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4.1 Introduction

Determination of the water content of porous media (e.g., soil, powders, cereal
grains) from measured bulk dielectric, &, is based on the dominance of the high
dielectric permittivity of liquid water relative to that of solids and air. Dielectric
measurements in many minerals comprising soils for example, exhibit behavior
described by a general empirical relationship [1], while measurements in high sur-
face area materials or in particles of high aspect ratio exhibit unique and varied
dielectric-water content relationships. Factors contributing to the unique dielec-
tric-water content relation of certain porous media include water binding and
dipole interactions that arise from particle geometry and water-phase configura-
tion in addition to measurement frequency and dielectric loss. Thermal perturba-
tion of high surface area porous media demonstrates strong interactions between
bound and free water that have been shown to produce either an increase or
decrease in bulk dielectric for a fixed water content. This effect is demonstrated by
modeling the dielectric permittivity of bound and free water-phases, where the
surface area-dependent bound water film thickness and the temperature-dependent
permittivity of free water are combined. The water-phase permittivity is the least
well-defined constituent and yet the most critical for predicting the bulk permittiv-
ity of a three-phase water-, solid- and air-system. A three-phase dielectric mixture
model is shown to provide a physically-based approach for modeling porous media
permittivity. Phase configuration in addition to estimates of particle and packing
densities facilitate volume tracking with water content change.

4.1.1 Dielectric Mixing Theory

A dielectric mixture may be described in terms of the volume fractions and
dielectric permittivities of constituents. A host of different mixture models have
been developed for multiple phases using different methods of homogenization,
including variations on constituent geometry leading to isotropic and anisotropic
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mixtures and combinations thereof [2]. We approximate a porous mixture as a
two- or three-phase system made up of solids, water and air. The confocal ellip-
soid model shown in Fig. 4.1 is an example of such a three-phase system and
serves as a geometrical basis for a unit cell leading to an approximate porous mix-
ture. We assign water-, solid- and air-phase permittivities &, (80), & (1), & (5) and
volumetric fractions &, ¢, and 4, respectively [3]. As we will demonstrate later,
& will be subject to temperature and relaxation effects requiring further attention for
improved modeling. Constituent volume fractions are related through measurable
quantities of dry bulk density (0, = dry solid mass per bulk volume) and solid particle
density (p; = solid mass per solid volume) from which we obtain total (bulk) porosity
(&), which describes the fluid-filled portion of the mixture (i.e., @ = 1 — p/0,). The
air (&) and solid (#,) fractions may be described as ¢, = ¢, — ¢, and ¢ = 1 — ¢, re-
spectively. Dielectric mixture theory offers the advantage of physically-based pre-
dictions of bulk permittivity based on constituent permittivities and their volumet-
ric contributions to the mixture [4]. Predicting the dielectric permittivities of
constituents in high surface area materials is complicated by the presence of bound
water.
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Fig. 4.1. On the /ef?, a three-phase unit cell described as a confocal spheroid (core, &, and
shell, &) contained in a background, &. The orientation of the electric field (E) is either
normal (Et%) or parallel (E/®) with respect to the rotation axis, @, of the spheroid. On the
right, a random mixture of spheroids forms an idealized porous medium

4.1.2 Geometrical Effects

Particle shape may influence electromagnetic measurements, depending on the
particle geometry and orientation (random, aligned) with respect to the applied
electrical field [5] as illustrated in Fig. 4.1. The shape of soil particles or portions
of cereal grains from the kernel itself, to the starch granule, to the molecular com-
ponents, influence the dielectric measurement due to the dipole moment each
component imposes in an electromagnetic measurement of permittivity. Aspect
ratio is a common descriptor for geometry, and those of clay minerals can be
extreme in comparison to nearly spherical sand grains. Minimum and maximum
aspect ratios for several clays are listed in Table 4.1, given based on estimates of
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particle planar diameter and thickness. Aspect ratios for three common cereal
grains are also listed. Particle shape effects have been measured on individual ker-
nels [6] and on mixtures of isotropic [7-9] and anisotropic particles [5].

Table 4.1. Dimensions and aspect ratios of certain clay minerals and cereal grain kernels.

