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Part | of this work has shown that elecirical breakdown In dust layers obeys Paschen's Law,
but occurs at applied field values which appear too small to Initiate the breakdown. In this
paper we will show how an effective dieleciric constant characterlzing the dust layer can be
determined from ac dielectric measurements and the theory of Debye. When combined with
an expression for the enhanced local electric field In the void spaces between particies in the
layer, fleld slrangihs which are large enough to Initlate electrical breakdown In the layer are
predicted at relatively low values of applied fleld. The effect of temperature and dust layer
thickness on the onset of elecirical breakdown within the dust layer can also be explained by
the dependence of the effective dieleciric constant on these parameters.

When a sinusoidal voltage is applied to
a dielectric material, a leakage current
will be induced within the dielectric in
addition to the resulting charging cur-
rent. The existence of both the leakage
and charging currents is conventionally
represented by the use of a complex
dielectric constant

et =¢ —ie” (1)

to describe the dielectric. Here, both ¢
and ¢” are functions of frequency. The
real part of the dielectric constant, ¢, is
related to the equivalent parallel ca-
pacitance, Cy, of the material by

C, =¢C, @

where Cj is the geometrical (air) capac-
itance of the measuring electrodes sep-
arated by a distance equivalent to the
thickness of the dielectric. The imagi-
nary- part of the dielectric constant ¢”,
isrelated to Cp and the conductance, G,
of the material according to

o = 6@
(IJCO

where w is the angular frequency. By
measuring C, and G, ¢ and ¢” can be
determined from Equations 2 and 3,
respectively.

If the dielectric material is suffi-
ciently dipolar in nature, the theory of
Debye! can be applied to ¢*:

e = e, + (eg — €)/(1 +iwrg) (4)

where ¢. and g4 are the dielectric con-
stants in the high and low frequency

(3)
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limits, respectively; and 7, is the char-
acteristic relaxation time. Equation 4
can be separated into its real and imag-
inary parts:

; = Edl: -
€lw)=¢, + e o) (5)
olay= S

1+ (wrp)?

Cole and Cole? have shown that the
Argand diagram of Equation 4 is a cir-
cular arc from which ¢4, can be extrapo-
lated.

When the data for ¢ and ¢” are some-
what scattered, Cole® has shown that
more useful forms of Equations 5 and 6
are obtained by multiplying both sides

_of each equation by (1 + iwr) and solv-

ing for ¢ in terms of ¢” and egc
€ (w) = €4, — Tolwe”) )]

For the purpose of extrapolating to e,
Equation 7 has the advantage of being
a linear equation with intercept 4. and
slope —7y.

Auty and Cole* have shown that the
contribution to ¢” from the d¢ condue-
tance of the layer must be removed
from Equation 3 before using Equation
7. This can be done by subtracting the
dec conductance, G4, from the conduc-

tance at higher frequencies:
-G,
"(w) = G) — Gqe (8)
(!’Co

where G(w) is the conductance ob-

tained from the measured parallel re-
sistance of the sample.

Because of the particulate nature of
a dust layer, its dielectric constant will
vary with position in the material
However, when Debye’s theory can be
applied to the layer, an average, “effec-
tive” dielectric constant (egc) can be as-
cribed to the dust layer.

Materials and Methods

The same test cell described in Part I
of this study was connected to a digital
RLC bridge (GenRad model 1689) and
placed in an environmental chamber.
For each temperature and test fre-
quency, the measuring circuit was ze-
roed for its open- and short-circuit im-
pedance to obtain accurate values for
the dust layer impedance. Then the
equivalent parallel capacitance and re-
sistance were measured for several dif-
ferent frequencies between 12 Hz and
100 kHz at an applied voltage of 1 V
rms. Varying the applied voltage
throughout the range of the bridge (5
mV to 1.275 V) had no effect on the
capacitance and conductance values
which were measured. For measure-
ment temperatures above 250°C, a
standard resistivity cell (IEEE Stan-
dard 548-1984) was used. The transi-
tion from measurements made with
one cell to those of the other cell was
smooth. Thus, it was concluded that no
offset or error was introduced into the
measurements by changing test cells.

The technique of using bridge mea-
surements to obtain the complex di-
electric constant of a coal fly ash has
been previously demonstrated by Tas-
sicker® and by Evans.b Eleven different
fly ash species were examined here.
Since generally similar qualitative fea-
tures were observed for these samples,
the discussion will focus on the pulver-
ized coal fly ash from the Wabamun
Power Plant in Canada. The fly ash
particles were predominantly spherical
in shape and amorphous, with a mass
median diameter of 33.5 um.

