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v"production rates.

Abstract

¢ v

An investigation is madelof the‘codtept of indndating an oil
sand formation with electromegnetié energy to generate a hot
zone of low viscosity bitumen which is suitable for iﬁasitu .
recovery. A number of operating concepts and electroge
configurations are examined analytically and experimentally
to establish possible heating profiles and bitumen
/ . ' . ‘.'
© All. of the electrode configurations that are con81dered
employ the édhcept of establishing a guided high frequency’
electromagneticﬁxgve which heats the formation by travellxng
through it. The advantages and limitatioens of this heating
approach are compared to alternate methods of heating the

¢

0il sand formation. -
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1. Background and Problem Identification
, <‘ SN |
1.1 General Background .

Alberta oil sand deposits are estimated to conta:: 1350
billion barrels (215 x 10° m®) of bitumen resources, or
about twice the amount of recoverable conventional reserves
in the entire world' At present, however, less than 10
percent of these reserves can be econom1ca11y recovered by
any current mining technique due to the great depth of the
materials overlying the bitumen containing sands.

A great amount of research has been directed towa%d
methods of recovering deeply buried bltumen directly from
its native formation without mechanically removing the sand,
and many "In-Situ" recovery methods have been proposed. Most
of the proposed recovery methods operate on the premise)
that if the tar like bitumen in a formation can be heated |
well above its ambient temperature of about 10 degrees
Celsius, then the bitumen's viscosity . will drop sufficiently
for it to flow through its native sand bed and be collected.

The major difficulty‘encountered in thermal schemes is
that of transfering energy into the oil sand formation. The
sand bed holding the bitumen, while quite permeable when
considered in isoletion, has quite different properties when
satureted with the tar like bitumen. Basically, oil sand has
many of the propertles of solid rock?. Oil sand is a
relatively poor thermal conductor, and thus is difficuli

i

heat by thermal conduction. 0il sand.-is also virtuallY,/
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impermeable, and heﬁce is difficult to inject with hot
fluids or gases. While the poor thermal conductivity and low
permeability of oil sand, thus, preclude or inhibit the use
of conventional heating schemes, they pose no obstacle to
heating by use of electromagnetic energy. Indeed,
electromagaetic enérgy, in spite of its relatively high cost
per unit of energy, shows exceptional promise for the |
in-situ heating of oi and. The principal advantage
attributed to elecgrical méthods.is:that since tﬁey heat
from within, they allow energy transfer deep into the
formation at a much faster rate than thermal conduction
would allow. Further, the electrodqﬁplacement allows the
energy to be deposited in a controlled manner thus
minimizing wasted energy (ie. the heating of non-oil bearing .
overburden/underburden zones)

At present, electrical schemes are mainly directed
toward pre-heati;g a large block of the 0il sand material
vell abbve its o>igina1 in-sigu temperature, the concept
being that once the viscosity of the bitumen has been
lovered sufficiently for 1t to become mobile, the bitumen
can be produced from the formatibn by, for example, é steam

drive mechanism.



vy

o

1.2 Electromagnetic Heating

1.2.1 Heating Mechanisms
When a time harmonic electromagnetic source 1is used to
excite an oil sand formation; each unit volume in the

formation is exposed to some degree of electrical potential

gradient. In response to this drive an electrical current is

establishea through the unit volume. The current generated
is normally separated into two components. The component of
current in time phase witﬂ the potential across the volume
is termed the conduction current. The current in time
quadratﬁre with the potential 1is termed the displacement
current., If the cbnduction current is greater than the

displacement current in a material, the material will be

called a conductor. If the disp%acement current is larger

than the conduction current in a material, the material will

be termed a- dielectric. .

In heating problems the conduction current component is

of}the most interest as the amount of energy transferred
from the electrom;gnetic fields to the material (tﬁe ohmic
volume.heating) is dependent on the conduction current
component but independenq of the displgcement current
component. The conduction current passing through a unit
volume of material is normally a linear function of the
magnitude of the potential gradient established across the
volume;'In this situation the material may be assigned a

property relating the in-phase current density passiﬁg



through a unit volume, to the magnitude of the potential
gradient established across it. The property is called
conductivity (o). Any mechanism which transforms the applied
elecﬁromagnetic field energy into thermal energy, in a
material, contributes to the conductivity of the material.

In Athabasca oil sand a major contribution to
conductivity comes about as a result of free ions being
available in the naturally present or "connate" water (a
description of the structure of Athabasca oil sand is
included in appendii B). The idns are accelerated by the
applied potential gradient and then they dissipate the
gained kinetic eﬁergy through collisions which add to the -~
amount of random thermal'mq;ion in the material. Temperature
is a measure of the degree of this random motion and will
therefore rise. Heating occurring as a result of the
presence of free charge carriers may be termed conduction
heating.

A second mechanism contributing to the conductivity of
0il sand comes about as a result of the slightly polar
nature of water molecules. When exposed to a potential
gradient the molecules tend to rotate and align with the
potential gradient. The rotational energy imparted to the
polar molecules is eventualiy.transferred to other molecules
and thus adds to the degree of random thermal motion. A
contribution to the overall‘average motion represents an
increase in temperature. When a time harmonic potential is

applied to a formation the polar molecules tend to rotate in
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'»alterna@% dlrectlons in response to the cyclic potent1a1

I

“r1any g1ven time perlod 1ncreases ‘as the number of potent1al

“cycles i the time perlod increase. The contribution of this

' ;mechanls to conduct1v1ty is thus small when a low operatlng

frequency is used but much more pronounced 1f a high

operatlng frequency is Used. RS o

[
Al

,n Athabasca 01b'sand the conduct1v1ty (see flgure 1.2)

s e,sentlally constant WIth frequency up to about 1 MHz._

“The eafter it gradually rises-to higher levels at hlgher

fvfrequenc1es as the rotatlonal losses assoc1ated with polar

molecules 1ncrease. The contrlbutlon of thlS second

’mechanlsm to conduct1v1ty is thus small compared to the

“ionic contrlbutlon for frequencies below 1 MHz: but can. be

1dent1f1ed as the domlnant contr1butor at frequenc1es above

Jabout 10 MHz.p

a

In materlals which do not have free charge carriers the

'erat1o of conductlon current to dlsplacement current is

fgenerally qu1te small and the mater1al is termed a

'“dlelectrlc. Such materlals Are dlfflcult to heat w1th low

frequency electromagnetlc enerqy The potent1als that must

be applled to a low conduct1v1ty mater1al before substantial
3 .

: heatlng takes place can ea51ly exceed the electrlcal

breakdown strength of the materlal If the material has any

polar molecules, however, 1ts conduct1v1ty can be 1ncreased

. by operatlng at a higher frequency The conduct1v1ty

‘ 1ncrease permats heatlng to occur w1th much lower applied

»
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)k\potentialr Such an approech is termed dielectric heating and

has been used to heag#low moisture 0il sands such as those

a( S °
T .

found in Utah.

N

‘Having brlefly rev1ewed the basic electromagnetlc heat =
generatlng mechanisms An’ 011 g§n3 ‘one may now proceed to
" examine. the heating process on a more macroscoplc scale.
Electromagnetlc heating methods app11ed to oil sand bodies
may be d1v1ded into two ba51c categories, low frequéency

methods and hlgh frequency methods. leferent limitations

are experfienced depending on the method used.

1.2.2 Low Frequency'nethods y
: ‘The availability of large amounts of eleitromagnetic |
energy at a frequency ‘of 60 Hertz prov1des a cogsiderablev
_economic bias for heat1ng 2 formation at this freguency. The
heatlng methods at th1s ‘frequency all involve the placement’
of a su1table ‘array of electrodes d1rectly 1nto the
formatlon to be heated. The electrodes are then excited to
establash a conduction current flow through the formation.
;Bulk_resistlve heating of the formatlon structure occurs and
the resulting temperature rise reduces the VlSCOSltY of the
bitumen. o - - !

' Heatlng at this‘frequency does, however, haVevsome‘~\\
d1ff1cult1es. Unless electrode structures with very large .
surface areas are used , the current dens1ty throughout the

formation is highly non-uniform. Typically, the formation

volume nearest the electrodes, where the current density. is
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highest, heats more rapidly than the rest of the formation,
the result being a non-uniform temperature distribution
across the biock of formation being heated®. Indeed, the
formation material immediateiy eurroundipg the electrodes
can rapidly heat to the point where'the connate water is
flashed off;‘Once'the water is lost the electrodes are
_Surrdunded by an insulating (water depieted) zone. At 60 Hz
this depleted zone need-only-be a tew millimetres thick to'
effectively stop all current flow, and heating of the
formation could be terminated at a p01nt in time, when the
central oil §and region between the electrodes¢has only
‘risen a few degrees above its original temperatuce.

A number of suggestions have been put forward\for
overcoming this contact difficulty These include
pressurizing the electrodes’ to increase the temperature at
which formation water turns to steam, cooling the electrodes
to prevent ‘flashing, art1f1c1ally extending the electrode's
effective surface area to lower the current density in the

0il sand near the electrode and injecting conductive fluids

to replace the flashed water.

1.2.3 High Frequency Methods

The heatlng 6f oil sand formations w1th frequencies
greater than 60'Hertz has,the economic disadvantage of
requiring an additional energy conversicn stage with its
attendant capital costs and energy losses. The capital cost

A

Qf a high' power RF source* is not, however, large compared
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t6 the total capital costs associated with most in-sltu

' recovery schemes and the efficiency of class C amplifiers

can approach that of electr1c‘motors (85- 95%) Thus, if any

significant advantage can be shown for heating an ollfsand‘
mation at a high frequency rather than 60 Hz, the former

should be as economically viable as the latter.

The most obvious advantage of ueing 4 higher operating
frequency.is that the problems associated wlth an insular
gap forming around the electrodes are reduced. At higher:
frequenc1es current may be capac1t1ve1y coupled across the
gap, thus ma1nta1n1ng>contact with the formation to be
heated Further, this non—conductlve transfer of current
away from the electrode surface results in ‘a larger
effective electrode surface area than 1is obta1ned/&1th 60 Hz
excitation. This spreading effect should allev;ate
overheatlng of the oil sand near’the electrodes and thereby
1mprove the unlformlty of the temperature distribytion 1n
the formatlon | |

High frequency heating is also attract1ve for heat1ng

5

vformat1ons such as the Utah oil sands’ which have a very

low moisture content andge.therefore, a very low electr{cal
conductivity at'low‘fregugncies. The energy absorption of
euch material is'yery low, even if potentials approaching
the materlal breakdown limit are applied. Since the
electrlcal conduct1v1ty of 0il sand. increases with

frequency, a high frequency excitation is desirable in this

case in orger to - obta1n significant energy absorptlon by the



format1on mater1a1

At hlgh frequenc1es the typical volumes of Athabasca
_o0il sand to be heated have dimensions. that are large
compared to the wavelength of the e1ectromagnet1c energy.
The energy transfer mechanism must, therefore, be viewed as
a wave propagating into the formation and being attenuated

(glv1ng up its energy) as it travels. The energy

W
i

~distribution tends to be as- shown in Figure 1.1 and is
desoribed by a decaylng exponent;al of the form e;’*’,-where‘
z is the distance into the format%on and a is the
attenuation constant. |

As a measure of the depth 1nto a format1on that a wave‘
will propagate before giving up the bulk of 1ts energy, it

is typlcal to compare distances to the "depth\of

penetrat1on The "depth of penetratlon 8, is éhe distance
that a‘nn1form plane wave w111 propagate 1nto am terxal

before iits fxeld strength is reduced to 36.8 percent (1/e)

of its 1n1t1a1 value and the power density is

correspond1ngly reduced to 13.5 percent of its 1n1t1 1 level
(a=1/a). o . | : 8 \ |
"For a unlform plane wave travelling in a lossy material

for which the conduction current dom1nates,.the depth of

penetration can be approximated by - /
Ax=(1/mfuo)'’? o '_ ) ' ‘ (1.1).

in which case it is generally referred to by the more

. familiar term "skin depth". In the following sections the

depth[of penetration will generally be referred to as skin
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depth, but in each case it should be taken to mean the
reciprocal of the the attenuation constant rather than the
approxlmatlon quoted above.