Clay mineral’ Thickness, a Diameter, b Minimum o/b  Maximum a/b
Kaolinite 50 0.1-4 0.5 0.0125
Chlorite 10-100 0.1-2 1 0.005
Tllite 5-30 0.1-2 0.3 0.0025
Montmorillonite 1-10 0.01-1 1 0.001
Kernel} Length, a Width, b Minimum a/b ~ Maximum a/b
Corn 8-17 5-15 0.5 3.4
Rice 5-10 1.5-5 1 6.7
Wheat 53-8 2.5-45 11 2

T[101, f[11].

4.1.3 Bound Water

Water that is “bound” to solid surfaces is subject to surface forces that hinder its
response to an imposed electromagnetic field, resulting in both a lower relaxation
frequency and in lower g, relative to free liquid water.

80

5]
1% layer 2™ layer 3" layer 9
70 - g
; v
2 60+ ®
: .
E*1 , e DNA
8. v Silicagel
@ 40 + v e Metal
©
s
&« 30+ )
2
©
®

= 204 e

10 4

®
0 T ¥ T T T
0.0 02 04 06 0.8 1.0 1.2

Distance from center of DNA or solid surface [nm]

Fig. 4.2. Water-phase permittivities computed as a function of distance from the center of
DNA [12] and measured thickness on the surface of silica gel [13] and metal [14].
The mono-layer water thickness is assumed to be 0.28 nm
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The first monolayer of bound water closest to the solid surface is held most tightly
and has the lowest measured &,. The bulk permittivity of successive molecular wa-
ter layers increases with distance from the solid surface up to that of free water at
around 3 or more molecular layers (see Fig. 4.2). The dielectric permittivity of wet
materials, high surface area, (i.e., clays, peats, starches, proteins, etc.) exhibit re-
duced bulk dielectric permittivities compared to materials with lower surface areas
at the same volumetric water content as a result of bound water and shape effects.
The large surface area of minerals is often associated with plate- or needle-like
particles of high aspect ratio as shown in Table 1. Assuming disk-shaped geome-
tries, specific surface areas range from 15 to 750 m”® g for Kaolinite and Mon-
torillonite, respectively. In the case of biological materials, the molecular structure
is much more complex but capable of similarly large specific surface areas, only a
portion of which are generally water accessible.

4.2 Theoretical Considerations

Modeling the dielectric behavior of a complex porous mixture is generally
approached using a simplified representation of constituents, configurations and
geometries, all of which play a role in the bulk dielectric. Here we briefly consider
models describing the water—phase, the influence of shape and the configuration
of constituent phases.

4.2.1 Water-Phase Permittivity

Water molecules are subject to thermal and interfacial effects that can create sig-
nificant changes in the water-phase permittivity with changes in temperature and
measurement frequency. In addition, the specific surface area of the solid-phase is
proportional to the amount of water bound within a porous medium. Air and most
solid materials, unlike water, show little change in permittivity with changes in
temperature or frequency [15, 16]. In the following we will discuss water as “free”
molecules in bulk water or as “bound” molecules that are hindered to some extent
in their movement or rotation. The effects of temperature on the permittivity of
free and bound water will also be discussed.

Free Water

A water molecule possesses both a permanent dipole moment, resulting from the
structure and charges of its atomic components, and a polarizability component
that is in proportion to the magnitude of an applied electric field. In the presence of
strong electric fields, the polarizability component may actually reduce the dielectric
permittivity of water significantly [17]. In the presence of a mild alternating electric
field, water molecules exhibit dielectric dispersion leading to a frequency dependent
real component of permittivity that is reduced as frequency increases. This
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phenomenon results from the molecules’ inability to reorient in response to the
changing electric field. As a consequence, the permittivity contribution of the
permanent dipole orientation is diminished and eventually lost at higher frequen-
cies. The reduction in the real permittivity component shows up in the imaginary or
‘loss” component, which for free water arises in the GHz frequency band, where a
phase lag develops between the applied electric field and the dipole orientation. This
effect draws energy from the electric source that is dissipated as heat. For water mole-
cules whose motion is hindered by the attractive forces of solid surfaces and adjacent
molecular forces (other than neighboring free water molecules), their relaxation
frequency may be reduced to within the MHz frequency range.

