel and perpendicular to the applied electric field and propagating 
in the direction perpendicular to the plane of the applied electric field 
along an electrode length L is 

n l l  - n1 = X B E ~  (2) 

q5 = ~ T B E ~ L  = T (g  (3) 

where we assume the magnitude and direction of E to be constant along 
the light path. 

If the birefringent dielectric is placed within a circular polariscope 
with crossed quarter wave plates and with aligned or crossed polarizers, 
the transmitted light intensity is 

where the polarizer alignment is described by crossed polarizers (CP) 
and aligned polarizers (AP). Light intensity minima and maxima occur 
when 

=&{ n 
minima AP 

maxima CP 
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Figure 2. Circular polariscope experimental configuration shown for 
Kerr electro-optic field-mapping measurements using coaxial cylindrical 
electrodes for pulsed, dc, and ac HV. The photographic film shows circular 
light maxima and minima corresponding to Equation (5). 

E, is thus the field magnitude for first maximum with crossed po- 
larizers and first minimum with aligned polarizers. For test cells of 
length L = 1.1 m with highly purified water at X = 590 nm, 
B M 3 . 5 ~ 1 0 - l ~  m/V2 and E, M 36 kV/cm. As an example of Kerr 
measurements of electric field distributions, Figure 2 shows a circular 
polariscope experimental apparatus with a representative measurement 
using coaxial cylindrical electrodes with nitrobenzene. On each dark or 
light circular fringe the electric field magnitude is constant as given by 

When a HV pulse is applied, as in Figure 3, a photodetector records a 
series of maxima and minima related by f i a s  in (5). The instantaneous 
HV at an optical minimum or maximum for parallel plate electrodes with 
gap d is given from (5) as V, = &Emd. 

(5). 

2.2 VISUALIZATION OF SPACE 
CHARGE DISTORTION OF THE 

ELECTRIC FIELD 

The patterns of light minima and maxima described by (4) and ( 5 )  al- 
low direct visualization of how the electric field distribution becomes E, = (2BL)- i  
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Figure 3. The output of an optical photomultiplier tube goes through 
a series of maxima and minima (here n = 1 to 4 in (5)) when a 100 kV 
negative HV pulse is applied to parallel plate electrodes of gap 1 cm and 
length 1.1 m, here shown for 77% water, 23% ethylene glycol by weight 
at 27°C using crossed polarizers (time base 20 ps cm-I). From this mea- 
surement, the Kerr constant of the mixture at X = 633 nm wavelength is 
B zz 2 . 2 ~ l O - I ~  m/V2 with E ,  = 45.5 kV/cm. 

Figure 4. Kerr electro-optic fringe patterns at various times after appli- 
cation of a step voltage from a Marx generator charged to 65 kV in ethy- 
lene carbonate at 42.9"C with resistivity -4 MR-cm between parallel plate 
stainless steel electrodes with 1 cm gap and length 35 cm. The left elec- 
trode is positive. The space charge free condition is shown at t = 0 with 
an essentially uniform light distribution in the interelectrode center region, 
while for later times the presence of interelectrode fringes indicate injected 
positive charge. E, N 8.3 kV/cm. 

distorted due to space charge. Figure 4 shows representative Kerr ef- 
fect optical patterns of the electric field distribution in ethylene car- 
bonate [C3H403], a high Kerr constant liquid above 36°C with B = 
2 ~ 1 0 - l ~  m/V2, at various times after a HV pulse is applied to paral- 
lel plate electrodes [4]. This Kerr constant is almost as large as that of 
nitrobenzene, which has a Kerr constant B ~ z 3 x 1 0 - ~ ~  m/V2, but with- 
out the toxicity of nitrobenzene. At time near zero, the approximately 
uniform light intensity in the central interelectrode region shows a space 
charge free uniform electric field because there has not been enough time 
for charge to migrate from the electrodes into the dielectric volume. The 
side lines outside the interelectrode region are due to the fringing elec- 
tric field decaying to zero with increasing distance from the electrodes. 
As time increases, positive space charge migrates into the interelectrode 
dielectric region, causing a highly non-uniform electric field with a small 
field near the positive electrode and a large field at the negative elec- 
trode corresponding to positive charge injection with maximum charge 

density of order 1 C/m3. 

-18.00 k 
Figure 5. Circular polariscope with crossed polarizer measuremeints 

showing steady state Kerr electro-optic fringe patterns for nitrobenzene 
between parallel plate electrodes stressed by dc and 60 Hz ac. E,  N 

9.8 kV/cm. 

Figure 5 shows uniform positive charge injection of -0.09 C/n$ in 
nitrobenzene for a dc HV including significant field enhancement be- 
hind the cathode as well as the same test cell excited with 60 Hz ac HV 
with bipolar homocharge injection [5]. The dc electric field at the [cath- 
ode is E z 41.6 kV/cm while at the anode E = 31.0 kV/cm. The 
optical pattern shown at the peak of the 60 Hz cycle corresponds to 
homopolar charge injection with linearly varying charge density from 
N - 0.18 C/m3 at the cathode to - + 0.18 C/m3 at the anode. The 
maximum electric field at the center is -44.9 kV/cm while the electric 
fields at the electrodes are 4 9 . 2  kV/cm. 

Figure 6. Crossed polarizer Kerr electro-optic fringe patterns for ni- 
trobenzene at i T  and iT  for a 60 Hz 15 kVrms, showing significant 130s- 

itive space charge effects by interelectrode fringe lines at period and 
by light transmission near the electrodes at half period when the instan- 
taneous voltage is zero. E,  N 9.2 kV/cm. 

Figure 6 shows the optical patterns at i T  and period $7' in a 
15 kVrms ac 60 Hz cycle with period T z 16.67 ms. In particular, alt time 
i T  the applied sinusoidal voltage is instantaneously zero yet light ap- 
pears near the electrodes. This is due to the electric field of --+9 kV/cm 
at each electrode caused by a uniform charge distribution -0.1 C/m3 
that does not vary with time. 

The dynamics of charge injection and transport from electrodles for 
homocharge bipolar conduction in nitrobenzene can be seen in Figure 7. 
When stressed by a 30 kV step with -1 ys rise time, applied to stain- 
less steel parallel plate electrodes with 1 cm spacing and length L = 
10  cm, Figure 7 shows selected frames taken from a high speed movie at 
-5000 frames per second of Kerr electro-optic field mapping measure- 
ments using crossed polarizers, where E, M 12 kV/cm. At t = 0 and 
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Figure 7. Transient Kerr electro-optic field mapping measurements at -5000 frames/second using CP circular polariscope measurements in nitrobenzene 
(E, =: 12 kV/cm) showing bipolar conduction when a stepped 30 kV is applied across a 1 cm gap. To the right of each photograph is a plot of E = Ed/Vo 
us. Z = x/d where J: is measured from the upper positive electrode. Data points are shown for each light transmission maximum and minimum. The space- 
charge density is proportional to the slope of the electric field distribution, so we have positive charge injected from the upper (2  = 0) positive electrode and 
negative charge injected from the lower (? = I) negative electrode. The negative charge moves -4x faster than the positive charge. 

for t > 16 ms, the field is essentially uniform, evidenced by the lack of 
fringes indicating no net charge density However, the bipolar conduc- 
tion process is shown during the transient interval by the propagation 
of fringe lines from the positive and negative electrodes. The field dis- 
tributions also plotted in Figure 7 have a slowly propagating positive 
slope near the positive electrode, indicating positive space charge, and 
a faster moving negative slope near the negative electrode, indicating 
more mobile negative space charge. At t = 2.33 ms, the b o  charge 
fronts meet and the charges recombine to a charge-neutral steady state. 
The approximate mobilities for positive and negative charge carriers in 
nitrobenzeneare,u+ =0.7x10-6m2/Vsand~L_ =:2.8x10p6m2/Vs. 

2.3 COAXIAL CYLINDRICAL 

Space charge shielding can also cause a stress inversion in non- 
uniform field electrode geometries for coaxial cylindrical electrodes. 

ELECTRODES 

The dc steady state electric field distributions shown in Figure 8 are 
found by solving the unipolar ion conduction equations in cylindri- 
cal geometry [6,7]. In the absence of space charge we have the usual 
maximum field at the inner cylinder of radius R, decreasing as 1 / r  to 
the outer cylinder of radius Bo. With unipolar injection from the inner 
cylinder, the field drops at the inner cylinder and increases at the outer 
cylinder, the area under the electric field curve remaining constant at 
the applied voltage V .  When the electric field E, at the inner cylinder 
drops to 

(6) 
R, ~- - I - -  

V Ro 
the electric field is constant across the gap. Any further lowering of the 
electric field at the inner cylinder results in a stress inversion as the elec- 
tric field is least at the inner cylinder and increases to the outer cylinder. 
This occurs when the injected charge is so large that the space charge 
shielding strongly reduces the electric field. If the unipolar injection is 

E, Ro 
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Figure 8. Electric field magnitude distributions I&1 = IERo/Vo/ 
for unipolar drift dominated conduction between coaxial cylindrical elec- 
trodes at voltage V with inner radius A, = R,/Ro = 0.5 with pos- 
itive charge injection from the inner cylinder (solid lines) or outer cylin- 
der (dashed lines) for various values of emitter fields. Space charge lim- 
ited (SCL) injection has E, = E(T = Ri) = 0 at T = R, or 
E o = E ( r = R o )  = O a t r = R o .  

from the outer cylinder, the field drops at the outer cylinder and fur- 
ther increases the field at the inner cylinder. Figure 9 shows the theo- 
retical 1/r space charge free fields and associated Kerr fringe patterns 
for 100 ps HV pulses in nitrobenzene [8]. Figure 10 shows Kerr electro- 
optic field mapping measurements in highly purified nitrobenzene with 
unipolar positive injection with dc HV. When the outer cylinder is posi-. 
tive, the electric field drops at the outer cylinder and increases at the in- 
ner cylinder. When the inner cylinder is positive, the electric field drops 
at the inner cylinder and increases at the outer cylinder. For less purified 
nitrobenzene, Figure 11 shows that the higher conductivity causes an in- 
crease in positive charge injection so that there is a stress inversion when 
the inner cylinder is positive with the field least at the positive charge 
injecting inner cylinder. Note the differences in the dc steady state Ken: 
patterns of Figures 10 and 11 as compared to the space charge free Ken: 
patterns for a pulsed voltage in Figure 9. 