An exam1nat1on of figure 1.1 would imply that very
hon—unifqrm'heating of the formation would result unless all
dimensions of the formation block to be heated'are'much less.
than the skin depth distance. If reasonably uniform heating
of a formation block is desired a‘necessary requirement isL
that all dimensions of the block be restricted to be’ much
less than the skin depth value. This size restriction can be
met while still heatxng large blocks of material, if the
formation is g low 1oss material such as the o1l sands of
Utah® %, this being- due to the large sk1n depth values |
assoc1ated with such materials. As an example, for the

operating frequency of 1 MHz, the sk1n depth of the Utah

Sunnyside* dep051t is about 470m at 22°C.

Thag dlmen51onal size restr1ct1on is much more l1m1t1ng

“if applied to more lossy materials such as the water wet oil

sands of the Athabasca regien. The skin depth distances for
a range of Athabasca oil sand types are reproduced from
reference 7 as - flgure 1.2. As an example consider a bitumen
rich,.iow moisture, 01l/sand (type B on flgure 1.2) at an
operating fregquency of 1 MHz. The skin depth value is about
15m . The largest dimension of a oil sand bleck;to be heated
would thus be restricted to abeut 3 to 4 metres. This size

: 8

limitation must be overcome if high frequency heating is to

be used for oil sands of the Athabasca type.
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Figure 1.2

'Electrical properties of Athabasca oil sand.
Type A is low grade oil sand (high moisture,
low bitumen). Type B is high grade oil sand
(low moisture, high bitumen).
a). Conductivity o, relative dielectric ¢,
and loss tangent o/we for oil sand as
function of freguency and at a temperature of
24°C,
b) Wavelength A and skin depth_A for oilsand
as a function of frequency .at §4°C.
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Both high frequency and low frequency electromagnetic
heating require the placement of electrodes in or near the
il sand body -to be heated. Two methods of électrode
placement are currently under considération by the industry.
The first method is tb sink electrode wells directly from
thé surface through up to 400 metres of overburden to
contact the 20 to 40 metre$ of bitumen rich sana. The.
electrodes are insulated in the overburden regions. The
second method is to sinkﬂa shaft through the overburden and
then cut cross shafts either in the oil sand or in the
underlying bedrock. Electrode wells are then drilled into
the oil sand payzone from the tunnelisystem; The advantage
of this "mine assisted" electrode placement scheme is that
essentially 100% of the electrode well is in contact with
the payzone areé to be heated. For a given contact area the
drilling costs forrthis latter scheme are much lower. The
savings must,'however, be considered against the additional
cost of thé shaft and tunnels. The mine assisted-electrode
placement scheme is ﬁréferable'ﬁor high frequency
electromagnetic heating since the wellgbreklosses associated
with trénsfering large amounts of power through the
overburden, to the payzone, increasé with freqﬁency and can

become a limiting factor.



1. 3 Gulded Versus Unguided Electromagnetxc Waves

There exists a multitude of conductor conflguratlons
for‘launching or guiding an electromagnetlc wave, It is,
therefore, tirst of all necessary to establish which
conf1gurat10ns show the best proﬁ1se for obtaining uniform
heating of large blocks of oil sand of the Athabasca type. -

First con51der launchlng an ungu1ded wave into the
formatxon. This approach has the advantage of not requiring
the placement of guiding conductors into the formation.
Unfortunately, this is not a viable option for oil sands of
the Athabasca type. An examination of figure 1.2 shows ‘that
‘the ratio.ot conduction current to displacement‘curtent is
much greater than one, except at very high frequencies where
the skin depth is prohibitively small. It is,vefy difficult
to generate an unguided electromagnetic wave in a conduction
'dom1nated medium. An antenna structure buried directly 1n
‘the material wouldynot generate significant radiation fields
and the conductivityjof the materiai.;s high enough that an
externally éeneratea wave would be largely reflected away.
from the surface'of the formatiou rather than penetrating
into it. Therefore, the use of unguided waves as a heating
mechanlsm for oil sands of the Athabaéca type is ruled”out,
except perhaps in instances where it is desirable to 11m1t
heatlng to the v1c1n1ty of the well- bore.

An alternatlve method of impressing an electromagnetlc

wave on the formation is to place conductors into the oil

sand body such that a transm1551on line 1s formed to guide



the wave into the formation. With a suitable matching
network between the source and the formation conductors, a
propagat1ng electromagnetic wave can be established in the

oil sand material.

1.4 Research Objectives

The objective of the current line of examination 1is to
analytfcally and experimentally examine a number of
transmission line type electrode configurations to determine
if large blocks;of Athabasca oil sand can' be heated
reasonably uniformly ar- in' a sufficiently short time so .
that tnermal condnccion losses to the sufroundingAformations
" are minimized. The greatestvdiffiCUlty immediately foreseen
is ;hé; this will require heating depths into the formation
that are significantly greater than a "skin depth". A
secondary cffecty is that these distances may in fact be a
significant portion of a wavelength, in which case an
irreqular heating distribution can result irreSpe;tive of
the formation conductivity. It wi}l‘be necessary to
circumvent these limjtations if che advantages of high
frequency electromagnetic heating are to be exploited.

) The concept of establishing a transm1551on line
structure in an hydrocarbonaceous formation and then Keating
the formation using high frequency electromagnetic energy 1is
not new. The IIT Research Institute has proposed* ® such a
scheme for the heating of oil shales and dry oil sands such.

as those found in Utah. The methods proposed by IITRI are,



/ .
however, oriented toward heating very low conductivity

materials (o<<we) by inducing dielectric losses through the
use of very high operating frequencies. The methods‘put
forwafd by IITRI are not viable in oil sands of the
Athabasca type due to the very different electricél
characteristics which are encountered. The water-wet oil
sand of the Athabasca region tends to be a conduction
current dominated (o>>we) material which at any given
frequency has a substantially smaller skin depth value than
is found in the oil-wet oil sands of the Utah region . ~
(typical values :ere presented 1in section 1.2.3). The IITRI
method® calls for the maximum dimension of the formation
block to be heated to be less than one-third of a skin
depth. 1f this restriction is applied to Athabasca oil sand
thé size of the heated volume becomes unreasonably small.

; .

The objective of this thesis is to propose and examine

several novel high frequency transmission line heating

‘configurations. These include the concepts of partial

evaporat ion boring, dielectric coated 1ines, series

nesonafed ]ines, variable coupling electrodes, and

product ion controlled heating. ‘
The general plan of the thesis is to presént a brief

description of these concepts in chapter 2 to give the

reader a conceptual understanding of the ideas involved,

followed by supporting experimental results .in chapter 3.
Subsequent chapters contain descriptions detailing |

subsidiary areas developed to support the main concepts.
(\
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Théﬁévgﬁbgigi;}y areas include a description of a numerfcal
model developed to aid in the selection of suitable scale
model electrode configurations, a descfiption of the scaling
considerations required to construct a scaled eleétrothermal
model which emulates a larger scale in-situ beating process,
a description of a numerical model used to examine gravity
production of bitumen from an electqically heated oil sand
formation, and finally an aﬁalyticai gagmination of the form,
of elpctromagnetic fields which can be”established on a
transmission line buried in an oil sand type of material. A
reader interested in obtaining only an overview of the
mate{ial may do so by reviewing chapters 1 to 3. It should
pe pointed out that the present Q?rk does not contain a
definitive examination of any of the proposed
configurations. The present work was directed toward
examining as many promising configurations as possible, the
objective being to establish the basic feasibility of each
configuration‘and its relative merits compared to the other
configurations. In this manner the configurations showing-
the most promise and warranting more detailed examination

may be identified.



2. A Conceptual Discussion of Possible Electrode
Configurations and Modes of Heating

As previously mentioned a number of different electrode
configurations and operating modes will be considered for
ih~situ heating of oil sand bodies using high frequency
electromagnetic energy. In this chapter only a brief
operational descriptibn is given for each configuration.
Subsequent chapters expand and examine in more‘deta}l each

of the individual concepts.

2.1 Total Evaporation Boring

In this first pfoposed scheme the field placement of
electrodes would involve sinking a mine shaft from the
surface through the oil sand bearing formation (payzone) and
then driviﬁg out two cross shafts horizontally. From the
cross shafts located at the top and bottom of the payzone,
horizontal boreholes would be driven deep”into the formation
and cylindrical copper clad pipes would be inserted. This
configuration is shown in fiqure 2.1. By attaching a high
frequency source between the upper and lowet electrodes an
electromagnetic wave propagating horizontally away from-the
cross shafts and into the formation would be established.

The action of the multiple electrodes is expected to
create the approximate equivalent to a parallel plate
trgnsmission line with the payzohe sandwiched between the
plates. AS such, the heatiné of the payzZone should be

reasonably uniform across the width of the line except near

t
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the edges where fr1ng1ng will occur. The heating will not,
however, be uniform along the length of the llne (rnto the
formation) due to the skln depth phenomenon.

For this flrst conflgurat1on the proposed method of
 overcoming the skin depth-limitation is based on the
relatlonshlp between the’ electr1cal conductivity-of oil sand
and its moisture content7 It has been found that the
electrical conductimity drops very rapidly as the moisture
content 1s red%ced COrrespondingly, the wave attenuation:f»;
rate falls and - the skin depth increases as’ the electrlcal bf‘
conduct1v1ty decreases. The postulated a;tlon is then as
/follows. When the source 1s first energlzed the bulk of the
heating will be near the line 1nput with only limited deeper
';heatlng, as shown in flgure 1 1. However; onge the front end <
~of the line reaches the b0111ng po1nt of water, evaporation
will cause the-m01sture-level near the input to drop. This
drop in mo1sture level will cause the conductivity of the
materlal near the 1nput to. greatly decrease and to become,
~in effect, transparent to the electromagnetlc wave. The wave
may thus pass through the initial part of the 11ne with -
llttle energy loss and 1mp1nge on progre551vely deeperv
>3pportions of the formation. No standing waye heating
irregularities‘(see section 2.3) are expected,with.this
technigue, since any pattern generated cafi be expectgd. to
shift along w1th the advancing wavefront and thus average
out the heatlng effects. Note that v1rtually all the water.

Q

in the formatlon must be heated and evaporated for the

-
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The electrodes are placed in horizontal bore
formation payzone from mined cross shafts.
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wavefront to progress. : -

An unscaled exper1mental ver1f1cat10n of the.postulated
boring action  in Athabasca oil sand material was undertaken
A descriptlon of»the ‘experimental set up and the results
obtained is presented in section 3.1 |

1t should be pointed out that there are a number of
poss1ble dlsadvantages foreseen for this basic method First
of all, a 51gn1f1c%nt amount of energy is wasted by b0111ng
off most of the m01sture 1nythe.01l sand.  For example, the
energy needed to boil off’the moisture in an oil sand in
which the water makes up three percent of the weightfvould .
be about half of the energy expended to heat the oil sand up
to 100°C- from 10°C. The second possible dlsadvantage has to
'do with the oil sand structure The Athabasca oil sands are
termed "water-wet™, Whlch means that each sand grain has a
" thin film of water surrounding it and bufferlng 1t from the
1nterst1t1aL bitumen. This is: an 1mportant property from a
recovery point of view since the bltumen may be much more
completely recovered from oil sand of thlS type than from
oil sand in which the sand gralns are. b1tumen wet. The water

wet fea}ure is ma1nta1ned dpwn to very low moisture contents
since the volume of the thln fllm (15 nm) adsorbed on the
‘surface of the.sand grains is only a very small portion
(0.05%) of the pore volume®'. The possibility( however, may

exist that if@the heating is severe enough this £ilm would

be destroyed and the sand would become bitumen wet.
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The final unknown foreseen for this scheme has to do
with the venting of the'water vapor generated. The bitumen
iﬁpregnated sand will have a fairly low relative
permeability to gas flowr This raises the question of how
‘fast the water vapou% may be removed from the formation.
Formation temperatures wellyabove 100°C may be necessary to
‘develop a high vapour pressure drive. It is expected that
the electrodes would be perforated to allow vapour to
escape. This would allow relatively easy drying of the oil
sand immediately adjacent to the e&ectrodes. The more
distant oil sand in the central region between the

electrodes may, however, be more diffiCult.to dry.

