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6.1 Introduction

Often it is difficult to determine the permittivities of solid materials
because of difficulty in machining samples of some materials to the
precise dimensions required for the measurement, because they do not
exist in solid form of sufficient size for the required measurement, or
because, in the case of some minerals, they cannot be obtained in pure
form without pulverization and purification. For these reasons, efforts
have been devoted to the study of several dielectric mixture equations
for the correlation of the permittivity of solid materials with those
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232 6. Permittivities of Particulate Materials

obtained from measurements on powdered or pulverized materials [1-
5]. ,

A simple method has been developed for extrapolation of per-
mittivity measurements data on pulverized materials at known bulk
densities to obtain the permittivities of the solid material at its known
density [6-7]. The basis for this method will be described, and compar-
isons will be made with the permittivity values predicted by several of
the well-known dielectric mixture equations for several different mate-
rials.

In this chapter we will be dealing entirely with the complex per-
mittivity relative to free space, ¢ = ¢ — je¢”’. The real part is referred
to as the dielectric constant, and the imaginary part is the dielectric
loss factor. The absolute complex permittivity, if desired, is obtained
by multiplying the relative complex permittivity by the permittivity
of free space, € = 8.854 X 10~ %farad/m. The loss tangent of the di-
electric material is tand = ¢ /€', where § is the dielectric loss angle
of the material, and conductivity in siemens/m is ¢ = wege” , where
w = 2xf is the angular frequency of the applied alternating electric
field of frequency f in hertz.

6.2 Dielectric Mixture Equations

First, the equations for heterogeneous mixtures that are considered
in this work will be identified. For an understanding of their origins and
bases, the reader is referred to a number of notable reviews and sum-
maries relating to this topic [8-16]. The notation used here applies to
two-component mixtures where ¢ represents the complex permittivity
of the mixture, ¢; is the permittivity of the medium in which parti-
cles of permittivity e, are dispersed, and v; and v; are the volume
fractions of the respective components, where vy + vz = 1.

The earliest equation of the group considered here is often termed
the complex refractive index mixture equation, since it was originally
applied in optics [17-19]. The same equation has been arrived at by
a number of researchers [5], [20—21] considering plane wave propaga-
tion through a heterogeneous dielectric mixture. This equation has
been relatively successful in many applications [20-27]. The equation
implies the additivity of the square roots of the permittivities of the
constituents of a mixture when taken in proportion to their volume

fractions.
Ve = /e +v/ea (1)
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An equation developed by Landau and Lifshitz [28] and Looyenga
[29], independently and from different approaches, implies the additiv-
ity of the cube roots of the permittivities of the mixture constituents
when taken in proportion to their volume fractions.

(€)% = vi(e)'/® + va(e2)'? (2)

This equation too has been used with good success on some powdered
materials (3], [14], [15], [30], [31].

A widely used mixture equation is that of Béttcher [1, 15], which
has been studied and recommended for use with powdered materials
(2, 4, 31].

€—€ €2 — €1
3¢ v2 € + 2¢€

)

Another very well known mixture equation is that originally re-
ported by Bruggeman [32] and extended to complex permittivities by

Hanai [33].
€—€ (€\1/3
€1 — €2 (?) =1- v2 (4)

Another very early mixture equation was the Rayleigh [34] equa-

tion.
€E—€ € — €

€+2€1 - v22€1 + €2

(5)

The Lichtenecker [19, 35] logarithmic mixture equation was an-
other often applied to mixtures with particles of arbitrary shape.

Ine=v,lne; +v2lne ' (6)

These are the six dielectric mixture equations considered in pre-
dicting the permittivities of solid materials from measurements of per-
mittivity of particulate materials in this chapter. The corresponding
forms of these equations for calculating the complex permittivities
of the solid material from measurements on the air-particle mixtures
(&1 =1— 70 for air) are as follows:

Refractive Index, (1)

& = ([ﬁi”i:.l)z m

V2
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Landau & Lifshitz, Looyenga, (2)

3
1/3 _
o (€_+v=_1_) ®)

v2

Béttcher, (3)

-

Bruggeman-Hanai, (4)

1— v, —e2/3
Rl p——— (10)

Rayleigh, (5) (e+2)+2(e-1)
—_— val€ -
€ = v2(e+2) = (e-1) (11)

Lichtenecker, (6)

& = (%) (12)
where e is the base of the natural logarithms.

6.3 Density Dependence of Particulate Material Per-
mittivity

Essentially linear functions of the real and imaginary components
of the complex permittivity of particulate materials such as pulver-
ized coal, wheat, and whole-wheat flour were identified previously [30].
These findings were based on earlier work in which Klein [36] observed
the linearity of v/¢ with the bulk density of granular coal, and in
which Kent [37], working with fish meal, found that ¢ and €’ were
both quadratic functions of the bulk density of the fish meal as follows:*

€=ap’+bp+1 (13)
€' =cp*+dp (14)

* (13) and (14) are equivalent to expressing the relative complex
permittivity as a quadratic function of bulk density, € = a*p?+b*p+1,
where the constants a* = a—jc and b* = b—jd are complex numbers.
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Figure 6.1 Linear relationships between the square root of the dielectric

constant and bulk density for indicated dry, pulverized run-of-mine coal
samples at indicated frequencies at 22° C [s8].

where p represents the density of the air-particle mixture, a, b, ¢, and
d are constants for a given particulate material and ¢ and ¢’ have
values of 1 and 0, respectively, for air alone ( p = 0). The linearity of
¢ with bulk density was confirmed with data on pulverized coal [38],
and these data are shown in Fig. 6.1. These relationships are expressed
as

Ve =mp+1 (15)
Equations (13) and (15) are equivalent if a = m? and b = 2m. Thus,
if these relationships are true, measurement of the dielectric constant
of a particulate material at a given density, along with the (p = 0,
€ = 1) intercept, provides information on the dielectric constant at all
densities, including that of the solid material if its density is known.
Examining the expression for the loss factor, (14), the square can be

completed by adding a constant e to each side, and a linear function
of ¢ is obtained

Ve +e=+ep+ /e -~ (16)
e=d?/4c (7)

Thus, to describe the density dependence of the complex permittivity
of a particulate material, one needs to obtain the values for a, b, ¢,
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Material Freq., Measured properties Vol.
GHs Density, g/em® Permittivity, frac.

Solid Partic. Particuiate
P3 [d ¢ ¢ v3
Whole—kernel 9.4 1.437 130 2.45 .22 51
hard red T8 2.59 .25 54
winter wheat 88T 2.985 .33 .82
11.5% m.c. 955 s.18 .87 .66
cv. ‘Scout 66’ 1.067 3.54 46 T
[30] 1.178 .97 N1 .82
1.271 4.3¢ 69 .88
Ground 1.7 1.406 592 2.07 .14 43
hard red .694 2.31 19 A9
winter wheat L7483 2.44 .22 .53
10.9% m.c. R{14 2.61 .24 N14
ev. ‘Scoutland’ .888 2.88 .30 .63
{80} 938 s.08 .36 .67
994 3.18 .40 R 51
1.080 3.36 .42 .75
1.108 3.53 43 19
1.148 s.70 AT .82
Ground 11.0 1.476 696 2.38 .26 4T
white rice 748 2.83 .30 .51
12.2% m.c. 811 2.70 .34 58
cv. ‘Lebonnet’ .908 2.87 44 .81
[48] 1.011 .27 .B1 .68
1.138 3.62 .89 a7
1.238 4.03 .68 .83

Table 6.1a Comparison of permittivities of cereal grain kernels estimated
by extrapolation of linear density functions of the dielectric constant and
loss factor with those predicted by indicated mixture equations from
permittivity measurements on bulk samples of whole-kernel grain and
ground grain at 24° C, Tabular data rounded to one, two, three, or four
decimal places. All calculations performed on unrounded data.

and d. Measurement of the permittivity of the particulate material at
a given density establishes slope m of (15), thus determining values
for a and b. Measurements at a few additional densities are necessary
for determination of ¢ and d, as will be explained later.

