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ABSTRACT

The effect of density on the dilectric constant and
loss factor of wheat, ground wheat and flour was determined
at selected frequenciss between 75 kHz and 10 MHz. Tests
were performed on samples at oven dry state and at moisture
contents above and below normal storage moisture content,
The density was varied from the natural bulk density of a
given material to a density about two times larger.

A parallel plate capacitor was constructed to contain
the samples during testing and a hydraulic press was
enployed to <compress the samples., Electrical measurements
were made using a QO-meter with a supplementary voltmeter and
frequency counter.  The efféct of pressare, if anvy was not
investigated.

The experimental results showed that the relationship
between the dielectric constant and loss factor and the
density was almost perfectly 1linear throughout the range

investigated.
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CHAPTER I
INTRODUCTION

1.1__Purpose of the study and choice of-materials

Fight hundred million bushels of qrain are harvested,
stored, bosqht and sold each yvear in Canada. Each operation
demands an accurate measure of the moisture content of the
grain. Since +the dielectric properties of grains are
stronqgly dependent on their moisture ’content, several
electrical moisture meters are in use in the grain trade
which evaluate moisture content by measurasment of dielectric
properties. However, factors other than moisture content
affect the dielecttic p:operties of grain. These factors
include the freguency at which measurement is made, the
temperature, type of grain and the density of the grain
sanple.

Since grain is a mixture of grain particles surrounded
by air, mneasurement of the Adielectric propertiss is more
difficult than if it were a homogeneous substance consistinq
of grain only. If the grain to be measured for moisture
content could be reduced to a homogenecus medium by sone
simple means, it 1is expectesd that the accuracy and
simplicity of the measurement methods would be improved.
Appreciable errors in nmeasurement result from density
fluctuations between repetitive samples due to bridqging of
the particles. This effect is more pronounnced in testing

powdery materials such as flour.




It was decided to investigate the feasibility of
compressing grain samples to the point where all air spaces
were displaced and to measure the s2ffect of density on the
dielectric constant dnd loss factor.

Since a large number of tests were to be performed on
each type of material, it was neczssary to limit the variety
of materials to be tested. Wheat was chosen because it is
one of Canada's most common anrd important crops. PFlour and
ground wheat were chosen to examine the applicability of the

measurement technigue to fine powdery materials. .

J.2. State of the art:

322.1-. Dielectric properties

o

A dielectric »is defined as a material which will
support an electric field. Nearly all materials except
ferro-electrics and including bislogical materials belong to
this class. Dielectric properties are expressed in terms of
the permittivity & ,and conductivity o.

From the early dayvs of electrostatic experimentation it
was realized that a dielectric medium placed between the
plates of a capacitor had the ability to increase the charge
storage capability of +the capacitor. To specify this
property, the vparameter dielectric constant was de=fined,
usually noted by the symbol & and &, for the free space
value.,

Consider a capacitor consisting of parallel plates of

an area a (meters?) each, separated by a distance d (meters)




in vacuum, The capacitance of this capacitor (farads) is

then given as
Co= {Boa)/d (1.1

where the permittivity of free space = 8.85x 10 PF/m.
If a dielectric medium was placed batween the plates of

the capacitor, the capacitance {farads) would then be
. € = {Ba}/d4 (1.2)

It is often convenient to express the permittivity of
materials relative to the free space value. This gives a
relative permittivity defined as &, = &/6p. In practice the
subscript r and the term relative are often onmitted.
Relative values may be differentiated from absolute values
since relative permittivity is gsnerally a number greater
than aunity, while absolute values include a negative power
of ten, .

In the previous example of a parallel plate capacitor
with capacitance Co, in vacuum the insertion of a diele?}ric
material of relative permittivity &, would increaseb its
capacitance to C = §,C,. |

If an alternating electromotive force ({emf) v is
aprlied across the capacitor, an alternating current i will

flow, its value being

i = jwsy-CoV
If losses occur there will be a resistive element of current

in phase with the voliage, as well as the reactive element.




To account for the losses within the dielectric a

complex permittivity is introduced as

& =§' -4ig"

where &' is the real part of the permittivity often called
the dielectric constant, and 8" is the loss factor. It is
inpossible to separate losses due to conductivity and losses
due to vpermittivity (Harrington,1961). Therefore it has
become customary to express all losses by the loss factor.

In order to fully understand dielectric phenomena, it
is necessary +to examine the processes that contribute to

enerqy storage and losses.

1.2:2 Mechanisms-of polarization

Polarization is the process of alignment of electrical
dipoles within a dielectric medium placed in an electric
field. Molecules of a dislectric msdium though electrically
neutfal may have uneqgual distribution of vpesitive and
neqgative charges. These equal but opposite charges (g},
separated by a distance (d)  are called dipoles. #When
charges are expressed in esu, distances in angstroms (1),
dipole moments (qd) are in debyes.

¥hen a dielectric medium is placed in a capacitor
connected to a battery, the dipoles align along the lines of
the field existing between +the plates. The result is the
phenomena called polarization, ie. the formation of chains
of alternating positive and negative charges from one plate

to the other, The charges at the ends of the chains {at the



plates of +the capacitor) neutralize some of the charges on
the plates of the cavpacitor, allowing a greater charge to be
stored on the plates.

Many substances and compounds, known as dipolar
materials have permanent dipoles arising from asvmmetries in
the molecular structure. Under the influence of the
external electric field, thess permanent dipoles will
attempt to align along the field by rotation., This is known
"as orientational polarization. As the temperature rises,
increased thermal agitation lessens the alignment possible,
and the contribution of orientational opolarization to +the:
dielectric constant decreases.

Dipoles may be created under the influence of an
applied field by the shifting of electrons relative to the
nucleus ({e2lecironic polarization), or by a displacement of
atoms within the molecule (atomic polarization). These +*wo
forms are known as induced, or distortional polarization.

Interfacial polarization oCCurs when freza charge
carriers, such as ions, build wup along defects and
interfaces in the structure of the dielectric material. The
effect may be quite larqge at low freguencies {below a few
kilohertz) but usually diminishes rapidly with increasing
frequency.

The mechanisms of polarization are freguency dependent
since a finite time is reqguired for the realignment of the
dipoles in the applied alternating field. As the frequency

increases the alignment of the dipoles begins to lag. The



contribution to polarization of the dielectric decreases
and losses occur. This decrease in the dielectric constant
is termed disversion, while the increase'in losses is called
dielectric absorption,

Interfacial polarization is the first mechanism to be
affected by increasing frequency. Respectively the next:
mechanisms to bhe affected are orientational, atomic and
electronic polarization.

Materials are classified according to the polarization

mechanisms they display under an applied field. Non-polar
materials, usually pure elemnents, show electronic
polarization with dispersion at optical freguencies. Polar

materials have a polar moment induced under an applied field
{molecular polarization) with dispersion in the infrared as
well as +the optical region. Dipolar materials which have
permanent polar moments exibit orientational polarization as

wvell as the other two fornms.

W T S A W T S S T MA . T U B G T e T S S . o e D W WS W i i T o

Grain as a dielectric medium exibits all four types of
polarization., The relative magnitude of the effect depends
greatly on the moisture content of the grain,

fater in biological materials exists as either bbund or
free. water, having different physical and dielectric
properties., Bound water is tightly held by the molecules of
starch, protein and other components of grain and forms part

of the physical +though not chemical structure of the




molecules, The dielectric constant of bound water is
similar to that of ice. At low moisturz contents almost all
of the water in grain may be bound water, while at thigher
moisture contents free water predominates.

Free water is found in capillary pores and other
interstitial spaces between the plant mo1ecu1es. This water
will act as a solvert and thus will allow conduction of
electricity due %o nmovement of dissolved ions. At low
frequencies the value of the dislectric constant of free
water is close to 80 while that of bound water is in the
order of 4.5 to 5,0,

Tt is known that interfacial polarization, which
requires the presence of free charge carriers, is generally
weak if bound water predominates, while the effect wmay be
guite large if much free water is present.

Although water is a dipolar substance characterized by
a high polar moment, in the bound form it is restricted in
its 7rotation in an alternating field. As a result bound
water shows only a small contribution to orientational
polarization. This is the reason for the large difference

in the dielectric constants of the two forms of water.

e e . i S s A e Y S e e s oY, ot IR 0o W o . oo W

As an ideal indicator of moisture content,  the.
dielectric properties would be affected only by the anmount
of water contained in the material. Since this is not the

case several other factors need +to be considered in the



determination of moisture content.

Measurements of the dielectric properties of grain give
values representing a mixture of plant material, water and
air, not Just the water. Calibration charts are usually
required +o arrive at the moisture content since the
measured values depend in part on the host material.
Separate charts must be provided for each type of grain,
obtained by comparing readings of the dielectric properties
of grain samples with the nmoisture content of the sanme
sanple as determined by one of the standard methods
{AOAC,1965).