Permittivity measurement instruments vary both in their application (for meas-
uring liquid, solid or gas) and in their frequency measurement range. Time domain
reflectometry (TDR) instruments, for example, exhibit a frequency bandwidth, £,
which is largely determined by the rise time (%) of the instrument. Instrument rise
times commonly employed in soil sciences vary from 125 to 300 ps [18] corre-
sponding to frequency bandwidths of 2.8 to 1.2 MHz respectively (e.g.,
fo = In(0.9/0.1)/(2nt,) ~ 0.35/¢;, {19]). Lower frequency capacitive measurement
instruments may have much lower measurement frequencies in the MHz range.

Bound Water

The influence of water binding on permittivity reduction has been measured [12-
14]. The water-phase permittivity associated with attachment to different solid
materials is illustrated in Fig. 4.2, where increased water layer thickness leads to
an increase in permittivity. These measurements are more difficult to make than
free liquid measurements owing to the molecular scale at which they occur and to
differing measurement methods. It is understood that the mechanism causing the
permittivity reduction is related to the hindered rotation of the water molecules in
the vicinity of solid surfaces. Less well understood is the character of the bound
water, its density and packing arrangement.

4.2.2 Water-Phase Temperature-Dependence

The temperature dependence of the dielectric permittivity of porous materials can be
attributed largely to the effect of temperature on the water-phase. The temperature
dependent permittivity of free water is described by the following expression [20].

&4, (T)=78.54{1-4.579x107 (T - 298)
+1.19x107(7 —298)* — 2.8x107% (T —298)’]

.1

where 7 [K] is the temperature. The temperature dependence of the bound portion
of water is more complicated, especially since the boundary between bound and
free water is vague. Or and Wraith [21] derived a temperature-dependent model
describing bound water content (M), expressed in terms of the bound water layer
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thickness, x(T) [m], the specific surface area, 4, [m” g™'], and the bulk density,
0 [g m™], of the porous medium, written as

M, =x(T)-4 - p, (4.2)

where x(T) was derived from the viscosity profile of water as a function of
distance from a clay surface coupled with the Debye [22] model predicting relaxa-
tion frequency of a polar liquid. Or and Wraith have used a cutoff frequency,
f* [Hz], below which bound water relaxes and thus practically does not affect a
TDR signal. The resulting temperature-dependent bound water layer thickness,
x(T) [m], is computed as

a (4.3)

_M.m[_;gl*]
8nric £

where the constants a= 1621 [A K], d = 2.047 x 10° [K], ¢ = 9.5 x 107 [Pa s],
k is the Boltzman constant (1.38062 x 10 [J K']) and r [m] is the radius of the
bound water molecule (~ 1.8 - 2.5 A).

x(T) =

4.2.3 Particle Shape Effects

The depolarization factor accounts for the dipole effect arising from the particle
shape-field alignment, which influences the measured bulk permittivity. The exact
solution to the depolarization factor given by Landau and Lifshitz [23] is written
in terms of field-axis orientation (e.g., N* = E = field parallel to « in Fig. 4.1)

(abc)du
2u+ P+ @)+ b)Y+ )

N = i—abe (4.4)

where N*+N°+N° = 1 and u is a scalar. Equation (4.4) was parameterized in terms
of a spheroid (b = ¢) using the aspect ratio (a/b) ranging from a disk- (&/b = 0.001)
to a needle-shape (a/b = 1000) [5]. The resulting depolarization factor-aspect ratio
relation was defined using the following empirical expression for parallel and
normal and E-field alignment with respect to a spheroid’s rotation axis.

N? 1 N,,_]“NP (4.5)

- a aY S22
1+1.6| —{+0.4| —
[bj (b)

where the depolarization factor for the electrical field aligned parallel to the
axis of symmetry (rotation axis) is N° and is N" when normal to the axis of sym-
metry (see Fig. 4.1).
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4.2.4 Three-Phase Dielectric Mixture Model

Modeling the bulk permittivity of a three-phase system consisting of inclusions
comprised of a core and outer shell of confocal ellipsoids (Fig. 4.1) allows account-
ing for particle shape effects via the depolarization factor in addition to phase con-
figuration effects. The core, &, and the outer shell, &, are contained in a background
host medium of permittivity, &. The effective permittivity of an isotropic three-
phase confocal system of ellipsoids may be written as [4],

€o

L (nva’)
3 i=pnn\ & . (4.6)
-1y Nl’(”vaj

&y =&yt

i=p,nn &

where the polarizability term in parenthesis is given as a series expansion written
here for the dual, confocal ellipsoid system as
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where ¢, and @, are the volumetric fractions and N, \'and N,' are the depolarization
factors of the shell and core ellipsoids, respectively. Various combinations of
solid, liquid- and gas-phases may be assigned to the core, shell and background.