2.2 éartial ﬁva?oration Berihg

| The second’technique Propost ere would involve the
same field arrangeme,nt» f electry as presented in’ figure
2. 1 whlch shows electrﬁdgs leaving the tunnel system
horlzontally above and below the payzone, resulting in- the
_rough equ1valent of -a parallel plate transm1551on line w1th
the payzone sandwiched between the plates.

In order to differentiate this method from total
evaporation boring a more detailed consideration of the
evaporation,process'is required. As was described in section

.2 the formation heating is a result of conductlon current
passing through the oil sand,material. There is a

concentration of this current ¥n the immedlate v1c1nity of

the electrodes and correspondingly the 0il sand immediately
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surroundlng the electrodes experiences a larger heating rate
than elsewhere. The moisture in th1s region is thus the
first to be evaporated The result 1S"the creation of an
‘insular (low m01sture) zone around the electrodes. At hlgh
frequencies current will be capacitively coupled across this
zone such that heating of the formation continues. Further,
the thlckness of this insular zone will grow with time as
progre551vely more water is evaporated. In total evaporation.
'gcring, as described in section 2.1,‘the operating freguency
is selected high enough that this process continues until
the entire zone between the electrodes is depleted of |
moisture. 1

Cconsider, howeuer, what occurs if a somewhat lower.
. operating frequency is used such that current cannot be
transferred across the insular zone. Spec1f1cally, consider
an operatlng frequency gelected such that current is coupled
across the insular gap, that is developing around the
electrodes, only so long as the gap width is less than a»few
p%rcent of the distance between the upper and lower
electrode arrays. The postulated operation is then as,
follows. On -initial power application the heating would be
largely confined to the line section nearest the wave source
due to the skin depth effect. In time, however, the insular
gap forming. in this section will become large enough to
51gn1f1cantly reduce the shunt current flow between the
upper and lower electrodes. At this point the reductlon of

.shunt current will imply that the wave is largely decoupled

4



from the formation in this section.'Once decoupled, the
energy in the wave will not be absorbed by this section,
thus allowlng the energy to be carried further along the
line to heat deeper parts of the formation where the
.electrodes have not yet formed'insular coatings of dry oil
sand. . '
A relative advantage of this method over total
'evaporation boring-is that only a small portion of the
moisture 1in the formatlon is evaporated, thus improving the
eff1c1ency of the energy yse. In addition, since only the
| oil sand in the immediate vicinity of the perforated
electrode must be dried, considerably less dlfflculty may be
expected in venting off the evolved water: vapour. |
An uncertainty in the. method lies in determlnlng the

vextent to which it is possible to attaln a reasonably
uniform temperature dlstrlbutlon between the upper and lower
. electrodes before the electrodes are decoupled

° In order to verlfy the postulated operatlon of this

o ;

method, two exper1ments were performed The first was an
unscaled test to conflrm that the postulated bor1ng.would’
occur (w1th only part1a1 evaporation) in actual Athabasca
o1l.sand material. A second experiment to determine the
uniformity of the heating'that could be obtained in the zone
_between the electrodes was performed by constructing and
heatlng a properly scaled electrothermal model of the

"proppsed electrode arrangement. The experimental setup Yand

results obtained from these two experiments are presented in
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sections 3.2 and 3.3.

2.3 Finite Length Dielectric Coeted Line

The third proposed method would again have an electrode
configuration essentially the same as shown in figure 2.1,
except that the upper and/or lower electrodes would be
"uniformly coeted with a dielectric material. The postulated
-operatipnbwould.be as follows.~The.cqating thickness and
operating_fregpency would be selected such that the
effective attenuation rate of the line is greatly reduced.
’ ’For example, assume 10% of the wave energy is dissipated as
the wave travels from the input matchinginetwork'through the
lformation to the tranSmission line end. The abrupt,impedance
change at this point should cause the bulk of the wave |
energy to be reflected back from the 11ne end. The reflected
wave would then re-traverse the line, agaln losing 10% of
its residual energy to the formatlon; The match1ng network
would then in turn aga1n reflect the res1dual wave back
toward the line end The steady state result of these
multlple passes oﬁ the wave through the formation would be
the eventual transfer of all of the wave energy into the»
formatlon to be heated. |

The heating along the lengthvof the transmission line
Qould nominally be quite uniform since for low attenuation
rates the wave energy deposited per unit length is
essentially constant. There is, however, a limitation to

this effect. If the total line length exceeds about
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one-tenth of a wavelength, the forward and backward

L]

traveling waves on the line begin to have different relati‘e:
phase sh1fts. The result is that at some points along the i
line the fields of the waves destructlvely interfere,
reducing the local heating“effect, while at other points the
fields constructively interfere, increasing the local
heating effect. Thls phenomenon is well understood and
documented?? and the resulting electromagnetic field/heating
d15tr1but1on is referred to as a "standing wavef:

Another electromagnetlc heating effect not'considered‘
up to this point, but affecting all the schemes, comesS: about’
as a result of the temperature dependence of the 011 sand
condnctivity The conduct1v1ty of Athabasca o1l sand
increases with temperature (about 2 to 3 %/ C) A materiaﬂ
with this property is normally considered a poor cand1date-
fer electromagnetlc heat1ng as thermal 1nstab111t1es can
occur. To, expand on thls point let us con51der the 51mp1e
‘arrangement of a conductlve mater1a1 -with a p051t1ve'
conduct1v1ty temperature relatlon, placed between two plate
electrodes._Energlzlng of the electrodes would nomlnally
lead to uniform ohmlc heatlng of the conduct1ve material.

1f, however, some volume of the material is sl1ghtly warmer,
it will exibit an increased conduct1vity and hence wilf draw
a larger current through this select volume. The ohmic‘
heating of this local volume will be h1gher than elsewhere
and the local temperature will rrse dlsproportlonately. The

local conductivity will therefore continue to rise,
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compounding the effect. The heating pattern in this
situation tends to break up into a number of localized hot

spots, unless the material's thermal conductivity is high

’

enough to damp out the instabilities.

In the specific case of coated electrodes, however, the
effect is quite different?;In‘the format pgstulated, a
coating is introduced which is tpick'enough to greatly
expand the skin~depth,of the transmission line. The
ekpansion implies that the coaﬁing represents the dominant
impedance to the flow of current between the electrodes. The
current which passes through both the coating and the
conductive material will not be significantly affected by
chénges in the conductivity of the conductive material. If a
hot sbot develops the local conductivity rises thereby
decreasing the local resistance value. The local currenﬁ
level is, however, essentially unchanged and the local ohmic
heating will be reduced. The net effect is now one‘which
étabiiizes'the heating process. Hotter regions absorb less
power and cooler regions absorb_more pover. ‘

The magnitude of ‘this self leveling effect is not
immediately,Clear.‘However, the experimental reéults
presented in section 3.4 Suggeét Fhat the self leveling
effect is effective enough: to reﬁovg the heating
irreéularities expected from standing wave effects.

To examine the coated electrode configuration a

simpiified explicit numerical model of a coated two wire

‘transmission line in a lossy medium was first developed (skge



28

chapter 5). This model was used to examine the effects of

" line coatings on wave attenuation rates and phase velocity,

as well as the wave energy deposition along the length of
the line. Using the results of these studies as a guidéline
a number of scaled electrothermal models were then |
constructed to determine if the desired température
uniformity could be obtained. The experimental results
obtained using this concept are éresented i; section 3.4.
This section also contains a deécription of a rather
promising effect which is referéd to as "self generated

uniform coatings”

2.4 Series Resonated Line

In this fourth suggested scheme the proposed Tine

p ,

configuration would again be essentially the same as shown
in figqure 2.1 ;xcept'that the upper and lower eiectfodeﬁ"
would be periodically broken and a series capacitor inserted
at each break in the lines. This could be accompllsWed by
joining the thre;ded sections of the electrode wells with
short insular sections containing the series capacitors.
Assuming the spacing between the séfies,capacitors is small
compared to the skin depth and .wavelength of a wave in the -
formation material, the capacitors may be treated as a
continuously distributed capacitance (C,). The effect of

this distributed capacitance on the deposition of energy

along the line can be described as follows.
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Consider the potential devéloped between the electrodes

by an electromagnetic wave propagating along the

transmission.line. The poten

points along the line would

tial measured at successive

normally show a progressively

larger lagging phase ahgle relative to the potential at the

feedpoint. Series connected Fapacitoré in the electrodes

will, however, introduce a leading phase shift. Ifithe

leading phase shift generated by each capacitor can be made

equal to the phase lag exper
propagates between the succe
across the line will have es

points along the line. If th

ienced by a wave as it
ssive capagitors the potential
sentially constant phase at all

is occurs, wavelength related

effects such as a standing wave pattern will be eliminated.

In order to examine thi

manner, one may make use of

s effect in a more specific

the distributed impedance

representation of the transmission line. Consider the

propagation characteristics of a wave traversing a

transmission line with close

propagation constant of the.

ly spaced series capacitors. The

wave travelling on the line

becomes {see nomenclature section for definition of

variablés){
y=a+jB=[[R+j(wL-(1/wC.))]
For a good conductor
R-+0
‘and for a ré%épant“selgction

wL-(1/wC,)=0

Hence, at resonance, the att

[G+jwC] ] ? ' (2.1)

for C,

enuation rate (a) approaches
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zero and the apparent steady state phase velocity (w/B) aﬁd
wavelength (27/B) approach infinity.Afypical plots of the
effect of series resonating capacitance on attenuation and
wavelength ard shown in figures 2.2 and 2.3. Thesé curves
were generated using the numerical model described in
chapter 5.

The heating mechanism postulated is then akin to the
finite length coated line in that the wave traverses and
re—EEpverses the line multiple times losing only a small _
Eportion of its energy in each pass through the formation.
"The major difference is that the wavelength value (2#/3)
becomes very 1arge, thus permitting the compensated line to
avoid heating irregularities due to standing waves.

Unfortunately, an examination of figure 2.2 revials
that while an ideally infinite reduction in attenuation is
possible, a large attenuation rgducfion would prbably be
very difficult to attain and maintain in a field situation.
The reason is'that the resonant drop in attenuation i; very
sharp near the perfect compensation point. The ability to
maintain essentially perfect resonance over the required
wide temperature range is ques.ionable.

For this reason a slightly modified variation may be
" considered. The ;ariation is to coat the line with an
insulating coating as well as add series resonating
capacitors. Two advantages are foréseen'for this format. To
describe these advantages it is first necessary to b;iefly

review the wave propagation characteristics of an unmodified

3 . .
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'y : -

line in oil sand.‘For_the frequencies-epmisioned, the
conduction current is much larger than the displacément
current (a>>we)’fof‘oil sands of the Athabasca typempln this
situation the attenuation constant(a) and the phase constant
(B) of the wave will be approx1mately equal The wavelength
(2n/B) 1is thus about 6.28 times the skin depth (1/a). The
requ1rements to obtaln unlform energy depcsition along a
finite length llne are that the llne lenst* be much less
than the skin depth and the wavelength Attenuation
reductlon is therefore a more cr1t1cal requ1rement than
wavelength-expansion,_when<1arge depths intc the 'formation
are to be heated. kCoating a line can greatiy increase the
’skln depth, but 1t has very little effect on the wavelength;
An advantage attrlbutable to a coated and then compensated
line is'that the coating increases the skin depth,and~the

. - . R
series compensation then furthet'increases the skin depth,
hut mofe importantly expands the'Wavelength which becomes
the 11m1t1ng factor to unlform heating along the line after
attenuation is reduced The attenuation reduction in this
permutationkis'not c:itically depgndént on ma1nta1n1ng
Anearly perfect reSOnance . f 7 | -
The second advantage attributable to thlS format ouer

stralght serles compensatlon is that the placement of
4compensat1ng capac1tors is ea51er£%§he‘§se of lumped element:
capacltors to simulate a, contlnuously dlstrlbuted serles '

compensatlng capac1tance requ1res that the spacing between

the capacitors be much less than the sk1n depth and K

sy B



wavelength of the wave on the line before the compensation
is 1mplemented The spacing requirement arlses out of the
basic limitation of c1rcu1t theory analy51s. Lumped element
circuit theory”analy51s is only accurate if all portlons of
the circuit ‘are much less than the wavelength and skin depth
in phy51cal extent., In this compensation scheme the requlred
distributed series capacitance is gathered up over a finite
length of llne and sxmulated by a 51ngle lumped”element
' capac1tor The desired resonance effect will omly occur if
the length of line compensated by each capac1tor is short
compared to the wavelendth and skln depth values of the
uncompensated line. o ‘

The skin depth increase of a coated line will generally
be suff1c1ent that the capac1tor placements'need'onlfxmeet g
the lesser requirement that they be much less than a
;wavelength apart. The compensat1ng capacitors may thus be
spaced further apart (a smaller total number is requlred)
and be of smaller size (doubllng the distance between
capac1tors wlll halve the capac1tor‘51ze required for a
given C, ). |

In ®rder to examlne the feasibility of series resonated
lines, a number of 51mp11f1ed experlments were performed to
verify the general effect postulated. A descrlptlon of the

experiments and samples of the results obtained are

'presented in section 3.5.