The majority of electric moisture mesters in use today
measure the dielectric constant of the qgrain as an
indication of its moisture content. Most of the
contribution +to the- dielectric constant of grains results
from orientational polarization of the free water contained
in the kernels. Since increased thermal aqitation of the
wvater molecules reduces orientational polarization, <the
dielectric constant of grains is temperature dependent.
This means that the temperature'must be held constant or be
compensated for ﬁhen making measurements,

Another problem observed with electric moisture meters
is that grain samples of similar moisture content as
determined by oven methods, may not give similar results
when tested by dielectric meters. This has been noted for
samples of similar speciss and variety of grain but grown in

different localities or crop vears. Zeleny (1962) sunggests




that the small Jdifferences ohserved may be due to samples
with the same moisture content having differsnt ratios of

free and bound water.

T T o o e i oy A o~ e T o

Granular and powdery materials are subiject to large
density fluctuations due to bridging of the particles when
placed in sample holders for moisture content
determinations. This effect 1is magnified when samples
having different particle sizes, such as different grinds of
flour are being compared.

Most of the grain moisture meters in use emplov a
dumping hopper to minimize vériations in the loading process
of the sample holder. Samples of constant weiqght were found
to give smaller variations than samples of constant volunme,
but both methods are used in pradtice to lessen density
fluctuations.

Measurements of the dielectric properties of powders
are more .critical because of potentially larger variations
in their bulk densitv than those in grains. A determination
of the moisture content of such materials without a
correction for density is subdect to errors as large as 10
percent (Yevstignevev,1939). Density corrections may be
achieved by measuring the volume of a sample of known weight
while it is contained in the test cell, or by compressing

the sample in some reproducible wav.




Many excellent reference +texts containing background
information on dielectric materials and their properties are
available, such as Hill et al, (1969), Von Hippel (1954},
Bottcher (1952y, 2Anderson (1964), and Calderwood {1971).
Topics include permittivity, oconductivity, mechanisms of
polarization and measurement technigques. The work of Debve,
Cole, Kirkwood, Onsaqger, Frolich and other early
investigators is presented and discussed. .

Deloor {1968) investiqated'heteroqeneous rixtures with
emphasis on materials containing water, Grént {1969) gave a
sinplified discussion on the use of dielectric methods in
the study of biological materials.

Several researchers have invastigated the dielectric
properties of agricultural products. Nelson (1971) reviewed
experimental data of elegtrical properties for a wide Trange
of products including wood, textiles, grains, seeds, fruits,
vegetables and meat and dairy products, A summaryvy of
properties of grains and seeds in the fragquency range of 1
to 50 MHz was published by HNelson (1965). Stetson and
Nelson (1970) presented the experimental results of tests
made on several grains and seeds at audio freguencies.

Measurements of the dielectric properties of grains at
higher frequencies have been made by several researchers.
These include Nelson (1972) who covered the entire freguency

range from 250 Hz to 12.2 GHz for wheat and rice weevils,
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Hamid et al. (1968) for wheat and flour at 10.93 GHz, and
Chugh {1973), who made measurements of wheat at 2.45 and 9.4
GHz.

Very little research has been done with grains
regarding the effect of 1large density changes on their
dielectric properties. Nelson (1972) made measurements on
wheat "at 9.367 GHz, using a press to compress the samples.

A few experiments have bsep donz to investigate the
effect of pressure and density on the dieslectric properties
of other materials. Mopsik (1967) made measuremants on
n-hexane, Chan et al. {1965) measured the effect of pressure
on +the dielectric constant and 1leoss. factof of ice, and
Scaife (1967) studied the effect of pressure and density on
the dielectric properties of eugenol. .

1.2.7 -Measurenent of. permittivity-

.
o~ O 8 S e MRy i o S o — S A4 P> -

Experimental methods for the measuremant of
permittivity are discussed in several references including
Hill et al. (1969), Anderson (196#), Grant {1969) and Von
Hippel (1954),

The equipment used to measure permittivity is wusually
determined by the frequency range and the material to be
investigated., Since the freguency range of interest in this
study was from 75 kHz to 10 MHz, either a bridge or resonant
circuit could be used. Bridge circuit methods have an upper
frequency limit of approximately 10 MHz. Bevond this 1limit,

measurement is impaired by the effects of residual impedance
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of leads and stray capacitances to ground. Difficultiss may
be encountered below this upper linmit.

Rasonant circuits are enmrployed to minimize the effects
of stray capacitances. Resonance is indicated with a
transistor volitmeter and is therefore a deflection method
rather than a null method as with bridge circuits. Since
resonant circuits are used in a wide range of freguenciass a

O-meter provides a convenient solution.
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CHAPTER IT

MATERIALS AND METHODS

The Q—-meter used was a Marconi model T12452A fed from a
Marconi model TF1246 oscillator, having a frequency rangs of
40 kXHz to 50 MHz. The OQO-meter contained a variable air
capacitor and a built in VTVM, but in order to increase the
accuracy of measurement a General Radio type 1690 micrometer
electrode capacitor (MEC) (Hartshorn, ¥ard,1936) was used as
a standard capacitor and a Hewlett Packard model #4272 TVM
was utilized for voltage measurement. Test fregquencies were
monitored with a Monsantb nodel 10572 digital freguency
counter.,

Since pressures up to 7.84 kPa were to be usaz2d to
compress the samples, the sample holder (test cell) had to
be specially constructed. In order to facilitate loading and
unlecading of the test cell, it was decided to employ a
parallel plate capacitor with a sprroundinq collar of
insulating matérial. The fipal tzst cell is shown in Figqg.
2.1,

4 Nyleon-6 insnlating cylinder was press fitted 1into a
steel c¢ollar and then bored out Qmooth._ The base and
plunger were machined from steel and electoplated with
copper in such a way that a sliding fit was obtained with
the ¥vlon-6 cvlinder.

The test cell was fitted into a Carver model B

13




< 6,357 DIA

<— 4,16 DIA —

//////////////plunger—LO electrode

_.e.___5|12 DIA —

steel collar

2.60

Y

\

Nylon 6 insulator

§__________\

base-HI electrode

Fig. 2.1 Test cell. Base and plunger are copper-plated

steel. Dimensions in cm.
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laboratory press slightly mnodified to suit the testing
procedure. Keeping all leads as short as possible to
minimize 1lead inductance, the test cell, MEC and TVM were
connected in parallel with the Q-mster variable capacitor.
Two additional low-loss ceramic capacitors were added to the
circuit as plug-in components. Thase were necessary as the
capacitance increments of the MEC were not large enough for
measurements made on samples of high moisture content. A
Miisubishi dial gauge with a range from O to 1 in. .and
resolution of 0.001 in. was used to nmeasure the ©plate
separation of the test cell.

A calibrated, deformable plastic strip normally used to
neasure the clesarance 1in antopmotive <journal beaiinqs
{"Plastigage", Perfect Circle Ltd.) was used to check +he
parallelism between the base and the plunger, Plastiqéqe is
a softv plastic wire +that deforms nonelastically undesr
pressure. . By measuring the width of the flattened wire, the:
clearance between the pérts may be determined gquite
accurately., During the test procedure the Plastigage wire
was also used to check the calibration of the dial gauge.

The photograph, Fig. 2.2, shows the assembled
equipment. Shown are the oscillator, O-meter, micrometer
electrode capacitor (MEC), transistor volt meter (TVM), test:
cell, hydraulic press and the dial gauge. The frequency

counter is iuét out of sight to the upper left,

2s2. .. Sample. description.and-preparation

-

Samples were drawn from a single clean batch of Manitou

15




Fig. 2.2 - Photograph of the test equipment.
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variety red spring wvheat graded number 1 C.W. Flour sanmples

were processed by a laboratory-size flour will, Ground
wheat sanples were processed by the same mill but were not
screened to remove the other elements from the flour.

Conditioning of the samples to the desired moisture
content was achieved by either putting them over water in a
closed container, or by placing them in an air oven at
1000C, After conditioning, the samples were allowed three
days to come to equilibrium before they were tested. The
exceptions +to this were the oven dry samples which were
heated at 130°C for three hours, cooled, and then +tested
immediately in order to minimize any uptake of moisture.

The moisture content of all samples was evaluated by
standard methods (AODAC, 1965). Sample size was kept as
uniform as possible with wheat kernel samples being 8.0 g
within one kernel weight, while flour and ground wheat
sanples vwere weighed out to 8.000 #+ 0.001 g. A1l moisture

contents as given in the text are percent wet base.

e TR i S W T S T T B ot e W Wt . o Vo

S v o

A QO-meter is normally used to measure the performance
characteristics of coils and capacitors. By definition the
O-factor of a component is the ratio of its reactance to its
resistance, The nmeasurement principle depends on the
characteristics of a series resonant circuit at the point of

resonance. The following conditions are then true

17
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Fig. 2.4 Schematic of measurement circuit.
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e = Xy
v =

vy = IR

IX, = I¥, = maximom

Where X, and X, are the capacitive and inductive reactances,
Ve is the voltage across the capacitor, R is the circuit

resistance, and Vv is the applied emf. See Fig. 2.3.

by definition 0O = X/R

(IXc) /{IR)

I}

v, /V

Therefore if Vv is maintained at a constant and known level a
voltmeter connected across the capacitor to indicate
resonance mayv be calibrated directly in terms of the circuit
p-factor,

The series resonant circuit of the OQO-meter is well
adapted to +the measurement of the dislectric constant and
the loss factor of a specimen held in a test cell connected
in parallel with the variable capacitor of the O-meter..
This method has been used by Hartshorn, Ward (1936), Nelson

et al. (1963), and ¥elson (1972).