Figure 12 shows Kerr effect measurements over the course of a sinu- 
soidal voltage cycle. The left half of photographs in Figure 12 shows the 
half cycle when the outer cylinder is positive and the field distribution 
corresponds closely to the l / r  charge-free case. The right half of pho- 
tographs in Figure 12 show the half cycle where the inner cylinder i:s 
positive. The electric field is highly uniform due to significant positive 
charge injection. Such asymmetrical nonlinear behavior over the course 
of a sinusoidal cycle leads to harmonic generation. 

2.4 REP R ES E NTATl VE 
MEASUREMENTS IN HIGHLY 

PUR I FI E D WATER 

Highly purified water is used as the high permittivity dielectric in 
pulsed power pulse forming lines where the high permittivity of water 
(E, =: 80) allows long HV pulses for reasonably short transmission lines. 

,512 .GO .?Q , 
r 

Figure 9. Electric field distributions with nitrobenzene Kerr effect data 
for various ZOO p s  HV pulses. The solid lines are the theoretical space 
charge free I /T  electric fields. The areas under each of the curves are pro- 
portional to the voltage with E, x 9.8 kV/cm. 

Representative Kerr effect optical patterns for pulsed HV measurements 
of highly purified water are shown in Figure 13 with parallel plate elec- 
trodes of different metals showing differences in the magnitude and sign 
of the injected charge [2]. Stainless steel electrodes generally inject pos- 
itive charge, aluminum injects negative charge, while brass can. inject 
either positive or negative charge. Thus by appropriate choice of elec- 
trode materials and voltage polarity, it is possible to have uncharged, 
unipolar charged negative or positive, or bipolar homocharge charged 
liquid. 

Breakdown strengths are generally higher with bipolar injection. For 
example, with brass-aluminum electrodes, the polarity for bipolar in- 
jection had a breakdown strength of -125 to 135 kV/cm, while the re- 
verse polarity had negative charge injection with breakdown strength 
-90 to 95 kV/cm. Similarly, stainless steel-aluminum electrodes had a 
breakdown strength with bipolar injection of -125 to 140 kV/cm, while 
the reverse polarity had no charge injection with a breakdown strength 
of -105 kV/cm. This increase in breakdown strength for bipolar ho- 
mocharge distributions is due to the decrease in electric field ;at both 
electrodes due to the space charge shielding as shown in Figure l(c). The 
electric field is increased in the center of the gap, but breakdown does 
not occur because the intrinsic strength of the dielectric in the volume 
is larger than at an interface where microasperities are often present. 

The positive space charge injection from a pair of parallel-plate stain- 
less steel electrodes with gap 1 as a function of time is shown in Fig- 
ure 14. At early times, t < 250 ps, the interelectrode light intensity dis- 
tribution is uniform, indicating a uniform electric field. At t - 500 ps, 
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Figure 10. dc electric field distributions with positive charge injection 
from the positive electrode with Kerr effect data showing effects of polarity 
reversal with inner electrode positive (1.E.t) and inner electrode negative 
(I.E.-) at 16 kV with highly purified nitrobenzene. Stainless steel cylin- 
drical electrodes have inner radius 0.512 cm, and outer radius 1 cm, length 
10 cm. The solid lines are obtained from unipolar analysis with a best fit 
to the data chosen for the electric field at the positive electrode. Note that 
the weaker electric field regions, evidenced by broader, less densely spaced 
fringes, are near the outer cylinder. For both polarities, increasing the volt- 
age across the cylinders causes the fringes to move outwards and disappear 
into the outer cylinder. E, M 9.8 kV/cm. 

a number of dark fringes appear near the positive electrode. The light 
distribution is uniform in front of the fringes with the electric field de- 
creasing back to the positive electrode. A weak field near the positive 
electrode and stronger field near the negative electrode from Figure l(b) 
indicates a net positive space charge distribution near the positive elec- 
trode with zero space charge in the uniform field region. At later times, 
the charge front moves toward the negative electrode. The electric field 
distribution is plotted for various times in Figure 15. 

Note in Figure 14 that the terminal voltage U listed at the lower right 
of each photograph decays with time after it has reached crest. In the 
time interval 0 to 500 ps, the nondimensional electric field El/v  at the 
z/Z = 0 electrode (anode) drops from 1.0 to -0.4, while at the oppo- 
site x/Z = 1 electrode (cathode), the nondimensional field rises from 
1.0 to > 1.1 ~ For later times, the injection field at z = 0 remains almost 
constant at El/v - 0.5, while the electric field at z / l  = 1 smoothly 
increases to > 1.3. As a check, for all times, the area under the nondi- 
mensional electric field curves must be unity. Near z = 0, the slope 

(7) 
l 2  aE p12 -_ - - -733 

Using representatives values of v = 100 kV, E = SO&,, and gap 1 = 
1 cm, the dimensional charge density is then p N 2 C/m3. 

To obtain a feel of the size of p, we can compare this net charge den- 
sity to the background charge density of the water dissociation products 

U ax 
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Figure 11. dc electric field distributions with positive charge injection 

from the positive electrode with Kerr effect data showing effects of polarity 
reversal with (1.E.t) and (I.E.-) at 15 kV with less purified nitrobenzene. 
Stainless steel cylindrical electrodes have inner radius 0.5 cm, and outer ra- 
dius 1 cm, length 8.5 cm. The solid lines are obtained from unipolar anal- 
ysis with a best fit to the data chosen for the electric field at the positive 
electrode. Note that at (I .E~t),  the region of weaker field strength is near 
the inner cylinder so that increasing the voltage across the cylinders causes 
the fringes to collapse upon the inner cylinder. There is a poor fit between 
unipolar theory and measurement when (I.E. -), where the fringes move 
outwards as the voltage is increased. E,, = 11.5 kV/cm. 

of hydronium (H+) and hydroxyl (OH-) ions. At T = 10"C, the equi- 
librium background charge density of each carrier is 5.2 C/m3. Thus 
the measured charge density p = 2 Cm3 is a significant fraction of the 
background charge. 

Figure 13(c) also shows negative charge injection from the negative 
aluminum electrode of a pair of aluminum electrodes. The velocity v 
of migrating charges with mobility p in a field E is Y = PE. Ex- 
amining Figures 13(b) and (c) for the cases of positive charge injection 
from stainless steel electrodes and negative charge injection from alu- 
minum electrodes, we find that the negative charge front has propa- 
gated -35% across the 1 cm gap in time t- = 1.26 ms in an initial 
field of E- = 115 kV/cm while the positive charge front has trav- 
eled -71% across the gap in time t+ = 1 ms in an initial field of 
E+ = 130 kV/cm. The ratio of velocities and fields for the two cases 
then lets us estimate the ratio of HV charge mobilities " 

Y- 0.35/tL 
= 0.40 = _ -  - 

V+ 0.71/t+ 
- 

I*.- E- 

P+E+ P+ P+ 
= 0.88L-  --f L- = 0.45 

The aluminum measurements were taken at -5°C. At this tempera- 
ture the low voltage hydroxyl ion mobility is p- = 1 . 3 ~ 1 0 - ~  m2/Vs. 
The stainless steel measurements were taken at -10°C where the low 
voltage hydronium mobility is p+ ci 2 . 9 ~ 1 0 - ~  m2/Vs. The ratio of 
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Figure 12. Kerr effect data taken over the course of a 40 Hz, 14 kV peak 
sinusoidal voltage using the system of Figure 10. From 0 to 180" the in- 
ner cylinder is negative with very little charge injection, whereas from 180 
to 360" the inner cylinder is positive with significant charge injection caus- 
ing an essentially uniform electric field as evidenced by the lack of fringes. 
E, N 9.8 kV/cm. 

low voltage mobilities is then p- /p+ = 0.45, in agreement with the 
measured HV mobilities. 