35

2.5 Variable Coupling Electrodes
A fifth proposed tebhnique would involve essentlally
the same line configuration as shown 1in flgure 2.1. The
difference would be in the construction of the electrodes
penetrating the oil-sand formation. One electrode is
envisioned as a copper clad pipe, the other electrodewﬁbuld
“have the physical form shown in figure 2.4. J
The variable goupling electrode. would involve placing

or forming a dielectric sleeve along the bore hole for one. i”

[

of the electrodes. A smaller cylindrical conductor would

&

then be placed in the sleeve and supported to form a cpaxlal
arrangement. Over a portion of the line length an electrode
extension bridges the air gap between the center electrode

'amd the dielectric sleeve. The electrode extension is mobile__

inasmuch as its location along the length of the llne is
+

adjustable. The moblle aspect of the- electrode extens1on can
be accompllshed in a number of wagﬁ One possibility 1s to

physically move a'coaxially shaped metallic slug back and?™
, s
forth u51ng a cable and pclley arrangement. Another

£ -

pOSSlblll £y 1s .to place a serles of discs along the length

of .the llne thereby formlng a number of sealed compartments.
o

o gﬁﬁ% comphrtments could then be selectlvely flooded or

ﬁ@alned of a ‘conductive fluid via small feed lines passed

through the inside of the centre electrode
The envisioned operation Of,thk;llne to obtain uniform
heating along the leng h ot ggglline is then as follows. The

operating lreouency of the line and the electrode geometry
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o,

o
’are selected such that the energy coupling'from the center
electrode to the formation is very small and in particular
much less than the coupling that occurs over the line -
section thet is provided with an electrode extension. ?be,
bulk.of the wave energy entering'the formation will-thus be
piaced in the Segment containing the electrode extension.
This segnent, being shorter than the total line length, may
be more readily deSigned to naveia length that is‘short
compared to both the skin .depth and the wavelength, such
that formation heating will be uniform over the section of
line with the extension. Uniform heating over the entire
line length may be accomplished by cyclic movement of the
‘electrode exten51on section along ‘the total line length. A
partieular;édyantage forseen for this arrangement is the
additional controllability of energy placement 1ntrqduced.

&

Heterogenexties 1n the formation could be more selectively
heated to attain a particuler de51red heatiwg profile. The
major disadvantage foreseen for this type oi arrangement is
that additional controilability is obtained at the expense
of a considerable increase in he complexity of the
electrode structures used.

A fitst examination of this toneept using the numerical
model described in chapter 5 indicated reasonable promise if
“an adjustable matching network was used between the RF
source and the line. Some scele model work was done to

illustrate‘this concept and the results are presented in

section 3.6.



2.6 Production Controlled Heating

A

to that

f . "

M

sixth prOpoSed method would involve a similar layout

shown in figure 2.1, except that the bottom

electrodes would be perforated and possibly filled with a

coarse
joined
energy
than in
Operati
a skin
.On

formati

sand pack. The boétom electrodes would also all be
to a central sump and pumpiﬁg station. The rate of -
application 1in this configuration would be much lower
. for example, the partial evaporation boring case.
on to yield'heéting over distances large compared to
depth is envisioned as follows.

initial application of power, penetration of the

on would be quite shallow and 6nly.oil sand near the

source would be heated. As the temperature in this near zone

rises t
bitumen
electro
for a m
flow in
near th
content
drainag
Corresp
low. Th
selecte
evapora

zone.

he viscosity of the bitumen will drop rapidly and the
will start to flow into the perforated lower

de s£ructure via .gravity drainage (see section 3.7
ore detailed discussion of drive mechanisms). This
turn would lead to the formation of a dépleted zone
e upper electrodes (Seé figure 2.5). The moiéture

of this depleted zone will be low due to the
e and a limited amourit of.evapOration.
ondingly the conductivity.of this'region will be very
e electrode surface area and applied pover levelé are
d such that the fluid drainage, rather than

tion, is the dominant effect creating this depleted

&

”~
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With the suitable selection of operating ftequency, the
'creat1on of this insular gap will greatly reduce the energy
fcoup;1ng to the formation 1mmed1ately below it (the wave
attenuation rate is reduced), thus allowing the energy from
the source to propagate past/this zone to begin heating the
0il sand farther along the transmission line. The energy is‘
thus transfered progressively deeper i:}9 the formation as
more areas are heated and brought into/production.

One unique aspect of this heatlng/production mechanism
is that it may be expectedsto be reasonably
nself-levelling”. The concept is that variations in the
materlal properties are not expected to greatly affect
bitumen production. As an example of this self-leveling
effect, consider the situation where, say, along a portion
of the electrodes thexflow permeab111ty of the formation
material is lower than elsewhere. When the electromagnetic,
wave 1mp1qq;; oﬁ'thls zone the 1n1t1a1 production would be
lower due t0'a'reduce& flow. The reduced flow would,
hbwever, also slow the formation of the depleted reglon.‘The
electromagnetic wave would therefore stay coupled to this
zone of the formation for a longer time than elsewhere'and
‘consequently raise it to a hlgher temperature The bitumen
viscosity is, however, a very strong function of -temperature
éndvthé vistosity of the bituﬁen wquld therefore be much
lower in thlS zone than in other zones. The reduced

viscosity would 1ncrease the fﬁaw rate, thus compensating

for the reduced permeability.
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fn‘order to examine the feasibility of this concept two

avenues of investigation were undertaken, the first of which
was to'verify that the basic processes_postulated actually
occur. A series of experiments was executed to demonstrate
that electromagnetic heating leads to fluid production and
that this fluid production in eurn causes a de-coupling of
the electromagnetic wave. The experiments are described in
section 3.7. In addition, a first order numerical model to
_explicitly represent the fluid flow, thermal conduction and
electrical energy deposition for formatioh points between an
ideal parallel plate line was developed (see chapter 6 for
model description and assumptions). Temperature and
prodpction data.from a number of simulated heating runs are
presented in the same section. While care must be taken in

nterpreting this data due to the model limitations outlined
inpchapter 6, the results do show good promise and would
équeet that the concept is a candidate for more detailed

study at a future date.



3. Experimental Case Studies
Having discussed in principle the operation of six proposed
schemes for in-situ heating of Athabasca oil sands using
high fregquency electromagnetic energy, this chapter now
presents the results of a series of experiments conducted in
order to elucidate‘tﬁe features and‘feasibilities ofw;he

T, A
various schemes, :

3.1 Total Evaporation Boring: peménstratioh of Concept in’
Athabasca Oilsand

The postulated operating mechanism for this concept
(see section 2.1) calls for the wave attenuation rate of oil
sand to be greatly reduced when its moisture content is
lowered. To,experimentally‘verify the validity of this
assumption for Athabasca oil sand‘type material, the
following experiment was pe:formed; Y

A 1.6m length of S band rectangular wavéguide‘was
packed with a low grade, high moisture, 0il sand. The
waveguide was then mounted in a piywood»box lined with
styrofoam insulation. The insulation is required to ensure
‘that the thermal losses from the waveguide are much smaller
ﬁhan the applied electrical power. A 2450 MHz microwave
source was then used to generate an eleétromagnetic wave
propagating into the oil sand. A series of thermocouples was
used to monitor the midpoint temperature of the oil éaﬁd in
the waveguide at various times as the neating occurred. The

thermocouples could not be left permanently in place as

42



their presence in the guide would distort the
électromagﬁetic fields. Temperatures were obtained by
briefly turning off the source and inserting thé
thermocouples. The thermocouples were mounted on a jig to
allow simultaneous insertion and were guided into position
by small dielectric straws previdusly driven ipto the oil
sand. The éxperimentalosetup is shown in figure 3.1. The
source used was a Gerling Moore model 4003 microwave power
source. The circulator was é Merrimac type FSC& 12457,
forward and ref}ected power levels wvere detec;eé with*a

. P & -
Gerling Moore model 4009 power monitor. The temperatures

43

were measured using J type .thermocouples (iron/constantan).

attached to a Hewlett Packard model 3052A daia acquisitioﬁ
system. | . .

The skin depth of this material at 24 °C 1is
approximately 15cm. The objective was to determine 1if
distances significant compared to the skin depth could be
’heated. The tempefature profiles during one of the heating
runs are prefented in figure 3.2. |

The temperature proiiles cbtained are consistent with
the postulated heating mechanism inasmuch as only 1imited'
depth heating occurs until the oil sand near *he 1nput
reaches 100 °C and the m01sture beglns to evaporate. After
this occurs‘deéper héa:ing begins, which implies that the
attenuation rate in the oil sand near the input has been
reduced, thereby permitting wave energy <o pass tnrough tc

deeper regions.
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(3.4 by 7.2cm)

Figure 3.1: Experimental demonstration of total evaporation

‘boring concept.

. a) Apparatus inte onnection showing excitation
and instrumentation)connected to the test cell.
b) Construction defails of the test cell packed
Wwith oil sand. The oil sand is heated by passing
an electromagnetid wave through it:
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An analysis of the percent moisture, by weight, of the
oil sand was performed for both the source material used to
pack the waveguide and&the material dug out of the first few
centimetres of wthe waveguide after the heating run. The
weight percent water of the original oil sand was 7.6%. The
weight percent water of the sample from the input region of
the waveguide upon completion of the heating run was 0.25%.

One of the principal advantages postulated for
'electromagnetlc heating was that it would allow an 0oil sand
formation to be heated much more quickly and uniformly than
any heating mechanism which is dependent on thermal
conduction for energy transfer into the formation. In order
to obtain an empirical comparison of the two effects a
second experiment was perforﬁed as follows.

New oil sand was packed into the waveguide and an
electric contact heater was placed in intimate contact with

the oil sand across the face of the waveguide. The head

was fabricated by placing a stove top heating element iﬁ“é
machined brass hﬁﬁder and f1x1ng it in place with a ceram1c
y
epoxy compound. Power was then supplied to the heater from a
variac and the central 0il sand temperature along the length
of the guide was monitored Wwith time. The power level to the
heater was monitored using a Feedback model EW604 electronic
wattmeter. Two experiments were tried. In the first case the
heating plate temperature was held at 100 °C. The profiles

obtained are shown in figure 3.3. In the second case the

heater was heavily insulated with rock wool and a constant

.
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'220W (the same power as in the electromagnetic case) was ’

supplied to the heater."Th§

pRerature profiles ob&ained
are shown in flgure 3.4. ?Mh‘cases“the results suggest
that thermal conductlon hea:rng is much slower than
electromagnetic heat1ng in perms of depth'heated in 1 given
time. Further, the temperature distributions obtained are

highly non- un1form.