223.2 Measurement of dielectric properties with the Q-nmeter,

The O-meter used in this research employs an external
oscillator connected to the O-meter by means of a 0.02a
shunt resistor, The voltage across this shunt corresponds
to a voltage source with very low internal resistance. An

external plug-in inductor (L} together with the variable

19




capacitors {(Cm and Ci) of the QO-meter form a series resonant
circuit. The sample holder (Cs), MEC and TVM are all
connected in parallel with these capacitors. (Fig. 2.%)

¥ith an inductor selected for a given test frequency
and with the sample contained in the test cell, the circuit
is tuned to resonance. This is done by adjusting the
variable <capacitor (Cm) <contained in the QO-meter, until
resonance is indicated by the external voltmeter (TVYM). The
sample 1is then removed from tha test cell, and the circuit
is retuned to resonance by addusting the MEC.

Since the two rescnant conditions occur at the same
freguency, the total circuit capacitance must be the same in
both situnations. Therefors, the change in capacitance due
to the removal of the sample is equal %o +the change in
capacitance between the iﬁitial and final setting of the
MEC.‘ If Cx is this change in capacitance, and Co is the-
capacitance of the empty sample holder, then the dielectric

constant of the sample is given by
§'= {Cx + Co) /Co 2.1

Calculation of the loss factor by the susceptance
variation method relies on the fact that the width of the
resonant curve is a measure of 1losses occuring in the
circuit. The  circuit is +tuned to resonance by Cm. The
resonant peak voltage {Vn) and %+he setting of the MEC are
noted. The circuit is then detun=sd on either side of

resonance by the MEC to new settings C, and C, corresponding

20




Fig. 2.5 Characteristic resonant curve.
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to a lower voltage V., as indicated by the TVM. (Fig. 2.5

The process is repeated for the empty test cell to give
ACs and ACH for the sample in and out conditions
respectively.

It can be shown that the loss factor may be calculated

from the following relations (Nelson,1972).

ACs ACH

”_ 6
&= 3% (=T - /(v_mf _,
VC s VC H

for V¢ = 0.707 Vm, the expression simplifies to

€ = 5'(‘”5 - AC“) (2.2)

4

2Cx

2.4 . Experimental procedure

T W W T - o W

Five frequencies were used in the freguency range under
investigation. These freguencies were chosen so that the
circuit could be resonated with the variable capacitor
of the O-meter set to a minimum value, since accuracy in
measuring the 1loss factor decreases as the total circuit
capacitance increases {(Ven Hippel, 1954).,

The assembly of components was devised to reduce 1lead
lengths as much as possible in order to minimize errors due
to lead inductance. The assembly was also arranged to have
identical 1lead 1lengths for +the sample in and sample out:
conditions,

Seven samples at a time wers wsighed out from a batch
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of desired moisture content, one sample for sach of the five

test frequencies and two for moisture content determination.
The samples that were not tested immediately were placed in
a small air-tight container,

The proper inductor was installed in the Q-meter, ths
test freguency was set, and the circuit was tuned to
resonance by Cm of the O-meter, with ¢the sample holder
enptv. Then with a sample in the holder and the plates in
contact with +the specimen, +the c¢ircuit was tuned to
resonance by the MEC., The output level of the oscillator
was addusted to give a scale reading convenient to calculate
0.707 Vm on the TVYM, A changs in the outpaut level of the
oscillator usually affected +he freguency as well, and
therefore the frequency was adjusted to the desired value.
The MEC was then used to detune the circuit to 0.707 ¥n on
each side of the resonant peak. Readings of the MEC plate
separations were recorded along with the plate separation of
the sample holder. The capacitance setting of the MEC
corresponding to VYm cannot be found as accurately as the
settings corresponding to 0.707 Vn since with losses in the
circuit the peak of the resonant curve is gquite broad.
Since the resonant curve is symmetrical, the value of the
cavacitance of the MEC at resonance mayv be more accurately
determined bv taking tﬁe value for Cmax as the average of Ci
and Ca {see Fig. 2.5) This method became imperative for
samples at high moisture content and large densitvy.

After the readings were Trecorded the press was used to
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compress the samples to greater density. Then the pressure

vas released such that the plates just maintained contact
with the sample. The procedure of tuning to resonance and
then detuning to measure the width of the resonant peak was
repeated and settings of the MEC and test «cell recorded.
This process was continued until measurements had been made
at seven densities, the last being about twice natural bulk
density. The temvperaturs was also recorded. It varied from
21 C to 23°C., |

After these measurements had been wmade, the sample
holder was emptied, cleaned and replaced in the circuit. The
measurement procedure outlined above was then carried out to
obtain values for the empty sample holder at the plate
separations used during the sample in condition.

The values of C, and Cp obtained at 0.707 Vm for the
sample in and sample out conditions were used to calculate
ACs s ACy and Cx for insertion in eﬁ. (2, 1Y and (2.2) -

It can be shown that

ACs = Cs2 - Cq for sample in
ACh = Cu2 - Cm for sample out
Cx = D.5(Csi + Csz = C1 = Cuz2)

Cois calculated from egq. (1.1)

The micrometer electrode capacitor (MEC) used as a
standard capacitor is a parallel plate capacitor with one
moveable plate controlled by a micrometer screw (Hartshorn,

Ward, 1936). A calibrated dial attached to the screw gives
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readings in terms of plate separation. These readinags are

converted to capacitance by means of eq. (1.1).

A computer proqranm was written to calculate the
dielectric constant and loss factor for the samples from eq.
(2.1 and (2.2), respectively. The same program was used to
calcula@e the capacitances for different plate separations
of the sample holder and the MEC from eg. {1.1). The values
of capacitance were corrected for fringe capacitance

according to Kirchhoff?’s formula (Scott, Curtis, 1939).
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CHAPTER III

RESULTS

Measured values of the dielectric constant (5') and the
loss factor (") for wheat at 121 kHz and at 10 MHz are
shown in tables 3.1 and 3.2 respectively. These results are
fairly typical for the data collected.

DEGC is degrees <Celsius, MNC is the moisture content
(wet base), T is the sample thickness in tﬁousandths of an
inch, DENS is +the density in g/cm® E' is the dielectric
constant and E" is the loss factor. 0.D. indicates samples
that were oven dried for three hours at 1309cC.

The hydraulic press was used to bring the sample to a
given density, then pressure was released such that the-
electrodes Just maintained contact with the sample., The
samples were not tested under pressure. 'The data contained
in tables 3.1 and 3.2 is shown plotted in Fig. 3.1 and 3.2.

It is evident that at both frequencies shown, the two
parameters, the dielectric constant and the 1loss factor,
increase linearly with sample density. A computer program
was used to fit curves to the measursd points by 1least
squares reqression, and to compute the corresponding linear
correlation coefficient, An analysis of the correlation
coefficients showed that +the assumption of a 1linear
relationship is valid at the one percent lavel of
significance.

The experimental results of all tests made on wheat
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Table 3.1 - Calculated values of the dielectric constant and

loss factor of Manitou variety red spring wheat

at 121 kHz.

MANITOU WHEAT WHOLE 23DEGC MC=0.D. 121KHZ

T DENS E' E"
MILS GM/CC

303.0 0.744 3.10 0.15
277.0 0.814 3.43 0.15
265.0 0.851 3.56 0.17
24l .0 0.924 3.86 0.21
219.0 1.030 L,37 0.24
204.0 1.106 h.75 0.24
192.0 1.175 5.11 0.29
MANITOU WHEAT WHOLE 23DEGC MC=10.28 121 KHZ

T DENS E! E"
MILS agM/CcC

290.0 0.776 L.58 0.25
267.0 0.843 5.30 0.34
255.0 0.883 5.79 0.44
225.0 1.001 7.10 0.59
199.0 1.131 8.42 0.69
177.0 1.272 10.16 0.87
169.0 1.332 10.80 0.96
MANITOU WHEAT WHOLE  22DEGC MC=13.4 121 KHZ

T DENS E! E"
MILS GM/CC

303.0 0.743 5.50 0.69
270.0 0.833 7.40 1.25
252.0 0.893 ° 8.46 1.54
221.0 1.018 10.73 2.02
198.0 1.137 12.80 2.61
179.0 1.257 15.08 3.04
174.0 1.293 16.18 3.18

27



MANITOU WHEAT WHOLE 23DEGC MC=14.19 121 KHZ
T DENS E® E"
MILS GM/CcC

301.0 0.747 6.19 1.32

264.0 0.852 8.48 2.1

236.0 0.953 10.64 3.90

212.0 1.061 12.42 L.31

188.0 1.197 15.05 4,82

171.0 1.316 17.67 5.52

MANITOU WHEAT WHOLE 23DEGC MC=15.82 121 KHZ
T DENS E! E"

