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.  ABSTRACT E & .
The conductivity'and dielectric peraittivity og saaples

. of tar spnd fros the Athabasca tar sands in northera Alberta

have been locsu:od at low ttoqnougios as part of a study ot‘
the foasibility'?t in situ separation otvbitulon €rom tar
sand using elocttonagnotic fields. |

A study of existing neasuting\ztoce‘utos and of i /; )
ptgfig’s,associated with lov frequehcy medsurements in |
<‘general led_to the selegtion of a two electrode measuring
technique el;loyinq copper electrodes n;ted to the tar sand
salple§‘l4th blotters soaked in a copper sslphate solutioa.

Results for conductivity and dielectric permittivity

over a. frequency range from 102 Hz to 107 Hz are included.
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INTRODUCTION

v

. THE ATHABASCA TAR SANDS

~ The tar saunds oﬁ Alberta consist of a dense viscous
coaglo-erate of sapd, clay, and heavy oil. Although tar
sandsgare found throughout the world, the largest body and
only‘ deposit undergoing commercial developsent is located
in northeastern Alberta. o .

The Alberta Energy Resources Conservation Board
places the proven resources at about 350 billion barrels.
At present only oase process utilizing mined tar saad s
used for bitumen recovery; >There are two factors which
limit the amount of tar sand which can be mined. The
first of these is the pitumen saturation. Current policy
is to select -plant feed with bitumen saturation of 10&% or
gteater by weight. This policy excludes apout 30% of the
tar sands from mining developaent. The second gquantity
which limits mining development 1s the thickness of
overburden covering the tar sand. Using present
techniques, an overburden depth of 120 feet is generaily
accepted as the economic limit for stripping.?! These two
limits reduce the amount which can be mined to about 10%
of the proven resources. Tar sand alning requires
manpipulation of vast amounts of material wunder harsh
climatic conditions and has become viable ounly with the

rising deerand for crude oil.

To fully exploit the tar sands, an 1n situ recovery



technique aust be developed. . currently, the' sost
promising methods under study elpkgj thermal heating of
‘the tar sand in place to reduce the bitumen viscosity'to a
point vhefe conventional production techniqﬁes can be
used. .

In situ production of bit0lenvft0l the tar sanés'is
very sinilar'to secondary oil production in that some form
of drive emergy must be provided to force the o1l to the
surface. In secondary production this drive energy has
been expended d&ring initia% production while 1n the tar
sands this energy never existed. Most in situ proposals
to recover bitumen envision.? pattern of 1njection Qells
into whica air or steam is forced g drive the oil to a
production well where it 1s collected. The 1njection
wells are expected to surround the production well in some
regular geometric pattera. For example, four imnjection
wells could be placed at each corner of a square with the
production well at the center.

There are several methods which can furnish the
required d£3ve energy. The forward combustiob method
forces air into the 1mjection vells. The bitumen 1S
ignited and the resulting high temperature zone moves
towards the production well, pushing the oil ahead of 1t
as 1t moves. The tar sand bed must be sufficiently
permeable to allow the oil to flow without plockage. The

peak temperature as Jell as the combustion zome velocity



are functions of the rate at wvhich air is forced in;o the
injection wells. The combustion reaction consumes both‘
/hhe’heaviet fractions of the bitumen and the residue coke.
The . bituwen is therefore partially distilled and §an
upgraded product is collected.
A further devélop-ent of this plam is the c¢Q@abination
of forwagd combustion and water floofl (COFCAW). After
forward coabustion has raised the local reservoir
temperatures sharply, a water and air wmixture 1s forced
into the injection wells. The water serves to distribute
ghe high local tenperat@s throughout a greater portion
of the oil reservoir. The subsequent lowering of
viscosity allows the o0il to be drivea to a production well
under the action of the air and water. The efficiency of
this proposal depends on heat losses from the formation.
If the losses upward through the overburden or downward
through the basement rock areoexcessive, the combustion
zone temperature will drop sufficiently' that self-
sustaining combustion will cease. The 1insulation required
to minimize the heat loss may limit this process to tar
sand areas covered by taick layers of overburden.?

The reverse combustion method consists of igniting

r
the bitumen at the production well, thus forcing the
burning front to propagate towards tane injection well. 1In
this method only air must pass through the unoburned bed;

the combustion products travel through the previously
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heated portion of the formatioan. The blockage problea

encountered in the forvargd gg;gggsg_g Rethod no longer

exists since the path to the production well has been

swept clean previously. The§ product is regained in a

gaseous form and requires little upgrading. However,
feverse comby ﬁt Consumes a aiddle fraction of the
bitulencand leaves an unburned residue behind. Also, a

significaant amount of energy is left behlnd the coabustion
front in the form of heat.

A second@ approach for in sity production uses steanm
OL some other driver fluid to increase the mobility of the
bitumen and allow Production. The flyid injection amethod
1s a relétively low temperature Lecovery tecanigque.
Althougi 4 hydrocarpon dilutent could be used to lower the
Viscosity of the tar sand, the initial cost of the solvent
Plus the loss of solvent associated Wwith the procedure
preclude this method from current investigation. Much
more promising is an oil wéter emulsion foraed by forcing
either hot water or Steam into the injection vell. Stean
1S particularily attfactive because its high latent heat
allows high energy transfer to the bitumsen formatijon.
This thermal energy mobilizes the bitumen peraitting ap
emulsion to fora. The Viscosity of such an emulsion is
essentially thaf of the water Component which s very
mobile and could be forced to the production well

reiatively €easily. Probleas ari1se, howvwever, since the

\ .

Y



feedvater aust be’ softened .to remoxg excess ain als
before béing heated to :tean in a iler. La:ge amounts
of wvaste water .are produced which require cleanan t re
recycling or disposal. Also a portion of the recore:ed
~bitumen amust be consumed as fuel to COntiﬁue the process.
-Again a thick insulating blanket of overburden I?y be
Lequired to prevent excessive heat losses froam the tar
sand.?3 _ »

The preceedlng proposals for in situ developaent show
that some fora of energy must te introduced to reduce the
viscosity of the bitumen and that adequate communication
must exist betveen khe production and injection wells. If
the tar sand permeability is low, some fora of path aust
be e;tablished betveen  the wells along which energy can
propagate and bitunen- may flow This energy will bpe
conducted radially outwards alon;\the Path so as to heat a
large area.

Recently then$ has been interest ih the ~direct
application of elecérical enhergy to the tar sands. An
electrical in situ technique could consist of two
€lectrodes, one at an injection well angd one at the
production well. If ; '%ufficiently high voltage wére
applied.across these electrodes, significant current would
flow in tae intervening tar sand material. The current

flow would result in a carbonized path between the two

wells. This technique was tnitially used to dassify coal.
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As iqll Davis® reported that a potential of 2300 volts
with ank:zéttrode spacing of thirty feet vas sufficient to
distill pettoleu; from oil reservoir rocks. Once an
elécttical path betveen injection and production vwells
exists, electrical heating lai be continued to‘teduce the
viscosity of bitumen surroundin\the path. Initial
conlhpicatipn between tvo vells thus Laving‘ been
established by electrical methods, conventional steam or
water drive may prove lorgﬁecononical for the continuation
of téei bitumen he:%ing. Plock$ suggests tha€ a surface
nuclear plhn( vould provide not only the 1low cost
electrical energy required but also a great anouq} of
vaste thétmal energy. This thermal energy could be
utilized at ;one further stage of the im situ process.

The ;ow frequency electrical heating method just
q§scribedvls based on electrical conduction. That 1is,
electrical energy propagation and ohmic heating occur due
to current flow between the two electrodes. As the
frequency of the electric field is increased other
mechanisas become responsible for energy propagation. in
the wupper audio frequencies currents are induced in the
material; thus a direct conductive pafh is not required
between electrades to produge heat. As the frequency is
further increased to radio and nicrovavé frequencies, the

energy is transferred to the tar sand by electromagnetic

radiaticn. The heating effect is primarily “due to
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_diélecttic rather tbdn ohaic heating. *

Direct electrical bLeating at high frequeancies vould

be advantageous since the ;adiatoc\ epergy cpnld
'sélectively heat the tar sand but not the overburdem or
* basement formations. This advaptage comes about because
the volume iato which ener y is directed can be sqlected

. ( .
by Jjudicious chaoiem of Qjntennas.. Unlike Steanm or

combustion @methods vhich transfer emergy radially outward
along a path (hetween the injection and production vells,
A . (2

ra

electrical iation heats the water contained within the

tar sand directly without need of 4 permeable path. Thus
bitumen froa previously inaccessible areas may be.
ptoducéd. Abernathy,® using thqéretical heat flow ;odéls,
suggests that a auch more unifors teaperature distribution
betwetn injection and production wells can be obtained
through electioqaqnetic radi:}ion. To properly design an
in situ system based on direct electrical heating, the
electrical properties of the tar sand aust be known over a
vide frequency range. These ‘properties depend on é
variety of factors such as water content and bitumen
saturation.

The purpose of this thesis is .to ascertain the
electrical parameters of tar sands. The firsi and second
Chapters will deal with the various methods available to

deteraine the parameters and the causes of Reasu rement

€errors. Although measuring techniques over a wide

]



frequency range are doﬁctibed, the primary interest ip
this thesis {fes in the 1lower frequencies. The third
Chapter will give a coaplete description of the actual
2easuring ejuipment ~used, and will also describe the
various types of electrodes vhich were tested in order to
minimize aeasurement error. The fourth Chapter will
presedt the measurement results. These results primarily
include ihe conductivity ‘angd perlitgivity of tar sand
versus frequency. Measurements taken on pure bitumen
samples and tar sand samples allowed to dry are also
included. The fourth cChapter will also attenpt to
interpret the data obtained in teras of the physical tar

sand parameters.
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CHAPTER ONE

HEASURE!.ENT QF ELECTRICAL PARAH‘iil'ERS ®
1.1 GENERAL

Physically, far sand consists f wvater-wetted sand
particles wvhich are in turn surrounded by a' bitumen cover.
The space between the bitumen-covered sand particles
contains free water and mineral material. fhe sand makes
up about 83% by weight of the tar sand while the bitumen
and water combination remains relatively constant at
approximately 17%. The wmaterial betwveen the bituamen-
covered grains contains clay-like mineral referred to as
fines. The higher the bitumen saturation, the lower the
amo;nt of fines.,?

The preceeding discussion of electrical 1imn situ
techniques suggests that a comprehensive tapulation of
electclcai parameters of tar sand over a wide fregquency
range 1is required. At low frequencies, for a given
driving voltage, the resistivity of the tar sand will
deternine the heating rate. Pér instance, the resistivity
inCcreases as the water is evaporated froa the tar sand and
the heating rate will decrease. At hign frequencies the
elecgrxcal properties will also determine the heating rate

and 1o addition set the depth to which energy can

propagate. The electrical parameters and their variation
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;ith change in the physical properties of the tar sand are
evidentiy of paramount importance in any systeam design.
Also, the determination of.the electrical parameters of
various samples of tar sand may give information regarding
the bitumen or water saturation and thereby eliminate time
consuming physical extraction and analysis procedures.

The electrical parameters vhich characterize a
dielectric are the‘conductivity, the perlittivity; and the
permeability. The magnetic permeabilities of @most
materials vary little from that of free space. anJ are
seldoa tabulated. The permittivity or dielectric constant
is a measure of the polarization of a substance. When a
na;erial is piaced in an electric field the relative
displacement of positive and negative <charge centers
causes the material to become polarized. The total
polarization is made up of different coamponents vhich in‘
turn depend on thé pature of the <charges which are
displaced. Elecgtronig¢ polarization is due to the relative
displacement of the electron cloud and the nucleir of the
atoa. Atomic polarjzation involves displacemeat of atoas
within a molecule by bending or stretching bonds betveen
atoms. For am ionic solid, atomic polarization would be
seen as the displacement of the component ions. If the
material 1is dipolar there is an additional fora of

»

polarization, ogientational polarization. Rather than

being in random thermal motion, the dipole moments tend to
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align with the applied electric field. In a heterogeneous
dielgctric vhere the electrical properties of the
constituent pagzs differ, a fourth type of polarization,
iptetfacial, is noted. Interfacial polarization occurs in
beterogeneous dielectrics where charge asovement varies
between component phases of the material. cCharge will
accunulate“alﬁng interface boundaries where conductaivities
differ. In wmaterial with electrolytic conduction the
tharged particles responsible for interfacial polarization
”7 are ions. A material such as Fat sand has many interfaces
between sand or clay particles and electrolytes where
interfacial polarization will occur. Hovever, if such
polarization foras at the sample-electrode interface, the
electrodes are altering the saaple and a measurement error
exists. This type of étroc wvill be discussed in Chapter
Two.

Generally speaking, each o£ these polarization
components contributes to the dijelectric constant over
different frequency ranges. At high frequencies, only
electrons can accelerate quickly enough -to follow the
alternating field and, Aence, high frequency polarization
1s predonin;;tly electronic. As the driving frequency 1is
lowered, the other wmechanisas of polariZzation begin to
contribute as well. Because these mec;anisns of

polarization are frequency dependent, the dielectric

permittivity increases with decreasing frequency and the
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ters ‘dielectric constant' is a lisno:or. In addition to
the displacon.nt of charge caused by a tise varyiag
electric field, there is a dielectric loss. This loss
results from friction due to ionic wmovement within the
saterial and is responsible for the dielectric heating

aoticed at high frequencies.

1.2 LABORATORY MEASUREMENTS
There is no single measuring technique which will
yield the dielectric permittivity or the conductivity over'
’,the vide frequency. range required to characterigze a
material. The remainder of this cQapter wvill discuss the
measuring techniques available in the various frequency
ranges of interest. For 5§dio to lov radio fregueacies a
capacitor test cell is widely used. Above this range into
the hundreds of MHz, a ,ttan%lission line wmethod is
employed. At amicrowave frequencies eilther a resonant
cavity or a dielectric loaded wvaveguide is used.