The total‘evaporatlon boring experlments demonstrated

-«
[}

‘that the energy aosorptlon of an electromagnetlc wave in
Athabasca 0il sand decreases as the moisture in the sand is
evaporated The" postulated boring actlon of the wave was
\vobserved as evidenced by the advancing'heat'front visible

. on the t7mperature proflle graphs Distances into the;oil

N

sand which. are Slgnlflcant compared to the skin depth value

_have been heated. The”experlment was, in summary, a
reasOnable success; The total evaporation boringfconcept was
not, however examlned 1n any more detail. The reason for
th1s action was that the partlal evaporatlon boring
experlment described ii:zne next section showed equally good
results w1th much less m01sture evaporation being requlred
(better efficienty). This latter concept was deemed more

promising (for reasons previously mentioned) and efforts

were directed toward examining it in more detail through the

use of scaled electrothermal models operating in the partial -

" evaporation mede. .. i . .

@D
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3.2 Partial Evaporation Boring: Demonstration of Concept in
Athabasca Oilsand |

The postulated operating mechanism for this concept
(see section 2.2) calls for the wave attenuation to be
reduced as a relatively thin insular ‘zone of dried oil sand
forms around the electrodes penetrating the oil sand |
fOrmation.ANominally the moisture lost as this insular zone
is formed should not be a large percentage of the moisture
present 1n the total volume to be heated

In order to examlne this concept the followlng
experimental setup was,assembled (see figure 3.5). The test
cell consisted:of a two wire line with 5.1cm separation
placed in a 10.2cm inside diameter pVC tube. The tube was
wrapped in f1berglass 1n5u1atlon to minimize thermal losses
to the air. The tube was packed with a hlgh moisture, low
" grade, Athabasca oil sand. The electrical properties of the
oil sand are shown in flgures 3.6 to 3.8. The electrlcal
propertles of this. materlal ‘as well as of all the materlals,
.used in subsequent experlments, were determlnedils1ng a'h
custom built measurement-cell In order to. determlne the
electrical propertles of a. mater1a1 at hlgh frequenc1es a
- length of coax1al l1ne was packed'w1th‘the materlal of
interest. By usewo& electrlc fleld and magnetic field
sampling probeﬁ%%tvached to a vector voltmeter it was
p0551ble to obtaln 51gnals proportional to voltage and -
current as well as theé phase angle between. voltage and

urrent These values é%re obtained at the 1npgt point.ofif

-
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Figure 3.5: Experimental demonstration of partial evapdréf{on
' ‘ boring concept.
a) Apparatus interconnection showing excitation’
and instrumentation connected to thé test cell.
b) Construction details of the. test cell packed
with oil sand. The oil sand is heated by passing

an electromagnetic wave through it.
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° Figure 3.8: Conduction to displacement current ratio versus

frequency, of the oil sand used in the partial
evaporation boring demonstration.
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-

~ the Coayjal line packed with the sample material. From these
readingg it was possible to optain a meésufe which was
Proport;onal to the impedance seen looking into the coaxial
transmygsjon line. At each tegt frequency the impedance
value y,s determined fOf both an open circuit and short
circuiy te;mxnatlon on the tranomission-line- From these two
impedance valUES—lt {5 poSsiple to determine the electrical
properyjes of the naterial packed in the coaxlal line. A ’
more .detailed explanatlion of the measurement System may be
found i, reference 20- L |

The two wire transmission line was enérgized at 35 MHz
and the temperatures 3t POlnts along the line were measured
by briefly turning off the Rf source and 1nsert1ng
thermgcouples with 2 test jig, at various times throughout
the Tun. A Hewlett packard ge56a signal genérator dr1v1ng an
ENI mggel A-300 RF ®dOvWer amplifier acted as the power
source, Forward and reflected power was monitored using a
Bird gjectronics model 4715-200 Truline RF directional power
meas“remen£ system. Temperapyres were recorded for a'centfal
. point petween the electrodes ar eleven loca%&ﬁps along the
line, remperatures were alsy recorded at @ 901nt close to
one o¢ the line conductors at eleven locatiOHS'along the

line (gee figure 3. 9) Temperatures were measured with J type

thermocouples (iron/constancan) Egigotached to a Hewlett

Packyrd model 3052A data acquisi

B (31
]

The tempe*ature PfOflles &%talned are presented in
b .

figure 3.10 ang 3.11. The profiles obtained suggest that the

o
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~—___ Retractable

Insulation
. Thermocouple

‘IO'.2 cm

-

' . . '1 l
Figure 3.9: Temperature measurement locations 1in the partia
evaporation boring demonstration. .
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postulated boring action®is occurrxng,'1nasmuoh ES“deeﬁer N

S ,;( . HJ“?

heatlng into the formatlon occurs onl& after the zOne near ~'-*

‘

the input approaches 100 °C and\evaporatlon begans.\'

one of the advantages postulated for partlaﬁ%vx%M%u: S

Wy k3 '

evaporation boring over total evap@r;tlon bprimg waé&that
the boring action would occur w1thout hav1ng to evaporate
the bulk of the oil sand.moisture. Nominally only a
reasonably small sleeve around each electrode would be
totally depleted of moisture. The first several centimetres
of ‘oil sand were dug out of the tube after the run and an’
analysis (Dean-Stark method) performed. The volume of
-material involved was too small to allow a detailed
cross-sectional determinafﬁon of the moisture profile.
HerQer, by blending the sample it was possible to establish
the average water content of the oil sand thét had been
heated. It may be recalled that in the total evaporation
experiment the post run moisture level of the heated zpne
oil sand was 0.25% by weight, whereas the driginal oil sand
pécked in the guide had a mo}éture content of 7.6% Dby
weight. The original oil sand packed in the partial
evaporation experiment also had an average moisture'cdntent
of 7.6% by weight. There are, however, some natural
fluctuations in the moisture content of the oil sand
material. The 7.6% is an average and fluctuations in the
order of 1, by weight, occur. The average moisture content
of the heated zone oil sand dug out after the partial

evaporation run was slightly higher than 7.6%. The exact
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degree of moisture loss is thus masked by the natural
fluctuations in the source ﬁdferial. The results do,
howe?ﬁr,-demonstra;e that.the evaporation loss is minimal
compaggd to the total evaporation case.

As was done in the waveguide case, a second experiment
was ﬁerformed tQ provide, a direct comparison to thermal
conduction methods. A contact heater‘plate was placed 1in .
intimate contact with the face of thé“oil sand packed in the
PVC tube. The balance of the heater was heavily insulated
with rock wool. The same power was dupplied to the heater as
was used in the RF case. The temperatﬁre profiles obtained
are presented in figure 3.12. It is interesting to note that
éfter'126 minutes the oil sand 25 cm from the input had
barely risen above ambient evén with a 360 °C temperature
differential présent‘between the plate heater at the input
and the 25 cm p01nt Thus, again the temperature profiles-
suggest that electromagnetlc heating provides much deeper |
‘energy pe?etratlon, in a given time, as well as a more
uniform heating pattern. ~ p

‘}The temperature profiles obtained in the
elgcttOmagnet1c heating case demonstrate that tﬁﬁ;ﬁ%stulated
‘borlng action occurs in Athabasca oil sand and the moisture
analysis suggests that the boring action occurs without
Zhavlng to expend a great ‘deal of energy to evaporate connate
‘waper. The experiment does not, howeve:, address the type of

temperature profile that develops in the formation reggﬁh

between the electrodes of the transmission line. It 1is

A
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desirable’ for not only the regions clo§e to the electrodesh

o

to be&heated but also for the reglons more central between
:the electrodes té undergo substantial. heatlng' The wave = .
;decoupling which occurs shObld not take place until these
central,regions reach an adequate»temperature. ‘The next_step
in'examinlng the partial evaphrat;on bor*ng cpncept is. thus

to determlne the cross sectxona. temperatﬁgg pro 1les that

'can be obtarned This aspect may be“np%esfﬁgaté% by m: dﬁ;\
electrlcally heat: ng a scale mode 1 *epresentatlon cf the

flelo electrode conflguratlon Experlments of tnis type have

\

‘been done and are presented 1nathé next section.

»

> . ’ 2

A} < .

3 3 Partlal Evaporatlon Borlng Scaled Electrothermal Models
The electrodé array, shown in flgbre 2.1 1s symmetrlcal

%ﬁ KE a, num
Sh fhggq_ ()

‘of symmetrykxs deflped as a plane where the gradlents of
?

"electrlc potentlal and temperature have no componentrnormal_'

pﬁanes as shown in -Fﬁure 3.13 a)f A plaﬁe

T to1the plane. In this s;tuat1on no current'or heat flows

across\thevplanel These planes are convenient positions to

I

stabllsh as boundarles in a scale model, as insular walls

';
be placed at ‘these 901nts without dlsturb1ng the

!
ary condltlons. I1f the array of electrodes is large

enough}%hat edge effects do not svgnlflcantly d1stort the
ol
electromagnetlc fleld d15tr1but10n, the heatlng pattern 3
R e O S
generated will be. dupllcated in each zone ﬁeg@gﬁate& @s an

element in figure 3 13 a). It is theteforeﬁlﬁﬁ?1c1ent %& N\

model only -one element to establ1sh ﬁhe heatlng pattern Qf
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the overall array. Further, the heating pattern above the
centre line of the element should mirror t he heating pattern
below the centre line such that a half element contains all
the reguired heating pattern information. The model .form
selected is' the half element shown in figure 3.13 b).
A half element using a ground plane, rather than a full
L element, was selected as the modelling unit. This selection
_allows:for a more compact model that 1s easier to pack. l@
terms’ of ‘electromagnetic flelds present, image theory would

predict that the ground plane ulll not, modlfy the form of

the fﬁe, found in the, ‘upper half element In terms of
b *

transiSfeRion line parameters some dlfferences between the

half element a 1l element formulatlons come to light.

- . ssion line will have half the

e ¥
3
ST
1]
jog
[+}}
ot
rt

. distributed series electrode inductance and both ihe
dlstflbu*ed capacitance and conductanc between the

'electrddes wlll be - doubled. mhe characterlstlc 1mped£nce of

.Lhe half element llne will therefore be different from thatu
of a full element 11ne The effects ‘are, however,‘self.
cancelllng in their effect on the propagatlon .
characteristic lhe sk1n depth and wavelength values wlll be
the same for both th'e half element and full element format.
In'snmmxry,'the half’element formulation should accurately

P . d1splay the ‘same electromagnetlc heatlng pattern as: the full

- element " but the 1mpedance.value presented to the dr1v1ng J;sgi’
source will not be representatlv‘lff the. 1mpedance presented g,;

by a fnll element.

. >
1. , ¥
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The medium packed into the model was clean tailirgs

'pond sand from the Syncrude plant. The sand was saturated

with suff1c1ent sallne solutlon to obtain the de51red scaled
electrical propertles The scal1ng criteria requ1red for an
electrothermal model are . summarized in chapter 7

The model and fleld values for all of the pertlnent

\

electrical, thermal, and geometric factors are’summarized in

. Table 3.1. The field values given for the electrical and

thermal properties aréﬁkypical»for rich,‘lox'moisture, oil

Sand cx @

fa@he model was energlzed and the temperature varlat1on

at a numper of p01nts was monltored as ﬁ&k hegtlng occurred

wym

. ' ' &
. The power Qburce used‘gaskan Ampleler Research model 2000L

RF ampilf1er, Foryard and reverse power levels, were s
L, .

v i 5

: monltored u51ng a Blrd Electron1@% modeév4715 gOO Trullne RF

5"44

dlrectlonal power measurement system Températures Were\:

measyred using J type thermocouples (1ron/constant%;)

attached to a Hewlett Packard model 3052A data acquisition

PR

system. At the freguency used it is not possible to Reave

4

the thermocouples. permanently in place withoutfdistorting

the electromagnetic fields in the medium. The temperaturesﬂ

were thus obtalned by briefly powering down 'the RF source’ /

and then 1nsert1ng the'thermocouples with a test jig at

varlous times throughout the run.

w,

" Two sets of temperatures were recordedM The flrst set
N

was measured 2 cm (field 2.05m} above ‘the ground plane

'

(‘above the mldplane) at various distances along the = T

‘o

fa



A

s .