MILS GgM/cc

308.0 - 0.731 7.13 3.58

263.0 0.856 . 10.79 6.56

243,0 0.926 12,82 7.71

208.0 1.082 16.92 10.71

Table .32 - Calculated values of the dielectric constant
and loss factor of Manitou variety red spring
wheat at 10 MHg.
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MANITOU WHEAT WHOLE 23 DEGC  MC=0.D. 10 MHZ
T DENS E' E"

MILS GM/CC

295.0 0.762 2.54 0.25
277.0 0.812 2.69 0.29
266.0 0.845 2.80 0.30
2Lk5,0 0.918 2.97 0.37
222.0 1.013 3.26 0.42
199.0 1.130 3.64 0.45
190.0 1.183 3.81 0.48
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MANITOU WHEAT WHOLE 23 DEGC  MC=10.28 10 MHZ
T DENS E* E"
MILS GM/CC
293.,0 0.768 3.49 0.37
267.0 0.843 L,o7 0.49
255.0 0.882 L.35 0.53
227.0 0.991 5.11 0.70
199.0 1.131 6.20 0.96
179.0 1.257 6.93 1.02
168.0 1.339 7.68 1.25
MANITOU WHEAT WHOLE 22 DEGC  MC=13.,38 10 MHZ
T DENS E' E"
MILS GM/CC
299.0 0.753 4,06 0.40
266.0 0.847 5.06 0.65
248.0 0.908 5.74 0.77
220.0 1.024 7.11 1.04
195.0 1.155 8.56 1.29
174,0 1.294 10.37 1.51
169.0 1.333 10.72 1.58
MANIToﬁ WHEAT WHOLE 23 DEGC  MC=14,19 10 MHZ
T DENS E' E"
MILS GM/CC
300.0 0.750 L.35 0.46
257.0 0.876 5.89 0.75
239.0 0.942 6.72 0.97
210.0 1.072 8.25 1.24
188.0 1.197 9.93 1.52
172.0 1.309 11.35 1.84
167.0 1.348 12.06 2.01
MANITOU WHEAT WHOLE 23 DEGC  MC=15,82 10 MHZ
T DENS E* E"
312.0 0.721 4,80 0.57
261.0 0.862 6.85 0.95
237.0 0.950 8,19 1.25
210.0 1.072 9.98 1.59
189.0 1.191 11.68 1.87
176.0 1.279 13.07 2.15
171.0 1.316 13.76 2.32
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kernels, ground wheat and flour are contained in table 1.1

of the appendix. The results of these tests are similar to
those presented above, The dielectric constant and the loss
factor dincrease linearly with increasing sample density,
while increasing the moisture content increased the slope of
the curves. The 1linear correlation coefficients of the
ground wheat and flour samples were generally 1lower +than
those of the wheat kernel samples, although they were still
above the one vpercent . level of significance. Fig. 3.3
presents the results of the measurements berformed on
samples of wheat kernels, gqround wheat and flour at a
frequency of 121 kHz. Since ths samples were conditioned
separately to the desired moisture contents, it was not
possible to compare the permittivities of these materials at
identical moisture contents.

The results were similar at all of the tast -
frequencies, with only minor differences Dbetween the
properties of the three materials. At moisture contents
above. 14 percent, wheat kernels had higher values of the
dielectric constant and loss factor than gither ground vwheat
or flour samples. Flour proved t5> be less compressible and
exibited a greater elasticity at low moisture contents than
did the other materials.

Values were interpolated from the measured points and
plotted to show the variation of the dielectric constant and
loss factor with moisture content of the sample. Fig. 3.4

and 3.5 show the plotted values for wheat kernels at 121 kHz
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and 10 MHz respectively.

Dashed lines on Fig. 3.4 and 3,5 indicate the expected
behavior between the oven dry state and the next neasured
point. At both fregquencies the dislectric constant and loss
factor increase slowly with moisture content up +o about 10
percent H¥C. In the range 10 to 13 percent MC, the increase
is much faster, while for MC above 13 percent the increase
is very great and appears to be almost linear. The curves
were fitted to the interpolated points by drawing a smooth
line through thenm.

Fig., 3.6 illustrates the fregquency dependence of the
dielectric properties. The curves were fitted by drawing a
smooth 1line through +the ©points measursd at the indicated
frequencies., A region of dispersion is indicated below 75
kHz but measuresments were not performed in this range so
that it is not possible to confirm the exact shape of the
curves. The shape do2s indicats however that the peak in
the loss factor curves may be shifting to higher freguencies

as the density of the sample increases.
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CHAPTER IV

DISCUSSION

. T e S S Y e, - S Sahe WD T e e . e Lot ST S T TR S S T TP e D S T WO S e N G e M e e T e Mt T i g . M. o U D Ve S SR i T

The decrease of permittivity with increasinq frequency
is cause2d by the effect of frequency on the various
mechanisms of polarization, The total polarization of a
dielectric is made up of contribution from electronic and
atomic | polarization, orientational polarization and
interfacial or Maxwell-Wagner polarization.

At low freguencies the dipoles can follow the applied
field and the contribution to polarization and, therefore
permittivity is maximum. A+ very high freguencies +the
applied field alternates too fast for the dipoles to rotate
and there is a smaller contribution to polarization. At
some point between these extremes the polarization begins to
lag the applied field, losses occur and the contribution of
that polarization mechanism begins to decrease. Interfacial
polarization is the first mechanism to be affected by
increasinq frequency. Orientational polarization is the
next to be affected, followed by atomic and slectronic
polarization. Atonmic %nd elsctronic polarization are
affected only at very hiqh frequencies above 10%? Hz,

This decrease in permittivity is térmed dielectric
dispersion and has been studied by a large number of
researchers, such as Debyve, Cole, Frolich, Kirkwood and

Onsager. Presentation and discussion of their work may be
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found in many references 1including Hill et al. (1969,

Bottcher (1952), and Von Hippel (1954).
Debye suggested that for orientational polarization of
dipolar substances, the dielectric properties are described

by the following equations

; (SS — 6°° (4.,‘)
£ = &= | + w2 T?
8” _ (85 - 800} w T (4.2)
| + w* T?

Hhere s is the low frequency valus of the vermittivity, &
is the value of permittivity above the region of dispersion,
is the relaxation time associated with the molecular
rotations, and w is +the angular freguency. A graphical
presentation of =2q., {4,171 and {(4.2) is shown in Fig. 4.1,

The Debve equations are based on the assumption that
there is only a single relaxation time involved, This is
+true only for a2 few homogensous materials {#il11 et
al.,1969). DPue to the bonding forces of various types of
water contained in agricultural products there mav be a wide
range of relaxation times present.

Heterogeneous systems containing free charge carriers
exibit Maxwell-Wagner effects arising fronm interfacial
polarization. Interfacial polarization results from free
charge carriers piling up along interfacss in the structare
of the dieslectric medium. This causes an accumulation of

localized centers of positive and negative charges. An
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Figv.h.l Dispersion and absorption curves for a polar
material following the Debye relaxation process.



increase 1in conductivity will increase the magnitude, and

alter the frequency response 0of the effect., To better
understand these effects researchers have utilized several
theoretical and experimental models that give results
similar to those found with practical materia}s,

An experimental model of a biological system as used by
Hamon was reported by Van Beek {1967). Hamon coated lumps
of paraffin wax with a conducting powder and then pressed
them intc a solid mass. The experimental curves of log &®
against log frequency were found to decrease over several
decades of fregquency without any maximum. A+ high
concentrations of the conducting powder the loss curve
approached a straight _line indicating the exigstence of
conducting paths. Many biological systens exibit a
freguency response veryv similar to this.

Other systems exibiting Maxwell-Waqgner losses may have
a peak in the loss factor, and a dispersion reqgion that

closely follows the Debve eguations {Van Bzek, 1967).

B,2.. . The effect of moisture on diesleciric properties.

The dielectric préperties of grains are strongly
dependent on both the moisture content of the grain, and the
manner in which the water is held. As nmentioned in 1.2.4

Zeleny (1962) suggested that some differences noted during

moisture testing mav have been due to diffsrences in the-

ratios of free water to bound water between samples. .

Free water is considered to be water contained in large
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capillary pores and other interstitial spaces within the

grain. Its properties are close to those of water in bulk in
that it mavy contain dissolved 1iomns and has a static
dielectric constant of 80 at 20°C, Bound water on the other
hand, is tightly held to the grain molecules in such a way
that it forms vpart of the wmechanical structure of the
molecule, As such it cannot dissolve ions and thus cannot
conduct electricity. Bound water is regarded as having a
static parmittivity in the range from 4.5 to 5.0.

The effect of moisture on ﬁhe dielectric properties is
clearly shown in Fiq. 3.1, 3.2, 3.3 and 3.4. PFig. 3.1 and
3.2 show the dielectric constant and loss factor of wheat
kernels at five moisturé contents, versusgs sample density.
As the mnoisture content increases the slope of the curves
also increases.