It is interesting to note that (13) and (15) are consistent with the
refractive index mixture equation (1), when used for the real part of
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Estimated complex permittivity of solid material
Extrapolation of linear f\mctionsf Mixture equations

('3 («')2/3 (' +e)1/3 RI LLL
o o o o o o o
4.81%.27 4.98+.13 .85+.04 4.46 .59 477 .68
4.52 .61 4.82 69
4.67 .68 4.9 .76
4.73 .89 4.96 .76
4.78 .71 4.96 T
4.88 544 5.01 .83
4.95 .83 5.03 .88
4.49+.1¢ 4.641.09 .71+.06 4.17 49 4.51 .87
4.18 .51 4.49 .59
4.25 54 4.83 .63
4.36 .58 4.61 .63
4.44 .59 4.67 .66
4.48 .66 4.69 .73
4.44 .87 4.62 .n
4.43 64 4.87 .69
4.49 .82 4.61 .66
4.54 .63 4.65 .87
4.78+.14 4.97+.12 .9¢%.07 4.63 .75 5.00 -89
4.67 .79 5.02 .93
4.71 .83 5.03 .95
4.78 .90 5.02 1.01
4.74 .90 4.9¢6 .99
4.72 .88 4.87 .94
4.87 .90 4.98 .94

Table 6.1b Contmuation of 'L‘able 6.1. “RI” = “Refractive Index.” “LLL”
= “Landau & Lifsilitz, Looyenga. {Calculated values with extrapolated
95% conﬁdence intervaIs

the complex permittivity. §ince v, = p/p2, where p is the density of
the au--pa.rtxcle mixture, ‘and p, is the density of the particles, this
substitution in (1) yields the following for an air-particle mixture:

Ve = ——‘/i_;;——l-pﬂ (18)

which is equivalent to (15), where m = (4/€; —1)/p2 . In an analogous
manner, it can be shown that the linearity of the cube root of the di-
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Material Estimated complex permittivity of solid material
Mixture equations
B BH

‘l 'Il ‘I ‘H
Whole-—kernel 4.7¢ 87 5.26 .91
hard red 4.78 .87 5.37 .90
winter wheat 4.82 .1 8.29 .93
11.5% m.c. 4.84 K et 5.26 .80
cv. ‘Scout 668* 4.84 12 5.17 .86
[80] 4.90 Bi 5.14 .88
4,95 .82 5.11 .90
Ground 4.56 .59 5.05 .82
hard red 4.47 .58 4.91 .78
winter wheat 4.48 .80 4.91 .80
10.8% m.c. 4.54 .60 .97 .89
cv. ‘Scoutland’ 4.58 .62 4.98 .79
30} 4.58 .68 4.93 .85
4,52 .68 4.81 .82
4.48 .65 4.72 .76
4.52 .62 4.75 12
4.58 .83 4.78 72
Ground 4.99 .88 5.61 1.26
white rice 4.98 .90 5.57 1.27
12.2% m.c. 4.95 .90 5.50 1.35
cv. ‘Lebonnet’ 4.91 K1) 5.38 1.28
{48] 4.84 .93 €23 1.16
476 .88 5.08 1.04
4.89 .89 5.10 1.01

Table 8.1¢ Continuation of Table 6.1. “B” = “Bittcher.” “BH” = “Bru-
ggeman-Hanai.”

electric constant of an air-particle mixture with its density is consistent
with the Landau and Lifshitz, Looyenga mixture equation (2).

()2 -1

e 1/3 ..
(€) P2

p+1 (19)
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6.4 Experimental Data

Data from several studies have been selected for inclusion here
to compare solid material permittivities obtained by extrapolation of
the linear functions with those predicted by the mixture equations. In
addition, new measurements on solid samples and particulate samples
of the same material are presented to assess better the reliability of
both procedures for these particular materials.

a. Measurement Methods

The permittivities of all the materials included were measured at
microwave frequencies by the short-circuited line or waveguide tech-
nique originally reported by Roberts and von Hippel [39], with com-
putation by a general computer program described previously [40-41].
The measurement systems have also been described in detail previ-
ously for the 21 mm coaxial-line measurements [42] and for X-band
[43—44] and K-band [44-45] rectangular waveguide measurements. Per-
mittivity measurements on particulate materials at different densities
were obtained by loosely filling sample holders, taking care to obtain
plane sample-air interfaces perpendicular to the direction of wave prop-
agation, and taking measurements before and after successive settling
and compacting of the sample, with efforts to avoid nonuniform den-
sities. Some samples were compressed ( < 42 MPa) to relatively high
volume fractions with a laboratory press [44], [46]. Particulate sample
densities were calculated from sample weights and volumes determined
from sample lengths in the sample holders during permittivity measure-
ments. Solid sample densities were calculated from sample weights and
volumes calculated from micrometer measurements of sample dimen-
sions. Particle densities for materials for which solid samples were not
available for permittivity measurements were determined from sample
weights and volumes determined on particulate samples by air com-
parison pycnometer measurements.

b. Processing of Data for Eztrapolation to Solid Density

The method of extrapolating from measurements on particulate
material to obtain the permittivity of the solid material [6-7] will now
be explained. A set of measurement data on ground rough rice [46] is
selected for illustration, and a plot of the dielectric constant vs. bulk
density is shown in Fig. 6.2. The point (p = 0, € = 1) is included in
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Material Freq., Measured properties Vol.
GHs Density, g/cm’ Permittivity, frac.

Solid Partic. Particulate
P2 , € 1’ vz
Illinois #6 11.7 1.890 .604¢ 2.01 078 380
run-of —mine 887 2.18 090 413
[s8, 49] 877 2.16 .094 .438
.708 2.24 108 .443
783 2.29 111 J481
760 2.35 114 4TS
.801 2.44 122 504
.837 2.52 138 .5ae
.866 3.60 RE3 548
894 2.69 138 563
Dabm 11.7 2.020 544 1.89 .051 .269
run—of —mine 578 1.98 052 286
[38] .604 2.01 059 299
636 2.07 086 .18
678 3.17 .080 336
.708 2.22 081 349
724 2.28 088 B11]
763 2.35 .088 37T
790 2.42 092 391
.824 2.80 099 408

Table 6.2a Comparison of permittivities of solid coal estimated by ex-
trapolation of linear density functions of the dielectric constant and loss
factor with those predicted by indicated mixture equations from permit-
tivity measurements on pulverized coal at 22° C, Tabular data rounded
to one, two, three, or four decimal places. All calculations performed on
unrounded data.

this data set, and a linear regression analysis provides the values of the
regression constants Ao and A; along with the regression coefficient
and other statistics

Ve = Ao+ Arp (20)
A similar regression can be calculated for the cube root of ¢
(E')1/3 = Ao + Ap (21)

where the regression coefficients will have different numerical values
from those of (20). Inclusion of point (0,1) in the regression calculation
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Estimated complex permittivity of solid material
Extrapolation of linear functionlf Mixture equations