4.3 Measurements and Modeled Results

For a fixed volume fraction of water the measured bulk dielectric can be signifi-
cantly different for different porous mixtures. Possible contributors to these differ-
ences are discussed here and models for describing these effects are presented, in-
cluding the interplay between bound and free water, geometrical effects, specific
surface area related to water binding, porosity and density and phase configuration.
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4.3.1 Permittivity Measurements in Porous Mixtures

The permittivity of porous mixtures has been described using empirical relation-
ships such as those shown in Fig. 4.3. The Topp et al. [1] equation has been
widely used to describe the permittivity of mineral soils measured using TDR. The
empirical relationship given by Schaap et al. [24] was fitted to measured permit-
tivities of forest soils. The differences between these two models can be attributed
to several effects, including bound water present in porous media having high sur-
face area, effects due to particle geometry, and the configuration of the water-
phase [25]. A mineral soil and a pure clay mineral from Dirksen and Dasberg [26]
are well described by these two models.

40
Topp et al. 1980 °
------- Schaap et al. 1996
4 Groesbeek (soil)
30 - ¥  Attapulgite (clay)
¢ Shelied comn
L2 ® Corn starch -
E .
2 20 A
< ;»‘)'“/ 7
a:j] “’A" » )
rd LA
A /‘A/ ' .0
& 0y
247 e *
/”“‘5";. e *
AT PR
¢ ye ®
0 T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Volumetric water content

Fig. 4.3. Measured and modeled permittivities as a function of volumetric water content in
different porous media. Groesbeck and Attapulgite data are from Dirksen and Dasberg
(1993), the kernel and starch data were taken from Jones and Or (2002). The Topp et al.
(1980) relation describes a wide range of mineral soils. The Schaap et al. (1996) model
describes the permittivity of forest litter

4.3.2 Thermal Effects of Bound Water

The thermodielectric effect on the bulk permittivity of water within soil was sug-
gested by Or and Wraith (1999) to be the result of an interplay between 1) the
reduction in the permittivity of free water with increasing temperature, and 2) the
increased permittivity brought about by the liberation of bound water to a less
hindered state (i.e., greater permittivity illustrated in Fig. 4.4). They modeled this
effect using Eq. (4.3) to represent the bound water influence on the bulk dielectric
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constant of sand and clay mixtures illustrated in Fig. 4.4. They found an apparent
lag in the temperature response and suggested a possible correction for this effect.
Surface area was also back calculated by optimizing the thermodielectric effect on
permittivity measurements.
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Fig. 4.4. The thermodielectric effect is illustrated in (a) for fine sand and in (b) for a sand-
montmorillonite clay mixture, each at 15 % mass water content. Dominance of the oppos-
ing temperature dependence of bulk water in (a) for low surface areas, and bound water in
(b) for high surface areas is demonstrated {21]. The thermodielectric effect is illustrated dif-
ferently by permittivity measurements in corn starch using (c) at network analyzer at 500
MHz and (d) a time domain reflectometer [25].

The thermodielectric effect is further illustrated by bulk permittivity measure-
ments in cornstarch shown in Fig. 4.4 and in other studies [27]. Network analyzer
measurements (Fig. 4.4¢) reveal a cross-over in the permittivity-temperature rela-
tionship with increasing water content at about 40 percent (wet basis) measured at
a frequency of 500 MHz. TDR measured permittivities (Fig. 4.4d) also demon-
strate the effect of bound water ‘release’ throughout the measured water content
range up to 50 percent. The reversal in the temperature-permittivity trend occur-
ring at higher water contents happens when starch granules approach water satura-
tion, leading to a buildup of “free” water within and eventually between granules.
Near saturation, temperature increase leads to reduced permittivity of the starch,
similar to the reduction in free water permittivity with increasing temperature
(Eq. (4.1)). The large permittivity differences at mid range moisture contents sug-
gest an abundance of bound water which is liberated upon heating, and the non-
linear nature of the starch permittivity increase with added water also suggests an
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evolution of the surface area with wetting or drying. Configuration of the water
associated with solids combined with surface area evolution leading to changes in
bound water fraction were suggested by [25] to cause the distinct plateau in the
permittivity-water content curve shown in Fig. 4.4d for comn starch, and also noted
in whole corn kernel measurements [28].