The effect of increasing sample moisture content is
even more clearly illustrated in Fig. 3.4 and 3.5, where the
dislectric properties of wheat kernels are plotted versus
moisture content. The data plotted in Fig. 3.1 and 3.2 were
interpolated to show the effect of moisture content at five
sample densities. Below 10 percent MC, bound water
predominates in the sample as evidenced by the small slope
of the curves. In the range 10 to 13 percent MC there
appears t¢ be a +transition reqgion with some of the
-additional water being stored in both forms of water. Above
13 percent MC the rapid rise in dielectric properties

indicates that nearly all of the added moisture is stored as
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free water.

The effect of the ratios of bound arnd free water is
caused by more than the diffsrences ir their static
dielectric constants. Free water, due to dissolved ions
contributes to Maxwell-Wagner losses, while bound water
cannot, Pierce, as reported by Van Beek (1967}, nmade
measurments on suspensions of sea water in oil. He found
that the high conductivity of sea water shifted the
frequency at which the maximum Maxwell-Wagner losses occured
into the mega hertz . region. Maxwell-Wagner effects are
usually not appreciable above a few kilo hertz,.

This shift +to higher frequencies of Maxwell-Wagner
effects was also reported by Stetson‘and Nelson {1970}, who
verformed tests on a number of seeds in a freguency range of
250 Hz to 20 kHz. Nebraska grown, Gage hard red winter wheat
of 14.0 percent MC showed a peak in the loss factor at about
500 Bz, while a sample of 15.8 percent MC had a loss peak at
1.5 kH=z. Samples of 12 and 10 percent MC showed a gradnal
decline in the loss factor from 250 Hz to 20kHz with no
peak., Similar results were obssrved for other seeds testad
by the same researchers.

¥o %tests were carried out in this study below 75 kHz.

However, TFig., 4.6 indicates that an increase in sanmple

density is causing a similar shift in the loss factor versus

log freguency curves.,
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4,3 -The effect of density,:

v W v " o . W

Agricultural products such as grain and flour are
heterogeneous mixtures of particles in air, and have bean
investigated as such as early as 1821. The problem of the
dielectric properties of mixtures composed of different
substances has been studied for a variety of materials,

De Loor (1968 showed that by considering granular
particles of dielectric constant §¢, dispersed in air of
dielectric constant 8., derivations of dielectric properties
may be made analagqous to those given by Debye {1929) for
dipolar liguids. An effective internal dielectric constant:
£% dis attributed +to *he immediate surroundings of the
particles to account for interactions with surrounding
material. |

Assuming the particles to bz ellipsoids of similar size
and shape, De Loor (1968) stated that the macroscopic

dielectric constant (&n) could be expressed in the fornm

2 1
- L U A E
(Sm = 60 3 ( 86 80)J=, !"‘AJ ((86'/6*)—l> (43)

Fhere VU: is the volume filling factor of the granules, and
a1, A2, A3 are the depolarization factors along the main
axes of the qranuie. These factors are determined by the
shape of ¢the granules. TFor spherical particles a1= 32 =33

=173 and (4.3) can be written

Bm = Bo% 3VU¢ {BL =~ B,)8%/ (2B% + §;) (4.4)

by




De Loor stated that 5% always lies between §, and &m

and thus limits for €m may be estimated, When the shape of

the particles is not known, limits can still be estimated by

substituting a4 = 0, 0, 1 {disk shapéd particles) with &%

Eme and A4 = 1/3, 1/3, 1/3 (spherical particles) with &*
£o. Fig. 4.2 from De Loor (1968) illustrates the variation
of the dielectric constant with filling factor.

Since eg. (4.3) is asymmetric in U, several regions are
apparent in Fig. #.2. ¥For filling factors near 0.5, a form
of eqg. {4.4), known as Bottcher's formula is often used.
Since the particles are surrounded by the mixture rather
than one of the constituents, &* is replaced by &y. Another
formula that often gives results that agree well with
exprimmental values was derived by Loovenga {reported by Van

Beek, 1964) as
7 . 1y, 3
Bm = {820+ {8 - 82°)) {4.5)

Examination of the experimental results showed that the
dielectric constant and loss factor varied linearly with
density 4in the ranqge tested. However, since the curves 4id
not intersect B; =1 at Y=0, it became apparent that thay
were probably not linear outside the range of densities
exanined.

Assuming that the highest density reached during the
testing was equivalent to a filling factor of 0.95, a value
of GZ wvas extrapolated from the data. This value was used

in eqg. ({4.5) for a rough check of 5;. It was found that
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Fig.4,2 Different regions for heterogeneous mixtures
from eq 4.3.
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above a £illing factor of O.6,Athe results obtained by eq.
{4.5) were within a few percent of the mesasursd values.

In sections 4.1 and 4.2, the =zffects of conductivity on
the fregquency response of the Maxwell-Wagner absorption and
the effect of moisture and of conductivity was discussed
with respect to experimental and theoretical models, Since
compression of a sample increases its conductivity, it is
expected +that +the sample density will affect the freguency
response of the dislectric in a manner similar to the effect
of an increase in conductivity. This is illustrated in Fig.
3.6,

Stetson and Nelson (1970) showed that an increase of
moisture content from 14.0 to 15.8 percent in a sample of
wheat shifted the critical fregquency of the Maxwell-Wagner
absorption from 0.5 k¥Hz to 1.5 kHz. At the same time the
curve of the loss factor vs. log & was more sharply peaked.
FPig., 3.6 indicates that a similar shift is caused by an
increase in sample densitv.althouqh the tests were not done
at sufficiently low freguencies to establish the exact shape
of the curves, The results shown are similar +to those
reported for the model mentioned in section #.,1, consisting
of lumps of paraffin coated with a conducting powder. Tests
on this model showed a steady decline of the loss factor

over several decades of frequency with no apparent peaks.

4,4 _ Special problems encountersd,

The main problem encountered during assembly of the
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equipment involved the construction of a suitable test cell.
The pressures to be used precluded the use of brittle
materials such as glass or ceramics, After some trials a
Nvlon-6 cylinder with a surrounding steel collar was
constructed and proved adedquate,

There were inconsistencies in measurement during trial
runs that were eliminated by relatively minor changes in the
test cell, Surface conductivity of the cell was reduced by
chamfering the base and cutting back the bottom of the steel
collar {see Pig. 2.7. It wvas also found that cleaning the
walls with an ethyl alcohol solution before each test
lowered the losses of the enpty test cell. Some of the
randon fluctuatidns in measured values were eliminated by
grounding the steel collar +o the LO terminal of the
Q-meter. These changes greatly improved the reliability and
repeatability of the tests.

Since samples released from pressure tended to have a
slow rebound, i+ was necessary to make electrical
measurements as guickly as possible. The Monsanto frequency
counter used to monitor frequency showed that changes in
sample 1loss caused by compression often caused appreciable
changes in the freguency of operation. Often this resulted
in readings being made in a series of steps. The circuit
was adjusted to resonance with the MEC, the frequency was
reset if it had varied, and if so the circuit had *o be
retuned. In the meantime the sample had rebounded and

changed the plate sevaration of +the sample holder. The
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changes in frequency vere gquite large and freguency
monitoring was considered verv important.

At fregquencies beyond those investigated (above 10
MHZY, severe problens vere gncountered with hand
capacitance. Slight movements of the body near the testing
components Tesulted in fluctuating readings on the TVH,
Since the volume of data obtained was alreadyvy guite large,
testing was terminated at 10 MHz. The prodblem of hand
capacitance conld be alleviated however, by the use of
styrofoam extensions for the the knobs of the variable
capacitors. This allowed settings to be made with the hands
kept at a distance from the test components.

The wall of the test cylinder was scored by the adrier
material during testing., If a large number of tests were to
be made on very dry samples, it would be expected that the
sample holder would have a rather short life. As +the wall
became scored it was much more difficult to keep the wall

clean, and surface conductivity became apparent.

4,5.- Mechanical properties of the test materials.

It was noted Jduring the tests that the dJdeflection
versus pressures curves were very consistent at all moisture
content levels and provided an excsllent rough indication of
sanple moisture content. During the writing of this thesis,
a report was received describing the development of a
noisture indicator for farm use that employs this principle

{University News, 1974)
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The flour sanmples proved to bs more elastic and showed
a greater rehound than either the ground or kernel wheat.
There yere only minor differences bet ween the

compressibility of the kernels and the powderv materials,
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An analysis of errors was made by the method of
uncertainies presented by Xline and McClintock (1953), as
given by Holman (1971). This method takes into account the
relative effect of the uncertainy of each measured variable.