(‘:)1/2 (,1)1/3 (‘n+.)1/2 RI LLL
‘l ‘l ‘ll ‘l ‘" 'l ‘ll
4.50%.06 4.82+.05 .33+.02 4.42 .31 4.84 .37
4.46 .32 486 .38
4.44 .32 4.82 .38
4.48 .33 4.82 .38
4.47 .34 4.83 .40
4.46 .83 4.81 .39
4.47 .33 4.79 .38
4.48 .38 4.79 .37
4.50 .32 4.79 .36
4.86 .32 4.86 .87
5.83%.11 6.58+.07 .49+.04 5.72 .83 6.63 .44
5.70 .81 6.56 .41
5.72 .33 6.57 .43
B.74 .38 6.57 .45
5.81 .39 6.62 .80
5.56 .36 6.54 .48
B.76 .38 6.52 .48
5.832 .37 6.58 .46
5.86 .37 6.60 .46
B.86 .87 6.57 .46

Table 6.2b Continuation of Table 8.2. “RI” = “Refractive Index.” “LLL”
= “Landau & Lifshitz, Looyenga.” {Calculated values with extrapolated
85% confldence intervals.

assures that the intercept Aoy will be essentially 1, and A; corresponds
to the slope m of (18) or (19). (20) or (21) provide the estimate of
¢’ for the solid material when the density of the solid is known. These
results are illustrated in Fig. 6.3 for both the square-root and cube-
root cases. Also shown for comparison are the dashed regression lines
that are obtained if the point (0,1) is excluded from the regression
analysis. In this instance, the cube-root plot generally results in an
intercept closer to 1 than does the square-root plot, indicating that
the cube root of ¢ and density relationship may be closer to true
linearity.

The plot of these data on ground rough rice for the loss factor
is shown in Fig. 6.4 with a second-order polynomial regression curve
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Material Estimated complex permittivity of solid material
Mixture equations
B BH

‘l .N ‘f ‘M
Illinois #86 4.98 40 5.66 .58
run—of -~ mine 4.94 .39 5.80 .87
[38, 49] 4.87 .99 5.49 .56
4.89 89 5.53 .56
4.84 .40 5.45 .56
4.80 .38 5.39 N1}
4.76 .37 5.32 51
4.74 .36 5.38 .49
4.73 .38 5.28 4T
478 .35 5.30 47
Dahm 7.68 .83 10.18 1.91
run—of —mine 7.43 .58 9.74 1.18
{88} 7.34 N1 9.60 1.18
7.22 87 9.40 1.14
7.18 .66 8.3¢ 119
6.98 .56 8.99 1.08
6.91 N13 8.86 1.08
6.88 .51 s.81 .98
6.84 .50 8.74 85
6.74 .49 8.54 .91

Table 6.2¢ Continuation of Table 6.2. “B* = “Bdittcher.” “BH” == “Bru-
ggeman-Hanai.”

fitted to the data, which included the (0,0) point in the calculation.
€' = Ag + A1p + A2p? (22)

Inclusion of the point (0,0) in the data set assures that Ao will be
negligibly small, and thus (22) provides the values for the constants ¢
and d of (14), A2 = ¢, A1 .= d. By (17), e is determined, and the
linear regression calculation corresponding to (16) can be completed,

Ve' +e= Ao+ Aip (23)

which then permits the linear extrapolation to the density of the solid
material to estimate its loss factor as illustrated in Fig. 6.5.
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Figure 8.2 Density dependence of the dielectric constant of ground ‘Bra~
zos’ rough rice of 11.5% moisture content at 11.0 GHs and 24° C [46].

ROOTS OF THE DIELECTRIC CONSTANT

0 04 08 1.2 16
DENSITY, G/CM®
Figure 6.3 Linear regressions of the square and cube roots of the dielec-

tric constant ¢’ of ground ‘Braxos’ rough rice of 11.5% molsture content
on bulk density at 11.0 GHs and 24° C [46].
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FACTOR

L0ss

0 0.4 0.8

DENSITY, G/CM3

Figure 6.4 Quadratic dependence of the loss factor of ground ‘Brazos’

rough rice of 11.5% moisture content on bulk density at 11.0 GHz and
24° C [44].

(G..")uz

0 04 08
DENSITY, G/CM3

Figure 6.5 Linear regression of the function of the loss factor ¢ of
ground ‘Brazos’ rough rice of 11.5% moisture content on bulk density at

11.0 GHs and 24° C, with extrapolation to determine ¢” of the kernel at
kernel density of 1.409 g/cm? [46].
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DENSITY  OF AIR— WHEAT-KERNEL ~ MIXTURE, 6romd

Figure 6.6 Comparison of measured dielectric constant ¢’ values of ‘Scout
66* whole-kernel, hard red winter wheat of 11.5% moisture content at
9.4 GHz and 24° C with those predicted by linear regression of (¢')}/?
and (¢')}/? on bulk density. Solid curve for ¢ determined by second-
order polynomial regression. Long-dashed and short-dashed curves for ¢’
obtained from corresponding linear regressions [30].

6.5 Examples of Applications

Other examples [30] comparing estimated values for the dielectric
constant are shown in Figs. 6.6, 6.7, and 6.8 for whole-kernel hard red
winter wheat, ground wheat, and pulverized coal. Plots of the square
and cube roots of the measured dielectric constants are shown along
with the curves for ¢ predicted from these linear relationships with
density. The solid curves for ¢’ are second-order regression curves fitted
to the data, but outside the range of measurements, the values on
these solid-lines are not necessarily the correct values. The ¢ values
predicted by the cube-root relationship are consistently higher than
those predicted by the square-root relationship, but, unfortunately, for
these materials the correct values for the solid material are not known.

The ¢ values predicted by the square-root and cube-root relation-
ships from these‘experimental data were compared within the density
range where permittivities were measured [30], and they predicted ¢
to within 4% and 2%, respectively, for whole-kernel wheat. For ground
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DENSITY OF AIR - WHEAT-FLOUR MIXTURE, c/eM3

Figure 6.7 Comparison of measured dielectric constant ¢’ values of
ground ‘Scoutland’ hard red winter wheat of 10.9% moisture content at
11.7 GHs and 22° C with those predicted by linear regression of (¢')!/2
and (¢')}/2 on bulk density. Solid curve for ¢ determined by second-order
polynomial regression. Long-dashed and short-dashed curves for ¢’ ob-
tained from corresponding linear regressions [30].

DENSITY OF AIR-COAL MIXTURE, G/CM>
Figure 6.8 Comparison of measured dielectric constant ¢’ values of dry,
pulverized Illinois No. 6 run-of-mine coal at 11.7 GHs and 22° C with
those predicted by linear regression of (e’)‘[ 2 and (¢ )1/ 3 on bulk density.
Solid curve for ¢ determined by second-order polynomial regression.
Long-dashed and short-dashed curves for ¢’ obtained from corresponding
linear regressions [30].
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Figure 6.8 Linear extrapolation of the cube root of the dielectric constant
€ of dry, pulverized goethite to determine ¢’ for solid goethite at 11.7
GHs and 24° C at the density of the solid material (4.04 g/cm?®) [6,7].
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Figure 6.10 Linear extrapolation of the function of the loss factor ¢’ of
dry pulverized goethite to determine ¢ for solid goethite at 11.7 GHs

and 24° C at the density of the solid materials (4.04 g/cm?®) [6,7].
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Material Freq., Measured properties Vol.
GHs Density, g/em® Permittivity, frac.