The ion mobility may also be enhanced by electrohydrodynamic 
(EHD) motions [9]. If the change in liquid kinetic energy equals the elec- 
trostatic field energy 

where Pd is the fluid density and v is the fluid velocity, the EHD is 
7 

For water E = ~OE,,. Pd M 10" kg/m3, pEHD z 8 . 4 ~ 1 0 - ~  m2/Vs 

EHD mobility 
The electroinertial time constant is the migration time based on the 

whichforwaterat E = 100kV/cmforal= l c m g a p i s r ~ 1 ~ 1 . 2 m s .  
Because pEHD M 8.4~10-' m2/Vs exceeds ion mobilities, it is expected 
that fluid turbulence might lead to faster charge migration times. For 
the unipolar charge injection analysis of (8) for positive and negative 
charge carriers, even though the ratio of HV mobilities agrees with low 
voltage mobility values, the time of flight measurement is faster than 
that predicted from the low voltage mobility value. For example, a 
hydronium ion with mobility p+ N 2.9x1W7 m'/Vs in an average 
field E N_ 130 kV/cm would move across a 1 = 1 cm gap in a time 

n Vol. 5 No. 5, October 1998 633 

ims 

kV 1OOk kV 

Stainless Steel @ I Siamleas Sleei c) Aluminum @ I  Aloimum 8 Sibinless Steel 0 I Aluminum @ 

Negative Charge inledion Positive Charge ln]ecIion 

SlalnleSS Sfeel 0 I Steinless Steel 9 Aluminum @ I  Aluminum 0 
Bipoiar Homocharge lnie~llon 

Slainless Steel @ I Aluminum 0 Brass k? / Bias5 0 

Figure 13. Representative circular polariscope Kerr-effect measure- 
ments with a 1 cm gap between parallel-plate electrodes stressed by a HV 
step in highly purified water with E, = 35 to 36 kV/cm. (a),(b),(c) 'The 
space charge free uniform electric field distribution so that the Kerr effect 
shows uniform light transmission in the interelectrode gap region. At times 
< 100 ,us after the step was applied, the dielectric is essentially space- 
charge free for all electrode metal combinations. With stainless steel nega- 
tive and aluminum positive, the dielectric is space charge free for all time. 
(d) Positive charge injection with stainless steel electrodes so that the elec- 
tric field distribution has positive slope with decreased electric field near 
the positive electrode and increased electric field at the negative electrode. 
(e) Negative charge injection with aluminum electrodes so that the elec- 
tric field distribution has negative slope with decreased electric field near 
the negative electrode and increased field at the positive electrode. (f), (g) 
Bipolar homocharge injection, where the electric field is decreased at both 
charge-injecting electrodes, with the peak field in the central gap region. 

rmig r" l / p + E )  - 2.6 ms, while the measurements of Figure 13 show 
a time of flight "2 ms. The faster time is probably due to fluid motion 
during the ion transit time causing the enhanced EHD mobility. 

2.5 ELECTRON BEAM IRRADIATED 
PMMA 

In order to understand electron-caused discharges along insulating 
solid surfaces on spacecraft by performing laboratory measurements in 
solids, Kerr electro-optic field mapping measurements have been per- 
formed in electron beam irradiated polymethylmethacrylate (PMMA). 
When an electron beam is used to irradiate PMMA samples, the ac- 
cumulated trapped charge leads to high internal self-electric fields, 
3.5 MV/cm, so that for a 10 cm long PMMA sample, numerous light 
minima and maxima arise, making photographic and videotape mea- 
surements possible (10,111. 

With B=2X10-15m/V2 forPMMA, Em=0.50MV/cmforlength 
L = 10.2 cm and E, M 0.44 MV/cm for length L = 12.7 cm, for 
which representative images are shown in the linear polariscope con- 
figuration in Figure 16. Incident light is in the z-direction, polarized at 
145"  to the direction of the electric field E with an analyzing polarizer 
placed after the sample either crossed or aligned to the incident polar- 
ization. The He-Ne laser at 633 nm wavelength has its beam expanded 
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Figure 14. Circular polariscope Kerr effect measurements in highly pu- 
rified water with stainless steel electrodes with 1 cm gap using aligned 
and crossed polarizers at various times after the start of a pulse with ini- 
tial Marx generator charging voltage of 115 kV The time is given at the up- 
per right of each measurement, with the instantaneous voltage given at the 
lower right. T = 8.5 to 10.4"c, p = 41.5 to 42.9 MR-cm. 

to ~ 7 . 5  cm to allow measurements of the light intensity distribution 
over the entire sample crosssection. Beam splitters allow simultaneous 
measurements for aligned and crossed polarizers using Polaroid cam- 
eras as well as a videotape recording system. 

The electron beam is generated by a Van de Graaff generator and ex- 
its from the accelerator tube through a thin (76 pm) aluminum window 
and passes through ~ 5 0  cm air to the PMMA sample which is short- 
circuited through current monitors at the top and bottom surfaces. The 
energy loss in the window and intervening air is -160 key Figure 16 
also shows representative data near the cameras for an accelerator beam 
energy of 2.6 MeV and a current density of 20 nA/cm2 after 60 s of beam 
irradiation for aligned and crossed polarizers for a 1 x 1.27 cm thick 
PMMA sample uniformly irradiated over its width 5.1 cm and length 
10.2 cm. The sample had EvL FZ 0.5 MV/cm. The sample is shown be- 
fore irradiation to have some mechanical birefringence. Also shown in 
Figure 16 is a representative frame of light intensity distribution from a 
computerized image digitizer for a larger current density of 110 nA/cm2 
after 11 s irradiation with E, FZ 0.44 MV/cm and L = 12.7 cm. De- 
spite the high electric fields inside the electron beam irradiated sample, 
the field just outside is zero because of the attraction of positive ions in 
the surrounding air that exactly neutralizes the trapped electrons. Fig- 
ure 17 shows the electrical tree discharge pattern that was induced when 
a grounded sharp point was tapped into the side surface to quickly pen- 
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Figure 15. Electric field distribution at various times for the data in Fig- 
ure 14. The electric field is normalized to the instantaneous average electric 
field v / l  so that the area under each curve is unity The injected positive 
charge reduces the electric field at J: = 0, with a uniform electric field 
ahead of the moving charge front. 

etrate through the shielding surface charge. Once the sharp point was 
under the surface charge, the large electric field due to the trapped elec- 
trons caused breakdown resulting in the electric tree discharge pattern 
of Figure 17. Typically at breakdown the net charge per unit area mag- 
nitude exceeded 1 p C/cm2 and internal fields exceeded 1.8 MV/cm. 

2.6 KERR ELECTRO-OPTIC 
MEASUREMENTS ON WEAKLY 

B I REFRINGENT MATER I ALS 

Measurement of the electric field distributions with low fields or with 
weakly birefringent materials result in very small light phase shifts. The 
conventional approach using the relations of (4) with a simple crossed 
polarizer configuration then has E << E, and the sine may be approx- 
imated by its argument, so the light intensity is 

With E << E,, the light intensity in (12) will be exceedingly small 
and difficult to detect. A very clever approach to maximize measure- 
ment sensitivity for small Kerr constant materials is to apply a voltage 
to the electrodes which consists of an ac voltage superimposed on a dc 
voltage [12-161. The frequency of the ac field is chosen to be high enough 
that space charge behavior will only be influenced by the dc field. The 
electric field is then described by 

where EO (z, y) is the dc electric field distribution that satisfies Pois- 
son's equation and El (z, y) is the ac electric field that satisfies Laplace's 

(13) E = EO(2, v )  + El ( 2 ,  v )  cos(wt)  
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Figure 16. Apparatus and representative data for Kerr electro-optic field mapping measurements with simultaneous aligned and crossed polarizers in 
electron-beam-irradiated PMMA samples using photographic film and a computer-interfaced videotape recording system as detectors. 

equation. Both dc and ac fields in general can vary with the (z, y) po- 
sition in the plane perpendicular to the direction z of light propagation. 

To further maximize measurement sensitivity, the light phase shift is 
biased by also inserting a single quarter wave plate between the polar- 
izers as shown in the experimental setup in Figure 18. Then the trans- 
mitted light intensity to the detector is 

Performing a Taylor s series expansion on (14), assuming E << E,, , 
we obtain 

We use a lock-in amplifier to measure the magnitude of the first and 
second harmonics at position (2 ,  y) which are related to Eo(x, g) and 
El (x, y). The lock-in amplifier allows us to easily extract signals s: 

10 pV, very much below the ambient noise level of order 1 mV, by mul- 
tiplying the input signal with the ac reference signal and low pass fil- 
tering it. Such sensitive Kerr measurements have been performed wiih 
transformer oil, silicone oil, liquid nitrogen, and melted (z140oC) low- 
density polyethylene (LDPE). The Kerr constants for each of these mate- 
rials were found by integrating the measured electric field distributions 
between the electrodes and equating the result to the applied voltage. 
The scaling factor determines E,, and thus R from (3). Note that for a t -  
bitrary two-dimensional electrode geometries that the amplitude of the 
second harmonic optical signal in (15) is related to the ac electric field 
amplitude El (r,  y) which at high enough frequency satisfies Laplace's 
equation. The fundamental frequency signal in (15) is proportional to 

the dc electric field EO ( 2 , ~ )  which satisfies Poisson's equation. Differ- 
ences in spatial variations of Eo(%, y) and El (x, y) indicate the pres- 
ence of volume space charge. 

2.7 KERR ELECTRO-OPTIC 
MEASUREMENTS WITH 

ELECTRIC FIELD MAGNITUDE 
AND DIRECTION VARYING 
ALONG THE LIGHT PATH 

If the applied electric field direction is constant along the light path 
but the magnitude varies, (2) may be integrated to yield the total phase 
shift between the components of the light polarized parallel and per- 
pendicular to the applied electric field. This total phase shift can be 
measured by optical polariscopes to non-invasively determine the trans- 
verse electric field direction and magnitude. 