4.3.3 Modeling the Total Water-Phase Permittivity

Combining the temperature-dependent water-phase permittivity of bound and free
water allows the use of a three-phase mixing model with shape effects. The bound
water temperature-dependent expression, x(T) (Eq. (4.3)), was coupled with Eq.
(4.1), following an exponential increase in permittivity with water layer thickness,
tw, resulting in the following expression

£,(1) =g, (T)-{l —exp(x—(t;) H (4.8)

where ¢, [m] can be calculated with M, where t,, = M, /(4 p,). Computed tem-
perature-dependent free water and bound water-phase permittivities are shown in
Fig. 4.5. The temperature effect is presented in Fig. 4.5a where the free water
permittivity, &, at 5 and 25°C is illustrated by a reduction in the water-phase
permittivity. In Fig. 4.5a the temperature increase from 5 to 25°C is described by
the reduction of x(T) releasing bound water to a more rotational state, which re-
sults in a higher effective permittivity. The free water permittivity is reduced with
increa-sing temperature. The second phenomenon is the apparent ‘release’ of
bound water from a lower to a higher rotational state, which occurs with increas-
ing temperature. This bound water effect is illustrated in Fig. 4.5a by a reduction
in the bound water layer thickness, x(T) with increasing temperature. In Fig. 4.5b
these compe-ting phenomena are illustrated as the total water-phase permittivity
plotted using Eq. (4.8) (» = 2.5x10™"°, 4 = 400 m* g, /* = 1 GHz) and demon-
strating the thermodielectric behavior as a function of water content Predicted
permittivities in Fig. 4.5b are generally correlated to measurements in silica gel,
metal powder and DNA shown in Fig. 4.2 and to temperature dependent meas-
urements shown in Fig. 4.4. From Fig. 4.2 the average of the measured and simu-
lated dielectric permittivities for mono-molecular layers 1, 2, and 3, are 27, 47,
and 69 while corresponding modeled values (T = 25°C in Fig. 4.5) are 22, 49, and
63, respectively.
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Fig. 4.5. Tlustration of the thermodielectric effect described in a) by the temperature-
dependent responses of reduced free water-phase permittivity (&,) with increasing tem-
perature and a reduced bound water layer thickness (x(T)). In b) these competing phenom-
ena are illustrated as the total water-phase permittivity
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4.3.4 Modeling Geometrical Effects

Particle shape effects influencing the dielectric permittivity of particulate mixtures
may occur throughout a hierarchy of shapes and scales. In cereal grains, for exam-
ple, this scale extends from the kernel to the starch grains and their complex inter-
nal structure, which extends down to the long chain and clustered polymers of
amylose and amylopectin. In such complex structures the influence of shape on
permittivity is difficult to determine. Effects of shape have been measured (using
TDR) and modeled in simple systems using anisotropic packings of mica flakes
where bound water is negligible [5].

Figure 4.6 illustrates measured permittivities in 0.25 mm diameter mica parti-
cles that were generally correlated to model predictions based on particle aspect
ratio (geometry) and electrical field alignment as determined by probe orientation.
Using Eqgs. (4.5-7) and a combination of phase configurations the wet mica per-
mittivity was modeled using an average aspect ratio of 1/25 and a porosity of 0.8.
At mid- range water contents, measured data of & is approximately half of the
&4 measurements. The measured permittivity of glass beads (inset) using the
same system shows only a mild effect from the TDR probe (E-field) orientation.
Reduced permittivity measurements in high surface area materials (e.g., clays)
have been typically attributed to bound water effects. The reduction in permittivity
in mica, which have very low specific surface area (4, < 0.06 m> g), should be
attributed primarily to geometrical effects arising from the depolarizing influence
of these high aspect ratio (a/b = 1/25) particles.
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Fig. 4.6. Time domain reflectometry (TDR) measured bulk permittivity of partially satu-
rated mica (0.25 mm diameter) and glass beads (inset). The orientation of the electric field
(E) is described in Fig. 4.1 as being either normal (E1®) or parallel (E,f) with respect to the
rotation axis, a, of the mica particle assumed oblate and layered horizontally [5]
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Although the binding of water is well correlated to A, measuring or estimating
specific surface area is generally not as simple as calculating A based on well
defined particle geometry in the simplified mica system.