The probable uncertainy of a calculated valus is given
as the sguare root of the sums of the sguares of the
estimated uncertainies of each measured variable times the
partial deriative of the defining equation with respect to
that variable, The dielectric constant is defined by eq.
{2.1Y and the loss factor by eg.{2.2), If 4d; are the
uncertainies in the measured values, then the probable
uncertainy in the dielectric constant is

d6'=[(jg; dCx >2+( jg dCo>2]l/2

Cx 27%
z o(&)}

- [(£ dex )+

dividing by &' = {C¥x + Co) /Co (2. 1)
dé"_ [ Cx dCx>2 +( Cx occo>2]‘/z (4.6)
£’ CxtCo Cx Cx+C, Co

for low loss materials Cx/{Cx + Co) has a minimum valune of
approximately 0.66 and a maximum of 0.95 for high 1loss
materials. The estimated values of dCx/Cx and d4C./C, are

0.03 and 0,01 respectively. Inserting these values in ({4.6)
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The probable uncertainy in the loss factor is

ae-[ (55 ) (i, ascs) + (55, o)

H

t

[(25525 ae) s (55 @)

(£ asc ) + ((Elalzacd dcx)QJ'/z

2Cx 2 Cx
dividing by &" = B'{ACs - ACy) /2Cx (2. 2)
” ’ 2 2 2
de” [(d§ i (gt ) b (Ll > N
& € ACs = ACh ACs- ACu
dCx \2 1"
o (4.7)

Estimated values for ACs/{ACs - ACu) are 0.05/1 for low
loss materials, and 1/40 for high loss materials. Estimated
valnes for ACu/{ACs - ACuy) are 0.05/1 for low loss materials
and 0.05/40 for high loss materials. Insertipnqg these values

and the valnes for 4&'/85' and dCx/Cx in eg. {4.7) gives

52




7.9% for low loss materials

dgr/en = 0,079

L}

agn /gn 0.044 B.4% for high loss materials

The estimated uncertainies for the measured values are
the maximum expected. A further check was made of accuracy
by measuring the dielectric constant and loss factor of
Teflon discs held in +the sample holder. The results of
these tests are contained in table 4#.,1. Manufacturers data
for the samples gives a value for the dielectric constant of
2.03 to 2.04 and a value for the loss factor of 0.0. The
maximum error in the dielectric constant was 3.5 percent,
with an average =rror of 1.5 percent. The maximum error in

the loss factor was 0.05 with an average srror of 0.015,
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Table 4.1 - Calculated values of the dielectric constant
and loss factor of Teflon discs held in the
sample holder.

TEFLON AT 75 KHZ

T B Ef!?
MILS
255.0 2.04 6.02
216.0 2.00 -0.00
111.0 1.99 -0.01
58.5 2.06 ~0.01

T E? Ft1
MILS
217.90 1.99 0.03
113.0 2.03 -0.00
55«0 1.97 —'0001

T Et Ett
MILS
219.0 2,05 -0.02
111.0 2,00 -0.,01
57.0 2,02 ~0,01

T E' E"
MILS
220.0 2.04 0.01
113-0 2.05 —0002
58.0 2.05 0.02

T E' E‘"
MILS
254,90 2,07 ~-0.,01
216, 0 1.95 0.05
58.0 109'9 _0001




CHAPTER V
CONCLUSTONS AND RECOMMENDATIONS

1. The wvariation of the dielectric constant and loss
factor with density of wheat kernels, ground wheat and
flour samples was found to be linear within the range of
moisture content, density and freguency 1investigated.
However, since +the extrapolated curves, with the exception
of the oven dry samples do not intersect g/ = 1 for density
egual zero, it appears that the relation is non-linear at
densities less than those tested, Densities below natural
bulk density however, have little practical significance and
can only be achieved with the usz of a filler material such

as, for'example, styrofcam beads,

2. Differences between materials, and ir some cases
between moisture contents of the same material, were nmore
noticeable in the loss factor values than in the values of

the dielectric constant.

3. The difference in capacitance bstween samples of
different moisture content is increased by compression such
that there should be an increase in the accuracy of the

measurement of moisture content by compressing the samples.

4, Increased sample density shifted the
Maxwell-Wagner effects towards higher frequencies due to an

increase in the sample conductivity.




5. For practical moisture meters the mnmeasurement
frequency shonld be higher than 1 MHz to be free from any

interference from Maxwell-Wagner effects.

6. Pressures required to compress sanples to a
filling factor of 1 are not practical for a commercial

moisture meter,

Te Extreme pressures scored the wall of the test cell
vhen used with drvy samples, and increased the losses of

moist samples such that measurements were made difficult.

8. The procedure. is unsuited for the testing of
pilseeds due to the expulsion of 05il from the samples under

compression.

9. Further =axawmination should be made of the
feasibility of measuring moistur2 content by measuring the

deflection of the sample versus the applied pressure.
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CHAPTER VI

SUMMARY

Samples of wheat, ground wheat and flour were tested to
determine the effect of density on the dielectric constant
and 1loss factor of the materials.  With the use of a
specially constructed test cell, it was possible to compress
samples to abont twice the natural density. Tests were made
on samples at oven dry state and at moisture contents above
and below normal storage levels., The freguencies at which
measurenents were made are 75 kHz, 121 kHz, 500 kHz, 1 MNHz
and 10 MHzZ. Plectrical measurements were made by the
resonance method, using a Q-meter.

An introduction to the dielsctric properties is given
along with a review of previpus investigations. Various
polarization mechanisms are discussed with reference to
theories of early researchers in the field., Since the
dielectric properties are greatly affected by the test
freguency and the nmoisture content of the sample, a
discussion of these effects with respect to the mechanisns
of polarization is presented.

The results of all +tests nmade, as calculated by a
computer program, are contained in the appendix. T?pical
curves of the variation of the dielectric properties with
density, with moisture content, and with freguency are shown
for wheat samples. A comparison vof the dielectric
properties of the three materials at a frequency of 121 kHz

and a moisture content of about 13 percent is also given. It
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vas not possible to compare samples of didentical moisture
content since samples were conditioned separately.

The diselectric constant and loss factor were found to
vary almost perfesctly 1linearly with densitvy. Fgith
increasing moisture conteant the dielectric constant and loss
factor rose slowly from 0 to 10 percent MNC, then faster,
while beyond 13 percent MC the rise was very steep..
Increasing the sample density increased the slope of the-
curves,

The dielectric constant declined slowly with increasing
frequency. The loss factor, =zspecially for wet samples,
declined rapidly in the freguency range from 75 to 500 kHz,
and declined nore slowly from that point. For a saﬁpla of
wheat at 14,19 percent MC {w.b.) at a freguency of 75 kHz,
the increase in the dielectric constant with density was
from 6.14 at a density slightly higher than natural bulk
density, to 15,46 at a depsity 1.5 times that, The
corresponding loss factors increased from 1.69 to 5.31 in
this range. At 10 MHz for the same moisture content the
dielectric constant increased from 4.35 to 12.06 for an
increase in density from slightly greater than natural bulk
density to a density 1.8 times as great.. The corresponding
loss factors increased from 0.46 to 2.01., There were shifts
made in the loss factor versus loq freguency curves which
indicated that increased sample density made the effects of

Maxwell-Wagner absorption felt at higher freguencies.,
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APPENDIX

Table A-1

The following vages contain all of the data that wvas
collected during the course of the proiject. WHOLE WHEAT is
Manitou variety red spring wheat in the kernel form. T is
the2 sample thickness in mils (thousandths of an inch), DENS
is the density of the sample in g/cma, E' is the dilectric

constant and E" is the loss factor. 0.D. indicates samples

that were oven dried for 3 hours at 130° C. 211 moisture

contents given are percent wet basa.

62




MANITOU WHEAT WHOLE

23 DEG

MC= O.D.

E?

75 KHZ

————— —— A — A — " — . - - . —————————————

T DENS

MILS GM/CC
306.0 0,736
283.0 0.795
271.0 0.831
246,90 0.915
222.0 1.014
205.0 1.098
195.0 1.154

MANITOU WHEAT WHOLE

Et

- T L R D - M s A M ke g s N D Al D e M > T > . D AT DD > T S

T DENS
MILS Gu/CC
294,0 0.766
267.0 0,844
254,0 0.887
227.0 0.992
199.0 1.132
180.0 1. 251
171.0 1.317

MANITOU WHEAT WHOLE

22DEGC

5,31

MC=13.69

B

75KHZ

———————— . ——— — - > " —— - M - - ——— -

T DENS

MILS GH/CC
303.0 0.742
271.0 0.830
253.0 0.889
223.0 1.008
198,90 1. 136
178.0 1.263
173.0 1.300

MANITOU WHEAT WHOLE

23 DEG

C MC=14,19

jOR

75 KHZ

T DENS
MILS GM/CC
303.0 0., 744
269.0 0.838
245.0 0.920
213.0 1.058
191.0 1.180




MANITOU WHEAT WHOLE 23DEGC MC=15.82 75 KHZ

T DENS E? Er?
MILS GM/CC
312.0 0.721 7.04 3.53
264.0 0.853 11,72 8,28
2542.0 0.930 14.46 9.38
212.0 1.062 18.37 12.59

MANITOU WHEAT WHOLE 23DEGC MC=0.D. 121 KHZ

T DENS E? Er?
MILS GM/CC
303.0 0.744 3.10 0.15
277.0 0.814 3.43 0.15
265.0 0.851 3.56 0.17
244.0 0.924 3.86 0.21
219.0 1.030 4,37 0.24
204,0 1.106 4,75 0.24
192.0 1.175 5. 11 0.29