In addition, field techniques capable of measuring
the electrical parameters of earth ‘materials averaged over
many meters are described, as wvell as borg hole technigues
develofped primarily for oil and mineral prospecting.

¢
1.2.1 The Capacitive Test C%ll
At low frequencies, Where circuit theory

approximations hold, a capacitor test cell is used. The
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capacitance of the test cell increases vhean a di;locttic
is introduced betveen the electrodes. Prros the physical
size ot‘ the capacitor and the change in capacitance
betveen espty anpd full seasureaents, the dielectric
permittivity may be obtained. The conductivity is
seasured in a similar sanner.

The capacitor test cell is generally of the parallel
plate or coaxial cylinder type. A retaining risg of low
‘loss -latctial such  as plexiglass or teflon is used vith
the parallel plate cell to contain semi-solad materials
and hold the plates 1in a parallel configuration. The
dielectric permittivity, £ is the ratio of the
capacitance JY the cell 1ncluding the sasple, to that of
the empty cell. Any extra capacitances vhich are measured
in addition to the sample capacitance must be accounted
for. These extra capacitances are indicated 1ia the
following figure which depicts a typical measuresent test
cell. They include the interlead capacitance resulting
from the measuring leads and also a term,Ceh., vhich
accounts tor the capacitance in the overhang region
including the effect of the retaining ring and retaininyg

bolts.
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Figure (1.1) Neasuremsent Cell

This cell 1s represented schematically ian rigure 1.2:

:LECL :IEC“ L,

Cmp e 9
L J

Measuresent Cell of Figure 1.1

Figure (1.2)

The capacitance of the sasple area vith no dielectric

inserted 1s given by Ce, while the total eampty capacitance

1ocluding leads and overhany 1S gJiven by Ceapty.

Figure 1.3 shovs the seasuring arrangeaent once the

sample has been 1nserted between the plates.
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Figuré(1.3) Test Cell Representation With Saaple
A
Cd and R4 are the capacitance and resistance of the
dielectric sample. Since all the extraneous capacitances
are in parallel with the sample, the total capacitance of
the filled test cell at teraminals a,b becoames:

&

Cruer = Co +Con +C 4 (1. 1)
The capacitance measured with no tar sand 1inserted

1s:

Camory :CL + Coht Ca (1. 2)

Therefore:
Cruce - Comery = C4 -Ce

Cd s CFus, - Cemrervy +Ce
(1. 3)

since the dielectrac pernittlvity,ir-, 1s the ratio



of the full cell capacitance to the eapty cell

capacitance, then:

Er « Cy4 "_Cruu. -Cemery +Ce
Ce

Er : Cruse - Cgmory

Ce

(1.4)
The extra capacitances Ce and ¢, are coamon to both
measurements and thus their numerical values are not
Lequired for the determination of (.. The saaple
conductivity, ¢, may be determined froa the Cesistance
measur€d with the saample inserted,Qd » and the test cell
geometry. The expression for ¢ becomes:

6 = | d (1.5)

R A
where d 1s the Spacing between electrodes and A is the
electrode area covered by the saaple.

Either a direct or a comparison method may be used to
m€asure the empty and full capacitances at terminals a,b.
A direct reading places a voltage across terminals a,b and
peasures the magniﬁude and phase of the resulting current.
A similar measurement is taken across the empty cell.
From these two readings the electrical parameters may be

\
‘\\?e[ived. Alternatively, a bridge compares the current

tarough a variable capacitor and variable resistor witn
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the current through the unknown iaspedance. When the
bridge is balanced, as %ndfbated by a noull ngter
defléction, the variable compoﬂents ha ve the same
impedance as the unknown saaple. Since tne variable
conp;nents are calibrated, the unknown sample values may

be read directly off the bridge.

1.2.2 Resonance Methods

The bridge method referred to above relies on two
calibrated circuit elements. However, as the @easurement
frequency 1s increased, addit ional impedances due to
circuit leéds "and imperfect circuit elements produce
uncer tainties in the calibration of these elements. For
example, resistors exhibit series 1inductance and higher
resistance at high frequencies. These errors are so large
that only a Schering bridge which employs calibrated
capacitors can be used accurately above 100kHz.

In order to conduct measurements of electric
parameters of dielectrics between 10 and 100kHz, Hartshorn
and Ward® have suggested a resonant circuit technique.
Aithough there are several different resonance methods
available, all attempt to measure the capacitance of a

»
test cell by resonating 1t in an inductive circuilt.
3esonance 1s first obtained with the sample 1in place,

following which the circuit 1s reresonated with just the

empty <cell by adjusting the electrode spacing, usually
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with a micrometer drive. The various aethods differ in
the 'procedure by, «which the conductance is deterlined,
hovever. Hartshorn and Ward used a reactance variation
method for three reasons. Pirst, air capacitors are the
only calibrated standards required. Secoad, all
components are connected 1in parallel which siamplifies
shielding bet ween components and ground. Third,
calibratioﬁ of the apparatus at one frequency will hold
over the entire frequency range. The basic wmeasuring

circuit used by Hartshorn and Ward is shown in figure 1.4:

OSCILLATING ° MEASULRING
CIRCuIT cCilRcuIT -

&

i ‘
J ‘C; G Cay
T

fligure (1.4) Resonance Measureaent Circuit

The circuit consists of an oscillating circuit
inductively coupled to the measuring éircuit. C, 1s the
test cell <capacitance while C;z 1s a swmall triamer
capacitor. G 1s the saample conductance. A high' input
impedance voltmeter, shown as V, 1is used to determine
voltage Lesonance. If Voc is the open circuit voltage
appearing across the terminals T,anmd T, when the cell 1is

disconnected, the current which flows when the cell 1is

connected 1s given by: ‘ °

~
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_ Voc
I = Rejwlr « b i
G +;5wC

(1.6)
vhere C:C,*C, . The impedance Zq, s Ry o\‘)er is the Thevenin
equivalent impedance looking into the gemerator. The coil
system and the capacitor holder systems aust be separately
shielded from one another to prevent interaction between
the 1impedances. The voltmeter between “the teramipal

indicates:

V: —%
. ’- C
Gyw < (1.7)
which can be expressed as:
V. Voc[G'JWCJ X 1
2, [G+iwCTe2 G +iwC
vV VOC '
Z2(GeswC]+2 (1.8)°

This expression may be rearranged to yield:

; VOC X ____l___—
V o= Zr G+iwC+1
Zr
N2 Vo 1 -
Zr X G 5uC cZr L
1Zr|* g (1.9)

where ZT"Rf'jULT is the complex conjugate of the Thevenin

impedance.
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V = XEUL X 2
2r G*RY +jw(C47]
|zr|? | Z+|2
(1.10)

If all gquantities are held constant while the

capacitance is varied, the voltmeter will indicate a
)

tage maximum, Vr, when:

C.+« Cr zl‘lv

Z+l (1. 11)

where Cr is the total capacitance at voltage resonance.

The ratio of the magnitude of the indicated voltage, V

squared at some other value of total capécitance, c, to

the magnitude of the resonant voltage squared is given by:

G + R~ J sw? [C-Ly

Mﬁ'- fZle IZle

vr T G +ar [2 >
| 1ZrP

e

1+ w? EC JL__]z
yr‘ - LZTE'
VK [G + ._;:l_i:l (1.12)

If this squared voltage ratio is indicated by gq,

the capacitance at any value of q 1is indicated oy:

LT | Zr|? ,
C=z —/ + 1.13
|zl - W _ (1-13)
(;4.Qt42141 1s just the equivalent total conductance,

GT, of the circuit. The curve for voltage squared versus

capacitance 1is shown in figure 1.5:

7 .

o mee———
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e

' Ce-8c¢ Ca Cr+acC

Pigure(1.5) Voltage Resonance
!

For simplicity, the circuit s tuned off resonance by
aﬁjusting the small triamer capacitor wuntil a value
V=.707Vr is indicated. Tﬁe squared voltage ratio, q, is
now two and the simplified expression for the‘total
capacitance becomes:

C=Cr t.éil
w (1.14)

The above equation can be solved for  GT. by
substituting in the values of C which yields v=.707Vr'on
both sides of resonance to yield:

Gr-=wac ‘ (1.15)
With the dielectric sanple between the electrodes,

the «circuit is tuned to resonance. The reading, Vr, of

the voltmeter is noted. The circuit is detuned on both
sides of resonance by means of the trimmer capacitor until
V=.707Vr is noted. From equation 1.15 and these readings
the total conductance is found. After again tuning to

resonance the sample is removed and the circuit is re-
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Lesonated by adjusting the electrode Spacing of the test
Cell, At this resonance the total capacitance is
identical to that measured vith saaple inserted. The
ratio of thijs capaditance to the vacuya €apacitance at the
original 'saaplé inserted! Spacing is the dielectric
permittivity of the sahple. The Sample éonductance, from
which the Ccoaductivity may be Calculated, js the
difference between the 'sample ipt conductance apg the
conductance vithout a sample.

Primarily Cesistive Samples are difficult to measure
accurately using a resonance 'technique due to the
broadening of the Lesonant cuyrve. Without a sharp peak,
voltage Lesonance jis deterained by Beasuring SYmmetrically
°n both sides of the resonant pPeak angd - interpolatiug to
find vr.

The Cesonant method involves time-consuling
heasurements with the sampie inserted apgqg withdrawn at

a
each frequency. Since certain Physical Parameters such as
the water content of tar Sand change very rapidly, a
bridge technique was Chosen because 1t permitted rapid
Peasurements over é vide frequency Cange with litt]e loss
ot accuracy coampared to the Lesonant wethoq. This

nwwgue “11l be described at a later Stage.

Four Electcrode Methods

electcode Beasurement technijues yigld
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N

satisfactory results as long as the voltage nmeasured by
the_ electrodes truly represents the voltage across the
sample. Unfortunately, unless  excellent electrical
contact is made between electrodes and samaple, a nonlinear
interface impedance develops. The error due to this
impedance is then current-dependent. In additioan, for
samples 1in which conduction <changes from electronic to
ionic, an electrode polarization impedance develops due to
i1on accumulation. The ions accumulate along interfaces
where conduction changes from 1ionic to electronic.
Elaborate sample and electrode preparation technigues have
been developed iﬁ an attempt to reduce this problen.
These Wwill be discussed in Chapter Two.

A different approach used by Schwan and Perris,® and
Ferris,10 isolated the measuring circuit froa the driving
circuit by using a four electrode measuring arrangement.
Two electrodes, one at either end of the sample, carry the
current. Two voltaée electrodes are placed within the
sample to measure the potential difference across a known
length of the sample. The 1input 1mpedance of these
electrodes, relative to the speclinmen, 1s so high that
negligible current passes through theam and electrode

¢ L
interface problems are wminimized. .A measuring arrangement
similar to the one described by Ferris 1s illustrated in

figure 1.6: -
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Figure (1.6) Pour Electrode Cell

The aeasurement electrodes are placed in series with

a4 variable «capacitor and variable resistor. A typical

arrangegent i1s indicated in figqure 1.7:

Vo

e
—— . | ——
— — e | —

0IFFEREncs DETECTOR
AmMPLIFIER
F:IE# )
vie

Figure (1.7) Four Electrode Measurement Systen
{

The variable components are adjusted wuntil a null
indication on the detector 1s achieved. This null
indicates that the ad justable impedance is identical with

the unknown impedance of the saaple between the separated
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voltage electrodes.

The critical elements in the system are the voltage
amplifiers. In order to achieve very high input impedance
values while ensuring stability, special operational
amplifiers and circuit techniques aust be used. The
relative phase shift between amplifiers amust be carefuXYly
matched in order to measure capacitances correctly. An
oscilloscope or voltmeter which responds overithe correct
frequency range may be used as a null detector. Electrode
polarization is generally only a serious problem below one
kHz. Above this frequency ions can not respond to tae
rapidiy "changing electric field. Difficult probleas
associated with the four electrode technique include the
LQesign of suitably accurate measuring instrumentation. A
second problea deals with coupling the voltage electrodes
to the sample properly. With liquid samples, for which
this techpnique is primarily used, close coupling 1s easily
obtained. With solid samples, however, care must be
exercised to prevent coupling impedances. Tae author
Qecided that the electrode impedance problem could be
controlled and chose the simpler two-electrode technique.

1.2.4 Transaission Line Methods

Measuring circuits at, and above radio frequencies
can no longer be based on lumped circuit approximations.

“
Rather, a transamission line concept in vhich the circuit
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elements are distributed along the line must be used. A
Circuit representation of a length of unifora transaission

linpe is illustrated inp figure 1.8:

N

+ ﬁ +
Z GQZ% JCBZ Vf_QV

L 4 . 4

Figure (1.8) Transaission Line Representation

Along a differential length of line, dz, the voltage

change, dv, is given by: .

.dl._. Ei{o';wL]I (1.16) 4
dz

where R and L are the line impedances per unit of length.
In a similar wmanner, the differential current change,
dI, 1s given by:

-ﬁ—i > [G«;wc:l\/ (1.17)

where G and C are the per unit length conductance and
capacitance, Lespectively. In the iimit, as this
differential length shrinks to zero, the solution to these
differential equations can be snown as the sum of forward
and backward tfavelling vaves.1! The voltage at apy point
Z:-L 1is given by: ,

\/=\/.‘e”L AL (1.18)
where \/,is the incident wave and Vz the reflected vave,

and where it has been assumed that z.p0 corresponds to tae



27

load end of the transaission line. Thus, the length 1 iy
the distanZQ fros the load to the poiat in question. The
propagation constant, 7{. is a qoaplex quantity which 1s
expressed in terms of the line parameters:

Y - ‘\/(Q’QNL)(G’;\WC) (1.19)

These constants are characteristics of the line and

surrounding media. The .edla in vhich the traasaission
line is immersed will affect tae vave propagation along
the line by altering the paraletefs vhich make up the
propagation constant. This fact Bay be used to deteramine
the electrical properties of the substance sur’gunding the
lice.