Specific Surface Area Determination

Specific surface area, 4, of a porous medium can be defined as the total surface
area of solid constituents per unit mass and is intimately tied to the sizes of parti-
cles and to their shape. For example, rounded sand particles may exhibit values of
A, from 1 to 10 m? g”! while plate-like clay particles may yield a specific surface
area ranging from 100 to 1000 m? g”*. This fundamental property of soils is corre-
lated to important phenomena such as cation exchange, adsorption and release of
chemicals, swelling, water retention and conductivity in addition to mechanical
properties. Adsorption techniques are typically used to measure 4 directly [29].
Knowledge of particle size and geometry allows estimation of A using geometri-
cal calculations of surface area. Another approach is based on the air-dried or
hygroscopic water content, &, (volume basis) as suggested by Robinson et al.
[30]. They reported a linear correlation for 4, [m* g'] as a function of @, that
resulted from fitting data of 42 soils, given as

A4,=357.0, (4.9)

Various techniques have been used to determine water binding in biological mate-
rials using measurement techniques including calorimetery, dilatometry, nuclear
magnetic resonance, electron spin resonance, thermally stimulated depolarization
currents, and others [31, 32]. Estimating specific surface area of the kernel or
starch grain may be derived from the measured mono-layered water content and
an estimate of the density of the mono-layered bound water. The assumed struc-
ture of the water molecules will also influence the estimate slightly. Ryden [33]
suggested a relationship for water molecule spacing, s [A], based on water density,
Pw [g cm™], and packing given by

s=3—2 (4.10)

where K, is a packing constant given as 28.21 [¢ A® ecm™] for tetrahedral and
29.92 [g A® cm™] for cubic packings. Assuming a water density of 1 g cm™, the
resulting water molecular spacing is 3.04 A and 3.10 A for tetrahedral and cubic
packings, respectively. These values are representative of the intermolecular spac-
ing of free water [34]. For bound water, however, two contrasting views have been
presented. One suggests that the density of water is less than the density of free
water [35, 36] leading to larger spacing between water molecules. Reduced densi-
ties were suggested to arise from inter lattice spacing constraints between clay
platelets which were numerically simulated, producing fluid densities both greater
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than and less than free water density depending on platelet separation [37]. For
cereal grain constituents of protein and carbohydrate molecules, it is also concei-
vable that for certain structural spacing within and between molecules, reduced
water densities are achievable.

Another view suggests water densities greater than that of free water [38-40],
which correspond to a reduced water molecular spacing. Gur-Arieh et al. (1967)
showed a constant wet flour density for moisture contents (w.b.) from 0 t0 0.07 g g,
after which the wet density decreased steadily up to the final measured moisture
content of 0.26. From this result they calculated a mono-layer water density, Om, of
1.48 g cm™ and a density of the second molecular layer of water to be 1.11 g cm™.
The remaining water layers were calculated to have a density of 0.967 g cm™. For
a tetrahedral packing and using a mono-layer water density of 1.48 g cm™ and a
second layer density of 1.11 g ecm?®, Eq. (4.10) gives molecular spacing of 2.67
and 2.94 A, respectively. These estimates lie on either side of spacing found in ice
(hexagonal) of 2.76 A (Robinson and Stokes, 1959) and are similar to other esti-
mates of bound water spacing of between 2.5 A and 2.8 A [41]. For mono-layered
water content given on a dry basis, My, an estimate of the specific surface area,
Ag [m* g, is given using the estimated mono-layer water density, p,, [¢ cm™], and
packing constant, K, (Eq. (4.10)), given by

_ My (4.11)

A =
pml 'K;/S

S

Estimates based on this approach suggest 4, values of from several hundred to one
thousand m? g for starches and flours [32, 42, 43].