Solid Partic. Particulate
Pa . ¢ e vs
Chlorite 22.0 2.7 .693 1.38 014 .251
(clinochlore) .T42 1.93 014 .269
[47] .T90 3.02 .018 .288
849 3.10 030 .308
887 2.18 .022 .321
999 2.32 .038 .363
Feldspar 22.0 3.72 953 2.14 .00Ts 380
(Iabradorite) 1.044 2.29 .0087 .384
[47] 1191 2.53 .0138 .438
1.358 2.78 0147 498
1.462 2.99 0187 .538
Mica 32.0 2.96 508 178 012 72
(phlogopite) 556 1.79 .014 .188
{47) 608 1.86 014 .208
862 1.97 014 224
739 2.10 017 .350
838 2.30 .033 .283
Goethite 1.7 4.04 1.227 2.54 032 304
[47] 1.334 s.08 088 .330
1.434 3.38 040 383
1.511 s.49 049 374
1.558 3.59 .081 385

Table 6.3a Comparison of permittivities of seclected minerals estimated
by extrapolation of linear density functions of the dielectric constant and
loss factor with those predicted by indicated mixture equations from
permittivity measurements on pulverized coal at 24° C. Tabular data
rounded to one, two, three, or four decimal places. All calculations per-
formed on unrounded data.

wheat, the corresponding errors of prediction were 2% and 0.5%, and
for the finely pulverized coal they were 1% and 0.1%, indicating that
the error of prediction is correlated with particle size. The wheat ker-
nels had a mean length of 6.7 mm and mean diameter of 2.7 mm. The
ground wheat had about 25% of its particles smaller than 250 yum and
nearly all of the remainder ranged between 250 and 1000 um, whereas
the pulverized coal particles were all smaller than 250 um with 70
percent of the particles smaller than 90 um. '
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Estimated complex permittivity of solid material
Extrapolation of linear functionst Mixture equations
(‘1)1/2 ('1)1/3 (‘u,“)l/Z RI LLL B

‘l ‘I ‘ll ‘l .II .l ‘ll ‘l ‘ll
6.02+.09 6.92+.19 .2124.018 5.96 .10 6.97 .13 8.42 .21
6.01 .09 7.01 .12 8.28 .18

6.10 .11 7.09 .14 s.17 .20

6.02 .11 6.94 18 T.76 .19

6.05 .12 6.96 .18 7.67 .19

6.00 .11 6.82 .18 7.33 .18
5.50%.12 6.03%.11 .080:.009 B.40 .033 6.09 .043 6.45 .048
5.46 .084 6.11 044 6.33 047
5.48 .043 6.06 .083 6.12 .053
4.48 .041 6.98 049 8.92 .048
5.55 .040 6.02 047 5.90 .044

7.89+.27 9.63:%.45 .116+.028 s.08 .18 10.23 .23 21.36 |1.18
7.81 .18 9.77 .22 17.39 .82

7.78 .14 9.61 .20 15.50 .60

7.81 .13 9.64 .18 14.41 .43

1.78 a3 9.50 .18 12.98 .36

8.00 .14 9.70 .20 13.20 .83

10.99+.851 13.39%.34 .827+.028 10.58 .20 13.27 .30 17.38 .81
10.64 .31 13.22 .29 16.02 .43

10.76 .21 13.36 .29 18.27 .38

11.02 .23 13.80 .33 14.92 .39

11.06 .23 13.49 .92 14.62 .37

Table 6.3b Continuation of Table 8.3. “RI” = “Refractive Index.” “LLL”
= “Landau & Lifshitz, Looyenga.” “B” = “Bdttcher.” {Calculated values
with extrapolated 5% confidence intervals.

These extrapolation procedures were also applied to measurements
on pulverized and purified minerals for which no information on the
permittivities of the solid materials is available. Mineral samples are
described elsewhere [47]. In this instarice the cube-root relationship
was applied for ¢, because it appeared to have better precision of pre-
diction within the density range of measured permittivities. Typical
results are illustrated graphically in Figs. 6.9 and 6.10. Both square-
root and cube-root extrapolations for ¢ were used in the development
of models for the dielectric constants of several cereal grains and soy-
beans as functions of density, frequency, and moisture content [48].
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Freq., Measured properties Vol.

GHs Density, g/em® Permittivity, frac.
Solid Partic. Particulate

Pa ’ e e vz

1.0 475 2.277 s.37 1.81 479

3.408 s.8¢ 1.87 807

2.837 10.36 2.58 .832

2.638 11.43 3.03 583

2.690 11.98 3.29 .866

2.48 2.271 6.56 1.64 .479

2.408 6.80 2.58 .807

2.827 8.37 2.76 632

2.628 s.16 . .683

2.690 s.91 .n .566

5.5 2.179 577 1.51 489

2.337 6.12 1.50 .490

2.813 e.87 1.70 529

2.607 7.38 1.98 549

2.675 1.62 2.10 563

1.7 2.011 4.58 .49 .423

3.137 5.19 .68 448

2.287 5.63 .83 478

3.4324 6.27 1.02 .810

2.539 6.7 1.21 .538

2.643 7.30 1.28 .856

22.0 1.862 4.23 .23 .392

1.942 4.68 .08 .409

2.410 4.72 .48 807

2.518 4.78 .83 .529

2.598 5.23 .55 .B46

Table 6.4a Comparison of permittivities of the mineral ilmenite esti-
mated by extrapolation of linear density functions of the dielectric con-
stant and loss factor [47] with those predicted by indicated mixture equa-
tions from permittivity measurements on pulverised samples at 24° C.
Tabular data rounded to one, two, three, or four decimal places. All
calculations performed on unrounded data.
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Estimated complex permittivity of solid material
Extrapolation of linear !\lnctioxu? Mixture equations
(,0)1/2 (.1)118 (‘H_._.)l/ﬂ RI LLL B
‘l ‘l 'll ‘l ‘ll .l '“ ‘I ‘ll
26.814.8 33.345.1 7.6+:2.¢ 24.4 6.5 3.0 9.1 29.0 7.9
23.9 6.1 29.8 8.3 PIAY 8.9
26.6 7.8 ss.1 10.8 29.3 .5
28.0 5.8 34.5 1.8 30.1 9.0
28.8 9.0 .9 11.9 30.2 9.3
19.2+38.1 23.243.5 s.8%t2.8 18.0 8.2 22.3 7.8 n.3 7.0
1.2 8.2 20,6 10.9 19.5 9.4
20.4 8.2 2¢.6 10.9 22.4 9.0
30.4 8.3 23.3 12.3 20.4 10.1
20.2 2.9 as.8 12.8 21.6 10.4
16.7+0.9 20.040.7 5.9+0.8 16.3 8.6 20.0 1.6 19.7 7.3
16.0 8.0 19.3 6.7 18.4 5.9
18.5 5.0 19.6 8.5 18.2 5.5
18.9 5.8 30.0 7.1 18.4 5.9
17.0 5.8 19.9 7.1 18.2 5.9
15.6+1.9 18.741.7 3.1£0.9 1.7 3.0 16.8 2.7 17.8 2.3
14.8 2.5 18.3 .5 18.1 s.4
18,1 a.s 18.8 3.8 177 3.5
15.8 3.2 i8.8 4.1 17.8 3.6
18.7 3.5 187 4.5 17.2 3.8
18.8 3.4 19.4 4.3 b1 A 4 3.6
11.4+4.0 13.2:45.4 1.340.9 18.7 1.0 111 1.8 1.5 1.7
14.8 .4 18,8 .8 18.5 N 3
11.0 1.4 13.7 1.7 12.2 1.6
10.8 1.5 13.0 1.8 1.5 1.6
11.2 1.5 13.0 1.9 12.2 1.6

Table 6.4b Continuation of Table 8.4. “RI” = “Refractive Index.” “LLL”
= “Landau & Lifshits, Looyenga.” “B” = “B8ttcher.” {Calculated values
with extrapolated 895% confldence intervals.
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Grain Particle size*, um
>1000 | 1000 | 500 [ 250 | 125 [ es
Wheat, hard red winter, 0.7 46.3 | 28.4 | 139 62 | 45
10.9% m.c., cv. ‘Scout 66’
Rice, white (milled) 03 | 628 | 240 | 104 | 27 | 05
11.2% m.c., cv. ‘Lebonnet’

*Column heading is particle size upper limit; lower limit is heading of
next column; last column includes all particles smaller than 63 um.