Kirkscetheri? devised a method to Reasure tae grouand
parJ&eters by introducing a two wire balanced transeission
line into the saample. The saample diameter had to be
several times larger than the line sSpacing in order to
effectively contain the fields of the transmission lipe.
The 1nput 1mpedance of the dielectraic filled line was
obtained for two line terainations; namely, open circuit
and short circuit.

Any text of electrical engineering (for example
Everittl3d) gives the input impedance at a distance 1 from

the load on a transamission line as: ‘v~a

Z|NPU1’(,_) = Zo ZRcosu VL + 20 Sinm ¥ L
Zo CosH Il +Za Siun IL (1.20) -

The i1apedance is expressed in teras of the terainating
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lapedance, 2r, and the characteristic ispedance, 20. 20

is the ratio of voltage to curreat for an iafisite lipe,

z = Jwil
(o] \/ G e

JwC

given by:

(1.27)
The short circuit impedance, Zsc, found by setting 2r=0 in

Q
equation 1.20 is:

Zecs Zo TAnn L (1.22)

Similarly, the open circuit impedance, Zoc, is found by

N \ .

Zoc = Zo Covw ¥t (1.23)

settiny Ir = Qo:

Therefore in teras of the measured values of Zsc and Zoc:
Zo* VZscxZoc (1.24)
The bhyperbolic tangent of ¥f caan also be . expressed in

teras of the measured impedances Zsc and Zoc as:

TAnw §L- 235¢ . ﬂ/i“

Zo ocC

(1.295)
AD expression for finding the.inverse of a nyperbolic
tangent of a coaplex argument 1s given by Everitt.
From the expressions for propagation constaat

{equationl1.19) and chdaracteristic impedance (equation1.21)

the following relation 1s found:
3
= + C (1026)
Zo 6 e

Once G and C are found from the above expression the
conductivity,s, and dielectraic permittivity, £, are given

by Kirkscether as:
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E = E:: 6 = é%t—

-

W

(1.27)
vhere £, is the free space permittivity and Cois the line
capacitance per unit length in air.

The experimental technique consists of first
weasuring the characteristic impedance of the transaission
line in free space. The line is then introduced into the
rediua to be tested and input impedance measurements of
the short circuited and open «circuited 1line are nmade.
From these measureamaents the values of ¥ and 2o are
deterained usigg eguations 1.24 and 1.25. Them G and C
and thus £ and & are found from equations 1.26 and 1.27.

If' the 1line cannot be short circuited, for instance
in a field measurement, the input impedance amust be taken
with the line at two different depths witnin the material.
To simplify calculation the second deptn is simply twice

the first. The first measurement will yield:

— — _Lo >
Z,"ZOC. - Tanw ¥4 (1. 23)
-
The second measurement with twice the length ot

transaission line in the material under study will yield:

— — Lo
Z2 = ZoC2 -— TRNHQ.XL (1.29)
Now:
Za TaN: ¥t L [1+ TANHZUQ]
Z TANKH 2%4 Z
(1. 30)

Solving equation 1.30 gives:
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)

Tann ¥t —/22Z22-2, oo
z (1.37)

Sl%CG, from above: \

Zo= Z: Tanu YL

Zo :—\/21(222‘2l) ( 32)

Then the sample parameters may once again be found from 3o
and ¥ as 1in the first case.

Klrkscetner's method uag developed 1n terams of a two
wir line; however, such a° line presents several
difficulties. First, the line nust be rigid to ensure
unitorm separétion. Second, there may be difficulty in
providing an adequate short circuit. Third, the sample
must be large enough to contain all the fields associated
with a two leé line.

A coaxial line may provide a simpler arrangenent”
since the fields are contained within the inner and outer
conductors. Only a sample sufficient to fill the region
betwéen the conductors 1s required. A short circuit 1s
easi1ly gprovided by means of a threaded ena cap. The
center conductor can pe maintained i1n a uniform position.

The open and short circuilt measurezxents can be wmade
with an 1apedance aeter or an admittance bridge. The

leads connecting the measuring unit to the traansmission

line constitute an additional length of line as indicated
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in figure 1.9:

Measvaing Sads
TNSTRIMEnT f Le

LEADS ///
=T D
- ——i_///

Zocm Loc

Figure (1.9) Transmlssion Line

The measured i1mpedance Zocm must be corrected to the Zoc
Fosition. » -

Some of the results presented in this thesis were
obtained using a coaxial transmission line operating at
frequencies between 1MHz and 100MHz. Below this frequency
1t vas felt the electrode contact impedances could be wmore
easily controlled in a <capacitor test cell such as

aescribed in section 1.2.1 .

1.2.5 Wavegqguides and Resonators

At frequencies above 1GHz the sample 1is @measured
within a section of waveguide or a resonant cavity.
Propagation of an electromagnetic wave witnin a dielectric
filled waveguide defends on the electrical properties of
the dielectric sample and also the guife dimensions.

The dielectric properties of a sample can be obtained
from slotted 1line wmeasurements on a shorted section of

vaveguide containing the tar sand material in the manner
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illustrated in figure 1.10:

MEOIN1| MEoIA2
€Eo Eg €3
— /// Swonr
///’ C RCyrT

1

L.

Pigure(1.10) Waveguide Measurement

1f media 1 1is a lossless airﬂ filled guide, the load
impedanqe,zl, seen at the dielectric sample 1interace
(x=0) can be expressed in terms of the reflection

coefficient,T , as:

Zz = Zo X [ﬁ t ;:]
- | (1.33)

vhere Z o1 1S the characteristic impedance 1im the air

filled region. The reflection coefficient is generally a
\
complex nuamber whose magnitude,fT"/, and phase,¢, can be

determined using the relationships:

|l = SS:ll B - 180" 28 (erts] (1.34)

where S 1s the ratio of the maximum electric (or magnetic)
field to the minimum electric (or magnetic) fieid 1in the
air filled reglon.LS is the sample length and ¢ is the
distance that the position of a ®inimug of the electrac
(or magnetic) field shifts when a sample 1is 1nsertead,

both S and ¢ are easily measured using a slotted line.l¢
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At the same time, since the vaveguide is shorted, the

impedance can be expressed in terms of the parameters of

¢

ZL =Zoy Tanw ¥ , N
(1.35)

media 2 as:

Here Zo2 is the characteristic ippedance in the dielectric
filled region and ¥, is the propagation functioan in this

region given as:

[?‘“ ] [?‘":]+,JULH Lgr-*qu)éj
(1.36)

for a Lectangular waveguide. integers a and n ex press *

the order of the propagating mode in the waveguide, W 1is
the angular frequency, ;nd a and b are the waveguide
dimensions. The parameters v , & and € are the pmagnetic
permeabliiity, the conductivity and the dielectric.
permittivity of media ¢ respectively. For tar sand it is
generally assumed that p.,, . Sin@e nmeasurements are
generally carried out in the dominant or T€ 0 mode, m=1 and
n=0. For TE wmodes, éguations 1.33 and 1.35 may be equated
to yield:

.

| | « T - TA N wzls
K,Lsx L= r ¥l

‘(1.37)
The left hand side of this equation 1s some complex
function C;Sﬂ, derived from measureaents of tae sample
thickgéss, the voltage standing wave ratio, the vavelength

1n the air filled region, and the distance 1, between the
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»
first ainimum arnd sasple interface. Vvon Hipplels presenté

charts of the transcendental equation 1.37 froam which Yafs
may be determined as some comsplex nuaber T4T . Thus, for

the Teio mode case:

Y?: = T z+ JWreg — Wiee g;LlZ’T‘
! A Ls? (1.38)

The real components are eqguated to yield:

z L}

m 2

Tl mrtee = T —~Cos 2T

l:a,] Ls? (1. 39)

from which the dielectric pernittiv1ty is obtained as:

AT ] et [A e

where A is the free space wavelength. a similar

procedure, the imaginary components are equated to yield:

_ T eNn2%
g = 2 : :
L¢* w No (1.41)
An alternate method is based on transmission
measurements through two lengths of sample. The complex

propagation constant given in equation 1.36 can De broken _
0,

into an attenuation oL nepers per meter and a pnase shift
‘B radians per meter. BY using a varianle attenuator and

phase shifter the following bridge may be set up:
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e—L =
Gz

NUL L
DETSCTOR

ATTN.|PHASE

Figure(1.11) Transaission Bridge

The phase and attenuation is varied until a null output is
achieved. The sample length |is then increased and the
bridge nulled again. From the attenuation and phase shift

per meter, the parameters may be found from equation 1.36.

A cavity resonator is analogous to a resonant

] -

circuit. Any substance within the cavity willi alter the
resonant frequency and the Q of the .resonator. The

electrical parameters of the sample may be found by
measuring the change in Q, and resonance frequency with
and without a sample. The saaple should be small enough
not to alter the field pagnitude wighin the cavity and @he
field must be uniform across the sample. A cavity may be
used in any mode; however, some modes are particularly
suited for certain saamples. For example, a cavity 1n the
TMgo ROde vhich has an axial E field is suited to a
cylaindrical sanble. 'Cavity measurements are restricted to

a relatively narrow pandwidth about the resonant frequency

of the cavity. Measuregents at microwave frequencies vere
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not undertaken since the concentration in this thesis Wwas

on lover frequencies.
1.3 IN SITU BBlSUﬁ%HENTS

Laboratory wmethods may give a false picture of the
electrical ﬁaraneters of some materials because physical
properties may no longer be the same as in the native
environment. For exaaple, the water content of tar sand
changes rapidly vhen the tar sand is exposed to air. In
addition, light nhydrocarbon gases such as naptha can be
easily lost to the atmosphere. A laboratory sample could
have little reseablance to an in situ sample. Also, with
laboratory testing it is difficult to simulate the actual
in situ conditions with respect to temperature and
pressure. Pield techniques vhiéh yield paranmeters
averaged over nany meters may grovide more representative
values for non-uniforna samples. Lytlete describes
numerous in situ methods including borehole techniques
which yield actual in place values and also surface
techniques which give electrical‘properties averaged over
many meters. S5SOQ¢ of these methods are described briefly

belovw.

1.3.1 Wave Tilt Method
The wave tilt method 1involves transmitting an

electromagnetic wave along the surface of the earth. In a
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similar fashion ’to transmission line nmeasurements
(equation 1.19), the wave propagation is a function of the
eiectrical parameters of the medium through which the ve
travels. From measurements of the propagated vave ’the
electrical parameters may be found. The nmeasuring
arrangement consists of a vertically oriented antenna

above the earth's surface as shown in the following

figure:

TRANSM, TTING . €Ev ‘

 ANTENNA /ﬂWAvc TiaT
Ec 'JO l// E"\
\:::‘\W
\

-

»

Figure (1.12) Wave Tilt Technigque

The horizontal component of the field, El ¢« arises because
the earth's surface 1s not a perfect conductor. The wave

tilt, W4, 1s defined as:

w = En

Ev (1.42)
where g\, and Ey are scalar components of the electric

field. Generally, the vertical and horizontal conponents

L 4

Of the electric field will not be in phase, so that the
fields above the earth will be elliptically polarized. To
determine w, the ratio of the major to minor axis of the

ellipse must be measured as well as the angle of



inclination of the major axis with respect to the earth's

surface. The ratig of the vertical coaponent of the

electric field to the horizontal magnetic field coamponent

i1s Zo, the free space characteristic impedance, and equals

1201 ohas. However, the horizontal electric field is
approximately related to the horizontal magnetic field by
Ze, the surface impedance of the earth. Thus the wave
tilt, &, becomes: * . _
Ev Eh
y4 = =X ANO ZL =~ ==
° H &y ™ Hh
Eh Z4
W= = 1.43)
EV Zo (
The impedauce of the earth, ze, is given by Jordan and

Balmainl? as:

Za SWNo
S +owe (1.44)
where 1t has been assumed that the earth is non-aagnetic.

Therefore:

Eh . 1 /JwWpoe v
» EV 12om vV € +JwWE : (1.45)

and the measurement of the wave

tilt cah be related to the

ground constants & and ¢. This technique gives the ground
constants averaged over a large distance. By varying the
freguency of the radio transmitter, the depth of
penetration wmay be varied. Thus the variation of

parameters with depth may be estimated.
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1.3.2 Field Strength Method

The attentuation of an electromagnetic vave
propagating along the surface of the earth depends on the
conductivity and dielectric constant of the ground.
Sommerfeld!® describes the effect of the earth om radio
wave attenuation in terms of the electrical properties of
the earth. By measuring the attenuation of the fields of
commercial radio stations with a field strength meter, a
ground conductivity map of the Unﬁted States was formed.}9
Some workers, for instance Feldman,29 found this met hod
unsatisfactory, probably due to the non-uniformity of the

ground being measured. . 2

1.3.3 Four Probe Methods

There are numerous four probe methods available for
either surface or borehole measurements. These methods
are very siailar to tae four electrode laboratory
technique 1in that they use two probes to drive a current
ard two prooes to measure the potential difference. These
methods are used mainly 1n geophysical Surveying.2! Qpe

typical arrangement is shown in figure (1.13)
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Figure (1.13) Pour Electrode Array

From potential theory,22 the expression for the average
resistivity 1is: "
— 2 mav 1
Pa =

I A-31-1+2 (1.46)
™~ r.z . Rn nl

If

LENGTH M =Risr ANO LENGTA (a3 Ra.rear (1.47)
so that the spacing between the two probes while measuring

potential becomes Qr, the expression for Pa becomes:

. waNe*
o = Tor

The survey involves separating the current electrodes

(1. 48)

widely, then measuring the potential difference over a
small length. The potential probes are moved over the
wvhole area of interest. From these measurements a plot of
average resistivity may be constructed. This technigue is
used to 1ndicate abrupt changes in resistivity due to a
conducting wineral deposit underground. Although this
method does not measure dielectric permittivity, Lytle?3
describes several alternative methods which do.