The variation of ¢’ with frequency for
the fly ash at 266°C and 9 percent wa-
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Figure 1. Real part of the dielectric constant of Wabamun fly ash at 266°C

and 9 percent water vapor.

ter vapor (by volume) in the test envi-
ronment is shown in Figure 1. The cor-
responding data for ¢’ are shown in
Figure 2. Here the value of G4, in Equa-
tion 8 has been approximated by the
conductance at 12 Hz (the lower limit
of the RLC bridge). As a result, the
data of Figure 2 begin at 20 Hz rather
than 12 Hz. Notice that the sudden de-
cline in ¢ for frequencies greater than
10 kHz is accompanied by a sudden
increase in ¢” in these regions. This res-
onance behavior was predicted by De-
bye! and lends support to the validity
of using Debye’s analysis on fly ash.
Figure 2 suggests that another reso-
nance occurs in the low frequency limit
which is not clearly resolved in Figure
1. These dielectric constant data are in
qualitative agreement with the earlier
work of Tassicker and Evans. However,
the present data more clearly resolve
the Debye resonances because the ear-
lier works did not correct for the dc
conductance in the imaginary part of
the dielectric constant. The measured
parameters of capacitance and conduc-
tance were also in general agreement
with the work of McLean and Pohl;’

quantitative comparisons are not pos-
sible because of the wide variation of
humidity and temperature in that
work.

A plot of Equation 7 for the data of
Figures 1 and 2 is shown in Figure 3.

Due to the broadness of the resonance
in Figure 1 in the low-frequency region
(indicating a distribution of relaxation
times rather than a single 7¢), better
correlation of the data results if the use
of Equation 7 is restricted to measured
(solid circles) and interpolated (open
circles) values of ¢ and ¢” in Figures 1
and 2 obtained at frequencies of 100 Hz
or less. The interpolated values picked
from the curves of Figures 1 and 2 are
necessary because of the scarcity of
data in this frequency range. Applica-
tion of linear regression to the data in
Figure 3 yielded a value of 16.4 for 4,
with a correlation coefficient (r?) of
0.99.

Applying the foregoing extrapola-
tion procedure to data obtained at
many different temperatures results in
Figure 4. Generally, eq. is quite sensi-
tive to temperature changes in the high
temperature limit but becomes pro-
gressively less sensitive as the tempera-
ture decreases, approaching an asymp-
totic behavior in the low temperature
limit. Also, the presence of moisture in
the test atmosphere had little or no ef-
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Flgure 3. Plot of Equation 7 for Wabamun fly ash at 266°C and 9 percent

water vapor.
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Figure 2. Imaginary part of the dielectric constant of Wabamun fly ash at
266°C and 9 percent water vapor.
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fect on the value of ¢, obtained at a
given temperature. Figure 5 shows the
variation of eg. with dust layer thick-
ness at three different temperatures.
The relationship is essentially linear
for the range of thicknesses used.

Discusslon

It has been established in Part I of
this work® that electrical breakdown
within a dust layer is an ordinary elec-
tron avalanche process originating in
voids within the dust layer and obeying
Paschen’s Law. For the dust layers
used in this study, Paschen’s Law pre-
dicts electric field strengths at break-
down in the range of 235 to 365 kV/cm,
depending on the temperature of the
layer (see Part I?). Figure 6 shows the
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Figure 4.

dependence of the average electric field
across the dust layer at breakdown,
Egp, on temperature for Wabamun fly
ash in the presence of the indicated
amounts of atmospheric moisture (vol-
ume percent). Since the average fields
in this figure are in the range of 4 to 10
kV/em, it is an enhanced local electric
field in the void spaces between parti-
cles, Ej,, that corresponds to the
breakdown field of Paschen’s Law. Mc-
Donald, et al.,? by treating the dust lay-
er as a collection of spherical particles
all of the same size and arranged in a
cubic array, have shown that the com-
bined effects of polarization and space
charge due to a potential applied across
the layer result in a maxzimum local
electric field strength given by

Ey. ~ L5[1 + 1.25(eg. — D]E, (9)

where E; is the applied electric field.
Using values of ¢4 of 12 and 31 at the
temperature extremes of Figure 5,
Equation 9 predicts local electric fields
which are 22 to 58 times that of the
applied field, in rough agreement with
the predictions of Paschen’s Law. Ta-
ble I compares the values of Ej,. ob-
tained from Paschen’s Law from the

300 340 380 420 460 500
T.°C

Variation of ¢4 with temperature of Wabamun fly ash.

The dependence of ¢ on sample
temperature has been shown by many
investigators, including Debye.! A re-
view of the important early work in this
area was given by Fréhlich.!! For tem-
peratures above about 200°C, ey in-
creases rapidly with increasing tem-
perature (Figure 4). Then Equation 9
predicts that progressively lower val-
ues of Ey (Egp) will be required to pro-
duce an Ej, of sufficient magnitude to
initiate breakdown as the temperature
increases. This agrees with the tem-
perature dependence of the data of Fig-
ure 6 for a given humidity level. For
lower temperatures, ¢4, becomes nearly
independent of temperature and Epp
remains relatively constant as tem-

Table I. Comparison of Ej,. from Paschen’s Law and from Equation 9.