Table 6.5 Particle-size distribution for ground grain (% by weight).

Coal Particle size*, um

>250 | 250 | 180 [ 125 [ oo [ es | 45
Illinois #66, run-of-mine [49] 82 | 7.8 | 12.7 | 120 | 17.8 | 15,5 | 81.0
Dahm, run-of-mine [38] 1.0 | 48 | 100 | 15.8 | 81.2 | 28.6 | 188

*Column heading is particle size upper limit; lower limit is heading of
next column; last column includes all particles smaller than 45 pum.

Table 6.8 Particle-size distribution for pulverized coal (% by weight).

Mineral Particle size*, um

176 | 1328 88 62 44 31 221 16| 11| 78]55|389 |28
Chlorite 9.8 |22.7|31.2|10.7|11.8| 7.9 20|58(16}24]|30|09]09
(clinochlore)
Feldspar 283|144 |17.4|15.9 185|102 | 6764 3.1 |28|8.1]1.9|( 2.4
(labradorite)
Mica 1.9 {174 22.6|15.4 | 176 | 9.3 1.9|58(81)118]|14|098]058
(phlogopite)
Goethite 0.4 79122156179 |18.2|10.2 |83 |59 |35 2.2 |1.8]|0.7
Iimenite 09| 146|260} 15.1 | 11.6| 8.9 5.32|48|89|80|20]|22]|12

*Column heading is particle size upper limit; lower limit is heading of
next column; last column includes all particles smaller than 2.8 um.

Table 6.7 Particle-size distribution for pulverized mineral samples (%
by weight).

8.6 Comparison of Extrapolation and Mixture Equa-
tion Predictions

a. General Comparisons

Permittivity measurements on several kinds of particulate materi-
als were selected for comparison of extrapolation predictions of solid
permittivities with those predicted by the mixture equations. Perti-
nent data for comparisons on whole-kernel wheat, ground wheat, and
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ground white rice are presented in Table 6.1. The moisture content of
the grain in percent, wet basis, and the grain cultivar are listed, along
with references to original publications. Included also are the frequency
at which measurements were made, the density of the solid material,
and the densities and corresponding permittivities of the air-particle
mixtures over a series of densities. Next are listed the permittivity
values obtained by extrapolation and the permittivities predicted by
complex algebraic calculation from the indicated mixture equations.
In each case, the cube-root extrapolation predicts a higher value for
¢’ of the kernels than the square-root relationship; however, when the
statistical uncertainty of the extrapolation is taken into account, as
indicated by the extrapolated 95% confidence intervals, the ranges of
these two extrapolated values overlap. The range of ¢’ values given by
the Refractive Index equation over the range of densities and volume
fractions includes the value obtained by the square-root extrapolation,
since they are consistent relationships. Likewise the range of ¢’ values
provided by the Landau and Lifshitz, Looyenga equation includes the
value obtained by the cube-root extrapolation, since they are also con-
sistent relationships. Values for ¢ predicted by the Bottcher equation
are very close to those of the Landau and Lifshitz, Looyenga equation.
For these particulate materials at the measured volume fractions, the
Bruggeman-Hanai equation gives ¢ values considerably greater than
the other equations. The Lichtenecker and Rayleigh equations gave
values for ¢ even larger, so those results are not listed.

Values for ¢ provided by the various mixture equations depend
upon the density or volume fraction at which the samples were mea-
sured, increasing with increasing volume fraction for most of the data
in Table 6.1, except for the Béttcher and Bruggeman-Hanai equations.
Dielectric constants given by the Bruggeman-Hanai equation tend to
decrease, coming closer to the probable true value, with higher volume
fractions. Values given by the Bottcher equation vary less over the
density range, increasing with volume fraction for whole-wheat ker-
nels, decreasing for ground white rice, and remaining nearly constant
for the ground wheat.

Loss-factor values predicted for the solid materials (kernels) by
the Refractive Index equation are somewhat smaller than the values
obtained by extrapolation. Values of ¢’ from the Landau and Lif-
shitz, Looyenga equation include the extrapolated values within their
range. Loss factors from the B6ttcher equation tend to be a little lower
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Freq., Measured properties Vol.

GHs Density, g/em® Permittivity, frac.
Solid Partic. Solid Particulate

P2 P < & ¢ g v

2.45 1.049 443 2.532 L0037 1.54 0005 .421

.456 1.58 0009 438

467 1.58 .0010 448

487 1.62 .0009 474

531 1.66 .0012 497

536 1.66 .0008 .501

B33 1.88 .0008 .508

538 1.69 .0011 514

544 1.70 .0009 .B19

11.5 1.049 .423 2.53 .008 1.51 0005 .408

453 1.54 0005 .432

.480 157 .0007 .458

.503 1.66 L0007 480

638 1.87 0007 .B18

589 1.75 .0009 863

645 1.84 .0014 818

70T 1.93 .0015 .674

.762 2.00 0031 737

232.0 1.049 374 2.53 014 1.48 0018 857

.401 1.47 .0020 .382

47 1.53 .0003 438

493 1.59 .0011 .469

B89 1.7 .0082 542

.670 1.87 .0039 639

818 2.07 0083 7T

810 2.28 L0152 .868

958 2.32 0177 913

Table 8.8a Comparison of permittivity values for Rexolite 1422 estimated
for solid material from measurements at 25° C on a particulate sample
by extrapolation of linear density functions of the dielectric constant
and loss factor and by indicated dielectric mixture equations. Tabular
data rounded to one, two, three, or four decimal places. All calculations
performed on unrounded data.
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Estimated complex permittivity of solid material
Extrapolation of linear f\lnctiomt Mixture equations

(«')1/3 ()13 (" 4e)t/3 RI LLL
'l 'l ‘ll 'l ‘ll " .li
2.50%.02 2.87.02 .0034:£.0010 2.48 .0018 2.56 .0017
3.48 .0027 .57 .0039
2.49 .0037 2.87 .0030
2.49 .0024 2.56 .0026
2.49 0031 2.57 .0034
2.49 .0020 2.87 .0021
2.50 .0020 2.58 .0023
2.51 .00326 2.58 .0029
2.51 .0020 2.58 .0023
2.47+.05 2.52+.04 .0030+.0007 2.45 .0015 2.54 .0017
2.44 .0015 2.52 .0017
2.41 .0018 2.48 .0020
2.43 .0019 2.49 .0021
2.45 .0017 2.52 .0019
2.48 0019 2.54 .0020
3.49 .0027 2.54 .0029
2.48 .0026 2.53 .0027
2.46 .0032 2.50 .0034
2.46%.03 2.49+.03 .016:4.012 2.41 .0066 2.49 .0073
2.44 .0069 2.52 .0076
2.43 .0010 2.51 .0011
2.43 .0030 2.50 .0033
2.46 .0116 2.83 0125
3.48 .0070 2.53 .0074
2.48 .0088 3.48 .0091
2.46 .0184 3.48 .0187
2.47 .0200 2.48 .0202