Most past experimental work has been limited to electrode geome- 
tries where the electric field magnitude and direction have been constant 
along the light path such as two long concentric or parallel cylinders or 
parallel plate electrodes. However, to study charge injection and break- 
down phenomena, very high electric fields are necessary (=lo7 V/m) 
and for these geometries large electric field magnitudes can be obtained 
only with very HV. Furthermore, in these geometries the breakdown 
and charge injection processes occur randomly in space often due to 
small unavoidable imperfections on otherwise smooth electrodes. The 
randomness of this surface makes it impossible to localize the charge 
injection and breakdown and the problem is complicated because the 
electric field direction also changes along the light path. To create large 
electric fields for charge injection at known location and at reasonable 
voltages a point electrode is often used in HV research where again the 
electric field direction changes along the light path. Hence it is of inter- 
est to extend Kerr electro-optic measurements to cases where the electric 
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Figure 17. A representative electrical tree discharge after an electron 
beam irradiated PMMA sample has a grounded sharp metal point tapped 
into the side surface. 
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Figure 18. Experimental apparatus for sensitive low birefringence 
phase shift measurements using an ac modulation approach with com- 
bined ac and dc HV resulting in a detected light signal that has dc, funda- 
mental frequency ac, and double frequency ac components. 

field magnitude and direction changes along the light path, with specific 
application for point-plane electrodes. 

Recent work has presented a new general theory with experimental 
results of Kerr electro-optic measurements of the electric field whose 
magnitude and direction changes along the light path, specifically ap- 
plied to point-plane electrodes [17]. The governing differential equa- 
tions were derived for light propagation in Kerr media and were inte- 
grated to predict birefringence patterns for a point-plane electrode ge- 
ometry with specific parameters used for the high Kerr constant dielec- 
tric nitrobenzene ( B ~ = 3 x 1 0 - ~ ~  m/V2). Characteristic parameters that 
have been long used in photoelasticity were introduced and, in partic- 

ular, extensions of the ac modulation method of Section 2.6 were devel- 
oped for cases when the Kerr constant is small. Experimental measure- 
ments of the characteristic parameters have been performed for small 
Kerr constant transformer oil and high Kerr constant propylene carbon- 
ate between point-plane electrodes. Utilizing the axisymmetry of the 
electric field distribution of the point-plane electrode geometry, the ex- 
perimental characteristic parameter values recovered the electric field 
using the 'onion peeling' method of radial discretization where within 
each circular layer in a plane concentric with the point electrode axis the 
electric field magnitude and direction were taken to be constant [17-221. 

3 INTERDIGITAL 
DIELECTROMETRY SENSORS 

Interdigital frequency-wavelength dielectrometry can be used to 
measure spatial profiles of dielectric permittivity and conductivity of 
solid and liquid insulating materials [23-271. The complex dielectric 
permittivity is related directly to other material properties, such as 
moisture content, temperature, concentration of impurities and addi- 
tives, coatings, density, aging status, etc. [28-301. The analysis of spa- 
tial and temporal variations of these properties lends valuable insights 
into physical phenomena which take place in materials and equipment; 
provides instrumentation for system monitoring and diagnostics; and 
can be used for optimization of design and performance characteristics. 

An advantage of this measurement technology is that access to only 
one side of the material i s  necessary. Multiple sets of interdigitated spa- 
tially periodic electrodes attached to a common substrate are brought 
in contact with the test specimen. Excitation of even-numbered fingers 
with an imposed sinusoidal voltage and measurement of short-circuit 
current or floating voltage of the odd-numbered fingers provides val- 
ues of interelectrode transadmittances, which, in general, depend on the 
properties of the studied insulating material. The depth of penetration 
of the electric field into the material at a given frequency is proportional 
to the spatial periodicity of the sensor's electrodes. Consequently, sen- 
sors with larger penetration depth respond to changes of material prop- 
erties far from the sensor-dielectric interface, whereas smaller wave- 
length sensors primarily respond to changes near the interface. Thus 
multi-wavelength sensors can be used to measure spatial profiles of di- 
electric properties. 

These features of multi-wavelength sensors have been used to mea- 
sure dielectric properties of many liquid and solid dielectrics, compos- 
ites and surface coatings; to measure porosity of NASA supplied ce- 
ramics and in micro-porous alkaline battery separators; to monitor toxic 
vapor absorption (toluene) in chemically protected garments; to detect 
flaws in glass-fiber epoxy composites; to measure the state of cure in 
polymer composites; to monitor diffusion of moisture through the oil- 
pressboard interface in power transformer insulation materials; to mea- 
sure interfacial electrochemical parameters of Debye length, zeta poten- 
tial, molecular diffusion coefficients, and ion mobilities; and can be used 
in large size sensors to detect buried plastic and metallic landmines. 

3.1 GENERIC INTERDIGITAL 
DIELECTROMETRY SENSORS 

A generic interdigital dielectrometry sensor is shown in Figure 19. 
One set of electrode fingers are driven by a sinusoidally time varying 
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Figure 19. A generic interdigital dielectrometry sensor that measures 
the transadmittance between driven and sensing electrodes to determine 
the complex permittivity of the contacting material under test. 

signal with known amplitude ‘UD and radian frequency w while the sec- 
ond set of interdigitated fingers is capacitively loaded and floats to a 
sensed voltage ‘US or is virtually grounded with a terminal current i s .  
The sensed signal amplitude and phase with respect to the driven volt- 
age depends on the complex permittivity E* of the adjacent lossy dielec- 
tric 

(1 6) 
ia 

& * = & - -  

where E is the material dielectric permittivity and a is the ohmic con- 
ductivity with i = -. Periodic variation of electric potential along 
the surface in the z direction produces an exponentially decaying elec- 
tric field penetrating into the medium in the x direction. The forward 
problem is defined as determination of the field distribution and the in- 
terelectrode admittance matrix given the geometry, material properties, 
and external excitations. The inverse problem involves determination 
of either material properties or associated geometry, or both, given the 
imposed excitations and experimental values associated with the admit- 
tance matrix of the system. 

W 

3.1.1 FIELD AND CIRCUIT MODELS 

The electric scalar potential of the electroquasistatic electric field ex- 
cited by the driven electrodes is a solution to Laplace’s equation. At any 
constant x position, if the sensor is many wavelengths wide, far from 
the ends the field is periodic in the z direction and assumed uniform in 
the direction. The scalar potential can be written as an infinite series 
of sinusoidal Fourier modes of fundamental spatial wavelength X that 
decays away in the z direction 

ce 

$(z, z) = 4n exp[-k,z] sink,z ( 1 7 )  
n=O 

where kn = 27rn/X is the wavenumber of each mode. 

The equivalent circuit model for floating voltage mode measure- 
ments is shown in Figure 20. The back plane is guarded by being driven 
at the same potential as the sensed electrode in order to remove the 
effects of substrate capacitance and conductance, C m  and G ~ o ,  froim 
the circuit analysis. The sensed signal vs will then only depend on 

T- 

Material under test G 

c 
-v _. 

------I- 

I Driven electrode Sensing eiectrodel 
‘6  \ / h ; = C . - -  

I‘ ’--) 
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Figure 20. Half-wavelength topological and circuit equivalent model of 
the interdigital dielectrometry sensor. 

transconductance G12 and transcapacitance C12, which directly depend 
on permittivity ~2 and conductivity 02 of the dielectric under test. 

The complex voltage gain between the driven and sensing voltage 
amplitudes at radian frequency w for the floating voltage mode is 

(18) 
- 6s Glz + iwC12 G = - =  

6~ G12 + iw(Cl2 + CL + Cs)  
where C, is a known capacitive load generally chosen much larger than 
the stray capacitance CS. 

For simple stratified layers, the total forward problem can be solved 
in closed form using Fourier series analysis. If the geometry is more 
complicated than parallel layers including the presence of objects, voids, 
inclusions, or other materials of any size and shape, the problem can be 
solved numerically using finite element analysis. The inverse problem 
usually is solved iteratively, by guessing at material or geometry prop- 
erties, solving the forward problem, and iteratively comparing the sim- 
ulation with the experimental data until the analytical and measured 
results agree within some level of precision. 

Figure 21. An improved design of a three-wavelength sensor on a hy- 
drophobic Teflon substrate. 

3.1.2 MULTI-WAVELENGTH SENSORS 

Multiple wavelength sensors on common substrates can be used to 
measure spatial profiles of dielectric properties and geometry. Figure 21 
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Table 1. Measurement of relative dielectric permittivity of non- 
conductive materials in the 100 Hz to 10 kHz range with comparison of the 
Teflon three-wavelength sensor and guarded parallel plate measurements. 

Material 

Air 
Teflon 
Transformer oil 
Polyethylene 
Polypropylene 
HD Polyethylene 
Lexan 
Corn Oil 
PVC 1 Delrin (white) 13.36 I 3.49 13.77 1 3.54 

Par. plate 

2.23 

3.10 
3.35 
3.63 

shows a representative three wavelength sensor with wavelengths of 1, 
2.5, and 5 mm. Such sensors have been made on KaptonTM , TeflonTM, 
and circuit board material substrates. Typical frequency ranges go from 
0.005 Hz for highly insulating materials to 10 MHz to minimize the ef- 
fects of conduction. 

3.1.3 REPRESENTATIVE CAPACITIVE 

The measurement of the real part of the complex dielectric permittiv- 
ity with the imaginary part being negligible can be performed at high 
frequency Table 1 lists the results of measurements made on a variety of 
fluid and solid homogeneous dielectrics. For a homogeneous material, 
all three wavelengths should indicate approximately equal values of rel- 
ative permittivity and each of them should be close to the value found 
with guarded parallel plate capacitor measurements. The air measure- 
ment is guaranteed to be perfect by the calibration procedure. 