4.3.5 Modeling Porosity and Density

The physical make-up of porous mixtures is complicated by variations in texture
and structure varying in size and shape. Particle geometry may take any number of
forms from being plate-like to cylindrical or fiber-like to granular or blocky. Ex-
amples are found in soils where aspect ratios of certain clays (a/b = 0.033-0.025
[44]) and mica particles (a/b = 0.04, [5]) are extreme examples of oblate shapes
(See Table 1). Many soil particles are generally spherical like sands (a/b = 0.46) or
Tuff (a/b = 0.35) [9]. Prolate shapes are found in minerals such as hematite (a/b =
3.4, [45]) or fibers of peat (/b = 10 to 100). As mentioned earlier, such shapes are
often approximated using ellipsoidal or spheroidal geometries. From such
approximations, physical characteristics of volume and surface area may be calcu-
lated. For porous mixtures comprised of spheroidal particles, an approximation of
bulk porosity, ¢, references the ratio of the representative particle volume to sur-

face area [46]
2

V3
¢b__.l_kSL (412)

14
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where £ is an empirical scaling coefficient, V; is the volume of the particle and S,
is the individual particle external surface area. The dimensionless volume to sur-
face area ratio, sz/ 3/Sp, forms a unique relationship for a spheroidal geometry and
varying aspect ratio. Using approximate relationships for a spheroid of unit
volume whose surface area [5] varies with aspect ratios (a/b) from 0.001 to 1000,
the following empirical expression was obtained

V2/3 a 2 b -1
2 _1453+0.671] In2 | +0.309 —) (4.13)
S b a

4

Modeled porosities as functions of aspect ratio are plotted using Eqs. (4.12) (k= 3)
and (4.13). The volume-surface-area relationship reproduces the general trend of
increased porosity as aspect ratio deviates from that of a sphere (a/b = 1) for either
oblate or prolate shapes. Comparison to measured or computed bulk porosities in a
variety of porous media suggest these relationships provide reasonable predictions
of bulk porosity illustrated in Fig. 4.7. The fitting parameter, &, simply provides
vertical scaling of the curve.

Next to water content, bulk density of the porous medium is among the most
varied and critical factors affecting the permittivity measurement. Bulk density is
directly related to the bulk porosity through the density of solids, p,, in a given
volume of porous media. This relationship is of a similar form to that in Eq. (4.12)
and is written as

4, =1-22 (4.14)
ps

For shrinking or swelling materials such as cereal grains or clayey soils, p, varies
with water content and therefore the determination of bulk density is coupled to
water content determination. For cereal grains, especially, the water contained
within the grain may be directly tied to the change in kernel density, which is re-
lated to a commensurate change in p,. This is illustrated using an expression rela-
ting the dry solid density, p;, density of water, p,,, and the wet basis moisture con-
tent, M., to the kernel density, p, written as [47]

Ps (4.15)

e
1+(&—1 M,
P,
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Fig. 4.7. Modeled bulk porosity of random packings of uniform spheroids as a function of
particle aspect ratio. Data shown are measured porosities in (not necessarily randomly
packed) mica particles [3], silica-hematite prolates [45], wooden cylinders and fiberglass
rods [48], a variety of cereal grains [49], and legumes [50]

This simple expression requires only the dry solid density as a fitting parameter.
For bulk density of the kernels, we consider the effect of kernel shape on packing
by combining Eqs. (4.13) and (4.12) and setting them equal to Eq. (4.14) to solve
in terms of bulk density. Note that for the bulk packing calculation, the solid den-
sity in Eq. (4.14) is assumed equal to the kernel density and Eq. (4.15) is substi-
tuted for p; yielding

k-p, (4.16)
2
{4.53+0.671(ln%j +0‘309[2)]-[1+[&—1)MW}
a pW

This expression contains effects of the additional porosity and packing going from
the kernel to the bulk packing. These two models are plotted in Fig. 4.8 compared
to measured kernel and bulk densities in yellow-dent field corn.

Inverse bounds on constituent volume fractions derived from complex permit-
tivity measurements and evaluation of the structural moments and geometry [51]
may provide improved measurement capability where bulk density or porosity is
often an unknown and confounding factor for water content determination. Fur-
thermore, recent work using free-space measurements of complex permittivity at

Py =
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GHz frequencies in cereal grains demonstrates the potential for density-
independent measurements of moisture content [52].

To summarize geometrical effects, the specific surface area is a critical parame-
ter used to estimate bound water content in porous media. Particle shape and parti-
cle density directly affect the specific surface area, packing and arrangement of
the bulk mixture and can be used to compute estimates of 4, p, and ¢y,. Each of
these characteristics plays an important role in dielectric measurements for water
content determination. These parameters can be employed in modeling permitti-
vity using applicable dielectric mixture theory.