Table 6.8b Continuation of Table 6.8. “RI” = “Refractive Index.” “LLL”

= “Landau & Lifshitz, Looyenga.” {Calculated values with extrapolated
95% confidence intervals.
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Freq., Estimated complex permittivity of solid material
GHs Mixture equations
B BH R L

o 7] o 7] o o o o

2.45 2.87 .0017 3.63 .0019 3.7 .0021 3.79 .0022

2.87 .0030 2.64 .0038 an .0037 2.79 .0038

2.58 .0030 2.64 .0034 3.72 .0038 3.80 .0039

2.86 .0026 2.63 .0028 2.70 .0032 2.77 .00332

2.56 .0034 2.83 .0037 3.70 .0042 2.77 .0042

2.56 .0021 2.62 .0023 3.70 .0036 2.76 .0027

2.57 .00321 2.64 .0023 2.71 .0026 2.77 .0027

3.58 .0028 2.64 .0031 3.7 .0038 2.77 .0035

2.58 .0032 2.64 .0024 2.72 .0037 3.78 .0027

11.8 2.55 .0017 2.61 .0019 2.68 .0031 .77 .0022

2.52 .0017 2.58 .0018 2.65 .0021 2.73 .0021

2.49 .0020 2.54 .0032 2.61 .0038 2.68 .0025

2.49 .0031 2.54 .00323 2.61 .0025 3.68 .0026

3.52 .0019 3.57 .0020 3.64 .0023 2.70 .0023

2.83 .0020 2.59 .00322 3.66 .0032¢ an .0034

2.83 .0028 2.58 .0031 2.64 .0034 2.68 .0034

2.51 .0026 2.56 .0028 2.62 .0031 2.64 .0031

2.49 .0033 2.83 .0035 2.87 .0038 2.60 .0038

22.0 2.52 .0076 2.87 .0083 2.83 .0092 2.73 .0097

2.54 .0078 2.60 .0086 2.67 .0096 2.76 .0100

2.52 .0011 2.67 .0012 2.64 .0014 2.72 .0014

2.50 .0033 2.58 .0036 3.62 .0040 3.69 .0041

2.81 .0124 2.57 .0135 2.64 0151 2.69 .0152

3.53 .0073 2.87 .0079 2.63 .0087 2.66 .0087

2.47 .0089 2.50 .0094 2.63 0087 3.56 .0100

2.46 .0188 2.48 .0190 2.51 .0199 3.52 .0197

2.48 .0202 3.49 .0208 2.81 0211 2.81 .0210

Table 6.8¢ Continuation of Table 6.8. “B” = “Béttcher.” “BH” = “Bru-
ggeman-Hanal.” “R” = “Rayleigh.” “L*» = “Lichtenecker.”
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than those of the Landau and Lifshitz, Looyenga equation, and the
Bruggeman-Hanai equation gives loss factors generally a httle above
the extrapolated values.

A similar tabulation of data for two pulverized coal samples (Ta-
ble 6.2) shows the same type of agreement between the Refractive Index
equation and extrapolated ¢ from the square-root relationship and be-
tween the Landau and Lifshitz, Looyenga equation and the cube-root
extrapolation. Values of ¢’ given by the Landau and Lifshitz, Looyenga
equation are relatively independent of volume fraction, whereas the
Bottcher and Bruggeman-Hanai equations show more variation with
volume fraction for these finely pulverized samples. The Lichtenecker
and Rayleigh equations predicted even larger permittivity values.

The Refractive Index equation gave loss factors agreeing very well
with the extrapolated value for the Illinois #6 coal sample, but the
extrapolated ¢’ value for the Dahm coal sample was high, relative to
the values given by this mixture equation. In this instance, the extrap-
olated ¢’ value agreed better with the Landau and Lifshitz, Looyenga
equation. The Bo6ttcher and Bruggeman-Hanai equations gave some-
what higher loss factors.

Comparison data for four pulverized mineral samples [47] are sum-
marized in Table 6.3. The three silicates, chlorite, feldspar, and mica,
were measured at 22 GHz, and the metal hydroxide, goethite, was
measured at 11.7 GHz. As expected, the square-root extrapolations
for € of the solid material agree well with the Refractive Index mix-
ture equation predictions, and the cube-root extrapolations agree with
the Landau and Lifshitz, Looyenga equation predictions. The Bottcher
equation provides ¢ values considerably greater than the other equa-
tions. The Bruggeman-Hanai, Lichtenecker, and Rayleigh equations
gave such high values that they are not listed. Except for the Bottcher
equation, variation in predicted ¢ values with volume fraction was rel-
atively low; however, the goethite showed more variation in this respect
than did the silicates. Except for the mica sample, the extrapolated
values for ¢’ were higher than the values predicted by the Refractive
Index equation. The loss factors predicted by the Landau and Lifshitz,
Looyenga equation agreed better with the ‘extrapolated ¢’ values.

Measurements and calculations on a pulverized metal oxide min-
eral of high permittivity, ilmenite, over the frequency range from 1
to 22 GHz are summarized in Table 6.4. Again, the square-root and
cube-root extrapolated values for ¢ are included in the range of values
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Freq., Measured properties Vol,

GHs Density, g/cm® Permittivity, frac.
Solid Partic. Solid Particulate

Pa o g g < &' va

2.45 1.787 46T 3.828 .223 1.40 .037 .264

.488 1.43 041 276

508 1.4% 044 «288

522 1.46 044 295

592 1.54 053 336

.638 1.86 087 861

.698 1.64 .062 398

.T83 1.7 .078 433

794 1.78 .079 449

11.5 1.767 .488 2.689 .100 1.87 .022 .27

532 1.39 .031 398

570 1.48 .033 .833

.845 1.58 037 .365

.876 1.59 .030 382

714 1.64 034 404

.860 Lrs .051 488

1.071 1.98 084 +808

1.282 3.18 078 .T09

332.0 1.767 .97 2.61 .12 1.31 .013 .238

.470 1.39 .031 268

.533 1.48 .040 .303

595 1.48 047 .337

871 1.56 .040 588

.81 1.68 049 443

1.03¢ 1.88 098 585

1.298 2.20 08T .T33

1.455 2.38 097 828

Table 6.9a Comparison of permittivity values for Kynar (polyvinylidene
flouride) estimated for solid material from measurements at 25° C on
a particulate sample by extrapolation of linear density functions of the
dielectric constant and loss factor and by indicated dielectric mixture
equations. Tabular data rounded to one, two, three, or four decimal
places. All calculations performed on unrounded data.
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Estimated complex permittivity of solid material
Extrapolation of linear functionsf Mixture equations