MEASUREMENTS 

Figure 22. A typical surface tracking discharge pattern on pressboard 
due to flow electrification in a failed transformer. 

3.2 MOISTURE DIFFUSION 

3.2.1 EXPERIMENTAL APPARATUS 
A good example of moisture diffusion processes that can be moni- 

tored with interdigital dielectrometry sensors is that of moisture dynam- 
ics between oil and transformer pressboard as a function of tempera- 
ture in a power transformer [31-361. If the temperature were to drop too 
quickly before the moisture in the oil could diffuse into pressboard, oil 
moisture would exceed the saturation value at this temperature, result- 
ing in free water in the oil. Such free water in the HV region of the trans- 
former could result in catastrophic electric breakdown and transformer 

MEASUREMENTS 

failure. Another transformer failure mode dependent on moisture dy- 
namics is flow electrification, which often arises when a transformer that 
has been out of service is being recommissioned. A plausible scenario 
is that as the transformer heats up, moisture is driven out of the press- 
board insulation into the oil. The moisture first comes from near the 
pressboard interface, leaving a very dry interface that is also highly in- 
sulating. Any accumulating surface charge has no leakage and thus the 
surface charge density can increase until spark discharges occur. These 
sparks cause gas formation, which can rise into the high electric field 
region causing a high-energy discharge that causes transformer failure. 
If failure does not occur during the early times of the recommissioning 
process, the moisture deeper in the pressboard diffuses to the surface 
reaching equilibrium with the oil moisture. The moisture diffusion time 
can easily be a few weeks, but once there is no longer an interfacial dry 
zone, there is a leakage path for interfacial surface charge so that the 
surface charge density cannot rise to electric field strengths beyond the 
breakdown strength of oil and pressboard. Thus, once the transformer 
is in moisture equilibrium, the flow electrification hazard is minimized. 
A typical surface tracking discharge pattern due to flow electrification 
on pressboard from a failed transformer is shown in Figure 22. 

C 
~ P 

e= 
-mP 

Figure 23. Bench-top experimental setup for monitoring moisture dy- 
namics and other impurities using dielectrometry sensors with transformer 
pressboard surrounded by air or transformer oil. a: Temperature probe, 
b: conductivity cell, c: vacuum gauge, d: to air or nitrogen, e: to vacuum 
pump, f to water bubbler, g: for additive injection, h: oil inlet/outlet. 

Moisture diffusion experiments are carried out in the apparatus 
shown in Figure 23 which allows monitoring and control of dielectric 
temperature and moisture properties of cellulose materials as well as 
the surrounding environment, typically air or transformer oil. 

The three-wavelength sensor testing structure in Figure 24 is inside 
the chamber and includes two back to back three wavelength sensors 
of Figure 21 to allow simultaneous measurement of two samples. The 
perforated Teflon and aluminum plates squeeze the whole structure, and 
at the same time allow easy mass-transfer between the test samples and 
the surrounding environment. 
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Figure 24. Perforated test sample structure holding two interdigital sen- 
sors allowing simultaneous measurement of two samples. 

3.2.2 OIL-FREE PRESSBOARD 
EXPERIMENTS 

Preliminary measurements used EHV-Weidmann Hi-Val pressboard 
of thickness 1.5 mm which was first dried in vacuum for -24 h at 70°C. 
After the drying process, wet air produced by bubbling air through a 
wetting flask was introduced into the chamber causing moisture diffu- 
sion into the pressboard. 

Metal Dlate 
with holes 

* !  
12 0 15 

-+J 
Pressboard Sensor 

Figure 25. A schematic description of moisture entering the oil-free 
pressboard sample which is contacting a three wavelength interdigital di- 
electrometry sensor. The pressboard is modeled as a three layer region 
where the complex dielectric permittivity of each region is related to the 
local average moisture concentration. 

The 1.5 mm thick oil-free transformer pressboard was positioned next 

to the sensor head. The edges of the pressboard sample were sealed with 
silicon glue to prevent moisture diffusion from the sides. A number of 
holes in the metal compression plate provided a path for the moisture 
molecules to enter the pressboard from the left side as shown in Fig- 
ure 25. 

Even though the change of the pressboard properties through its 
thickness is gradual, the pressboard in the model is represented as a 
three-layer medium with each layer thickness corresponding to the ef- 
fective penetration depth of 0.3X for each wavelength X of the sensor. 
In other words, the number of wavelengths limits the spatial resolution 
of the sensor, and only three regions can be distinctly identified with the 
three wavelength sensor of Figure 21. 

After the pressboard was vacuum-dried, the moisture diffusion pro- 
cess started with the step change in the ambient air humidity from 0% 
to -12% with temperature being held at 70°C. Air-pressboard equi- 
librium relationships [32,35,37] were used to provide boundary condi- 
tions at the air-pressboard interface and relative moisture level infor- 
mation needed for the parameter estimation algorithms. According to 
these relationships, a 12% humidity level in air at 70T corresponds to 
1.8% equilibrium moisture concentration in the transformer pressboard. 
Thus, the left side boundary condition at z = 0 for this experiment is 
that the moisture level is equal to 1.8% for the duration of the entire ex- 
periment. 

I 
15 0 Time (h) lo 

Figure 26. Measured transcapacitance of each sensor wavelength at 
1 Hz as a function of time as moisture diffuses into 1.5 mm thick oil-free 
pressboard at 70°C. 

Figure 26 shows the values of measured trancapacitance for each of 
the three electrode pairs at 1 Hz as a function of time as moisture dif- 
fuses into the sample. Each signal follows approximately the same pat- 
tern dictated by the moisture diffusion dynamics. After a small initial 
delay, the signal grows at a high rate, after which it flattens off, indicat- 
ing the end of the diffusion process experiment. The initial delay time 
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is smallest for the largest wavelength, because it can ‘see’ deepest into 
the pressboard. 

The transcapacitance signals in Figure 26 were used to generate the 
curves of moisture concentration in the pressboard layers, assuming a 
linear relationship between the capacitance values and the moisture lev- 
els at each moment of time. That is, the zero level of moisture concen- 
tration corresponds to the lowest capacitance value in Figure 26 for each 
wavelength. The highest capacitance value for each wavelength corre- 
sponds to the moisture level of 1.8%. In both cases, at the initial time 
point and the final time point, the moisture profile is believed to be flat 
at 0% and 1.8%, respectively Consequently the intermediate values of 
the moisture concentration would correspond to flat moisture profiles 
that extend from the left side boundary into the pressboard until the pen- 
etration depth interface is reached. Points to the right of the penetration 
depth interface would have 0% moisture until the penetration depth in- 
terface reaches ILT = 1500 pm. 
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Figure 27. Calculated spatial profiles of moisture concentration across 
the thickness of pressboard from dielectrometry measurements. Numbers 
next to the curves correspond to the time in (h) at which the profile was 
measured. 

Figure 27 shows calculated moisture profiles from dielectrometry 
measurements for 14 distinct moments in time in two-hour intervals. 
The moisture spatial profiles were calculated from the measurement 
data using multi-variable parameter estimation algorithms for the three- 
wavelength sensor combined with the moisture measurement data of 
the ambient environment together with moisture equilibrium curves. 

The process starts with a step change in moisture concentration to 
1.8% at the left boundary at time zero. The first two profiles (at the time 
moments of 2 hand 4 h) show a slightly overestimated amount of mois- 
ture in the middle region of the pressboard. Future work will include 
mass conservation requirements in order to improve the spatial resolu- 
tion without adding more electrode pairs of different spatial periodicity 
The experiment is terminated after -30 h, when the signals essentially 
stop changing. At this point, the moisture profile is expected to be near 
uniform at the maximum of 1.8%. The profile at 28 h has these charac- 
teristics. 

Now, it is possible to evaluate the moisture diffusion coefficient from 
the moisture dynamics presented in Figure 27. By simulating the diffu- 

sion process using a standard finite difference technique, one can ap- 
proximately match the measured profiles. The estimated value of the 
diffusion coefficient is D z 2.3~10-’I m2/s. 
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Figure 28. Three wavelength sensor measurements of real ( E ’ / E ~ )  and 
imaginary ( E ” / E ~ )  components of the complex permittivity E* = E /  -id’ 
as a function of frequency for a 2 mm thick oil impregnated pressboard at 
70°C. 
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Figure 29. Voltage gain magnitude and phase at 1 Hz for each wave- 
length during moisture diffusion into a 1 mm thick oil impregnated press- 
board at 70°C. 

3.2.3 OIL-IMPREGNATED 
PRESSBOARD EXPERIMENTS 

A frequency scan (0.005 to 10000 Hz) was measured in 2 mm thick 
EHV-Weidmann oil-impregnated pressboard in equilibrium at 70°C. Us- 
ing a parameter estimation program for homogeneous materials that re- 
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3.2.4 QUANTITATIVE MOISTURE 
BALANCE CALCULATION FOR 

THE OIL-PAPER SYSTEM 
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Method 1: The moisture diffusion from oil to pressboard in the previ- 
ously described experiment is monitored in the oil using a Harley elec- 
tronic moisture meter. The relative humidity of the oil as a function of 
time is shown in Figure 30. Quantitative calculations are given in Ta- 
ble 2 .  

Method 2: Partitioning of water between cellulose and oil is de- 
scribed by thermodynamic moisture equilibrium curves. We regen- 
erated the moisture equilibrium curves for a wide moisture range as 
shown in Figure 31 based on the method Oommen proposed in [38] ancl 
using the solubility of water data for oil. 