¥

'3
T 66
. MODElLy,. FIELD
\
Fregquency . MHz 52 C.50 %M.
eq ¥ “a . ?
,, Conductivity {S/m) 0.205 0:002
Conduction ratie-* i2 5.6
(O/we . )
Densztyu‘g/&%- 1.62 2
Specific heat 0.915
t3rg-°C
' e ,
Thermal conductivity 1.65 C E
o iwW/mesCs T l’"‘%‘;ﬁ‘wu e
v{;‘?? o ) ‘ b
. Ver;xcai'Elec:rodg\ 22.2
@ Separation “ : ¢
B ground planer
Horizontal " 0.108 1.1
Separatigf ) ‘
' Vo Tt
Electrode dpaimef® 0.066 6.8 o
- {gm)
Total line length (m) - 0.61 62.7 ;
Input power (kW) . To0.8 . 194
‘ S wa half element)- (to a full element)
Mechanical scale factor p=0.205 / 0.002 = 103
Time #aling (thermal) = 12353 .
TRBLE:3. L ‘ Full sggle fleld quantltles correspondlng 62 the modef‘ Y
.values 1in the scale model heating demonstratxon of the partlal ¢
evaporatlon boring concept K . : PR



'heatlng ig initially very similar to 60 Hz heating.. The;‘
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[]

transmission line. The temperatures obtalned are presented
. £ w«
tn figure 3.74, and indicate. that the postulated borlng

actxon 1's 0ccur1ng _ ) . _J,‘ = o

The second set of temperatures ‘was obtalned for the
L/

reglon along an axis between *he upper and prer electrodes

at a distance of 11.5 cm (field 11 .8m) from ‘the 1lne 1ﬁput .. 0%

.....

The heating Qroflre (see Figure 3.15) 1nd1cates thafige

“eptdy

regions near the electrodes heat very qu1ckly but the
central region is leﬂ\\relatively cooler. Note,ﬂhowever,'
L

.4 ‘*1
)Y
RN

that onice the electr;ﬁes approach 100°C , where 60 Hz °

‘l

heating would,normally;@top due to the generation of an

insulating gap around the electrodes, the heating continues-
L o
- . .
in the RF case and,the central spprtion between the

""ﬂm'electrodes is brought up to 100@'.* B

It may‘also be noted tha* a d1stance of about 20% of "
the electrode separatlon is heated above and below the
electrode pair. This heating 1is likely due to current,

. - ~ g
emanating from the back of the elecyrodes, rather than due
to any thermal/conduc ion mechanlsm. '(see Figure 3 623

It shoufﬁlbe noted that the operatlng %ﬁequency used 1ﬁﬁ§*@

thi's run may be somewhat higher than optlmum. The concept ofk

partial- evaporatlon borlng requlrgs the selected operat1ng

frequency to be high enough that coupllng is mqlntalned long

s k]

enough. for signiflcant heatlng of the central ‘region between.

V‘the electrodes to occur. Thégﬁrequency should not, however,

be so hlgh that an excessxue amount of mo1sture must be-

N
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Fggure 3.16:

f One E]emenf

T
J

-

Heated
Zone

P
S

. _——— e e e o — — — — — — —— — ——— —— — —

oh ’ . . /
Sketch.of the currént lines generated by one '

upper/lower electrode pair within the array
(see figure 3.13) .



. M
evaporated pefore decoypling occurs: An examination Of

figure 3.'5 shows that  che engire reglon petween the

(
electrodes reaches !?&ac, This implf@s that evaporat:ion 1s
occuring not only nNé€ar the electrode but also to some degree
'in the central regions,

Included .in this report is 3 photograph of a partially
unpacked model from one of the Paf~lal Evaporation runs (see
plate 1 appended tC end of this rhesis) . It was interesting
ro note during the unpacking of rhese moded that @ hard
crust of dried sand hag formed arOUnd the electrode. BY
cangully removing the softer m moist SGNd from around the
crusted a;ea 1t Vas'pOssible to obtaiq a visual

representation of “he evaporated 98P postulated (see also

discussion 1in section 3.4 small taper may be noted,
w1th the hlcger regQOn oc) 1 at the Line ingut- This
& o @ -

taper i§ COﬂSlstent with the concePt of the Yave |

progressively pecoming more decoUPled ‘¥ the {néuéwfééions‘
and thus allowing the wave energy t°© be carried deeper inte \\\f
the formation. . ' £

An examinatiqn of figure 3.14 1ndicates thaf the ‘heat .

LS

front progressed approximately 30 ¢™ along the fransmission
\

line. The heated Vvolume of sand from thls run was dug out

and Separated 1nto foyur lotsi the 30 cm belng jivided into
%
four 7.5 cm sections, Each lot contained a heterogeneOPS

5

col¥éction of sand ranglng from sOft moist sand obtained

+

from +he central regi\P to hard dried crusts obtained from S

N

around the electrode, Each 1ot waS‘Carefully plended and

L



AR - Qﬁ
; "

then a sample was drawn for moisture analysieu«The original
packing material was 4 159 water by weight. The average
Qeight percent water of the four sections, sﬁarting‘from the
input, were 2.9%, 3.6%, 3.8% and 4.0%. These rgbultg shpw
that for the heated zone 1n total about 14% df'ghe water in
place was evaporated in the heating process. Thlsgievel of
evaporation supports the proposition, put forward in section
2.2 that the partial evaporation boring mode of hei;ing
‘would make more efficlient use of the applied energ?Mehah
heating using the total eyaporation boring mode.

The results of thils sectlon are very promising in that
‘the temperature profiles generated suggest that a very J
uniform zone of hot (low viscosity) bitumen canhbe created

in the oil sand deposit. Subsegwent production of this zone

4 - ¥

could takehplace by, for example, the injection of stéaﬁ
into'the hpper'electgode wells and the collection of bztumen.qg;
through the lower wells. Whatever pdeUCthﬂ method is’ s
ultimately used, an initially uniform tempereture/v15c051ty

'profile is desirable in terms of efficiently sweeping the

bitumen from the formation.w
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3.4 Dielectric Coated Transmission Line: Scaled
Electrothermal Models >

-

3.4.1 Applied Coating ' 1W? B Q

M slmulate

A Scaled'electrothefmal model was, assemble

the neating effects which can be obtained wit 1ectrode

: Y . :

artay such as shown n fmgure 2 . The partlg - objective

was o see 1f the addition of a suitable dléﬁﬁftrlc coating
»:

\ to the electrodes would allow essentlallyiL'ffﬁrm heating to

be obtained over the entire dgpth that the'électrodes
penegrate tﬁe formation. AN end\View of the model layout 1s
shown in figure 3.17. Again, the scaled up field distances.
are‘noted in brackéts. The general format is to model a half
element of the ovefall array as was done in section 3.3. The
equlpment Lused was the same as that described in section

3.3. The scal 1ng FrA*efla are as outlined in chapter 7 and
this specific casgfof scaling is used for the sample

Ve

calculation sho in section 7.3. For both model and field

the conduction urfent is dominant in the media to be heated

(g>>we) . o/

y | The net powéY input supplled to the model was 715 watts

(to a hélf~ebement) at an operating frequency 0f 12 MHz

v . o

ﬁ82;8 kHz ) . The cor*espondlngaf1eld power level would be
244kW (per full element of 15.7m width) or about 325 hp
Usrng the@numerlcal model descrlbed in sectlon 5 it 1is

z‘r N s
R *,\\ oy ;La—,,;-

”tﬁat‘the 1n1t1a1 (25° CV depth of . penetratlon along -

estlmatﬁ

LA

the line was increased to 124, 9m (3611'm) from 27.4 cm (38.7

s ki Pl
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6
. W
S!yr.‘ofoom,,
fhsdation
Dielectric Coated ]
Wire €,=3.6
f
Image . 7 - .
Electrode - - : - - .
LT )
. - o
« | Physical Properties | Model Field
Wire Diameter (a) ] 1.65 mm 0.2%39 m
.Wire & Coating (b) }§32 mm 0.464 m
Electrode Length (c) 90 cm 1305 m
| Box Length (d) 06 cm {1537 m
[ Medium Width (el |108cm |157 m
| Electrode Spacing (f) 18 cm 2‘6.| m
. [ Medium Properties Model | Field o .
[ Density  (p) } 162 gfem® |21 g/cm
Specific Heat (c) JOB6 Jfg-°C | 915 J/g-°C .
) { Thermal Conductivity (k) __J 140 W/m-C | .65 W/m-C
g Electrical Conductivity (O) .289 S/m .002 S/m
. - (O > we) , at 12 MHz at82.8 kHz

9

-

:‘ﬁ
Figure 3.17: Physical layout of model used to;examine,the
‘ dielectric coated line concept. Physical

properties and dimensions of both the field and

model are presented. : wg , ‘\

.
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L . ...

m) by the addxt1on of the coatlhg The wavekéngth (2:/3) T

/

w1thﬂthe coat1ng in place~1s estimated as 4 63 m (670 m)
The total 11ne length of 90 cm (130.5 m) is thus short

compared to the gep\h of pendtratlon but not short compared

’

to a\wavelength In th1s situation some 1rregular1t1es 1n
the heat1ng pattern may be expected due: to standxng wave

effects. Recall, however, ‘that in sect1on 2.3 a temperature

B

- induced . self levellng»mechanxsm»uas descr1bed-wh1ch may be

-

expected to reduce. heatlng pattern 1rregu1ar1t1es. The ‘ ‘

v

uniformity of the heatlng proflle obta1ned in the experlment . ;

- ”
1

'should give some indicatien as to the strength of" this

N

eveilng mechanism. o
The temperature proflles obtained are presented 1n‘
figures 3. 18' 3.19 and 3. 20 . The temperature»proflles
- suggest that a reasonably~un1form t:mperature rlse occurs
' along the transmlss;sn l1ne w1th the only d1sturbance belng
‘_some slump near the 11ne end Considering the~y1gh
temperature gradlent that is beingr established " between ‘the f
heated zone and the cold zone beyond the line end some .
slump of temperatures due tp thermal conductlon may be
expected The degree of thetrmal slump, both off the 11ne end
and above and below the. eledtrodes, suggests that ‘a higher
"heatlng rate would be approprlate. An increase in the |
applled power level would also reduce the total heatxng t1me
to.a more reasonable perlod .

The absence of any stand1ng wave 1rregular1t1es in the,

"heating pattern suggests that the self levellng mechanism -
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Mstandrng wave po
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effects are pres
I'n summary,
obtained in this
that the use of

skindepth and st

" Further the cros

for points betwe
unlformly hot (l

formation. As ha

" desirable feafur

production of th
pre-heat stage.

the coated elect
temperature prof
borlng experimen

present case the

.
ng'enough to overcome any standing wave,
at superlmposed on figure’3.20 is a dotted
is obtained by squaring the initial (25°C)
tential distribution expected on the
63m). The curve is representative.of the
n profile expected when no self leveling
ent. | |
the un1form1ty of the thermal profrles
section support the original hypothes1s
suxtably coated electrodes would allow the
andxng wave effects to be c1rcumvented
s-sect1onalotemperature prof;les obtained
en the electrodes suggest that a zone of |
ow v1sc051ty) bitumen can be créated in the
s been pointed out before, this is a
e 1n terms of perm1tt1ng efficient
e b1tumen subsequent to the electrlc \
The final temperature proflle generated with
rode configuration is similar to the final
ile obtained in the partial evaporation
t. The principal difference is that in the

entire line length is brought up to

temperature simultaneously whereas in the partial

evaporation bori

the line. {

ng case a heat front sweeps the length of
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‘3.4.2 Self Generated Uniform Coating

The physical setub, operating frequency and pover level
for this experiment were essentially similar to the case
described in section 3.4.1, whicr_deals with an applied -
cdating, except that a slightlylsmallefemechanical scale
'factor is obtalned The only major difference is that no
C Oatlng was applied to the electrode. The heating profiles
obtained are shown in figures 3.21, 3.22 and 3.23. AN
eiaminétion,of these. figures shows heating profiles which
.have the same essential‘aspects‘as those obtained for the
uni formly coated 1135. This was an unexpected effect. An
additional p01nt\noted during the heating run was that the
degree of mismatch, and therefore:the line input 1mpedance,
changed rapidly for the initial few minutes of the run and
then stabilized. In.the coated line case the degree of
mismatch was relatiyely more constant. From these |
observations and results, a modified heating mechanism may
be postulated. | - |

As has. been demonstrated earlier (segf section 3.3) a
‘coating can be generated on the electrbd‘: by*}he partiai
evaporation mechanism. The results in the bresent section
suggest the p0551b111ty that anuessent1ally unifogm coating
of dr1ed material is be1ng generated on the electrodes early
in the heating run. As an d@id to comprehendlng why such an
effect would occur figures,3.&4 and and 3.25 have been

prepared. The figures were generated using the numerical

model developed for predicting the energy deposition along a

-
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- dielectric coated transmission line in a lossy medium. A

“Vdescription of the numerical model formulation is given in
chapter 5. The figures are plots of the transmission line
attenuation (depth of penetrati9n= 1/at£enuation) versus
coating thxckness The change in attenuation, as a coating
is built up, is shown for a number of fregquencies. The
geometric sizing and material properties used in the
numerical model were those of the physical experiment
currently under consideration., TwO figurés are shown. Thé "
first shows the atténuation for the initial (25°C) material »
conductivity and the second is for the case of the
conductivity approachlng the 100°C value. An interesting
aspect of these curves is that they show a distinct knee
point. The attenuation reduction wrought by increasing
coatlng thickness 1is quite large up to the knee point, but
the change is much more gradual beyond this point.