Chapter One has 1ndiéated a number of ways to measure

the electrical rparameters of the ground. Although this
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chapter described measuring technigques over vactious
frequency ranges, the primary interest aof this thesis is
the lov frequency range. A bridge technique on a gvo
terminal ameasurement cell was chosen for tar sand because
of its ease of construction and simplicity of calibdration
and operation. At higﬁer frequencies a coaxial
transaission line was used. These measurements vere done
in a laboratory, but the transsission line technique

appeared most promising for field measurements as well.



CHAPTER TWO e
MEASUREMENT ERRORS IR

2.1 GENERAL
Researchers have measured the electrical properties
of homogeneous materiais over a vide frequency range. Vop ‘¢

(L

€2P991v3° for instance, has tabulated the dzelectfic‘Iq
L .’
properties of solids and 1liquids extensively. These ..
homogeneous dielectrics generally shov a rise in relative

permittivity as the memsuring fregquency 1is low&red and the

1
eftects of additional polarization mechagisams are notic

Also the dielectric permittivity,€r, sSeldom rises

100 for wunifora laterii'ls and changdimpy a‘fa;:.
or less over a wide frequency spectrus. .

Lossy substances, such as rock or soil salpies, yield
results wvhich have been the subject of considerabl%
debate. Investigators found that as the @easuring
trequency was lovered below 1kHz extremely large ;alues of
dielectric permittivity were encountered. Sllth-Rose;is
reported the dielectric perlfttlvity of moist soi1l changes
from about 30 at 10KHz to 100 000 at 5SOHz. Keller and
Licastro?¢ pmeasured permittivities of greater than
1 000 000 on core samples at the low end of the freguency
spectrus. They felt that the observed dispersion vas

enhanced by water within the sample; when essentially all

42
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the moisture was removed from the rock sample by oven and
. vacuua drying, they noticeaiﬂlittle change im €r vwith
frequency. Howell and Licastro2? also measured the
dielectric. properties of core samples. They noticed a
saximum of 4 000 at 100Hz. Scott et al.z® perfected a
nev measuring technique for ‘Fock samples. By careful
consideration of eléctrode ercors they tabulated results

’
lover, by one order of magnitude, than values found by

previous researchers.

These abnormally bigh values .of permittivity are not
only tound 1in rock or soil samples. Fricke2?® reported
dielectric permittivities Jreater than 1000 for biological
ceil suspernsions. Koops3? and Von 'HippeIJ‘ found large
values of E£¢ at lov frequencies for artificial ferrites
and wmeat saaples, respectively. Johnson and Cole32
fescribed large permittivities for dielectric liquids with
ohmic conduction. Re§eachers bave considered these large
values of peramittivity anomalous for two reasons. First,
the large values cannot be completely explained 1n teras
of the various mechanisms of polarization cCited earlier.
Second, the 'per;ittivit} of lossy substances changes by
several orders of magnitude as the freqdency 1s lowered
from radio frequencies to less than 1kHz. However, the
permittivity of a homogempeous sample gemerally chanyes DYy

LS.

¥ less than a factor of two over thi$ range.

Initially vorkers felt that measurement errors wetre

ol
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causing these large permittivity readings. Howell and
Licastro33 believed polarization at the electrode sample
interface could be responsible. Tarkhov3*® and Valeev and
Parkhomenko3% suggested the high dielectric values could
simply be a result of contact errors at tae sample-
electrode interface. Scott et al.3¢ pelieved electrodes
form barriers which cause ioas to pile up at the electrodé
interface. Other workers felt that the high values of
permittivity could be explained by considering
polarization occuring within the heterogeneous sample.
This polarization is a property of the sample and thus the
hign permittivities are valid. Marshall and Madden3?
introduced the term "Membrane Polarization" to distinguish
polarization occuring within the saaple 'fron electrode
polarization. Keller and Licastro3® suggested that clay-
bearing samples éould act as 1on siepes allowing positive
ions to travel ore easily thfin negative 1oms. This
si1fting could lead to charge sepafation with the resulting
large permittivities, Fuller and Ward3® presented an
interpretation vhich explained the large dielectric
peri{ttivitles. Conduction current is normally considered

the currenct due to tne transport of free charge wvhich 1is

e

in phase with the electric fieid. Displacesent cutreant,

associated with bound charges not free to drift through
the sample, 1is out of phase with the electift fielg.

Fuller and Ward suggested that 1o0DicC drlft, Lnfl‘gnced by

I,. ‘
J

e
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factors such as pore viscosity amnd collisions, will
produce a gquadrature conduction component. The quadrature
current measured, including the displacement and out of
phase conduction current, is attributed ‘solely to
displacement current with the resulting large apparent
dielectric pernittivity.’ This theory is discussed further
in Chapter Four.

The preceeding paragraphs describe ‘several recent
proposals to explain the anosalous results found vhen

measuring lossy samples. At the present tiae there ii‘
consistent point of view concernimrg these large valugs.
Next, this chapter will describe electrode problems which
lead to errors in the determination of permittivity and

conductivity. Particular emphasis will be placed on

electrodes in contact Wwith saaples with ohmic

conductivities such as tar sand. Techniques

developed by previous ’-;s to reduce electrode
errors and to deteras ther the anomaloys values are

representative of the san)ff®E will be discussed.

2.2 ELECTRODE CONTACT ERRORS
The first requirement for accurate measurements 1is to
ensure that the electrode contacts the saaple as
intimately as possible. Such <contact will prevent the
formation of an air gap betvween the electrodes and the

sample. However, due to irregularities in the surface of
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the sample, the electrode makes direct contact at a few

1

points at best. An exaggerated representﬂtion is shown in

figure 2.1:

N

A

7

8!
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\ \\ 82 '
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.

LJ a2

Figure(2.1) Electrode Contact Représentation

The sample impedance of interest is betwveen B: andBa.

The measuring circuit however, sees the impedance

between
A, and Ag . The contact between the saample and the
electrode can be schematically represented by a4 capacitor

due to the air gaps, in parallel with a resistor caused by

th imited contact. The circuit seen by the measuring

instrument now appears as:

Cae Re
l ca
= LRe
— L
C4d R4
Ccd Ry e
Cc Re
Figure (2. 2) Electrode Contact Circuit

»
»
\ ’

vhere c J and R4 are the sample parameters and (Ce and Re



are the electrode impedances due to poor coantact.
Reseachers expected the capacitance of the air gap to
be much larger than that of the sample' because the air gap
‘spacing vas very ssall. The airnj:r capacitance would
present a small series impedance a alter the sample

capacitance by -only a small percentage. However, very

serious errors can arise if the saaple is lossy. In

.. essence, the measuring circuit sees large capacitors due

to the air gaps at each electrode separated by a
dielectric which appears mainly resistive. If the
ﬂ?asuced capacitance 1s attributed solely to -the sample,
the dielectric permittivity will appear very large. An
illustration of the error encountered by ignoring the air
gap capacitance can’' be seen from the following example.
The iapedance of the circuit below, which contains typical

values for electrode impedances, vas determined

numericaily over a wide frequency range.

MOOELLED
: AS

1,-‘F T
AR

1 GAP Ce J: QP}
300,F

ey T 1

O

__1

Figure (2.3) Circuit for Air Gap Methods
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When this impedance is modelled strictly by a resistor and

capacitor in parallel, the capacitance apparently rises to
large values as the frequency is lovered. The apparent
capacitance of the above circuit versus frequency is shown

in figure 2.4:

S
i L S}
T T ]
TN 106 107
FRe QUENCY
Figure(2.4) Apparent Capa®itance versus Frequency.

ii measured, the dielectric permittivity tabulated for
such a capacitance would rise to laTge values at low
frequencies. This rise at low frequencies is very similar
to the rise reported for lossy dielectrics.

various techniques have been developed by researchers
to minimize the contact error problem. For saaples which

can be machined, the first requirement i1s to make the
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sample as plane as possible. Electrodes can be placed

directly on the sample through the use of evaporated or

sprayed-on metal, using suitable masks to  outline the

electrode area. Evaporated metal electrodes may require a

backing electrode since the metal has low conductivity due
to its extreme thinnpess. Both the sprayed-on and the

evaporated electrodes adhere to a sample well; however

evaporation aust take place in a vacuua chaab
vacuus procedure may piove to be a disadvantage as
the moisture within the sample will be removed.

An alternate electrode arrangeaent ‘consists of
floating the sample on a pool of wmercury. A second
electrode is formed by pouring mercury within suitable
retaining rings on top of the sample. Mercury will
closely follow the sample irregularities, providing an
intimate contact. However, mercury has a high surface

tension and often will not "wet"s the saample surface.

Moreover, the mercury surface becomes contaminated easily.’

Mercury electrodes will be discussed further in Chapter
Three.

Conducting silver paint has been guccessfully applied
to dielectrics. The paint consists of silver flecks
suspended 1in a carrying solvent. Wwhen the paint is
applied, the solvent evaporates leavin; the silver

adhering to the sample. Two disadvantajes are that

overnight drying is required and the solvent may attack

4
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some samples.

Thin wmetal foil applied with a.minisum amount of
petroleum jelly bhas been recommended by the American
Society tor Testing natefials (ASTH) as a suitable
paterial for solids. The foillis applied directly to the
saaple g{d cut to the correct size using a sharp blade.
Any urinkies in the foil can be eliminated by a roller,
ensuring intimate contact vith the sample.

For aoisture bearing substances such as tar sand,
- pone of the preceeding methods are coapletely
satfsfactory. Any electrode preparation technigue which
requires drying or baking will alter the: physical state
and thus the electrical parameters of the sample. Also,
tar sand samples cannot be formed easily with plane
surfaces due to the pliable nature of the tar sand. /

The author has found that a suitable arrangement for
measuring moisture-bearing samples consists of placing
poist blotters between each electrode and the sample. The
blotters are soaked in an electrolytic solution to ensure
low contact impedance between the electrodes and the
sample. This blotter method will be descrihed 1in greater
detail at\a\igffr stage of the thesis.

Eliminatingnthe\grcor due to contact problems does
not necessarily ensute\“sqgsifactory measureasents. Tﬁe

moisture in dielectric samples geherally contains ions 1in

solution. Measurements on such samples are subject to a
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polarization error because current flow aust change froas

L 4

ionic to electronic conduction at the electrode interface.
The following section will present a brief outline of
electrode polarization as 1t attects electrode 1impedances
and dielectric measurements.
2.3 ELECTRODE POLARIZATION

At the instant a metal 1is 1mmersed 1into an
electtoljte, there is no potential difference across the
metal electrolyte interface. Immediately, the metal loses
electrons to the solution and 1ions in solution accept
electrons in order to reach minimum free energy. These
reactions are strictly chemical reactions brought apout by
thermodynamic forces. once charge has been transferred,

an electric field exists across the interface. This 1is

illustrated in figure 2.5:

Ve bl

- —
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Figure (2.5) Metal Electrode Interface

Here M is any positive ion and e an electron donated by
the metal. The electric field created in the interphase

redion by the initial electron transfers tends to



discourage the reaction rﬂ'+ M'+ e~ since additional
electrons leaving the electrode aust vork against this
electric field. The opposing reaction M*t+ e~ »M is
accelerated by the field. 'As the positive charge builds
up on the metal decreasing the first reaction, the rate of
ﬁge second reaction increases. The electric field and the
opposing reaction interact with one another until
energetic equilibrius is reached. There is some value of
the electric field where the rate of losing electrons by
the metal is balanced by the electrode's gain of
electrons. The charge on the metal and the charge on the
solution become equal and constant. An equilibriua
potential which 1s a characteristic of the electrode and
the solution exists across the interface. At this point,
although there is no net current flow, equal -exchange
currents continue to cross the 1interface 1in both
directions. The m;gnitude of the exchange currents 1is a
function of the particular eetal electrode and the
electrolyte 1involved. )

At equilibrium there will be a separation ot charge
1L the interphase region. This charge separation has been
cailed the JIonic Dgouble Jayer because of tne earlier
belief that the ionic charges wvere alignmed 1n a sheet
close to the electrode. The charge on the electrode,
equal and opposite to that on the solution, Kkept the

interphase region kelectcically neutral. Thus the early

™
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picture of the double layer consisted of two sheets of
charge separated by a small distance. An energy barrier
betveen the two layers of charge does not permit their
instantaneous réconbination.

The preceeding models of the double layer did not
agree fully with experimental studies on electrode
interfaces. The most recent wmodel of the double layer
consists of two separate regions in close proxiamity to the
electrg‘e. The innermost layer consists of water dipoles
attracted to the excess <charge on the electrode. 1In
addition to the water molecules some ionic species may be
adsérbed on the electrode. The plane formed oy the
ceuters of these 1ons and the water dipoles is referred to
as the inper Helmholtz glggg.‘ The second layer consists
¢f 1o0ons surrounded by water molecules (solvated ions).
The plane through the center of these ions is known as the
outer tHelrholtz plane. This plane represents the plane of
nearest approach for 1ions, because the water dipoles
torming the inner Helmhaltz plane block the electrode. At
this outer plane the ion concentration will be maximum,
decreasing avay from the electrode as the cculomrbic forces
'eaken and thermal agitatiop disturbs the icns.” Thus the
excess charge is not fixed on the guter Helmholtz plaue in
close proximity to the electﬁgde as 1n earlier models, but
1s dispersed 1n the solution adjacent to the electrode.

’

This model is illustrated in figure 2.6:

o
A
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Figure (2. 6) Ionic Double Layer

The ion sepﬁration, in effect, 1is a capacitor which
cemains charged due to equal reaction rates across the
interface.