The straight line in Figure 31 is the mass conservation curve based on 
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Table 2. Quantitative calculation of moisture transfer from oil to press- 
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Figure 31 Finding the moisture operating point of an oil impreg- 
nated pressboard system from moisture partitioning curves using a method 
based on Jeffries data [37] with Oommen s method [38] 
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the equation 
Wtot - W O  xloo Pp = 

MP 
(19) 

where Wtot = 0.8 g is the total moisture mass in the system, which 
is also the initial oil moisture since we start with very dry pressboard; 
WO ( 9 )  is the moisture mass in oil during the experiment, which equals 
the water concentration in oil in ppm, PO times the total oil mass m, = 
5300 g; M p  = 5.7 g is the mass of the pressboard; and PP (%) is the 
percentage of water in pressboard. Substituting these numbers into (19) 
gives 

Pp = 14.1 - 0.093P0 (20) 

The line is completely defined by the initial condition and the system 
configuration, i.e. independent of the final moisture measurement. The 
intersection of the mass conservation line with the moisture partition- 
ing curves at 70°C indicates the equilibrium value for the system. From 
Figure 31, the final moisture in oil is -115 ppm and the moisture in 
paper is about 3.5%, consistent with the result using Method 1. 

3.3 ELECTROCHEMICAL DOUBLE 
LAYER STUDY 

A better understanding of boundary layer electrochemical processes 
can also be obtained using multi-wavelength interdigital dielectrometry. 
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3.3.1 INTERFACIAL 
ELECTROCHEMICAL DOUBLE 

LAYER PROPERTIES 

In electrochemical systems, oppositely charged ions effectively neu- 
tralize each other in the bulk but at electrode boundaries, there is a pref- 
erential adsorption of one species with the opposite polarity carrier dif- 
fusely distributed over a thin boundary region. The degree of net charge 
and the depth to which charge penetrates into the liquid volume are re- 
lated to the balance of ion diffusion and migration, as well as convection 
for the case of a circulating electrolyte. In equilibrium, diffusion due to 
concentration gradients is balanced by the electric field induced by the 
separated charge. This region of separated charge constitutes what is 
known as the electrical double layer, with a thickness called the Debye 
length AD, which is approximately related to fluid permittivity E, ohmic 
conductivity o and molecular diffusion coefficient D as 

Figure 32. Electrical equivalent current for liquid dielectric gain/phase 
measurements of uo /vs including double layer capacitances at each elec- 
trode Cdl = EA/XD. 

3.3.2 DIELECTROMETRY 
MEASUREMENTS 

- 

E D  2 (21) Preliminary dielectrometry measurements have determined the dif- 
fusion coefficient and Debye length in oil samples [40]. An air-gap ca- 

S/m, pacitor of area A was immersed in a liquid and the impedance was mea- 

A D s  [7] 
The Debye length in an aqueous electrolyte (conductivity = 

permittivity E = ~ O E ,  = 7~10-l '  F/m and diffusion coefficient 
D = loplo m2/s) is on the order of AD = 8 ~ 1 0 ~ ~  m. A thermal 
voltage drop at room temperature of k T / q  M 25 mV across this double 
layer results in a very large internal electric field, E = ( k T / q ) / A D  = 
3x10" V/m. Because of the large conductivity in aqueous electrolytes, 
externally applied fields cannot approach such magnitudes and thus 
hardly disturb the electrical double layer equilibrium. Similarly, con- 
vection has a negligible effect as is seen by comparing the electrical re- 
laxation time 7, = &/o = 84 p , ~  to a liquid transport time rt = L / U  
where L is a characteristic travel length of a fluid moving at veloc- 
ity U .  For representative values of L = 1 cm and U = 1 m/s, 
rt >> 0.01 s. The ratio of these times is called the electric Reynold's 
numberR, = re/rt = EU/aL=O.0084<1.BecauseR,<<l,the 
effect of convection in electrolytes on the charge distribution is small. 

The mobility p m2/Vs of ions in highly insulating dielectric fluids 
is empirically related to the fluid viscosity 7 (Ns/m2) by Walden's rule 
[391 

(22) 
2x10-11 

p,=- 

Transformer oil at 20°C has viscosity 7 = 0.02 Ns/m2 so that p, N 

10V9 m2/Vs. Then, from Einstein s relation D/p, = k T / q ,  the molec- 
ular diffusion coefficient at 300 K is D = 2.5x10-'' m2/s. For a typ- 
ical transformer oil conductivity of o M 10-l' S/m and permittivity 
2 . 2 ~ ~  = 1 . 9 5 ~ 1 0 - l 1  F/m, the Debye length is AD = 22 pm. The 
internal electric field is then E N kT/qXD N 1.1 kV/m. 

With such low internal electric fields, reasonable externally applied 
fields are significant in determining the charge distribution in the layer. 
With long relaxation time of 7, = &/o = 20 s, the typical electric 
Reynold s number is also large, Re = 2000. Thus fluid convection also 
strongly influences the distribution of charge in the double layer. Elec- 
trification occurs when the mobile part of the double layer is entrained 
in the flow. This charge transport leads to charge build-up on charge col- 
lecting surfaces, eventually causing electrical discharge if leakage pro- 
cesses are slower than the rate of charge collection as was illustrated in 
Figure 22. 

rl 

sured over a range of frequencies. These impedances were then used to 
determine element values in the equivalent electrical circuit of Figure 32 
where each element of the test cell was a lumped parameter represen- 
tation of the liquid dielectric properties. 
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Figure 33. Representative Cole-Cole plots of measured real and imag- 
inary parts of the complex impedance for Shell Diala A transformer oil at 
four temperatures. The solid lines give the calculated impedances for the 
listed estimated parameters using the equivalent circuit of Figure 32. 

The test cell impedance was related to the voltage-divider measure- 
ments of the gain and the phase using a known load. A lumped ele- 
ment model for the impedance was then used to determine the bulk 
conductivity and permittivity of the liquid. While the simplest model 
for the dielectric is a resistor RI in parallel with a capacitor C1, this 
model is inadequate for describing the data. If a resistor in parallel with 
a capacitor formed the unknown impedance, a Cole-Cole plot of the 
imaginary part of the impedance against the real part of the impedance 
would be a semi-circle. While this applies at the lower temperatures, 
the semi-circular shape is lost at the higher temperatures, as illustrated 
by the Cole-Cole plots in Figure 33. This is consistent with additional 
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series capacitive elements at the electrodes and motivates the form of 
the test cell impedance illustrated in Figure 32. The electrode capaci- 
tances C d i  N EA/XD result from the space-charge polarization asso- 
ciated with the electrical double layer while the bulk properties of the 
liquid are given by RI  and C1. 

I I I I T I I 

-35 ? 4 0  

IOg,, I FreSusnc~ W4 1 

Figure 34. Effect of positive and negative bias fields on the frequency re- 
sponse of an interdigital microchip sensor in Exxon Univolt 60 transformer 
oil at room temperature. 0: absence of a bias field, U: -5 V bias which 
corresponds to a value of 2 0 0 ~  the thermal voltage, A: t 5  V the conduction 
in the double layer further increases the frequency response to the right due 
to the larger mobility of the negative ions. The ratio of the peak phase mag- 
nitude frequencies indicates that the ratio of the mobilities is 5. 

3.3.3 A VOLTAGE CONTROLLED 

Voltage control of a double layer in a weak electrolyte also has been 
demonstrated [41]. The mobilities of positive and negative ions in oil 
were measured using a 50 p m  wavelength interdigital dielectrometry 
sensor with different applied dc voltages. The effect is analogous to a 
metal oxide semiconductor (MOS) device, in which the application of a 
bias field across the oxide layer controls the concentration of electrons 
or holes in the channel and leads to enhanced conduction between the 
source and drain. Applying a dc bias field across a dielectric layer adja- 
cent to an electrolyte to vary the interfacial potential similarly can con- 
trol the concentration of ionic species in a double layer. To demonstrate 
this effect, a parylene coated microchip was used with transformer oil 
with a dc field to induce surface charge and frequency swept ac voltage 
on the driving electrode to create an electric field with a component tan- 
gential to the parylene/oil interface. In the absence of the dc bias field, 
the frequency response of the sensor has the characteristics of a double 
layer with a small zeta potential. With a negative bias of 5 V, the conduc- 
tion in the double layer is enhanced by the increased density of positive 
ions. With a positive 5 V bias, the conduction in the double layer in- 
creases further due to the larger mobility of the negative ions. The ratio 
of peak frequencies in the phase response shown in Figure 34 for f 5  V 
biases is 5, implying that the mobility of negative ions is 5x larger than 
that of positive ions. 

DOUBLE LAYER 

3.4 INTERDIGITAL 
DIELECTROMETRY ANALYSIS 

AND ALGORITHMS FOR 
LANDMINE DETECTION 

Detection and discrimination of buried landmines can also be accom- 
plished using interdigital dielectrometry technology. In general, dielec- 
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Figure 35. A two-dimensional cross section of the half-wavelength cell 
of the interdigital landmine detector with high frequency equipotential 
lines for the ( F ~  = 2.7) landmine in ( E ~  = 6) sand. The wavelength 
is 80 cm and the distance from the sensor electrodes to the soil is 2 cm. 

trometry is capable of detecting and discriminating both plastic and 
metal objects in the ground, whereby the presence of low permittiv- 
ity plastic landmines in a high permittivity sand will decrease the mea- 
sured capacitance, whereas a metal landmine would increase the capaci- 
tance. Further improvements in measurement selectivity can be gained 
from low frequency measurement of terminal conductance as well as 
capacitance and their variation with frequency Preliminary analysis 
has shown that dielectrometry measurement can be used for landmine 
detection technology, instrumentation, and algorithms, but with layer 
wavelengths increased to approximately 20,40, and 80 cm. Figure 35 
shows a cross-section of the halfwavelength of an 80 cm wavelength sen- 
sor placed 2 cm above the ground level, with the landmine assumed to 
be just under the surface. 