MANITOU WHEAT WHOLE 23DEGC MC=10, 28 121 KHZ

T DENS E? EY
MILS GM/CC
290.90 0.776 4,58 0.25
267.0 0.843 5. 30 0.34
255.0 0.883 5.79 O.44
225.0 1.001 7.0 0.59
199.0 1.131 B, 42 0.69
177.0 1.272 10. 16 0.87
169.0 1.332 10. 80 0.96

MANITOU WHEAT WHOLE 70 DEG MC=13.40 121 KHZ

T DENS B! E?
MILS GM/CC '
303.0 0.743 5. 50 0.69
270.0 0.833 7.40 1.25
252.0 0.893 8.46 1.54
221.0 1.018 10.73 2.02
198.0 1. 137 12.80 2.61
179.0 1.257 15.08 3.04
174.0 1.293 16. 18 3.18
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MANITOU WHEAT YHOLE

T DENS
MILS GM/CC
301.0 0.747
264.,0 0.852
236.0 0.953
212.0 1.061
188.0 1.197
171.0 1.316

MANTITOU WHEAT VWHOLE

T S " > T - T YA W D o > N -~ -

T » DENS
MILS GM/CC
308.0 0.731
263,0 0.856
243.0 0.926
208.,0 1.082

MANITOU WHEAT ¥WHOLE

T DENS
MILS GM/CC
305.0 0.737
280.90 0.803
265.0 0.849
282.0 0.929
221.0 1.017
202.0 1.113
192.0 1. 171

MANITOU WHEAT WHOLE

23DEGC MC=14.19

E?

23DEGC MC=

E?

23DEGC MC=0.D.

Er

23DEGC MC= 10. 28

15.82

121 KHZ

Ere

121 KHZ

Ere

500 KHZ

jo ]

500 KHZ

B

A s T D T AT > A - - —— - . - -~ W

T DENS
MILS GHM/CC
293.90 0.768
267.0 0.842
252.0 0.892
226.0 0.995
198.0 1.136
179.90 1.256
169.0 1.331
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MANTITOU WHEAT WHOLE

DENS
GM/CC

MC=14.19

Bt

500 KHZ

E!!

- 0 AU s s e D D A > U D O e . T — N > .~ —— =

MANITOUD WHEAT WHOLE

T
MTLS

DENS
GM/CC

MC= 15,82

E?

500 KHZ

Fre

. S W " T A - T - —— D 1 W — T A Ty o

312.0
265.0
243.0
211.0
190,90
175.0
172.0

0.721
0.849
0.926
1.067
1.185
1.286
1.309

MANITOU ®HEAT WHOLE

DENS
GM/CC

6.3

9.'68
11,32
14,48
17.09
19.51
20.09

MC=0.D.

Bt

1.54
2. 89
3.35
4,23
5.03
5’ 82
5.89

MHZ

MANITOU WHEAT WHOLE

DENS
GM/CC

E?




MANITOU WHEAT

WHOLE

DENS
GM/CC

22 DEGC MC=13.19

Ee

1MHZ

T T o - I - - - ——— " - - >

WHOLE

DENS
GM/CC

WHOLE

DENS

23 DEGC

E?

23 DEGC MC= 15,82

Ee

MC=14,19

1 MHZ

Ey?

1 MHZ

WHOLE

DENS
G¥/CC

23 DEGC MC=0.D.

E?

10 MHZ

Ete




MANITOU WHEAT WHOLE

T DENS
MILS GM/CC
293.0 0.768
267.0 0.843
255.0 0.882
227.0 0.991
199.0 1. 131
179.0 1.257
168.0 1.339

MANITOU WHEAT WHOLE

T DENS
MILS GM/CC
299.0 0,753
266.0 0.847
2u48.0 0.908
220.0 1.024
195.0 1.155
174.0 1.294
169.0 1.333

MANITOU WHEAT WHOLE

23 DEGC MNC=10.28

e

22DEGC MC=13., 38

E

23 DEGC NC= 14,19

By

10 MHZ

Er2

10 mHZ

Et?

1.58

- W A A~ o o ] A - . -~ -~ -

T DENS
MILS GM/CC
300.0 0.750
257.0 0.876
239.0 0.942
210.0 1.072
188.0 1.197
172.0 1,309
167.0 1.348

MANITOU WHEAT WHOLE

Ee

10

. 00 A T D T - . — - T W - ——— T~ ——

T DENS
MILS GM/CC
312, 0 0.721
261.0 0.862
237.0 0.950
210.0 1.072
189.0 1.191
176.0 1.279
171.0 1.316




MANITOU WHEAT GROUND

DENS
GM/CC

23 DEGC MC=0,D.

E?

MANITOU WHEAT GROUND

U T S - e - - - A - A " - e - - — - - -

MANITOU WHEAT GROUND

DENS
GM/CC

DENS
GM/CC

21 DEGC

23 DEGC

E?

E?

MC=10.73 75KHZ

MC=

B

06.58

0.68

0.96

75 KHZ

S A s s e T A s i T T Al A TS W e T A B B < W s N T S Y " - - ——

MANTITOU WHEAT

T
MILS

GROUND

DENS

GM/CC

23 DEGC MC= 13.75

E?

75 KHZ

Fol I

A A 2 A A D s - o> - W T 0

322.0
241.0
225.0
206.0
189.,0
173.0
167.0

0.699
0.934
1.000
1.092
1. 191
1.301
1.348

5,36
9.13
10. 10
11.97
13.68
15.66
16,06

69

0.82
1.97
2. 11
2.57
3.10
3.58
3.69




MANITOU WHEAT

GROUND

DENS
GM/CC

23 DEGC MC= 15,61

E?

- ————————_ Y — - - WA - - -~ ————— T ————— - -

-\ W V> — - A — = A - W WS . A - A - -

GROUND

DENS

GROUND

DENS
GM/CC

23 DEGC MC=0.D.

joR

22 DEGC MC=

B

121 KHZ

Er?

- "~ WD T Al e . WL A S U e S T D A S~ — - - . -

0.830
1.018
1.057
1.109
1.166
1.236
1.271

GROUND 22DEGC MC=12.6

DENS
GM/CC

1.279

121KHZ




MANITOU WHEAT

GROUND 23DEGC

DENS
GN/CC

MC= 13,75

By

121 KHZ

T ———  — - ——— - - -~ ————— . — -

GROUND 23DEGC

DENS
GM/CC

HC=15.61

GROUND 23DEGC

DENS
GM/CC

MC=0.D.,

E?

S A — — —_— — T o ——— M T — T ——— ———— o —————

GROUND 22DEGC

DENS
GHM/CC

MC= 10,73




MANITOU WHEAT GROUND

DENS
GM/CC

23 DEGC MC= 13.75

500 KHZ

B

. —— N ——— iy -t W - ——————— " _— o e i i - —

MANITOU WHEAT GROUND

T
MILS

DENS
GM/CC

23 DEGC MNC=15.61

B

500 KHZ

EY

339.0
239.0
223.,0
202,90
184.0
171.0
164.0

MANITOU WHEAT GROUND

T
MILS

0.664
0,942
1.009
1.114
1.223
1.316
1.372

DENS
GM/CC

5.61

9.87
10.94
12.5¢6
14,01
14.50
14.58

23 DEGC MC=0.D.

E?

0.95
1.97
2.20
2.55
2.90
2.90
2.90

1MHZ

Ere

T — — ——C—— 7 " A T - - WO A M A ———

349.0
266.0
251.0
234,0
219.0
206, 0
191.0

MANITOU WHEAT GROUND

0.645
O. 8‘46
0.897
0.962
1.028
1.092
1.178

DENS
GM/CC

2,72
3.30
3.52
3.72
3.90
4,07
4,44

22 DEGC MC= 10.73

0.16
0.29
0.31
0.36
0.38
Oﬁuu
0.45

1 MHZ

- — - - . i W . - - ———— > -




MANITOU WHEAT GROUND 22 DEGC MC=12,39

MANITOU WHEAT GROUND

T
MILS

349.0
241, 0
228.0
208.0
191.0
175.0
168.0

MANTITOU WHEAT GROUND 23 DEGC MC=

———— o v

DENS
GH/CC

DENS
GM/CC

0.645
0.934
0,987
1.082
1.178
1.286
1.339

DENS
GM/CC

0.649
0.934
1.000
1.114
1.223
1.339
1.389

MANITOU WHEAT GROUND 23 DEGC MC=

1MHZ

El E!l
4,51 0.29
6.46 0.54
7.25 0.64
8,42 0.79
9.39 0.86
10.87 1.08
11.27 1.12

23 DEGC MC= 13.75 1 MHZ

E' E!l
3.56 0.34
6,94 1.02
8,06 0.81
9,20 0.88
10.59 1.12
11,83 1.35
12. 31 1.36

15.61 1 MHZ

El E!i
5.12 0.69
9,12 1.51
9,99 1.72
11.82 2,08
13.25 2. 41
13.78 2.30
14, 04 2.37

0.D. 10 MHZ

E' E!!
2,40 0.30
2.96 0.37
3.01 0.39
3.20 0.37
3,40 0.45
3.59 0.49
3,77 0.53

DENS
Gu/CC




MANITOU WHEAT GROUND 22DEGC Mc= 10,73 10MHZ

T DENS R AR
MILS GM/CC
267.0 0.843 4,14 0.61
217.0 1.037 5.43 0.68
209.0 1.077 5,69 0.77
198.0 1.137 6,03 0.83
186.0 1.210 6.62 0.99
175.0 1.286 7.25 1. 11
168.0 1.339 7.43 1.15

MANITOU WHEAT GROUND 23DEGC MC=12.39 10 MHZ

T DENS E? E"
MILS GM/CC
3430.0 0.662 3.58 0.35
252.0 0.893 5.29 0.65
233.0 0.966 5.88 0.77
216.0 1.042 6.656 0.92
196.0 1,148 7.71 1.14
182.0 1.236 8,66 1.31
174.0 1.293 9.23 1.42

MANITOU WHEAT GROUND 23 DEGC NC= 13,75 10 MHZ

T DENS E? E??