The previous discussion deals with the case of an
isolated electrode unable to supply or sink additional

electron Jhen a sample measurement is required, a

current t pass through the electrodes and the saaple.
Thus, the net current crossing the interphase region is no
lcnger zero.

An electrode is called ideally polarizable if wo
charge crosses the interphase region when an external

potential 1is applied. The change in potential only alters

Y

the charge separation in the double 1layer. An ideally
polarized electrode behaves similarly to a pecrfect
capacitor. As in an ideal capacitor, there is no

conduction current; curreat flow 1s maintained through

displacenent current. If charge can freely exchange

J
across an 1interface without altering tae egquilibriunm
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potential across the interphase region, an electrode® is
cdlled ideally pon-polarizable. " Such an electrode is
analogous to a shorted capacitor. Current flow through
the region is strictly by conduction. Any real electrode
will exhibit behavior betwveep these two extremes, having
both conduction and displacesent current. This behavior
is analogous to a leaky capacitor. The polarization of an
electrode depends on the rates of the oxidation and
reduction reactions at the interface. These reactions
determine the rate at MZWhich charge can Cross the
inter face.
»

At equilibrium, the exchange curreat density,(o, is a

measure of the number of electrons crossing a unit of

‘electrode area in a given time., The rates of the

>

individual forward (losing electrons) and reverse (gaining

electrons) reactloQQ are equal and are designated by the

R
sau t'ern ‘;‘ A"unxguz‘ eguﬂibtwn potential difference

1,

5.,)'
§xists Ssdcross. thq,ylaterﬂace fEQ}on. In order for a net
R S AN

s B
Currenf to flg? the xn.erface voltage must differ froa

s!

ﬁxts equillbtxun vnlue. The net current flow across an
1nterface is a Sﬁnct;on of the non-equilibriua potential
difference acrogs the interface. This.non-gquilibtiup

.

pbténtial difference consists of the equilibrium potential,

_difference and the overvoltage; the potential by which

the electrode departs froa equilibriunm.

The relationship betveen the net current density, (



(A/n%) ,and the overvoltage, n (V):, is givea by the
. ’
Butler-Volmser*? egquatioa. A plot of overvoltage vvu
. : \
current closely resésbles a hyperbolic siae fW.C;iQI.

This plot is illustrated in figure 2.7:

* . .
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Figure ¢2.7) Overvoltage versus Net Current

The overvoltage 1is the excess voltage, above and beyond

. .

the equilibrium ioftlge, needed to drive a net current
density. Fo lov overvoltages the tollovfngﬁinear
relation vithh‘cutrent dénsity may be derived by
g}panﬁing the sinh’expression in teras of exponentials and

ignoring the higher order teras:

. Fn
¢ = Lo QAT X

(2.1)
Here (o 1S the exchange current demsity at equilibriua. F
is Faraday's constant, the charge on a mole of electrons
1a Coulombs/Nole. T is the overvoltage in Volts and R is
the Universal Gas coanstant {Joules/°K Mole). T 1is the

absolute temperature in °K.

An electrode in which the voltage varies little froa

———
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its equilibium voltage has previously been called non-,

polarizable. The linear expression can be rewvwritten as:

n . BT -
t Fio, ~ 72™S8

(2.2)
The ratio N/, corresponds to an ohamic ilpedance,-?m_s,
called the metal to solution resistivity. The 1mpedance
is mainly controlled by the exchange current density,(_° '
vhich in turn determines the overvoltage regquired to

[
produce the net current density ¢ . If the exchange

current density tends to infinity:

Pm-s A —Q—I :3) Poa-s —» ©

(o7 o0 Fi

(2. 3,
Hence, the metal solution resistance and the overvoltage
tepd to zero. At the other extreme, if the exchange

current density tends to zero:

f"’“s ~ .__R" = Pm-s>» O
(o> 0 Fio (2.4)

Here the metal solution resistance tends to infinity vwhich
corresponds to a nighly polarizable interface. Tane linear
portion of the Butler-Volmer equation gives a gqualitative
view of hov polarized an electrode is. The higher the
exchange current density, the less polarized the interface

and the lover the interface resistance.
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The total inpedanée betveen the electr\de and the
bulk sample may now be examined in te\ns of its-
constituent parts. As discussed earlier, IOSt\ electrodes
are polarized to some extent. That 1is, the\}ntetphase
regior® must carry both a conducti;e and a capacitive
curreat sisultaneously. The interfacial impedance
consists of a capacitor due to the ionic double layer, in
parallel with a series of coamponents collectively called
the Faradaic impedance. The first component consists ;f
the resistance to charge transfer across the doﬂble layer.
The second component 1s a diffusion related i1mpedance
wvhich arises because of the changé in composition " of the
electrolyte near the double layer. Concentratioﬂ'
gradients, which are equalized by diffusion, form in the
solution. If the concentration changes, the charge
transfer rate and thus the impedance changes. Dymond*?
notes this diffusion impedance varies astgﬂ& The «final
impedance component is determined froama the bulk ,bsample
characteristics and the test cell geometry. Within the
bulk region, charge is carried mainly by 1ions andv may
consist of both capacxtive and conductive currents. A

representation of the total 1interface iapedance 1s

1llustrated pelow:
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Figure (<.8) Interface Impedance

Here Cg49g is the “dpuble layer capacitancg, R 1s the
resistance to ichggge transfer, 2 ¢4 is the diffugion
il;edance‘and Rb and Cp are the'resistance and capacitance
of the bulk satplé,’respectfgely:
:
2.4 - POLKRIZATION ERRORS

At frequencies bel ow ppproximately 1kHz, the
impedance of~the double layer éapaéitance is’ very large
and the impedance of the interface is largely that of the
Faradaic ispedance. S}nce at these 1low fréquencigs the °

Faradaic impedange is often greater than that of the bulk
{

sample, it is apparent that large errors occur 1in the

determination of Rb and Cp - As the frequency is
increased the double 1layer capacitance becomes the
controlling element in the interface impedance. At

sufficiently high frequencies the ser ies impedance
associated with (49 diminishes with respect to the bulk

impedance of the sample. Polarization errors are
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negligible. .Researchers -firste “ried to eliminate the
polarization error by taking ®éasurements at two different
electrode Spacings. Assuaing that the electrode
Polarization was independent of electrode Spacing, the
impedance Z(L) measured at elect;ode Spacing, 42 , consists
of:
ZU) = Zp+ Zs

‘ (2.5)
vhere Zp 1is the total polarization impedance which
consists of both the double layer Capacitance and the
Faradaic impedance. Zs 1is tae Saaple iampedance. When the
Spacing is doubled to 2L, th; interfacial. impedance
Lemains the same vhile the Sample iapedance génnles:

J zZ{2L) = ZP'*QZZS (2. 6)
This yields:

Z2(28) - Z(¢) = 275-7.

(2.7)
tror which the saaple capacitance and conductivity Ray Dbe
determined. Thils correction technique is limited because
the polarizatiop lmpedance Zp may becoae larger thap the
nanple impedance zg. Small errors in the detersmination of
2) and 2(2)may then cause large relative errors ig Zs .

A technique which the author foupgd helpful to
deteramine whep Polarization errors were influencing saapile

results, consisted of taking Reasurements at - twWwo saample
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lengths, The measurements wvere begun at high frequencies
vhere serious pPolarization errors are unlikely. One
sample was exactly twice the length of the other; their
imspedances vere expected to differ by a factor of two. As
the ameasuring frequency was lovered, any deviation in this
impedanc® factor of tvo indicated pPolarization vas
evident.

Tarkhove2 aade, perhaps, the earliest attempt to
eliminate polarization errors by eliminating direct
c&ntact and thus conductive currents between the metal
electrodes and the mOiSt saaple. Thin aica discs vere
inserted between Sample and electrode. Tarkhov felt the
impedance of these discs vou%ﬁ be much Smaller than the
sample impedance, allowing the sample inpedanée to be
measured. 1In effect, these discs forced the interface
current to pe strictly capacitive and SO remove errors
assoq}ated with the Faradaic impedance. Incorrect
development of his expression for saumple impedance
;esulted 1n a term proportional to wt being omitted fronm
the denominator of his expression for sample pecﬁxtt1v1ty.
As his leasur;:g frequency was lovered, e trenely high
valuei_ of permittivity vwvere reasured, Tdrkhov then
abondoned tais technique as a failure. Scott et al. 3
detected Tarkhov's mistake and further developed this

"blocking" electrode by using much thinner mylar

insulators betweea the saaple and the electrodes. They
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also experienced difficulty because the mylar insulators
presented a much larger impedance than the sasple. The
sasple values could not be accurately’obtained. At this
point they rejected?'the "blocking"  electrodes and
investigated nonpoltfleng electrodes which v allow
free exchange of chat‘e bet veen electrode and electrolyte.
Sscott et al. exalined the;’polarizillon behavior of
various metal electrodes in coatact with bloftets soaked
in metal salt solutiomns. They found that for samples
containing less than 10% water by weight, several
electrode-electrolyte pairs gave lovw ~ polarizatién
impedance. However, for higher percentages of water the
pelarization error rose rapidly.

Scott et al. found that a platinized -electrode
together with a blotter soaked imn a silver particle
suspension and silver nitrate gave the lowest polarization

impedance. Platinum has long been recognized as an ideal

electrode material for two reasons. First, platinuam has

the highest exchange current density of any metal
excluding palladiuas. Second, the surface area can be
increased tremendously through platinization.
Platinization is an electroplatidy techaique which

deposits colloi&bl platinun onta metallic platinum
electrodes. The surface roughness thus produced can
i ncrease the effective electrode surface by a§ much as

&

10 000 times. This roughness 1increases the number of
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sites vhere charge may depart froa the electrqde surface,
lovering the current density and subsequentl;'bolatization
error. The wmeasuring current density resains below the
exchange current density and the electrode resains
virtually nonpolarizing. Unfortunately, the cost of
platinum electrodes is very high and the platinized
surface is very fragile.

The added expense for platinized platinum electrodes
could not be justified for this project. The electrodes
finally chosen, copper im contact with a copper sulphaée
electrolyte, had sufficieantly small electrode impedance
considering the nonuniformity of the tar sand samples. As
was described earlier, measurements vere taken Qn two
lengths of sample allovwing a check for polarization

errors.




CHAPTER THREE

MEASUREMENT TECHNIQUES

3.1 GENERAL
The primary aim of this thesis is to measure the low
frequency ‘behavior of tar sand fros 100Hz to 10MHZ.

Measurements vere carried out using the tvo-electrode

bridge technigue described in Chapter One. At the saae
time, measurements carried out by a summer student
utilizing a coaxial transmission 1line extended the

measuring range to 100MHz. The lov frequency transmission
line measuremsents also provided an independent check on
the bridge results. Tar sand batches were obtained froa
the syncrude research laboratory in Edmonton. The
syncrude stockpile consisted of a large amount of tar sand
vithin a shed. The batches were obtained froa within the
pile, sealed in druss and stored in a refrigerated rooma to
minimize aoisture loss from the tar sand. There vere
sufficient variations 1in soisture and bitumen content
petween Dbatches to Lpdicate variations of electrical
parameters as a function of these variables. Samples from
each batch of tar sand vere analysed Eglyield the water,

sand and bitumen percentages.

6u
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3.2 TWO ELECTRODE MEASUBEMENT CELL

3.2.1 Cell Construction 1 )

The original test cell consisted of two horizontally
mounted aluminum electrodes threaded oato two aluminum
support columns within a four sided plexiglass'box. Each
dimension of the box vas approximately 1 foot. The top
support vas free to @move through a threaded collar set
into the top face of tﬁe plexiglass box. This threaded
collar alloved the top electrode to move up and down which
permitted measureaments at various electrode spacings. The
support coluans vere later changed to aild steel because
the aluminum threads between the electrodes and support

columns cold velded together. This weld made it extreamely

difticult to remove the electrode froa the support colusn.

- .

The photograph on the following page illustratés'the test
cell assembly. .

Because of the crumbly nature of th? tar sand, a
plexiglass ‘ring vas used to contain tbé,uaterlal vithin
the dlectrodes ard to ensure unifora electrode separation.
The electrodes were ianitially held together by noylon
screws through the edge of the electrode into the plastic

spacer. Since these screwvs tended to break off withip the

plastic, tae electrode diameter was increased by 1/2 inch
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and plastic bolts vere used to connect- - the electrodes
together directly. |
The use of tvo cosplete sets of electrodes, each
equipped s&th plexiglass rings of various leagths, alloved
near siaultaneous measurements on various saaple
thicknesses. The electrode leads vere fixed to the cell
IPolder in such a manner that their configuration remained
the same froa aeasuresment to nolsutoleﬂt. This feature
assured that the interlead capacitance remained unchanged
betveen aeasuresments ana thus its numerical value was not
required for the impedance calculations. Connecting leads
to three separate iampedance instrulents,.lith overlﬁpping
frequency ranges, were permanently fixed adjacent to the
test cell - allowing rapid connection. The three
instruments, including tvo vector impedance meters and an
impedance bridge, are fully described im a _following
section. The measurement arrangement is illustrated in

figure 3.1:
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Figure(3.1) Test Cell Holder



3.2.2 Electrode Preparation

Initially, the author felt that the measuredeats
vould be straightforvard and wvould proceed rapidly. The
results were guestionable due to the possibility of
contact and polarization errors.

Chapter Two described the lovw frequency dispersion
vhic§ was likely to result fros either contact or
polarization errors. Preliminary léasurelents shovwed that
the permittivity wvas strongly dependent on frequency and
vas not independent of electrode spacing. Hov;vet,
mechanisas such as meabrane polarization within a sample
can account for large dielectric permittivities. In order
to ascertain vhether measured results vere indicative of
saaple properties or electrode errors, aeasuremsents vere
required at various sasple thicknesses. If, as mentioned
in Chapter Tvo, the results are dependent on electrode
spacing, errors due to contact and/or.polatization effects
are influencing the measurements. Electrode polarization
errors are gJenerally considered to be a problea below
1kHz. Above this freguency ioans do not accelerate quickly
enough under the influence of the slterseting electric
field to exchange across the interfaces fhe drift of the
ions, though not across the interface,does influence the
bulk sample by its capacitive effect. Electrode contact

errors are considered a problea up to high frequencies
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variJ&y of bloctrodo tochniquos ahd saterials @ere tested.