First, let us consider the high-frequency case, when the conduction 
currents are negligible in comparison with capacitive currents. The rel- 
ative permittivity of soil is taken to be 6, corresponding to our measure- 
ment of sand, and that of the landmine to be 2.7, corresponding to the 
reported value of 

Figure 36 shows the calculated change in capacitance for an 80 cm 
wavelength for various mine materials as a function of lateral and hori- 
zontal position. Case studies are presented for Consider the same sys- 
tem shown in Figure 35 with a centered landmine but with a frequency 
sweep from 0.005 Hz to 10 kHz. The assumed dielectric properties of 
the materials are described in Table 3. 

Transcapacitance is measured as a function of frequency as shown 
in Figure 37 and to increase measurement sensitivity, the derivative 
with respect to logarithmic frequency is taken as shown in Figure 38. 
The peaks in the frequency derivative plots can be predicted once the 
complex dielectric permittivities of the composing materials are known. 
Even though irregularity of the surface would change the admittance 
curve shapes, there would not be additional peaks in the response 
shown in Figure 38. 
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Figure 37. Simulated transcapacitance per meter length with and with- 
out a lossy plastic landmine for three spatial wavelengths of interdigital 
electrodes. 
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Figure 36, Calculated transcapacitance response of the 80 cm wave- 
length sensor to the (a) horizontal displacement of the landmine at zero 
buried depth and CO) to the change in buried depth with centered landmine, 
with 2 cm between the sensor and the soil for various landmine materials. 
Table 3. Relative permittivity &and conductivity 0 of materials used in 
the simulation. "i"1 

landmine 2.7 l o r 8  
electrodes 1 5 . 8 ~ 1 0 ~  

We have demonstrated the potential of fringing electric field mea- 
surement in the quasistatic mode of electrical transadmittance for de- 
tection and discrimination of plastic and metallic landmines. This fea- 
sibility study shows that the response of the sensor changes significantly 
with the presence, lateral position, and depth of the landmine in the 
ground. Further optimization of the measurement methodology to ac- 
centuate the response can be done with our algorithms hy examining the 
changes in the frequency response amplitude and shape as a function of 
soil and landmine electrical properties of permittivity and conductivity. 

4 FLOW ELECTRIFICATION IN 
ELECTRIC POWER 

APPARATUS 
4.1 BACKGROUND 

Static electrification due to liquid dielectric flow has been found to be 
the cause of about two dozen field failures worldwide of large forced- 
oil-cooled power transformers [42]. Problems stem from the entrain- 
ment of diffuse double layer charge at interfaces into circulating liquid 
[43]. The accumulation of this charge in the volume, or the deposition 

-1.4 ~ 

0.001 0.01 0.1 1 10 100 1000 10000 
Frequency (Hz) 

Figure 38. Simulated transcapacitance derivatives with respect to the 
logarithm of frequency with and without landmine accentuates the char- 
acteristic signature of the lossy plastic landmine. 

of this charge on insulating or isolated surfaces, causes the electric po- 
tential to rise in the same fashion as voltage build-up in a Van de Graaff 
generator. The potential builds up until the rate of charge accumulation 
equals the rate of charge leakage, or until spark discharges occur. Rep- 
resentative surface discharges on pressboard from a failed transformer 
are shown in Figure 22. Electrification effects are initiated by fluid flow, 
whether or not the equipment is energized. Energization generally aug- 
ments the electrification effect. 

Understanding of electrification requires the coupling of the laws of 
electromagnetism, fluid mechanics, heat, and electro-chemistry to de- 
scribe the generation, transport, accumulation, and leakage of charge 
and to relate how these factors are affected by temperature; moisture; 
flow rate and turbulence; contaminants, additives, and surface active 
agents; wall surface condition; energization; and flow configuration. 
What makes understanding difficult is that there is a lack of common 
denominators in failures. Identical side-by-side transformers have dif- 
ferent failure experiences. Trace differences in material properties and 
impurities that are not easily controlled apparently have a strong effect 
on flow electrification. 
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4.2 MEASUREMENT 
METHODOLOGIES 

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. Thus there is a measurement 
ambiguity when any material is placed into a flow. Is the measured cur- 
rent the entrained charge impacting onto the material or is it additional 
streaming current as double layer charge is stripped off the instrumen- 
tation surfaces and carried away by the flow? This ambiguity is present 
in many flawed flow electrification measurement methods but can be 
avoided using Faraday cage principles. 

N2 /Faraday cage 
-rl- 

Rubber stopper 

supports 

insulating syringe 

Valve 
Insulating shaft 

Metal filter holder 

- - 1’. .I %-. \  fu” 

\support 

Figure 39. The ministatic tester measures the current to the filter holder 
or to the receiver when liquid is forced to flow through a filter paper. 

4.2.1 MINISTATIC TESTER 

The most common laboratory technique for characterizing oil elec- 
trostatic charging tendency is the ministatic tester shown in Figure 39 
adapted from earlier studies of flow electrification in jet fuels [44,45]. 
The oil electrical charging tendency (ECT) is measured by forcing oil 
through standard filter paper, a high grade cellulose material chemically 
similar to transformer paper. Actual transformer paper cannot be used 
because it is not sufficiently porous. The current from ground neces- 
sary to compensate double layer charge entrained in the fluid is mea- 
sured, or equivalently the current to the receiver grounded through a 
low impedance electrometer is measured. The numerous pores in the 
filter increase the effective area and thereby increase the streaming cur- 
rent. 

At flow rates of Q = 1 to 2 ml/s of transformer oils, charging cur- 
rents i are typically in the range of 10 to 1000 pA with associated charge 
density 

i 
P ’ Q  

of 5 to 150 pC/m3 with the low-charging oils having charge densities 
< 25 pC/m3. This approach is fast and simple for comparing the rel- 
ative charging tendencies of different oil samples against a particular 
material filter. It has been found that changing the type of filter gener- 

ally changes its charging level by a constant factor and thus does not 
change the charging rank levels of different oils. 

4.2.2 THE ABSOLUTE CHARGE 

To overcome measurement uncertainties from charge separation at 
surfaces of charge measuring devices, an absolute charge senso (ACS) us- 
ing Faraday cage principles has been developed that provides an abso- 
lute measurement of the charge density that is independent of the fluid’s 
electrical properties, the velocity of the fluid, and any electrification pro- 
cess within the instrument [46]. 
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Figure 40. Electromechanical schematic of the ACS. 

A schematic of the ACS is illustrated in Figure 40. Fluid such as trans- 
former oil or hydrocarbon fuel is drawn into an electrically conductive 
container as the metal bellows expands with no fluid leaving. As the ACS 
is sampling fluid, either the voltage or the current is measured by a high 
or low impedance electrometer respectively, connected across the elec- 
trical terminals. Once the measurement is complete, the fluid is expelled 
through the exit check valve and conduit by reversing the direction of 
the actuator to compress the bellows volume. 

A charged body introduced into a perfectly insulating volume sur- 
rounded by a conductive container will induce an opposite charge on 
the interior wall of the container. Thus, without actually being trans- 
ported to the wall, the net charge induced onto the conductive container 
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 on the inner 
wall of the container comprises a capacitive electrical current that can 
be measured externally, it is then possible to measure this net charge by 
means of an external circuit having a sufficiently low impedance that 
the potential of the container would remain essentially zero relative to 
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that of the surrounding shield. Because the conductive container forms 
a Faraday cage, the current measured during the filling cycle is indepen- 
dent of charging processes that occur inside the Faraday cage whether 
they are due to imaging, charge relaxation, or electrification. The to- 
tal charge within the ACS with entrained volume charge is balanced by 
image surface charge on the wall. Thus, as soon as charge enters the 
ACS inner probe conduit, it is recorded immediately by the electrome- 
ter, whether the charge remains entrained in the fluid or is conducted 
to the wall. As long as no charged fluid is leaving when charged fluid 
enters the ACS, the charge density pis related to the short circuit current 
i and fluid flow rate Q into the ACS as given by (23). 

r IBM-PCxl 
Rs 212 Lmer 

Figure 41. A pump drives transformer oil through a closed flow loop 
connected through a large-volume reservoir (220 liter drum). Two ACS 
monitor the charge densities at the inlet (1) and the outlet (2) to the elec- 
trically isolated reservoir, which is virtually grounded through a current- 
measuring electrometer. Closing valve 1 and opening valves 2 and 3 to di- 
rect the flow through the electrostatically charging filter paper increases the 
oil charge density. The charge densities at the inlet and outlet of the paper 
filter are measured by ACS 3 and ACS 4. Measured electrometer currents 
at the paper filter and reservoir should equal the difference in convection 
currents in and out. 