The heating sequence is believed, to develop in the
.following.manner On initial power application partial
‘evaporat1on boring occurs creating a growing coat on the
electrodes. Since the cecoupllng/coatlng thlckness relation
initially changes very rapidly, there will‘be a strong

tendency for the electrode coatlng to rapldly reach the knee
point. If, for example, a part of the line has a coatlng
even slightly thinner than elsewhere, 1t.w1ll have a
significantly hiéhér attenuation ?ate. Power absorption. and
thereforé the current density around the electrodes would be

higher in this section such that a more rapid generation of
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’the dried coating may be expected. A line section with an
init{all; thinner coating will have its coating grow more
rapidly until its thickne;§ is comparable to the coating on
other portions of the %ine. f

The heating prof#le generated in the formation may be
expected to develop in different ways éccording to the
operating frequency used. In the present example the model

-
operating frequency is 12 MHz (111 kHz in the field). From
figure 3.24 the knee point attenuation rate is about 0.4
nepers/m. The model line length 1is 0.9m. Following a short
transition period during which the coating reaches the knee
point value, a wave travelling the length of the line may be
expected to lose about half its energy each time it
traverses and re-traverses the line lengfh. As the
temperature rises the loss per pass will decrease (see’
figure 3.25). It may pe expected that the coating generated
on the line electrodes will be of equal thickness at all
points along the line. The heating along the line will be
essentially uniform because of the relatively low end to egd
attenuation on the coated line. The experimental temperature
profiles obtained in this seétion support this postulated
heating sequence.

Consider what happens if a higher operating frequency
is used. In the scale model partial evaporation boring
experiment (see section 3.3) the operating frequency was 52
MHz. An examination of figure 3.24 shows that in this

frequency range the knee point 1is considerably‘less"



. traver81ng and re-tra
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’

distinct. A typical ‘value of attenuatlon would be. about 1ﬂ6

1nepers/m. The attenuatlon rate w1ll not drop to thas point

suntil a con51derably thicker coatlng is generated than is

\

the case at 12 MHz. At this higher attenuatlon rate a. wax; .
es

'wlll lose the great bulk of . 1ts energy far, before it reac

”the end of the transmii51on line, Rather “than a ane'

rsing the ‘line mult1ple times and

5dep051t1ng 1ts energy evenly, an 1ncom1ng wave 1s absorbed

in the flrst part of the llne. Eventually when a. .o

‘suff1c1ently thlck coatlng is generated the flrst part of

the line W1ll de couple and deeper portions w111 heat. The

‘expected result is an advancing heat front type of
vtemperature proflle. The experlmental temperature profiles

obtalned in sectlon 3 3 1nd1cate this form of heatlng

-~ . »

sequence. : : o

| Both heatlng modes con51dered are generated by the

evaporatlon of connate water from the 1mmed1ate vicinity of

K

'the electrodes. The hlgher freguency case would appear to be

somewhat less energy eff1c1ent since a thlcker zone of ‘oil
sand would have to be. evaborated The lower frequency case

1s not, however, w1thout its own 11m1ta€10ns. Durlng the

\ 1ower frequency “run descrlbed in the present sect10n,‘the~

:electrbmagnetlc heatlng was contlnued untll the central

a

reglons between the electrodes were ‘brought up to

’ o

temgerature; It wasvnoted that partlcularly toward the end

' of the Weating run, the drive'potentlal had‘to.be 1ncreased

to maintain the power level selected. .The effect is due to



|

1

.

the 1ncrea51ng degree of de coupllng that occurs as the
‘electrode coat1ngs gfow. -The effect however, places a lower

‘1imit on the operat1ng frequency. leen some ‘maximum

,operating potential the freguency must be selected hlgh

enngh that the central regions may be heated adequately"
before essentially complete de- coupllng occurs. One possible
var1at1on for obta1n1ng un1form heatlng while feduc1ng the
de-coupling problem mlght be to 1n1t1ally operate at a lower
frequency and then sh1ft to a h1gher frequency later in the

heating run after the unlform coating has been generated

3.5 Se?ies Resonated Transmission Line: ExperimentalvResuitS‘\

/

3 5.1 General’ - | | | | | B
The electrode conflguratlon under cons1deratlon would
1nvolve coupllng lengths of coated electrode plpe/together
uS1ng .short capac1tor sectlons. As previously descrlbed two
de51rable effects were foreseen for this arrangement. The .
flrst of these is an 1ncrease in the -skin depth due to the

electrode.coatlng. The second is that a ' resonant (or near

hresonant) selection of the series coupling capac1tors would

-

further 1ncrease the skindepth, and more importantly,

\
,.n‘.

1ncrease the effective wavelength such,;hat distortions in
the heating pattern due_to standlng wave‘effects can be

reducedt



‘payzone along the length of the 11ne ma
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In order to prov1de some experimental ver1f1cat1on of

these postulated effects two unscaled transm1551on 11ne

experlments were'performed.

\ .

/

3.5.2 Wavelength Expans1on- Demonstration o£ Effect

The basic configuration under oon51derat1on is a flnzte

‘

-~ length, coated electrode, transm1551on line driveh

hor1zontally into the formation. The payzone to be heated is j'

sandwlched between the upper/lower electrode palrs. The'
[ |
operat1ng frequency and coating thlckness are seletted such

that the line length is small compared to th‘,skln depth

obtained with the coating in place. Unlform heatlng of the

pbe expected 1f the,

‘overall length is much less than a wavelength‘(no stand1ng
" wave pattern). If the length 1nvolved 1s ﬁot much less than
pa/wavelength it may be postulated that the proper add1txon

of series capac1tors to the electrodes w1ll greatly increase

the wavelength and thereby improve the unlformlty of the
heating..Note that,unlform‘heatlng of the area between{the
upper and lower lectrodes, for'all.points ‘along the?xine,
1mpl1es a constant potentlal between the electrodes for all-
points along the line (see figure 3. 26) |

Experimentally then, one may examlne the wavelength
expanding effect if one ekamines a low loss transmiSSion
line, wh1ch has a significant length compared to a.

wavelength. If the addition of serles capac1tors 1mproves

the uniformity of the voltage profile along the line, an
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3.26. Required uniform ‘i’?;rm,heatlng- ee )
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In this first demonstration a very basic configuration

improved h!;ting profile may also be expected.

was assembled. Two cylindrical electrodes 6.35 mm in
diameter and 104.4 cm long were supported 39 mm_apart in air
thus fofming a low loss transmission line. The line was
excited at 60 MHz and fed through a balun; The potential
across the lihe, at varions,points along the line, was
measured. The resolts are shown in figure 3.27. One may note
that the 1ine i5'sonewhat less than a quarter of a
wavelength long at,this frequency and that the measured
:potentlal dlstrlbutlon follows the expected (theoret1cal)
,Standlng wave dlStrlbUtlon except for some dlstottxons at
" the 11ne feedp01nt and end. |

An essentially identical set of electrodes was then
constructed, except that the line was broken at four p01nts'
to insert capacitors. The line spac1ng and capacitor sizes
vere selected to approximate a'distributed,seriesl
capac1tance (for both electrodes comblned) of 7.04 pF/m (or
27 pF/26 icm). Thls ser1es capacitance will nom1nally
resonate*WTth the line inductance at 60 MHz. The distances
and capacitance values used are shown in f1§3?e/§ﬂ55\

The potentlal distribution along the l1ne was measured
at 60, 52 2 and 69 MHz. The results are shown in flgures S
3.29, 3.30 and 3.31. Three curves are shown on each flgure.
One ccrvﬁ is the measured potentlal dlstrlbut1on along the

compensated line. The second curve is the theoretical

dlStrlbUtIOn one would obta1n w1th no compensat1on. The
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vfinal curve was generated by doing a legst squares fit of
the compensated line measutements, its purpose being to
establish the general trend of the potential distribut.

It is interesting to note that the potential distribution
trend appears to be the most uniform at the design
frequency. A comparison of the compensated and uncompensated
results obtained, suggests that a substantially more uniform

heating pattern will be obtained with the compensated line.

!

3.5.3 Skin Depth Expansion:‘Demonstration of Effect

It has been'postulated that the addition of suitabie
series resonating cepacitors to transmission line
electrodes, will in addition to expandinq’effective
wavelength, increase the depth of penetration as well. To
test for this effect both the uncompensated and compensated
electrodes described in the preceding section were |
alternately installed in a lossy medium as shown in figure
3.32.

The spacing requirement postulated for the Compensating
capacitors (see section 2.5) was that the length hetween'the
capacitors must be much less than the uncompensated skin
depth and wavelength on the transmission line. Since the

/

introduction of a lossy medium reduces both the wavelength‘

]

|
I

and skin depth, while the capacitor spac1ng has remained

fixed, we are in effect expanding the electrlcal szt'“q

\ e
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between the capacitors. This being the case, each capacitor
must make a larger adjustment to the potential distribution
and somewhat larger fluctuations in the measured potential
distribution may therefore be expected.

The loséy medium was assembled by blending Syncrude
tailings pond sand with a saline solution. At 60 MHz the
medium's conductivity was 2.3 x 10-° S/m, and its relative
permittivity was 4.6 . The unzform plane wave skin depth in
this medium is 59 cm for 60 MHz excitation. As the
transmission line is oniy a little more than half bufied in
the medium, the skin depth on the uncompensated line can be
exbected to be about 30% to 40% larger.

The pétential distribution obtained with uncompensated
electrodes operated at 60 MHz is presented in figure 3.33.
The results appear cohsistent‘with what would be expected on
a fairly high loss open circuited transmission line; namely
a decaying potential in the input region, with some standing
wave effects visible but only near the line end.

The compensated electrodes were then buried in the same
arrangement and measurements taken at 60, 54 and 66 MHz. The
results obtained are shown in figures 3.34, 3.35 and 3.36.

As postulated earlier the potential fluctuations are

‘higher than in the previous compensated line example. An

examination of the potential distribution obtained for the
60 MHz design frequency shows an unexpected distortion in
the potential distribqtion near the feedpoint. If the

potentials obtained after the first compensating capacitor
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(at 13 cm) are considered in 1solat10n, the average
vpotentlal is uniform as de51red The hlgher potentials in
the immediate area of the feedpoift are believed to be due
to stationary modes established to meet the input boundary
cond ~ns. Considering the large abrupt change in
char. .eristics that occurs at the feedpoimt, some

distortion of the field patterns in the immediate vicinity

.of the boundary does not seem unreasonable.

3.5.4 Conclusions tﬁ‘ v .

In summary, the resulté suggest that the postulated
wavelength and skin depth expansion effects are in fact
 occurring as ev1denced by the improved unlformlty of the
potent1a1 proflles obtalned over the bulk of the
transmission line length. Some tapering of the feedp01nt
tran51t10n may be de51rable if a hot spot: in the heatlng
pattern is to be avoided.