1.4

1.2 4 Kernel density

0.8 4

Density [Mg m™]

\\“v_,~_“_—~v .
RSy v
' vVvv ¥ *J~——_

0.6 4 v
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0.05 0.10 0.15 0.20 0.25 0.30 035 0.40 0.45

Moisture content [wb]

Fig. 4.8. Measured individual kernel [53] and bulk kernel densities [54] of field corn. Mod-
eled results are obtained from Eq. (4.13) for kemel density (p, = 1.34 Mg m™) and Eq.
(4.15) for bulk density (k= 3, a/b=2)

4.3.6 Constituent-Phase Configuration Influence on Bulk Permittivity

Friedman (1998) demonstrated the influence of constituent-phase configuration on
modeled permittivities for six unique configurations of a concentric spherical
model similar to the illustration in Fig. 4.1. Among the six possible combinations,
water, solid, air (WSA), SWA, and ASW cover the range of permittivities exhib-
ited by a wide range of porous media. Equation (4.6) was used to plot the configu-
ration-dependent permittivities shown in Fig. 4.9. The combination of ASW and
SWA forms an envelope about the permittivity of common mineral soils repre-
sented by the Topp et al. (1980) equation. Reduced permittivities found in high
surface area porous materials are more closely described by SWA and WSA con-
figurations.
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Fig. 4.9. Modeled permittivity of three different constituent-phase configurations where, for
example, WSA represents water, solid and air with permittivities assuming modeled values
of 80, 5, and 1, respectively. The Topp et al., 1980 expression describing mineral soils is
shown for comparison

Swelling soils and plant seed constituents may expand, unfold and relax during
drying and wetting, which for seeds may be accompanied by a change in shape
and volume. Volume increases in soybean with hydration were found to be sub-
stantially greater than the weight of water imbibed, suggesting that polymeric seed
constituents unfold with hydration [55]. We suggest this is a mechanism for in-
creased surface area or evolving water-phase configuration. Evidence of this is
seen in the sigmoidal shape of corn starch (Fig. 4.4c and d) and corn kernel (Fig.
4.10) moisture content-permittivity curves. Measured permittivities (200 MHz,
[28]) of yellow-dent field corn kernels are shown in Fig. 4.10 where a combination
of SWA and WSA could describe the complex water-solid configuration in cereal
grains. A sigmoidal weighting distribution describes the relative contribution of
SWA and WSA configurations shown in Fig. 4.10, which resulted in the modeled
curve marked EMA. Such an approach was used successfully to model the three-
phase system of moist soil combining configurations of ASW and SWA with an
effective medium approximation (EMA) and estimates of bound water based on
surface area [56]. Our justification for this approach is linked to kernel swelling or
shrinking that occurs throughout the hierarchy of geometries contained in the
starch grain. A second attempt to model the corn data was based on the surface
area of the corn, which was increased 10 times at a critical water content to
approximate a surface area increase for additional water binding (curve marked
Ax10). The effects of water binding in cereal grains and swelling soils are com-
plicated by the volume change accompanied by wetting/drying processes and by
the associated sample density changes.
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Fig. 4.10. Modeled permittivity of field corn using a sigmoidal increase in A (Ax10) and
using an effective medium approximation (EMA) of the two configurations, SWA and
WSA with a sigmoidal increase in the WSA fraction with water content increase

4.4 Summary

Several factors influencing dielectric permittivity measurements in porous media
have been identified using measurements and modeling approaches. Bound water
associated with large surface area materials may lead to reduced dielectric, but
other effects may also play a significant role in alteration of the permittivity-water
content relationship. The thermodielectric effect observed in high surface area
porous media might enhance or reduce the permittivity, depending on the water
status and content and direction of temperature shift. Particle shape effects demon-
strated in low-surface area media are a function of particle geometry and orienta-
tion with respect to the electrical field. In addition to bound water and geometrical
effects, water-phase configuration may explain alteration of the bulk permittivity
of wet porous media. Physical characteristics of porous media describe parameters
critical for modeling permittivity, such as porosity and bulk density in addition to
estimates of surface area. In general these can be broken down into representative
estimates of solid, water and air fractions, with the volumetric water content being
the variable of interest both for modeling purposes and for determination of water
content from permittivity measurements. Identifying and separating bound water,
particle shape and water-phase configuration effects in addition to other competing
and perhaps confounding effects is an important step in understanding dielectric
measurements in high surface area porous media for water content determination.
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