4.2.3 FLOW LOOP MEASUREMENTS 

A typical measurement flow loop that models oil circulation for cool- 
ing in a transformer is shown in Figure 41 [47]. Similar flow loops are 
used also to model fuel flows in vehicles. In Figure 41, a pump drives 
transformer oil through piping connected to a large volume reservoir 
(220 liter oil drum), electrically isolated from the grounded piping by in- 
sulating tubing. The system includes a parallel flow loop which is elec- 
trically isolated by nylon fittings and contains a paper oil filter which 
can be valved in or out through valves 2 and 3, a gate valve (valve 1) 
to control the flow rate through the main flow path, and a flow meter 
to monitor the total flow rate. Varying the pump impeller speed from 
the ac motor controller could also independently control the flow speed. 
The paper oil filter was used as a source of electrification charge that 
could be controlled by appropriate setting of valves 2 and 3. If all the 
flow was directed through the filter by fully closing valve 1 and fully 
opening valves 2 and 3, the maximum flow rate was 68 I/min and the 
volume charge density was of order 100 to 500 pC/m3 depending on 
oil temperature over the range of 65 to 100°C. If none of the flow passed 

through the filter by fully opening valve 1 and fully closing valves 2 and 
3, the maximum flow rate is 98 l/min and the volume charge density is 
of order 4 to 10 pC/m3. 

The electrometer current from the oil drum equals the difference in 
convection currents entering (measured by ACS 1) and leaving (mea- 
sured by ACS 2) the oil drum. The ACS measured charge densities at 
the inlet, pzn, and outlet pout, of the oil drum with flow rate Q to give 
the difference in convection currents, i,,, as 

i,,, = ( P z n  - pout)& (24) 
From conservation of charge the difference in convection currents 

should equal the total circuit current flowing from the drum through 
the electrometer to ground, i,,, = ZE. 

f 
R 

Figure 42. CC with electrical terminals connecting inner and outer cylin- 
ders for measuring open-circuit terminal voltage or short-circuit current or 
for applying a voltage between the cylinders. The ACS is used to measure 
the charge density in the turbulent core. The charge trap is a large volume 
where the fluid residence time is much longer than the fluid dielectric relax- 
ation time. It is used so that fluid exiting the ACS into the CC is uncharged. 

4.2.4 COUETTE CHARGER 
A couette charger (Cc), shown in Figure 42, simulates flow electrifi- 

cation processes in transformers, where transformer oil fills the annu- 
lus between coaxial cylindrical electrodes that can be bare metal or cov- 
ered with transformer pressboard [48-501. The inner cylinder can rotate 
at speeds giving controlled turbulent flow, which brings electric charge 
to the volume from the electrical double layer at the liquid/solid inter- 
faces. This compact apparatus allows for flexibility in testing various 
oils and transformer pressboards at controlled temperatures and mois- 
ture levels in the oil and pressboard. Flow electrification measurements 
as a function of inner cylinder speed are also performed from open cir- 
cuit voltage and short circuit current terminal measurements, as shown 
in Figure 43. Transient measurements with a step change in tempera- 
ture have shown the charge density to change from an initial value to a 
new steady state value, including cases of polarity reversal, both values 
dependent on the equilibrium moisture levels in oil and pressboard as 
shown in Figure 44. 

4.2.5 SUMMARY OF FLOW 
ELECTRIFICATION 
MEASUREMENTS 

Japanese transformer manufacturers believe that the flow electrifica- 
tion problem has been solved by adding the nonionizable antistatic ad- 
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Figure 43. Measured transients of short circuit current and open circuit 
voltage as function of time in the CC for various inner cylinder rotational 
speeds. 
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Figure 44. Representative charge density and short-circuit terminal cur- 
rent responses to a step change in temperature from 40 to 70°C with press- 
board of 1.7% moisture covering inner- and outer-cylinder surfaces. The in- 
ner cylinder was rotating at 1000 rpm. Oil moisture started at 21 ppm and 
ended at a value of 35 ppm, which was approaching equilibrium at 70°C. 

ditive 1,2,3-benzotriazole (BTA) to transformer oil, but the long-term ef- 
fects of BTA as it leaves the oil volume onto pressboard surfaces and tank 
walls is not well understood [51]. Even without additive, the electrifica- 
tion problem can be minimized by not turning on cooling pumps when 
the transformer is lightly loaded. The most dangerous period seems to 
be when the transformer has been out of service and is then being recom- 
missioned. The best method for re-commissioning to avoid electrifica- 
tion induced discharges is to increase load slowly so that the transformer 
can rise in temperature slow enough to allow the oil and pressboard 
to be near moisture equilibrium, thus avoiding the formation of highly 
insulating interfacial dry zones where charge can accumulate to high 
enough values to cause spark discharges. 

Various measurement methodologies, instrumentation, and simula- 
tion systems lead to the following conclusions about flow electrification 
[52,53]. 

1. Measurements of the core charge density between rotating cylin- 
drical electrodes tend to show an increase with the rotation rate of the 
inner cylinder and with temperature. These measurements are similar 
to leakage current measurements in pipe flow experiments which show 
the leakage current becoming larger as the fluid velocity and temper- 
ature 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 tem- 
peratures. Similarly, in transformers, measurements of the leakage cur- 
rent from the windings have shown peak magnitudes at intermediate 
temperatures. 

2. Measurements of the charge density and terminal current at low 
oil moisture contents show that the oil moisture content does not have a 
significant effect on the electrificationprocesses. In contrast, the conduc- 
tion through pressboard is strongly moisture dependent and decreasing 
the pressboard moisture content leads to less conduction and smaller 
terminal currents. An exception to the oil moisture dependence of the 
charge density was found during the initial equilibration period, imme- 
diately 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 in- 
versely with the oil moisture content. This result seems to be consistent 
with ministatic tester measurements, which show that the leakage cur- 
rent resulting from oil flowing through a paper filter increases as the 
oil moisture content decreases [45]. Furthermore, the charge density 
not appearing to change with the moisture content after the initial con- 
ditioning suggests that the ministatic tester measurements do not rep- 
resent 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 measurements 
were obtained. These conditioning transients, which had been associ- 
ated with the oil and paper insulation coming to moisture equilibrium, 
were eliminated by heat treating and processing the paper. 

3. Numerous measurements also showed that dc and ac applied volt- 
ages, surface charge accumulation and terminal constraints, could affect 
the electrification charge density. In particular, while it is well known 
that ac energization can enhance the charge density, dc measurements 
showed that if the pressboard/oil interface accumulates charge from an 
external source and the source is then removed, the electrification charge 
density can then be increased or decreased, depending upon the polar- 
ity of the accumulated surface charge. The terminal constraints (open or 
short-circuit) are also important in determining whether the dc electric 
field associated with the surface charge is through the pressboard or the 
oil; if the dc field is through the oil, the charge in the electrical double 
layer and the electrification charge density can be affected. 

4. 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 inner cylinder gave results 
similar to those with the stainless steel electrodes alone. 
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5. The effects of the additive BTA were also studied. The BTA content 
of the oil in the CC facility decayed with time, similar to that observed in 
actual transformers [51,54], but on a different time scale. This confirms 
that the CC is convenient for simulating at least the mass transfer dy- 
namics in a full-scale transformer. The decrease in oil BTA content 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 mea- 
surements showed that significant amounts of BTA could be stored in 
the pressboard, but measurements of several standard solutions stored 
in amber high-density PE bottles, in the absence of any light and press- 
board, also showed concentration decreases. It is likely that all three 
factors contribute to the decrease in BTA concentration. 

In regards to electrification, nominal BTA concentrations -10 ppm 
appear to have caused a reduction in the magnitude of the electrifica- 
tion data; but the BTA also appeared to decrease the oil conductivity, 
which tends to increase the magnitude of the electrification data. These 
competing effects limit the effectiveness of the BTA, but over long peri- 
ods of time the BTA appeared to cause a continual net decrease in the 
electrification charge density, possibly as a result of slow electrochem- 
ical adsorption of the BTA onto the interfaces. These observations are 
consistent with some (but not all) of the literature describing the effects 
of BTA on electrification. For example, in some of the original exper- 
iments used as proof that BTA reduces the electrification charge den- 
sity, the charge density decreased monotonically with increasing addi- 
tive 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 be- 
coming negative with a magnitude that increased with BTA concentra- 
tion [51,55]. Early laboratory measurements showed that BTA had little 
[56] or no [45] effect on the electrification process, but subsequent mea- 
surements have shown that the BTA caused the charge density to become 
smaller or more negative [57] and long term effects caused a reversal in 
the charge density temperature dependence so that it decreased as the 
temperature increased [57]. 

6. Some of the experiments could be compared to established correla- 
tions from aqueous electrochemical measurements. The data was in sur- 
prisingly good agreement with the established results, even though the 
liquid conductivities (and the resulting current densities) are roughly 
12 orders of magnitude smaller and the charge carrying species are not 
known. This comparison also indicates that the electrification measure- 
ments are in a regime in which the charge transfer is transport limited at 
the lower Reynolds number flows, and reaction rate limited at the higher 
Reynolds numbers. 

5 CONCLUSIONS 
HIS selective review has demonstrated that electric field induced 
birefringence (Kerr effect) can be used to measure electric fields 

and space charge distributions in high field stressed liquid and solid di- 
electrics; multi-wavelength interdigital dielectrometry sensors can mea- 
sure spatial profiles in dielectric permittivity and conductivity as well 
as related physical properties in liquids and solids; and that electrome- 
chanical devices relying on Faraday cage principles can measure stream- 
ing currents and space charge in moving liquids. Each measurement 

methodology can be best used in particular applications, and in concert 
leads to a better understanding of conduction and electrical breakdown 
in dielectric materials. 
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