The first atteapt to reduce coatact errors lai to
place blotters soaked in a sodiuam hydroxide salt solution
between each aluminum electrode and the ‘saaple. It wvas
felt that these blotters would provide intimate contact
betveen the sample and electrode. The salt solution vas
added to the blotter to ensure that the blctter iapedance
resaiged very small. Above 20kHz, leasuteliht; .made on
tvo difterent saaple spacings showved littI; poiitif@tion
or contact probleas. is the troqu;ﬁcy vas iouered the
results agreed less and less, indicating;that'bolarization
€erraors vere preseat, In an a;telpt t; lessen the
polarization error the blotters ud:s sclked in an
electrolyte obtained frqm a tar sand and qa;et slurry.
The author felt that this slurry conta;ned the sase chaFQe
carriers vhich were responsible for eleqé:ical conduction
in the tar sand. Thus polarization at the blotter tar
sand interface would be aminimized. 'However, the electrode
blotter interface vas not given sufficiedt consideration
and this procedute was discaontinued after'sevepal sets of
poor data were obtained.

The next attemapt to alleviate contact probless

involwed the use of thin asetal foil. As discussed in
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Chapter Tvwo metal £oil has provea very ssccessfsl ia rock
ioasntolonta. thia aluniawa gdll vam applied uades tta.‘é‘
Pressure to both sides of a previously forted tar iuq,‘L,-
‘disc' saaple. Electrodes vere then claaped on bot‘ sides
of this sasple. This techaigue yielded good tesults above
10kaz. Belov this frequency, measureseat probleas becase
evident as shovn by permittivity dependence on electrode
spacing.

A technique similar to the above, eaploying asercury
electrodes, vas also 'tostod. The tar sand sasple was
moulded into a disc and floated on tob of a wsercury
covered electrode. . Additional{Qjercury vas poured oa top
of the floating sanfle so as to éov;t it eatirely. This
.o£cury vas restrained by the plexiglass ring congcining
the sample. The second electrode coasisted of a .vi:o
inserted id&o the top mercury pool. Because of the high

~ Surface tension of the mercury, voids existed betwsea the
sample and the mercury, thereby djiminishing electrode
contaci. Hovever, Alvarez** reported sncc§ss using a
mercury indiums asmalgam on rock salplis. This anmalgaa
consisted of a liquid metal phase, similar to aercury,
vith auch reduced surtaco‘tonsion. An atteapt vas made to
apply this l“)d to tar sand measurements and various
sSupplies of amalgas vere prepared. The surface tension
was reduced qg’.luch that the desired pha;. coated the

inside of the wmixing beaker and could asot easily be
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removed. Oace the amalg hplacod on the saaple it

could not be spread gqvenl atteapt to coat the

sanple resulted in a slurry _ _';lqan and tar saﬁd being
_to:lod.. There vas difficulty ia collecting emough of the
desired aetal t§ cover a saaple and once applied, the’
aetal could not b’ regained in an unconthlinatcé'£0tl. In
viev of the expense of the indium and tﬂﬁ care reguired to
ptegite the amalgam this techaique was Tejected.

u At this point an attespt vas made to elisinate
polarization error. The conductive current path between
the elocttodes. vas' resoved, thus producing ®*blocking™
.electrodes. Aéj described in Chapter Two the measuring

.

current would be capacitive onlys elimjnating errors
associated vith the Pagfdaic ;lpedgnce. Initially, very‘
thin sheets of aylar were placed on -each face of the
sasple and the sasple vas inserted betveea the electredes.
The two-electrode cell with a tar sadd'salpl; inserted was
primarily resistive with a spmall sctios. Feactance.
Bowever, the series reactance of the pylar ﬁiaf ‘nucér B *
greater than that of the tar. sand and dominated the v
aeasured reactance. 'rhotetote, the ~series tar sand
reactance could not be iso;‘ted froa the seasured
ili‘hancc vith any degree of accuracy. in order to
- produce a “blocking® electrode with lover series reactance
a -’ph thimaer 1asu1at1l§ layer bad to be blccod,botnoen

the sasple and each electrode. Alusinea oxide (aluainma)
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has ann successfully used oa aluminus electrodes to
Produce a "blockiang" electrode.*s The aluafpa is fotlcd on
the oleqtrodo by suspendiag tvo electrodes in a sul phuric
acid solution and passing a 1.5sA/cat curtont';htbugh the
electrodes. rh: current is coantrolled by a ballast
resiﬁtor. As the oxide layer buiias up, the resistor aust
be adjusted in order to lai;tain the current density. an
important feature of this anodizing process i‘s:that the
‘insulating layer thickness and thus thi series reactance -
. ,Of the electrode is' governed by the foraing voltage.

»

L4 . ' . . -
p, jourtg, quoted 'in. Ferris*¢, showed that the oxide

« B . -
” thickness, ‘t, in angstroams is given empirically by:

L4 L

T = 175 \¢ (3.1

uhere"(is.the voltage across the electrodes. 1In order to
provide a “blocking® electrode, the élulina had to
vithstand the signal impressed across the electrodes. 1In
turn{ the insulating coating had to be made thicker vhich
increased its series reactance to guz'ter than that of the
tar sand sample. Again the tar sand reactance could not
be isolated froa the measured series reactance.
The sulphuric Qpid anodizing technique is considered
. a p'soft% {nodizing process because the oxide layer is
quite porous. In order to provide a smore effeétive
"blocking™ electrode a $0 called .'hCIQ' anodizing

technigue uh;q’ used an oxnlic*'acid bath vas also

k]
N



73

attespted. Ia order to avoid dielectric breakdown, this
coating vas also thicker than could be allowved in terass of

series reactaace.

Finally, in ord;t to reduce poth the coptact and
Rolarizatios eLLoLs to an acceptable level, ;n atteapt vas

made to devise a rovotsible electrode systea. As
described ip Chapter Two this systea consists of a asetal
@lectrode im contact vith an electrolyte of a metal salt.
‘For 80l1id sample measurements the electrolyte is‘ present
in soaked bldttiiq paper between the olocttodg and the
saaple. In order to discover an olec;rode system suited
to the measurement of solid samples, Scott et al.e7?'
tested seven different samples. The salplés ranged fr
little vater content (low conductivity) to moderate wat

content (bigh conductivity). The.loasntolents vere tak

at 1008z, a frequency 1lovw enough to indi

.polarization effects. Scott tested for po
ensutiné that the pOtlitti;ity and conductivity remained
iodependent of - electrode spacing. This procedure is
€guivalent to the polarization test described in section
2.4,

Scott's sample Wwas a layered arrangesent: an
eiectrode, a soaked blotter, the .diolecttic sanple,
apother blotter and finally the second electrode. His
vork indicated that platinized . platinum electrodes,

cosplete with blotters soaked in 4 suspe,,;oa of sjilver
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and silver chloride, have the louost,polniization of the
tested electrodes. Silver electrodes vith the above
electrolyte followed and thea copper electrodes with a
copper sulphate electrolyte. As mentioned in Chapter Two
the cost and fragile nature of the platinum electrodes
precludes their use for tar sand measurements.

The two remaining electrode systeas mentioned above
both showved lov polarization errors for samples coataining
10% wvater or less. Since polarization errors exert less
influence on saample ilpédance vith decreasing wvater

content (conductivity) _amd since tar sand generally

contains less than 5% water, the authﬁelt’ polarization

error due to either electrode systel’

Tvo sets of copper electrodes for the test cell of‘y

figure 3.1 were machined. One set wvas siivet plated and
used in conjunction with blotters soaied ih‘ silvar
chloride solution. The remaining copper electrode set vas
tested wvith copper sulphate electrolyte. Both electrode
systeas vere used to measure fairly conductive samples of
tar sand versus frequency. The nmeasurements were takea
first at one spacing then at one half this spacing to
monitor polarization or contact errors. The low frequency
liait for both types of electrdhes was around 108Hz for
low conductivity saaples. For saamples with higher

conductivity the liait vas sogevhat higher due to erratic

- readings at lov freguencies. These results will be

P
>

#ld be spdll. . -
h a/"

-
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illustrated ip Chapter .Pour. The upper Reasurenent
frequency vas dototninod by the residual inductance of the
ncasurlnq circuit, At frequencies above 20kHE

polarization effects vere expected to bé¢ minimal but the
L .
continued use of the blotters ensutod contact probleas

vere minimized. Since mo discernible change could be “!P

betveen the copper or Silver systess, the author chose tgi

’
copper- copper sulphate Systea for its greater durability.

)

3.2.3 saaple Preparation g
. Brior to each measurement a dish. ot*q}ar Sand . vas

removed from the pmoist roos. ADy stonés present wer
kemoved and large lumps wvere' broken down. Laborato
results by Clark+¢® and by Blair+¢® indicate an averige tar

sand densi\ty-" between 1.9 an'.%gis/cn’ Sholi 0oil
|
gh

(quoted in Blait) recorded a sl tly higher ranqe betveen

198 - &- 0@14/(‘?-3, using a formation demsity log in situ.
Since the -easure-ent cell volume vas slightly over 130cpa3
for a (ezg}nch‘ Spacing, a 250ga Sample wvas required.
Sample qg’.Grenents at the 1 inch spaciné required a 500gm
salple. These Basses provided a aa.glo t?ose density fell
vxthin the tango of in situ donsiti.sngéhoun above. The
Correct amount of tar sand vas veéighed out using a triple
igell balanco, Placed inside one of the ploxigLass t%sgs
and mouldéd into a *disc’. Because of theopliqh}’ Bature

L] . . . v
of the tar sand it was possible to fora  ned®gy - plane
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- &
surfaces on the ‘'disc’' . by rolling the saaple cagptully
vith a glass rod. § ‘

To facilitate rapid Reasuresents at tvo spccinqs,
c‘;ta;n trials vere made usiag tvo 1/2 inc? *discs’ joinod
together to make a 1 inch sample. HNeasuresents vere taken
on this ,joint sample; the sample vas then pulled apart and

~one of the 1/2 inch salflos vas measured. This procedure
reduced the parameter gariations, due to drying,A betveen
the leasufelents at diffd;tnt spacings.

The copper é!ibtrodps Cleaned in a veak n;tric
acid solution and rinsed vith distilled wvater. Allowing
the blotters to soak in'tho el‘cttolytc for at least five
sinutes helped ensute coasistint d; ectrode impedances.
These bLlotters vere then applied to the electrodes. The
electrolyte strength vas 0.14 (1mole of copper sulphate to

) litres of distilled wvater). The excess electrd!?te vas
squeezed off each electrode by rollin3 a hard rubber
roller over the blotter. Periodically, the electrode
imspedance vas che'ked by placing two soaked blotters
bgtueen the electrodes and nmeasuring the iapedance.
Typically, the series resistance vas lesg than 2 ohas and
the series capacitance vas over several hundred
NIiCtOfltldl. Thus, loasnrolgnts could be taken to a lower
frequency 1liait of approximately 10042 pofo:o the
electrode impedance influenced the measured results, as

-

discussed in soction 2.3,

- -
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In addition to the regular batch tests ‘;sing fresh
taf. sand, a 4drying test vas carried out. The purpose of
thfh‘fobt vas to determine changes ia the clocgtléal
- properties as the moisture coateat of the tar saad varied.
The test consisted of spreading a large asount.of tar saad
~over a vide area tdPdary in the edr. At Eogulu: tine
1ntet‘plq, sapples at @ and 1/2 inch spacings were preas.d :
into discs{gnd measured in the test coll. Great care was
‘taken to ensure i!‘mbigiter did not 1ntroducq oxtzanqpns
moisture into the dried tu: und..:‘!‘ u!‘ m included
drying the rinsed oloctézdci vith compressed air, removing
all excess electrolyte froa the blotters apd allowving the
-blotters to air dry for a short interval. . Measuresments
vere undertaken ‘as rapidly a‘ possible to avoid any
pbdssibility of electrolyte penetration into the sample. A
. portion of each sample vas analysed ia the physical
extraction unit'(uhich.is described later) and the bitusen
and vater contents vere recorded.
the end of the drying test, vhen no more vater
could ,be extracted ‘n driea tayr sand, an atteapt vas
made to resoistean the tft sand. rh;‘tar sand vwvas placed
inside a vwire lQQ"paa.over a steaam generator. Cold air
vas blova above the sample to ensure gondensation within
the samd. The o ii;cdl é‘tlth.t! of this remoistened
sand vere measured. This tosg vas undertaken to detersine
the feasibility of 15cr¢qiilq the conductivity of im sita

L)
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tar sand to flcilitatp low frequency goatilq. Samples of
vater free bitumsen obtained from both the tar sand
analysis ﬁnié a:d the Syacrude laboratory vwere also
seasured.

Chapter Four vill presest graphically the results of
each measureaent. In addition to t.r aad o~ versus frequency
for various tar sand batchs, graphs of ering 6 versus

time; obtained froa the drying test dosctibcdizbbvi, vill

be presented. e

3.2.4 Measuring Instrulepsj- oy . ‘ ~,
uwk i

' Initial :IQQCQtelents verLe undertaken usij’i' Hewlett
Packard lodei 4800A vector impedance l0$ , This
instrusent measures the series impedance o{_ift circuit
betveen the measuring terainals ‘a-& -displ(xs' the ,polar
comaponents of amagnitude and-'pha;e. ;t can mseasure any
impedance to 10 and any phase aﬁglo between £90° ?yer”a
frequency range from SHz to S00kHz. The imspedance
accuracy is 25% while the phase accaracy is £6°. Digital
voltseters vere conaected to the outputs on the rear ‘of
the imnstruaent. These outputs provide an analog voltaqe
proportional to the maghitude and ‘phase of the .unknown
iapedance being Reasured. . The digital insttuients
increased the overall accuracy and éoadability of the
ilpodqnco I;tet.