(/2 ()3 (' 4a)2/2 RI LLL
‘l ‘C .l' 'l ‘ll ‘f ‘lt
2.944.06 3.08.08 .266%.014 2.85 .20 3.02 34
2.91 .21 s.08 .35
2.94 .32 311 .25
3.91 .31 s.02 34
2.94 .22 a1 a5
2.86 .33 3.0 .35
2.93 .21 s.08 34
2.94 .33 s.07 .26
2.95 .23 3.09 .26
2.81+.09 2.88:4.11 138,014 2.64 a1 2.78 13
2.60 .10 2.712 11
2.86 .09 2.78 .10
3.78 .10 2.91 .11
2,82 .10 3.00 a3
2.87 a1 2.98 Bt
2.84 .13 2.9% 38
2.80 .13 .87 .14
2.79 .13 2.8% 18
2.74%.08 2.79:4.08 .130:£.040 EN 41 .08 2.87 .10
3.78 <18 2.94 .19
2.80 .18 2.96 .31
n «19 2.84 .22
2.72 .14 2.84 .18
2.713 .14 2.84 .18
2.87 .19 2.78 .21
3.76 .13 2.81 .14
3.7¢ .13 .79 .18

Table 6.9b Continnation of Table 6.9. “RI” — “Refractive Index.” “LLL"
= “Landau & Lifshits, Looyenga.” {Calculated values with extrapolated
85% confidence intervals.
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Freq., Estimated complex permittivity of solid material
GHz Mixture equations
B BH R L

‘l 'll ‘l " 'l " ‘l 'll

3.45 3.12 .26 3.23 .30 s.36 .38 3.54 .36

3.17 .38 s.30 .32 3.45 .38 3.61 .38

3.20 .28 3.33 .33 3.49 .39 3.65 .38

3.7 .27 3.29 .31 3.45 .37 3.60 .37

.17 .27 3.30 .32 3.47 .38 3.60 .37

3.08 .28 s.17 .30 3.32 .38 3.43 .35

3.11 .28 3.24 .29 3.40 .35 3.50 .34

3.09 .28 .21 .31 3.38 .37 3.46 .35

3.10 .26 3.22 .30 3.39 .37 3.47 .38

11.8 2.84 .14 2.92 .16 s.02 .18 a7 .18

2.78 12 2.85 .13 2.94 .15 3.08 .16

2.83 11 2.91 .13 3.02 .14 3.14 .18

2.95 .13 3.08 .13 3.as .18 3.30 .18

3.98 12 s.10 14 3.24 a7 3.3¢ .16

s.03 .18 3.15 .18 s.30 .18 3.40 .17

2.95 .15 3.06 ar s.20 .20 3.26 .19

2.86 .18 2.94 .15 s.08 a7 s.08 a7

2.83 .13 2.89 .14 2.98 .16 3.00 .15

22.0 2.97 11 s.or 132 s.16 14 3.34 .18

2.70 .10 3.12 .24 3.35 .28 3.4 .29

3.02 .23 3a3 .26 3.26 .31 3.40 .31

2.89 .23 2.97 .26 s.08 .30 3.21 .30

2.87 .16 2.96 .18 s.08 .31 3.19 .31

2.84 .16 2.94 .18 s.0e .31 3.14 .21

2.78 .20 2.80 .23 2.90 .26 2.94 .25

2.78 .14 2.84 .15 2.92 .16 2.94 .16

2.77 s 2.81 .13 2.87 .14 2.87 .14

Table 6.9c Continuation of Table 6.9. “B” = “Bgttcher.” “BH” = “Bru-
ggeman-Hanai.” “R” = “Rayleigh.” “L* = “Lichtenecker.”
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Material Particle size*, um

176.0 | 125.0 | 88.0 | 62.0 | 44.0 | 81.0 | 23.0| 18,0 | 12.0| 7.8 |55 |89 2.8
Rexolite 169| 26.2|10.3|1385] 70| 31| 83| 2.4] 1.3[41]05]00]2.4
Kynar (PVF) | 17.3| 266140101 3.0] 47| 33| 38| 70|a5]20|16]18

*Column heading is particle size upper limit; lower limit is heading of
next column; last column includes all particles smaller than 2.8 um.

Table 6.186 Particle-size distribution for ground Rexolite 1422 and Kynar
(PVF) samples (% by weight).

predicted by the Refractive Index and Landau and Lifshitz, Looyenga
equations, respectively. The 95% confidence intervals are rather wide
for these data on only five densities extrapolated far outside the range
of measurement. In this instance, for ilmenite, the Bottcher equation
most often gave ¢ values a little lower than the Landau and Lifshitz,
Looyenga equation, except at the lowest volume fraction measurement
at 11.7 and 22.0 GHz. Again, the Bruggeman-Hanai, Lichtenecker, and
Rayleigh equations were inappropriate, and results of those calcula-
tions are not listed.

Even though the variation in volume fraction was over rather nar-
row ranges, the ¢ values predicted by most of the mixture equations
showed some dependence on the volume fraction, tending to increase
with volume fraction except at 22 GHz, where the opposite tendency
is noted. The Bottcher equation showed less of this dependence on
volume fraction except at 22 GHz.

For the loss factor, all three mixture equations gave values rea-
sonably close to those obtained by extrapolation, but the Landau and
Lifshitz, Looyenga equation generally gave higher values.

b. Particle Size and Shape Variation

Some of the differences noted in the prediction patterns of the dif-
ferent mixture equations may be attributable to differences in particle
shapes and particle size distributions for the various materials repre-
sented in Tables 6.1 through 6.4. Therefore, particle size information is
presented in Tables 6.5, 6.6 and 6.7. The whole-kernel wheat of Table
6.1 had the following mean kernel dimensions and standard deviations:
length = 6.69 £ 0.44 mm, narrow width = 2.65 £ 0.31 mm, greater
width = 2.72 1+ 0.19 mm. These are by far the largest particles of
all the particulate materials represented here. Their large size may ac-
count for the somewhat greater dependence of the ¢ values predicted



262 6. Permittivities of Particulate Materials

by the mixture equations on the variation in volume fraction for the
materials in Table 6.1. All three materials in Table 6.1 had a similar
range of volume fractions which varied from loosely filled to compressed
pellets that retained their form when removed from the sample holder.
The somewhat lesser dependence of the predicted ¢ values for ground
rice on volume fraction, compared to the ground whole wheat, may
have resulted from the more uniform particle size and lesser variation
in structure and composition of the particles of the ground white rice
sample, because it contained no bran particles.

For the coal samples in Table 6.2, the greater dependence of the
€ values estimated by the Béttcher and Bruggeman-Hanai equations
on volume fraction of the Dahm sample, compared to the Illinois #6
sample, could be due to differences in particle size distribution for
the two different coals. Particle sizes of the Illinois #6 coal sample are
somewhat more uniformly distributed across the entire size range, even
though the largest portion of the particles is very fine.

No apparent differences in particle size distribution are evident
in Table 6.7 that might contribute to the difference noted between
goethite and the silicates in Table 6.3. Also, the particle size distri-
bution of the ilmenite sample does not appear different enough from
those of the goethite or silicate samples to account for the notable dif-
ference in the predicted ¢ values of the BSttcher equation, relative to
the other mixture equations for ilmenite and the minerals of Table 6.3.