Tem- Figure 6
perature Epp Figure 4 E(9) EP) EP)
(°0) (kV/cm) €4c (kV/cm) (kV/cm) E(9)
155 8 125 185 286 - 18
260 4 15.2 113 235 2.1
Table II. Correlation of ey, with E), from Equation 9 at 250°C.
Layer
thickness E9) €dc E, % Difference
(cm) €de (kV/cm) & E(9) of ratios
0.1 7.8 249 — — —
0.2 10.1 223 1.29 1.12 13
0.4 13.3 160 1.71 1.56 9
0.5 14.8 137 1.90 1.82 4
0.95 21.9 108 2.81 231 18

data of Earhart,!? E(P), and those ob-
tained using Figure 6 (9% H.0) and
Equation 9, E(9). The two values agree
within a factor of about two, which is
remarkable considering the uncertain-
ties and approximations involved in
this comparison.
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Flgure 5. Variation of ey with layer thickness of Wabamun fiy ash.
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perature decreases. It has been shown
in Part I of this work® that the presence
of moisture reduces the magnitude of
Egp necessary to initiate breakdown.
However, the fact that e, is not sensi-
tive to the presence of moisture (Figure
4) indicates that the reduction in Egp
due to moisture is not connected with a
change in ¢g. Indeed, McLean and
Pohl” concluded that the effect of
moisture (and temperature) is to
change the dust layer’s conductance,
rather than causing any changes in the
dielectric properties of the particles.
The details of the steady state charge
exchange mechanism are not known. In
any case, since the charge carriers with-
in the dust layer are ionic,!213 the metal
electrode in the test cell is incapable of .
directly exchanging charge carriers
with the layer surface. When an electric
field is applied, the ionic charge carri-
ers begin to migrate and this “blocking
electrode” causes charge to build up
just inside the dust layer at the elec-
trode-layer interface. This layer of
charges and the corresponding induced
charges on the metal electrode consti-
tute a “double layer” of charge at the

JAPCA
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Figure 8. Variation of Ego with temperature and moisture of Wabamun fly ash.

interface. A detailed analysis concern-
ing the nature of this double layer is
contained in the work of Conway.!4 For
our purpose, it is sufficient to note that
the existence of the double layer at
each electrode makes the test cell ar-
rangement functionally equivalent to
three capacitors in series. Then assign- .
ing an effective dielectric constant to
the entire dust layer is tantamount to
replacing the three capacitors by a sin-
gle equivalent capacitor, using the usu-
al reciprocal relationship for combin-

ing capacitors in series:
€dc _ €1 , €2, €
— =44 — 10
d d, d, ds ()

where d is the total layer thickness;
subscripts 1 and 3 refer to the capaci-
tors formed by the double lavers at
each electrode; and subscript 2 refers to
the capacitor formed by the interven-
ing dielectric. Solving for ¢4, gives

e o 3] (11)

_[a
““'d[ca 3, a,

Since the extent of the double layer is
on the order of 1 nm,!415 the first and
third terms dominate the expression in
the brackets since ds is on the order of a
few millimeters. For simplicity, assume
that dy = dz and ¢; = ¢3. Then Equation
11 becomes

2¢

€ge = d—: d (12)
But since d > d, region 2 in the dust
layer would appear semi-infinite to re-
gion 1, so d; should be nearly constant
and independent of d. Also, ¢; should
be constant for a given temperature.
Then the dependence of g, on layer
thickness would be essentially linear,
as the data of Figure 5 show.

Figure 7 shows the dependence of
Epgp on dust layer thickness for the fly
ash. In general, Epp decreases as the
thickness increases for a given tem-
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perature. This behavior can now be
readily explained by Equations 9 and
12 and the data of Figure 5: thicker
dust layers have larger effective dielec-
tric constants, so they require smaller
values of Epp to produce a given Ej,..
The data of Figures 5 and 7 can also
be used to check the validity of the
predictions of Equation 9. Table II
shows the correlation between the ra-
tios of eg. for 250°C to the ratios of Ej,
from Equation 9, E(9), normalized to
the data for a 0.1 cm thickness (¢; and
E,). The agreement is quite good con-
sidering the roughness of the compari-

son. Thus, the technique used by Mc-
Donald et al. of combining the contri-
butions of polarization and space
charge within the layer appears to be
justified.

Conclusions

Using ac dielectric measurements of
dust layers and applying the theory of
Debye allows the determination of an
effective dielectric constant to charac-
terize the layer. Combining this con-
stant with an expression for the en-
hanced local electric fields across the
voids between particles in the bulk
where electrical breakdown occurs pro-
duces agreement with values of electri-
cal field at breakdown predicted by
Paschen’s Law. The effective dielectric
constant increases with increasing tem-
perature and explains the correspond-
ing decrease in applied electric field
necessary to produce breakdown. For
increasing dust layer thickness, the ef-
fective dielectric constant also in-
creases, accompanied by a decrease in
the applied field which will initiate
breakdown.
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