In order to calibrate the digital isstrusenats,



adjustable potentioseters are provided on the rear of the
vector iapedance meter. A precisios Tka resistor is used
to calibrate the magnitude scale and to zero the phase
scale. rhon, a high gquality capacitor is used to
calibrate t’ =90° point and cﬁock the  aagnitude
calibration at this angle. The autﬂgt £olt'that op;rction
ofL the impedance meter vwith the digital presentation
i1ucreased the overall accuracy to 22%. This greater
. dccuracy resulted ¥%rom the increased resolution in phase
angle measuresent. -

As desctibé!; in  Chapter One, the extraneous
Capacitances associated with the cell overhang and lgeds
aust be femowgd from the measured ‘impedance value,
Yielding the sample Parameters. Since the vccfor'
impedance meter aeasured the serles impedance of the
saaple, the Reasured reading vas converted to a parallel
equivalent form at ;ach frequency. The impedance of the
eapty cell wvas “then measured, converted to its parallel
equivalent fora and subtracted from the full cell reading.
Thus the extraneous capacitances vere removed and the
saaple parameters could be obtained. A block diagram of

the measuring arrangeasent is shown below.
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Initial leasnéelents sheved the tar saﬁd to be mainly
resistive with a Small series reaetive coaponent; the
sefies impedance had a phase angle close t; zero. Reading
thig ssall phase angle led to_large errors $lance a change
of a fev degrees cou¥Pd result in greater tham .100% error.
in the series cdgxcitaﬂcc determination.

Since the vector impedance meter wvas not Capable of
measuring these small angles accurately, a General Radio
16087 bridge was purchased. This instrument c ins six
bridge circuits that enable it to measure the passive half
of the cosplex impedance plane. Por tar sand
seasuresents, the parallel conductance bridge was
selected. This briqgi Reasures the paiallel conductance
(Gp) and the capacitive Q (WwRpCp), vwhere ip‘qis the
parallel resistance, Cp is fhe parallel capacitance, amd w

the -angular frequency. The basic accuracy of this bridge

.

Y §
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vas $.05% of the readisg for the coanductance coaponent and
228 for the Jdetermisation of Q. A fregeeacy dependent
error tersm sust also be included in the conductcléo bridge
due to the netwvork which compensates for stray
capaéitance. This ters adds an additional error of
approximately .8% at 20kHz.

The General Radio bridge is supplied with a 1kiz
int‘nal oscillator to drive the bridge. An internal
detector with a narrov bandpass filter is centered on the
oscillator frequency to observe the pnull point. The
~ fregunency range of this bridge could be: extended through
the use of an external oscillator from 20Hz to 20kHz. 1In
this case, the intitnal pandpass tiltof must be removed
from the ,circyit. ﬁhon ‘;asu:inq resistive saamples vith a
low Q.'ihe pridge b;ianco point boconeq shallov and a null
is. di!ﬁ&eul&wtofobgjin. To obtain a satisfactory aull in
the presence of harmonic distortion and noise, a Hevlett
Packard vave analysqt,lodol 3027, vas inserted betveen the
bridge and oscilloscope. This instrument, consisting of a
sharp tunable bandpass tilier and amplifier, fuqctioned as
a detector. The additional gain of the wvave =seter
assisted in detecting the shallow null. o

In operation, the bridge was balanced by adjusting
the iaternal capacitors and resistors to equal the sample
parameters so that a aull wvas obfainod. ‘The internal

cosponents then indicated the sample paraseter values on

—



3:\_., ‘
h \ \ \*' 3 82
. |

the &mtunnt'- digital® display. Both the parallel
condectance and the Q dials had a coarse aad a fise
adjusteeat in o:dot to achieve a suitable aull. PFor tar
sand sasples at high frequeacies, the Q value was very
ssall, less than the first divisioa adjustaeat on the tkno
scale. 1A slight external modification, consisting of the
addition of a parallel resistor potioon the bridge l;l

responsible for Q seaseurement and ground vas required.

This increased the Q magnitude by a factor of almost 70,

. shifting the scale to midrange for iaproved readability.

The Q readiag vas then obtained to three figars accuracy
ané'aéonverted back to the pr;per itoadi": :.rho low
frequency bridge gave satis€agtory results b;:voon 1008z
and 20kHz. Readiags could be taken up to 50kHE with
s2ightly lover accuracy. A block_‘dftcral of t)e low
frequency measuring arrangement is shgln.~in tigu£0(3.3)
vhile the photograph on the followving page illusﬁﬁat‘d”?hc

-
P

Reasuresent arrangeaeats. -

2
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The low fregeeacy vector 1lpo“nco Betar. do&tund

esarlier vas used to take nasnml\nts betveen 10kHz and

500kHz. A high frequency vector impedaace lbtot sxtended

the measuresent range further to 108Hz. This ihtthl'&t,

a Hewlett ' Packard model 4815A, seasures any coaplex”

impedance up ,to 100k betveen 500kaz Q‘d wnu. rlﬂo
ispedance accuracy is :4% o! the full scale :utuq uh#lo
the phase accuracy is $3°. The additide of the dj.gytal
volt;ctou to record the analog voltages once ;’gain
idptqvod the ‘readability and accuracy. The n.,lsnring
'configuat,ion at bhigh tt«lmcies 1-0 identical %o -that
shown in figure 3.2 except that the ‘Wigh ' gregmemncy aeter

is substituted for the low frequency aseter.

L 4
-

’

As ‘sentioamed ptoviéusly; the -oouloqtioii tqr .qtcl'

bridge were brosght out_ to a ’Otl&h; b&gd sear ‘<the
goaiuoaut’ \c:'ou to facilitate rapid testing, umoflch o
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o
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seasuresent 1;sttllcat lld . different . diead connector ;
configuratioas the enspty cap;citan;o (Cenpty) shovn.in
figure 1.2 had to be "determined sobatntoly for each .
bridge. ‘ ' |
~~

3.8 COAXIAL" MEASURENENT CELL ~

Tar sand SAIEI;S vere ameasured over the frequency
tang§ of 100kHz to 100MHz by . a suamer stu}eni assistant
using a coaxial tramsmission line cell. The cell was aade
up of sections of threaded brass pipe through which &
brass center coanductor <omnld be insertc&. Additionalv.
lengths " could be added opto‘ both thé inner and oyter

-conductors to vary the transmission 1line leagth. A
tapered- seé?&on’ formed the transformation between the
coaxial cell and ihe-cfnnectOt on the measureaent brihge,

-

' a -Weyre Kerr 'SR 268/B801 inpedqncekbtigge, The tar sand
samples were obtained froa thf sane\} Ted rus as t52\3£2//~;
electrode cell samples. A s;:ple vq‘el p/epared by oMing -ad'
the tar sand betveen the inner and/oéief conductors vith a
specially designed plunger. This plunger alloved the
sasple to &e packed to the correct density vhile
maintaining the center conductor in its proper position.

Tke coaxial cell is }1lustrated in the photograph om the *

following page.
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Ay desecribed in Chapter One (oh;atioil"1.21 to 1.27
" inclusive) ngasnrololts of the parallel coaductance agd
capacitance plus a knoﬁlodqc of the eapty line parasete 4
}iold the cqndnctivity- a;d pctlitgivity of the salplt

)

vithin the transmission. line. ° . o /,

P

3.4 Tar Sand Samplke Analysis

Tar sand samples vere analyQod by oxttactibn of the
bitumsen vith tclueme. The extraction assembly consisted
of .a perneable thiable containing a kaown i:ﬁigt of t;r
,5and over a flask of toluene. Above the thilblo,' but
offset, slightly, was a condensation coil equipped uit‘,a
trap to retain any vater condensed. The photé;taph on the
f6ilovidg p#@e illustrates this irrangenent. Tho\ heater
beneath the tlask vaporized the toluene causing it to rise
;nd condense on the wvater cooled coil. The liqufg toluene
fell, filling the trap and also the tar thimble. Once the
thiable wvas full, the toluene, nov coataining biiulen.and
some moisture, vas siphoped ba¢k into the flask, Here it
was revaporized taking the wvater ‘with it but legaving the
bitumen bebind in the flask. Upon condensation the liquid
toluene and wvater felkinto the trap. The water, having a
hiqhe£ density, would displace the toluene and remain in
the tra;, //
C

-
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The thisble vould be refilled vith tolusae aad the cycle
vould begin aqatn. rho procedure wvas contlluod uatil mo
siqn of . bitusen shoUQd in tho tqjuene. drnininq etoa\tho
thisble. | L -

The sand and simeral Iltt.t-tillinilq 1q.xho thilblo
vag ovea dried ald veigted. lgpl this upight and the
veight of va‘%r collected tton t trap, the perceantage of
each couponcnt‘conld be obtaino?.

Pure Pitulon was obtained by heating the mixture
renaining 1in the distillation flask until the teamperature
rose sharply. This teamperature rise indicated all the
. toluene had been distilled. Hovever, in order to drive
off all the toinone’ ;OIO of the lighter fractions of the
bitumen wvere probably lost. Thus the bitumen obtained was
presumably a slightly cracked produé} and  not a true

representation of the in_situ bitumen. -
L
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CHAPTER POOR .
EXPERINENTAL RESULTS B

4.1 GEBERAL

¢

" 'This chapter presents tyc{:osnlts.ot the various tar

: [
.sand nmeasuremeats in graphical fora. Bach figure is

versus frequency, the second shovin

cosposed of two plots; the first hoving condoctivi;y ;p
; peraittivity versus/

frequency. Generally each plot inciudos Bmeasureaents
taken on both.1 inch and:1/2 inch hanﬁlos. As mentioned
in Chapter Three, Beasureseats 4t two bspacinqs enable
electtodo‘\;blatization or'contact.ottdts to be dotécted;
The chapter -includes graphs Chqulig the permittivity and
conductivity of bitumen sasples and a composite plot of
tar sand sasples dried over several days. In addition,
leasutOlqhts takog over a higﬁer ftequency range with a
coaxial cell aré presented in section 4.3. |

- \

4.2 CAPACITIVE CELL RESULTS

Although a variety of @seasurement teq‘{:ques and
electrode nmaterials vere tried, a major portion of the
results. ptesonted in this thesis vere obtained using tbhe
coppet coppot-sulpha‘o atmngelent‘r described in Chaptet
Three. Results obtained froa the other eleqtrode

attangeleﬂts vere }nconkistent and haie not been included.

90
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®
The conductivity is displayed oa a linear scale versys log

frequency. Because the peraittivity chaaged by several
orders of laqniiudo over the frequency range of interest,
it is ﬁiottod oa a leg acalo’yorans 119 troéuoﬁcy.

The various saaples are identified by a uaique nasme.
composed of literal and numeric characters vhich describe
the day. and veek in which the measuresent took place and
the th}cknos; of the sinpl.. Por oxanplo; .thc saaple
labelled 4¥1 vas Reasured on dnesday of the fourth week
and vas 1 inch thick. -rhe sample 5T1a wvas aseasured on
Tuesday of the fifth veek and was 1/2 inch thick. .The
saaple label is included in'@he‘titlo of each group but

“the graphs vill be referred to by figure nuamber.

Y Figures 4.1 -to 4.4 inclusive are Regsureasents on a
tar sand batch with an average bitumen contznt of “11.25%
by wveight and ap average vater contelt of 3.8% by weight.
The vater and bituamen contents Vere obtained froam the
“distillation apparatus déscribed in section 3.4. Figures
4.1, 4.3 and 4.4 compare 1 ’inch "samples with 1/2 inch
saipleé. Each figure sho;s that the conductivity is
relatively i;dependent of frequency while the peraittivity
increases steadily wvith decreasing frequency. The
conddctivity and permittivity remain constant, within
experimental error, between the 1 ;;ch and. the 1/2  inch

saléles thus showing negligible electrode polari2ation

errors. Figure 4.2 shows two 1 inch samples prepaied at

A
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the sase time but seasured approximately thirty minutes

i}art. s.ﬂplo 883 vas exposed to the air for the loager
boriod and lhoys a docroasg. ia conductivity due to
soisture loss vh;n co.batcd to salpli 481. Prigure 4.5 is
a coaposite graph showing the seastresent topoctiﬁility
betveen the samples taken froa the sasme tar sand batch. =

TN‘ next fourteen 'graphs, figures &.6 to 5.19
inclusive, illustrate salploq vith an average bitusen
contont'of 11.5% by veight ;nd a vater content betwveen
1.6‘4 £ by veight. Each figure with éhe exceptioa
of figures 4.12 and 4.13 is A plot otlroasutenents on both
a V' and a 1/2 inch saample. tiguréfu.12 is a plot of tvo 1
inch samples prepareé at the same time wvith salple. 563

being measured slightly later than sample 5Wil. Again, the

‘sa-ple exposed 1loanger bad a lover conductivity resulting

from moisture loss to the air. Figure 4.13 is a graph of
sasple 5W2, consisting of two 1/2 inch samples pressed
together, and sasple 5W3 consisting of a 52};; 14—ihca
sasple. Thi§ figure indicates that the 1 inch saaples,

actually made up of 1/2 inch samples, are equivalent to

solid 1 inch saaples. Once agaiQ, Figure 4.20 is a

" composite graph of all the samples in the second Dbatch

showing the close agreement between the conductivity and
permittivity of samples taken from the same tar . sand
batch.