The mixture equations (2) through (5) are based on the assump-
tion of spherically shaped particles. A number of generalizations of
these equations have been developed for particles of ellipsoidal and
other shapes [10], [11], [15], [31], [50]. Equations (1) and (6) have a
less rigorous theoretical basis and have generally been considered ap-
plicable for particles of arbitrary shape. The materials represented in
Tables 6.1 to 6.4 certainly did not have spherical particles. Except for
the whole-grain wheat, neither can they be characterized by any other
uniform shape. When viewed under a microscope, most of them ap-
peared to be broken chunks of irregular shape with a wide range of
sizes as evidenced by the data of Tables 6.5 to 6.7. Only the phlogopite
mica and the chlorite particles had a distinct flake-like appearance in
the larger sizes, and many of the fine particles did not readily exhibit
the thin dimension. The goethite sample had some large needle-shaped
and small splinter-like particles mixed with the other irregularly shaped
fine particles.
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At the two higher frequencies, those above 10 GHz, scattering ef-
fects may need to be taken into account, particularly with the larger
particles [51-52]. Maxwell-Wagner losses [11], [15], [63] may also need
to be taken into account with some of these particulate materials, al-
though these effects would normally be expected to take on significance
at lower frequencies.

c. Comparison of Predicted with Known Permittivities

The comparisons on the various materials represented in Tables 6.1
through 6.4 are frustrated by the lack of known permittivities for the
solid materials. Therefore, it is difficult to select the most reliable equa-
tion or method of estimating the properties of the solid materials. For
this reason some additional measurements and analyses were conducted
on two plastics for which suitable samples could be prepared for per-
mittivity measurements on both the solid and the particulate forms.

Samples of Rexolite 1422*, a low-loss thermoset cross-linked sty-
rene copolymer used for high-frequency insulating components, and
of Kynar, polyvinylidene fluoride (PVDF), a thermoplastic with high
chemical resistance and relatively high dielectric loss, were machined
for the 21-mm coaxial line and the WR-90 and WR-42 rectangular
waveguide sample holders used for the measurements on the other
particulate materials. Fine particles of these materials were obtained
by grinding shavings from the lathe work on the solid samples in a
Thomas-Wiley intermediate laboratory mill to pass through a No.
40 mesh screen (0.38 mm openings). Permittivity measurements were
taken at 2.45, 11.5, and 22.0 GHz by methods already described, and
the data were processed in the same way that has been explained for
the other materials. Results of these measurements are summarized in
Tables 6.8 and 6.9.

For Rexolite 1422 at 2.45 GHz, the square-root extrapolation and
the Refractive Index mixture equation slightly underestimated the di-
electric constant, whereas the cube-root extrapolation and the Lan-
dau and Lifshitz, Looyenga equation overestimated it by a similar er-
ror, about 1%. The cube-root extrapolation and Landau and Lifshitz,
Looyenga equation estimates for ¢ were very close at 11.5 GHz, where

* Mention of company or trade names is for purpose of description
only and does not imply endorsement by the U. S. Department of
Agriculture.
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the square-root and Refractive Index equation gave an estimate about
1.5% low. At 22 GHz all of these methods gave slightly low values of
¢ . Loss factor estimates by the extrapolation technique were relatively
close.

The Béottcher and Landau and Lifshitz, Looyenga equations agreed
very closely in their estimates of the permittivity of the solid material,
whereas the Bruggeman-Hanai, Rayleigh, and Lichtenecker equations
gave increasingly larger values in that order. Relatively little depen-
dence on the volume fraction was exhibited by the mixture equations
in their estimates of the solid material dielectric constant. At 11.5 and
22 GHz, a tendency is noted for loss factors to increase with higher
volume fractions.

For Kynar (Table 6.9), all methods of solid material permittivity
estimation, except the Refractive Index equation at low volume frac-
tions, gave values of ¢ larger than the measured values for the solid
material specimens. Since the cube-root extrapolation and Landau and
Lifshitz, Looyenga equation customarily give higher estimates than the
square-root extrapolation and the Refractive Index equation, the lat-
ter provided the closest estimate, which was about 4% too large. The
Bruggeman-Hanai, Rayleigh, and Lichtenecker equations gave increas-
ingly larger estimates of solid material permittivity in the order listed.
Scattering effects could account for the slightly higher overestimation
of the solid material permittivity by the measurements on particulate
samples at 22 GHz. If the effective permittivity measured on the partic-
ulate samples included a scattering component, the solid permittivity
would be estimated too high. ’

The extrapolated value for ¢’ at 22 GHz was very close to the
measured value, but the extrapolated values at 2.45 and 11.5 GHz
were slightly too high. The Refractive Index equation gave better ¢”
estimates for the solid material at these two frequencies.

Differences in the performance of the methods for estimating per-
mittivities of the solid materials from measurements on the particulate
forms prompted a microscopic examination of the particles of Rexo-
lite 1422 and Kynar and a determination of particle-size distribution.
Particle size results are given in Table 6.10. The microscopic examina-
tion revealed marked differences in the shapes of the particles for the
two materials. Whereas the Rexolite 1422 particles appeared to have
been chopped and broken into irregularly shaped particles, the Kynar
particles appeared to consist of more thin, flake-like, curled, extruded
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and torn particles, as if heat generated in the grinding process had
softened the solid material. The marked contrast in the shapes of the
particles of the two different materials might account for differences
in the behavior of the particulate materials with respect to the use
of the mixture equations and the extrapolation method for estimating
the permittivity of the solid material.

8.7 Conclusions

A method is presented for extrapolating linear functions of the
real and imaginary parts of the complex relative permittivity of air-
particle mixtures measured at several different mixture densities to
obtain estimates of the permittivity of the solid material. Linearity
of the square root of the real part (dielectric constant) with mixture
density is consistent with the Refractive Index mixture equation, and
linearity of the cube-root of the dielectric constant with mixture density
is consistent with the Landau and Lifshitz, Looyenga mixture equation.
Linearity with mixture density of the square root of the imaginary part
of the complex relative permittivity (loss factor), after a small constant
is added, is consistent with quadratic dependence of the loss factor on
density and is therefore consistent with the linearity, with density, of
the square root of the complex permittivity. This implies consistency
between the linearity with density of this function of the loss factor
and the Refractive Index mixture equation applied to the complex
permittivity.

Application of the mixture equations to some particulate materi-
als reveals a dependence of the estimated permittivity on the volume
fraction at which data are taken on the particulate material. The ex-
trapolation procedure averages this variation. If the mixture equations
are applied to estimate the solid material permittivity, measurements
should be taken at more than one density of the particulate material.

On the basis of the limited experimental evidence presented for
materials of known solid material permittivities, the Refractive Index
and Landau and Lifshitz, Looyenga mixture equations appear to be
the most reliable equations for estimating solid material permittivi-
ties from measurements on these particulate materials. The Bottcher
equation often gave values very close to those of the Landau and Lif-
shitz, Looyenga equation. The Bruggeman-Hanai, Rayleigh, and Licht-
enecker mixture equations gave estimated permittivities of increasing
magnitude in the order listed for the particulate Rexolite 1422 and Ky-
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nar plastic materials. For whole-kernel wheat, ground wheat, ground
rice, pulverized coal and the pulverized silicate minerals, chlorite and
feldspar, the order of the Rayleigh and Lichtenecker equations was re-
versed. For mica and the metal oxide minerals, goethite and ilmenite,
the Lichtenecker equation gave better values than the Bruggeman-
Hanai equation.

The best selection from the various mixture equations depends on
the particular material of interest. Results appear to be dependent on
the particle size and the particle size distribution. Further study is re-
quired to provide a better understanding of the influence of various
factors. The data are presented here in tabular form, along with avail-
able information on particle size distributions, in hope that they may
be useful* to those interested in clarifying the use of mixture equa-
tions for determining solid material permittivity from measurements
on particulate materials.
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