MILS GM/CC
353,90 0.637 3.70 0.38
246.0 0.915 5.93 0.80
228.0 0.987 6.60 0.94
211.0 1.067 7.32 1.06
191.0 1.178 8.38 1.28
174.0 1.293 9.15 1. 27
167.0 1.348 9.25 1.22

MANITOU WHEAT GROUND 23 DEGC MC= 15.61 10 MHZ

T DENS E? B
MILS GM/CC
333.0 0.676 4,46 0.47
238.0 0,946 7.17 1.04
222.0 1.014 7.87 1. 20
201.0 1.120 9.09 1.29
183.0 1.230 10.10 1.51
168,0 1.339 10.95 1. 68
162.0 1.389 11.00 1.67




MANITOU WHEAT FLOUR

23 DEGC MC= 0.D.

EY

T DENS
MILS GM/CC
358.0 0.629
260.0 0.866
245,90 0.919
231,90 0.974
215, 0 1.047
206.0 1.092
194.0 1.160

23 DEGC MC=11.71

B

75 KHZ

T DENS
MILS GM/C
362.0 0.622
246,90 0.915
229.0 0.983
208.0 1.082
192.5 1.169
183.0 1.230
175.0 1.286
169.0 1.332

23 DEGC MNC= 13,48

E?

T DENS
MILS GM/CC
212.0 0.721
244,90 0.922
228.0 0.987
212.0 1.061
193,90 1.166
176.0 1.279
170.0 1,324

MANITOU WHEAT FLOUR

23 DEGC MC= 14.59

E?

75 KHZ

Et e

T A T T T T T S _— - TH - . W - . .~

T DENS
MILS GM/CC
328.0 0.686
247.0 0.911
231.0 0.974
212.0 1.061
195.0 1. 154
179.0 1,257
175.90 1.286

5.94
9.76
10. 51
12.88
4,75
17.22
18. 14

75

0.87
1.93
1.88
2.89
3.44
4,11
4.01




MANITOU WHEAT FLOUR

23 DEGC MC=0,D. 121 KHZ

B

e

T - DENS
MILS GM/CC
340.0 0.662
258.0 0.872
245,90 0.919
231.0 0.974
215.0 1.047
202,0 1.114
194.,0 1.160

MANITOU WHEAT FLOUR

T DENS
MILS GM/CC
359.0 0.627
250.0 0.900
234,5 0,960
219.0 1.028
203.0 1. 109
187.0 1.203
179.0 1.257

MANITOU WHEAT FLOUR

T DENS
MILS GM/CC
328.0 0.686
240.0 0.938
228.0 0.987
208.90 1.082
195.0 1.154
175.0 1.286
169.0 1.332

MANTITOU WHEAT FLOUR

T DENS
MILS GM/CC
328.0 0.686
244,0 0.922
229,90 0.983
210.0 1.072
193.90 1.166
174.0 1.293
168.0 1.339

Et

2.42
7.15
7.98
8,84
10.37
12,06
13.56

23DEGC MC= 13.48

E?

23DEGC MC= 14,59

zie

E¥?




MANITOU WHEAT FLOUR

23 DEGC

T A AT P A DS S T SUD U A D Al A S A D s Y e WD N N D Bl VU T Nl e D T T A~ -

22DEGC

23 DEGC

23DEGC

I N A . > Y A A Yo — - - - A~ — v

T DENS
MILS GM/CC
344,0 0.654
258.0 0.872
244,0 0.922
230.0 0.978
215.0 1.047
202.0 1.114
195.0 1.154
MANITOU WHEAT FLOUR

T DENS
MILS GH/CC
388.0 0.580
250.0 0.900
237.0 0.950
222,90 1.014
206.0 1,092
193.0 1.166
184.0 1.223
MANITOU WHEAT FLOUR

T DENS
MILS GM/CC
337.0 0.668
240,0 0,938
230.90 0.978
208.0 1.082
194.0 1.160
174.0 1.293
169.0 1.332
MANITOU WHEAT FLOUR

T DENS
MILS GH/CC
327.0 0.688
245,90 0.919
231,0 0.974
210.0 1.072
197.0 1. 142
180.90 1.250
176.0 1.279

MC= (O, D, 500 KHZ
E' E’l'
2.88 0.16
3.70 0.29
3,84 0.33
4,05 0.38
4,36 0.47
4,58 0.43
4.81 0.46
MC=10.82 S500KHZ
E' E‘l
3.38 0.21
5,91 1.06
6.93 0.52
7.70 0.63
8. 68 0.73
9.67 0.80
0.82 0.95
MC= 13.48 500 KHZ
E! E"
4,88 0.30
7.91 0.71
8. 42 0.75
9.98 0.94
1.08 1.07
3,42 1.39
5,18 1.43
MC= 14.59 500 KHZ
El E'l
5,25 0.38
8.68 0.91
9,59 1.04
1.65 1.35
2.80 1.49
4.92 1.81
5,99 1.92




MANITOU HHEAT FLOUR 23DEGC MC= C.D. 1 MHZ

T DENS E? B

MILS GM/CC
308,90 0.731 4,71 0.20
257.0 0.876 4,42 0.30
243,0 0.926 4,47 0. 34
231.0 0.974 4,47 0.40
216.0 1.0u42 4,53 0.43
206.0 1.092 4,60 0.46
197.0 1.142 4.79 0.50

MANITOU WHEAT FLOUR 22 DEGC MNC=12.23 1MHZ

T DENS E? Ev?
MILS GH/CC
318.0 0.708" b, 34 0.27
244,90 0.922 6.37 0.51
227.0 0.991 7.04 0.60
210,90 1.072 7.84 0.88
197.0 1. 142 8,76 0.79
182.0 1.236 9.79 0.90
172.0 1.308 10.73 1. 04

MANITOU WHEAT FLOUR 23 DEGC MC= 13.48 1 MHZ

T DENS EY EV?
MILS GM/CC
329.0 0.675 4,83 0.03
236.0 0.942 7.68 0.52
220.0 1.010 - 8.48 0.63
203.0 1.095 9.55 0.75
186.0 1.195 10.88 0.92
169.0 1.315 12.5¢6 1.18
162.0 1.372 13. 30 1.28

MANITOU WHEAT FLOUR 23 DEGC MNC= 14,59 1 MHZ

T DENS E? EY?
MILS GM/CC
331.0 0.680 4.89 0.38
241, 0 0.934 8.01 0.91
228.0 0.987 8.86 0.93
209.0 1.077 10,10 1.12
192.0 1.172 11.69 1. 39
172,0 1.308 13.37 1.58
168.0 1.339 13.43 1.53




MANITOU WHEAT FLOUR = 23 DEGC  MC=0.D. 10 MHZ

T DENS E? Et
MILS Gh/CcC
340.,0 0,662 2.42 0.19
258.0 0.872 3.02 0.35
245,0 0,919 3. 11 0.43
232,0 0.970 3.23 0.48
218.0 1,032 3.43 0.47
205.0 1,098 3,62 .47
193.0 1,168 3.90 0.56

MANITOD WHEAT FLOUR 23 DEGC HMC= 11.14 10 MHZ

T DENS E? Et?
MILS GM/CC
306.0 0.735 3.67 0.41
243.0 0.926 5.19 0.71
230.0 0.978 5.49 0.78
213.0 1.057 6. 20 0.94
199.90 1. 131 6.76 1.04
176.0 1.279 8.03 1.35
172.90 1.308 8.40 1.38
MANITOU WHEAT FLOUR 23DEGC MC= 13.48 10 MHZ
T DENS EY Et?
MILS GM/CC
325,0 0.692 3.99 0.42
239,.0 0,942 6.13 0.83
226.0 0.996 6.67 0.94
206.0 1.092 7.56 1. 11
191.0 1.178 8.70 1.33
174,90 1.293 10.02 1.59
169.0 1.332 10.76 1.58

MANITOU WHEAT FLOUR 23DEGC MC=14.59 10 MHZ

T DENS E? By
MILS GM/CC
327.0 0.688 4,21 0.43
243.0 0.926 6.61 0.88
229.0 0,983 T+ 26 0.98
210.90 1.072 8,34 1. 20
192.0 1.172 9.79 1.39
177.0 1.271 11.39 1.71
173.0 1.301 11.79 1.78