When comparing the second set of figures (4.6 to

>
1
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4.19) to the first set (4.1 to 8.8), two boinil are noted.
First, due to the lower wvater coatent, the coaductivity of
the second set is significantly lover than that 3: the
ficst set. Second, the peraittivity of tho‘ second set is
generally 1000 or‘Ioss at the lovest indicated trequonc}
cospared to an average potlitg;;ity of 5000 or greater for
the first batch. This greater persmittivity vigh aore
conductive samples is the sane phenop,non discussed in
recent literature (see 'Chaptet Two). Measuresents on
saaples of the secog¢ batch taken. at two electrode
spacings display the same conductivity and petnitt%Vity,
indicating polarization errors were very smsall.

The next six graphs, figures 4.21 to 4.26 1iaclusive,
consist of @seasureaments lad:7on a tar sand batch with an
average bitumen content of 1;! by weight and amn average
vater coontent  of -49W by weight. Figure 4.23 shows two
solid 1 inch samples. The conductivity of 6F2 is about
20% lower than that of 6PV, s&oving how rapidly the tar
sand wmoisture is lost: Also the low frequency
permittivity 1is sligh}Iy less than ®hat of 6F1 as is
expected from the lower conductivity.

The conductivity of the 1 inch sample is higher than
that of the 1/2 inch sample in both figures 4.21 and 0.22:
Generally, the reversé is true as any cnntqft or

polarization errors are more visible in the 1/2 inch

measurements. This disparity is probably due tocp00t
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Rrepprition of the sasple. ror 1:ot¢aco. insufficieat
saturatioa of the blgtters with the copper solution could
Yield the above results. Since the .peraittivity cucrves .
agree quite Closely, Polarization eIIOrsS are not
influencing results., Figure §.27 coabiges the results of
the thiid batch samples on one plot to show conductivity
and Persittivity agreesent betveen :;lplos.

Figure 4.28 is a graph of fQur tar sand saaples
aeasured Consecutively tventy-four hours apart. A large
amount of tar sand vas spread in the open air to dry.
Every twenty-four hours a sample was prepared froa the
drying tdr samd. The tirst saaple, ™M1, wvas Reasured
imsmediately. Physical analysis shoved a water content of
1.75% and a bitusen content of 12.1%. The second sanmple,
7F2, ;easuted tventy-fsur hours after 7R1, had a wvater
content of 0,4% while the bitusen content vas vittually
unchanged, The third anqd fourth samples, 7S1 and 7Su1
respectively, showed ip§utficient vater to be ameasured.
Since the conductivity varied over such a wide range, it
vas plotted on a logaritheic scale. Figure 4,28 clearly
illustrates the dependence conductivity has on the vater
content of tar saand. Ip addition, as the salple dghed and
the conductivity decreased the permittivity becaae small
and the frequency dependence lessened.

Figure 4.29 is a plot of tvo samples of pure bitumen,

one obtained from the distillation process described in
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sectioa 3.0, ‘lo other obtained fros the Syacrude reseatch
laboratory ia Bdpoatoa. There is Quite close agreeseat
betveea the tvo sasples. Cospariang thd cosdectivity plot
oé'tlg.to 8,29 ¢o tln; of figure §.28, ocae sees that evea

after dryiag over seveaty hours sose solsture resaias ia

the dried sample as shovs by the Aigher coaductivity of .
the dried tar sasd. VPiaally, figure 4.42 shovs the upper
and lover liaits for the persittivity and conductivity

based on the samples measured. Por tar sand sanples with

4 vater coatent of less than 5% and a bitumea coatent less
1

-

than 15%, the conductivity and permittivity should resain

>

vithin the ltnlts of figure 4.42,

4.3 COAXIAL CELL REBSOLTS

The coaxial cell seasureasents vere carried out over °

the frequency range of 100kHz to 100MHz by\ a suaser
assistant. Unfortunately, difficulties vere o}gptiencod
in accounting for the effect of the tapered section ‘which
coanected (be_ coaxial cell to the seasuring instruaent.
The results of coanductivity anEJ pernittivityi are valid
only up to 25HHz. The tests carried out ianclude
seasuresents of different sample lengths and drying tests
conducted in much the same manner as tq&Lth; tvo-electrode
capacitiVe cell. Measurements on two differeat lengths of
transaission lipe Are analogous to Beasureaments at

different plate separations of the tvo-electrode cell. If

\
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oae sectioa of tuuu&l&' lise 4s OE3cCtly ctwice the
leagth of thae other, the sasple pParaaetecrs say de easily
obtaised. 1Ia these SSssurendats, tests vere carried ot
asiag 10 aad 20ca leagths of Coaxial trasssissioa ljige.
The nolcnclctuto for the high troquoncy cesults differs
froa that of the ccpqcitgvo Cell seasureasents. Novever,
since the graphs are referred to by their figure auabers,
80 aabiguity should result. rigure &.30 shovs a saasple
vith higa coaductivicy indicating a tolativoly large wvater
conteat. The pPeraittiviey ig quite large at the lo'os{
frequeacy aad decreases as the frequeacy is raised.
Figures 4.31 to &.34 inclusive are Plots of a batch of'tarl
sand vith anp 4verage vater content of 1.15% and a bituaen
content of 14.7%. The conductivity ® lovy as js expected
from the lov vater content. The dioloctcic pon.ittivity
'As also low and shows little frequeacy dxspornxon. Pigure
4.3 is a composite graph of figures 4.31 ¢o 8.3
inclusive, showing the agreesent ip conductivity and
Persittivity within Sasples taken froa the saae batch.
Figures 0.36.0.3f and 4.38 are resules fto; a batch of tar
sand with asuch higher conductivity. aAs is expected froa
the higher conductivity, the peraittivity g high but
decreases as the frequency increases. Pigure .39 s o
Cosposite graph of the atove three figures.

Figures 4.40 ang 8.41 are graphs of dtyin‘nsts

conducted in a siaijlar Ranner to the 1low frequency test
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shovs 4a figere 8.20. A lagge asouwat of tar sand vas
spread to 4ry is the air. The first sasple vas seasured
sasediately, thes every tusaty-fout hours & sev saaple vas
prepared aad psessured. Osce agaia the coaductivity
decreases toptdly' as the lc.plg soisture decreases,

.

shoviang the dependence of cosdectivity on vater coanteat.

4.8 DISCUSSION OF RBSULYS *

The results ‘proso-tod in this chu;tot tadigrate that
‘peraittivity is stroagly depeadeat oa freguency, falling
from a value of f:ovornl thoesaad belov 500Hz to around
tventy at 108lz. The high ttoq-olsl resylts, obtajined
fros the coaxial cell seasuresents, coafira that’ the
persittivity contiluos-}o decregse as tto frequency rises.
“In addition, the higher the comductivity of the saaple,
the bigher the lov frequency peraittivity is likely to be.
Insufficieat data e®ere collected to indicate the effect
that bitusen saturation has oa the overall tar sand
permittivity. Siace the bitumen cosponent has lov ohamic
conductivity and small peraittivity, very little change in
overall persittivity should result vith changes 1in bituaen
content.

The coaductivity resaioed relativ¥iy constant as the
frequency increased. At about 1HHZ it began to rise as

\

Q
the frequeacy vas raised. The cdaductivity vas dependent

upon tar sand aoisture content as the figures of drying

[
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tests showved.

Precautions were taken‘to ensure that the results
presented accurately reflect the electrical propetties of
the tar sand sauples. Neasurement \)trors vere exaained
a;d ainimized. As nmentioned in qtfpter Tvo, the low
freqnenéy results are difficult to explain in teras of the
polarization effects present in homogeneous materials.
Several explanations _bhave been presented by researchers

‘wvho have noticed similarly high petlittivifie#.

Alvarezso explained the di spersion in ‘permittivity
for lossy rocks in teras of the Baxvell-Wagner effect.
This effect deals with charge accumulation at interfaces
betwveen materials vhich differ in conductivity or
dielectric permittivity. Alvarez extended the Maxwell-
Wagner effect to include the general <case where the
conductivity and/or permittivity are functions of position
within the sample and there is no strict division between
the various media making up the sample. He found that in
order to satisfy the continuity of charge equation, a
charge amust accumulate within the sample. If there is no
variation of conductivity or permittivity within the
sample, (i.e. A bomogeneous sample), no excess charge nust
accuaulate. Within a heterogeneous sample, charges must
accuaulate among @materials uhése electrical parameters
differ. This charge accurulation dppears as a

polarization and contributes to the sample permittivity.

».



Keller and Licastrost po‘nted out that the Maxwell-
Wagner effect required large vater contents to account for
high values of petnitt;vity found at lowv frequencies.
They plotted results obtained from a hypothetical rock
made up of. layers of quartz and water. To explain a
dielectric permittivity greater than 1000 in teras éf the
Maxvell-Wagner effeét, the rocz must contain @n excess of
60% vater. Since the vater content of tar sand seldoa
rises above 10%, the Maxwell-Wagner effect cannot be the
sole cbntributing factor to the excess permittivity.

This effect assufes that the movement of charge
carriegs through the tar sand is not impeded. The tar
sand consists of solid particles Q£ sand and clay
connected by channels or pores containing ions in water.
These ions are responsible for charge tramnsport within tar
sand. Any region where the ionic mobility changes will
experience a charge pile up and additional polarization
vhich contributes to the %verall permittivity.

Keller and Frischknecht32 described two mechanisas
vhich decrease 1ionic mobility. Along any pore wall,
layers of wateg molecules are loosely held. As an 1ion
drirts through a fine pore or channel, the forces holding
the water wmolecules near the wall wi}l increase the
vViscosity and decrease the aobility of the ions. There is
a tendency for positive ions to Pile up on cne side of the

pore and negative ions on the other. The second mechanisa
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d:Fcribed by Keller deals with seleétively permeable
nelbraneg. These meabranes result froa linerals‘uhich are
fixed wvithin the sample framework and cjn be  ibnized.
Hhe’b the ion goes into solufion, a charged mineral
particle (usually clay) is left behiﬁd. This charged g
particle blocks free ion movesment through the pore. -Tﬁe
particle acts like am ion sieve allowving positive ions to
drift along the pore but blocking the pegative ones by
repulsion. The resulting charge separation increases the
sample polarization.

Puller and WardS3 interpreted the high dielectric
permittivities measured on th-type materials 1in teras
of electrical parameters vhich can have‘both in-phase and
quadrature phase components. The classical descrf}tion of
conduction current is a current in phase with the applied
electric rield. Similarly, displécenent current 1s a
current in quadrature with the applied electric field.
Conduction current is due to the drift of free charges
while displacement current is due to realignment of bound
charges., Conduction in most soil materials takes place by
ionic drift through pore 1ligquids. Factors such as
viscosity of the pore liquid or restraining forces set up
by local polarizations withig the sample framevwork may
cause the 1on drift to slow. The “result will be a

conduction current out of phase with the applied electric

field. Fuller and Ward postulated that the out of phase/
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component of the conduction current will contribute to the
. 4 = ' '
/displacesent current. The resulting greater displacement

current accounts for the large berlittivities measured at

-

lov frequencies. Hovever, there is some doubt regarding
* . '

the validity .of this explanation,>.since displacenment

cukrent leads the copduction current by +90°. . The

- conduction coamponent out of phase due to slov ionic drift

vill lag t‘; in-phase conduction current, and subtract
from the displacement current. Thus a lower dielectric

permittivity will be measured.

4.5 CONCLUSIONS
This thesis examined the conductivity and
permittivity of tar sand saaples as a function of

frequency. The w@®ain emphasis was on low frequency

measuresents taken with a two-efectrode capacitive cell.
Measuremsents taken with a éo ial cell extended the
results up to 25MHz. The tar sand sSagples ranged froam 1%
to S% wvater content by weight, | while the bituaen
saturation varied .betueen 108 and 15% by veight.
Measurements vwere taken on two sample lengths to ensure
that contact and polgrization errors remained small.

fhe tar sand conductivity depends strongly on
moisture content. ‘Qphe conductivity displays very little
change with freéuency, remalining constant as the frequency

is 1increased to 1MHz. As the frequency 1is further

¥
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(;ICtoased. the condné;}ﬁity sloviy rises. Mo correlation
could be deterained betveen tho\bitulon CoOptent and‘ the
conductivity, since slalg' changes in moisture content

‘,overshadoued.the coadectivity variation expected froa iﬁe
bitusen variation. The peraittivity is verf st;onqu
dependenﬁ on fregquency. At low fteﬁuencies tie
pérlittivity is very large, decreasing rapidly as the
frequency increases to 10BHz. At this frequency land
above, tane measured values are coaparable td those found
for homoyeneous samples. The permittivity also depends on
the counuuctivity of the sample, increasing as the
conductavity ,incre#ses. This dependénce on conductivity
is especClally noticeable at lowv frequencies.

L4ls taesis laid the basic framevork for low
fregue:cy tar .sand measurements. The graphical results
preseat: u iu this chapter indicage values expected for
typical tair sand saasples. ThE&e is a need for future
research into the dependence of the tar sand parameters on
temperature. To enhyre that ;he laboratory results truly
represeht in situ tar sand, careful handling of the tar
sand batch is reqﬁired. Once a batch has been emoved
from the ground it shogld be stored in a frozen state to

o
minimize moisture losses pefore mseasurements are taken.

The electrical parameters of tar saad will be used in
the design of in situ electrical heating systess. The

permittivity and conductivity wvwill indicate suitable
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frequency ranges and elgctrode configurations for coupling
»

‘ele omagnetic emergy into the tar sand. Information’

: 1 4
regarding the teaperature dependence of permittivity and

’condnctivity will be used to dcaiq:/.systo.d vhich can

adapt as the electrical paraseters change d‘o to heating.
The electrical parameters will in&i::te the most efficient
and practical in situ electrical 'heating schemes and
thereby contribute to the development of eco#onical
methods for‘tecoveting bitumen froa :tar sand deposits

vhich might otherwise not be exploited.
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