An attempt was made to execute a scale model heating
run using electrodes w1th serles compensatlng capac1tors.‘
The attempt. was unsuccessful @ﬁfter con51derab1e
investigation 1t was establlshed that the series capac1tors
were changlng value substantlally dur1ng the heating run. -
The capac1tors used were Centralab type N750. These’are lo&

loss, temperaturevcompensated ceramic capac1tors. The

principal difficulty was that these capacitors were buried

- ’
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along,with the electrodes in the thermally insulating model
- medium. In this env1ronment the capacitor losses vere
adequate to heat the capacitors beyond the1r compensated
'range such that a substantial change in thelr reactance
value took place. No permanent capac1tor damage occurred,
however, and the capac1tors dug out ‘after a failed heating
:run, were found to be undamaged |

No additional work was: performed to resolve thls
'_experlmental dlfflculty The pr1nc1pal reason for this wag
that the coated ‘electrode heatlng runs descr1bed earller
»‘showed no 51gns of a stand1ng wave pattern in the thermal
proflle-because of the presence of self leveling effects.
- The "use of ser1es compensatlng capac1tors to expand the
-effectlve wavelength became, therefore, of questlonable

value.
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3 6 Varxable Coupling Electrodes: Experimental Reqﬁlts

The concept under examination involves constructing
electrodes which have a much higher energy coupllng factor
over a selectable portlon of their length with the ;
objective of gaining more specif1c control of the heeting
profile established 1n the formatlon. ‘Two possible electrode
vconstructlon formats to obta1n thls variable coupl?hé
feature were outlined in section 2.5. Unfortunately the
: construct1on of such variable: electrodes in miniature for a
scale model heat1ng run 1s 1mpract1cal due to the sizes
involved. The(constructlon of electrodes with a fixed region
of higher coupling is, however, feasible. A partial heating
run to examine the degree tovwhich wave energy may be
selectively placed in a specific section of a formation with
_soch an electrode,'should provide a good estimate as to the
v1ab111ty of the overall conaept. - )

To that end, a scale model heatlng run was made using
anvelectrode which has, over a,portion of its length, a
Ah1gher coupllng factot. The general layout is the same as
that used for the electrothermal scale model runs described
in sections 3 3 and 3.4 deallng with partial evaporatlon
‘boring and d1e1ectr1c coated lines. The only major
d1fference is in the construction of the electrode used.

| The electrode used is detalled in flgure 3 37. Note
that the corresponding field scale distances are presented
in brackets. The electrode has a relatlvely thick dielectric

at1ng over the bulk of its length For the frequency used
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Specific Heat (c)] o086 J/g-°C 091 J/g9-°C
_ Thermal Conductivity (k)| 1.40 W/m-°C 1.65 W/m-=C
Electrical Conductivity (o) ]| 0.198 S/m 0.002 S/m
(o> we) - - at 12 MHz at 121 kHz
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Figure 3.37: Construction detail of electrode design which
- ~ 'yields a transmission line with higher energy

coupling over a section of its length. The

bracketed quantities are the full scale field

values corresponding to the model values.
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tﬁe wave attenuation f&tqzé?’fhis line type is small,
lekding to little attenuaﬁion wheﬁwpqggidering the total
eréctrode length. Over a shprter‘pdrgfgn of the electrode
length the electrode has been radiéaly extendéd and is only
coated by a relatively thin dieleg;ric layer. TheVWave
attenuation rate on a transmissipg line with the latter
cross-section is much higher thag on the sections with
thicker coatings andino radial extension.

A scaled electrothermal.modél Qas assemb}ed using fhis
electrode. The field electrical and thermal p:operties‘
assuméd were the same as in the heating runs described in
3.3.and 3.4 dealing with scale model electrothermal”’heating
runs. The measured electrical properties of the mo?el media,nA\
- were used‘in conjunction with these field values to-
éstablisﬁvthe scaling relétioné. The methodology is outlined'
in chapter 7. | .

The heating run was made under the following conditions
(field values in brackets) . Theldrive’éﬁéﬂmatching were
‘monitored to maintain a constant net power. level ihto the
model of 200 W. The médel is only a half element and
therefore the corresponding diive.to each elett;ode pair was
400 W (46.kw). The operating frequency was 12 MHz (121 kHz).
~ Temperatures were obtained at various points in the model
during the heating run; Thé temperature profileé obtained
are presented in figures 3.38, 3.39 and 3.40. ¢

*0f particular interest is the thermal profile which

. . ' . . d .
develops in the formation for various points along a line
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parallel to the electrodes (see figure 3.40). Beering in

'd that for any given poxnt the temperature change between

gﬁrsequent measurement times is representative of the energy
added, a number of phenomena may be noted in the temperature
:dproflles. 1f one examines the thermal profile after the

first t{me-step it may be noted that a much larger
temperature rise Occurs in the region of higher coupling,
than is observed elsewhere in the formation. This result is
consistent with our expectations of selective energy
placement. Further into the heating run, however, this
effect decreases. Near the end of the run the higher
coupling zone still shows a somewhat higher temperature but
an<eXamination of the temperature change between readings
'shows an essentially_cSnstantvtemperature rise for all
points along the line. This result would suggest essentially
uniform ceupling of energy is occuring along the line.

Mechenisms have been previously identified whicﬁ tend
to equalize energy deposition (see section 3.4 with regard
to coated electrodes and self generated coatings). When the
model was unpacked, ¢onsiderable care waeltaken in digging
out the electrode. The eiectrode was found to be encrusted
with a layer of dried sand. By carefully brush1ng aiwlﬁ;he
softer (moist) sand it was possible to obtain a reasonable
idea of the self generated coating profile. A sketch of the
profile is shown in figure 3.41.

The results of this experiment suggest that the

temperature leveling effects associated with coated and self
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coated electrodes are sufficiently strong to largely
‘ V
counteract the selective energy placement effect of variable
coupling electrodes. Considering this result and the innate
complexity of the electrode structure, it was concluded that
this format did not show sufficient promise to proceed with

any further tests. \

3.7 Production Controlled Heatiﬂg: Experimental

Demonstration of Effect

"3.7.1 General

The concept and expected behaviour of the production
controlled heating process wefe outlined in section 2.6.
Briefly, when the input zone of oil sand, between the upper
and lower transmission line electrodes, is heated by an
impinging electromagnetic wave, formation fluids will flow
into the lower electrodes and be removed from the s&stem.
fhe production of these fluias will lead to a decoupling of
the electromagnetic wave from the oil sand formation in the
input zone. The wave energy is thus freed to penetrate
further into the formation and heat deeper parts of the
formation. Starting froﬁ the feed point, suqcessively deeper
formation zones are heéted and brought into production b;
~ the impinging electromagnetic energy.

The pivotal pdint to the heating process deyeloping in -
the postulated manner is that the production of fluids takes

place and that this production leads to a substant ial
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reductfon of the wave energy absorption by the fdrmation.
Slgnlflcant fluld productlon is not expected from any

oil sand zone until the zone has)undergone some heatlng

ThlS expectation is due to the very high v1sc051ty of the

b1tumen (a few mllllon cent1p01se) at the initial formation

temperature of about 10 C. The'viscosity, however, reduces

_very rapldly with temperature (to =1000 centipoise at 80°C)

and f1u1d productlon becomes much»more feasible as a zone is

4ﬁheated A number of dlffement drive mechanlsms may

contrlbute to the e]ectlon of fluids from the formation. In
conventlonal 0il fields high initial production’ is often

obtained due to the evolutlon of dlssolved gases from the

oil. The gases form a cap ‘over the. reserv01r and - prov1de a

_pressure'drive that forces -the oil-lnto the well.

B

Unfortunately, there are minimal dissolved gaSeé in »

Athabasca bltumen and no. 51gn1f1cant contrlbutlon to

productlon can be expected from this mechanlsm. A second

drive mechan1sm comes about as.a result of b1tumg§

| under901ng thermal expan51on as it is heated Bltumen can be

expected ‘to expand about 8 to 9- percent if heated from 10°C

to 100°C. The amount of productlon from this drive is thus

'qu1te limited. A thlrd drlve mechanlsm can develop 1f the

upper portlons of the formatlon can be heated past the flash .

,point of the connate water. The flashing will result in the

depleted zone chtainingbpressurized steam which will force

the bitumen into the'lower’electrode wells in a»manner

similar to a gas cap in a conventional 0il reservoir. It is

.
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unclear, howvever, how long this steam drive mechanfsm can be
maintained in a production controlled heating scheme. a
Exam1n1ng the depleted zone/saturated zone demarker shown in |
figure 2.5, it may be expected that at some point the steam
in the depleted zone would break through to the lower
electrode wells in the input region where the saturated zoney

is least thick. A steam breakthrough into the lower wells,

or p0551bly into the tunnel system, would release the

pressure and terminate the drive available through this

méchanism. A final drive mechanismvis for the‘heated bitumen
to simply drain into the lower electrode wells by the action
of gravity. This final drive mechanlsm 1§ con51dered the
most reliable, very 1nexpen51ve, but, unfortunately

relatively weak compared to the prev1ous drivé mechanisms.
) In order to obtain an initial estimate of the v1ab111ty
‘ of the production controlled heating concept a number of
unscaled physical experiments were undertaken to demonstrate
-the salient feature of‘producti?n leading to decoupling. ‘A -
| descriptgon of these experiments follows this section. In |
addition, a first order numerical model was developed‘tO'

]

simulate production con .led heating occuring in an

5

Athabasca-0il sand deposit. The model is conservative in
that it assumes the only_driVe mechanism available is
gravity. The numerical model and some of the simulation

B

results obtained are presented in chapter 6.



to demonstrate the fundamental processes of heating,

" the sands. If it can be shown that energizing these plate
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3.7.2 Experimental Setup

A reaSonably straightforward experimental configuration

3

production and wave decoupling was sought The selected

uconfiguration consists of a parallel plate arrangement

; packed with an oil sand type of material. The bottom plate

is perforated to allow the passage of fluids while blocklng
i
electrodes gives rise to heating, followed by productiom and
a subseqguent large reduction in wave coupling, the critical
aspects of the production controlled heating concept will
have been demonstrated; This configuration can be COnsidered
to be representatiVe of a-short,segment'of'the‘transmiSSion
line that is embedded in the formation S .

The next con51derat10n is wifat form of exc1tation‘a
line segment would experlence if it were part of a
transmission line operating in the production controlled
heating mode. Consider the potential’that wopldlbe measured
between the upper and lower.electrodes,_at various points
along the length ofithe transmission line, during production
controlled heating. The amplitude of the potential would be
essentially gonstant in%gge.inp&% areas where decoupling has
taken place. Further into the; formation the potential will

rapidly decrease in the first zone that is still coupled,

and deeper than that the potential w1ll be\essentially zero.

»
At any given-’ p01nt in the formation the potential

experienced 1s essentially zero until the wave bores into
_ L :



that point, and then the potentlal rises rapidly to a
partlcular value and stays constant. The excitation for the
experlment con51sted therefore, of energizing the plates
with a constant potentlal. The power absorbed by the test
cell was then monitored.to verlfy if 1ndeed the power. |
‘absorbed decreased as fluid was produced |

| The constructlon of a sultable parallel plate test cell
is dependent on the propertles of the medium to be packed in
it. The medlum selected will thus be con51dered first. The
most logical cho1ce is to use actual hthabasca oil sand A
draipage analysis was per formed using‘the technique outlined
_by Dykstra'* and typlcal Athabasca oil sand propertles.vfhis
analy51s revealed that for the drainage of oil sand columns,
».whlch have a helght substantlally larger than the residual

capillary height, 51gn1f1cant dralnage would occur for

periods up to several months. Given the ¢ frame available

for work on this partlcular scheme and the difficulty of
malntalnang'controlled exper?pental cond1t1ons for ‘this
_length of time, direct'use of Athabasca oil sand in this
initial experiment was‘rejected A medium Whlch would drain
in avmuch shorter time period was sought. In order for the
’medium to reasonably simulate a bitumen saturated sand the
viscosityvof'the saturating fluid should drop rapidly with
increasing temperature. In 0il sand the two qualities
affecting the drainage rate are the permeability of the sand

and the_viscosity of the bitumen. These two properties were - .

varied to obtain a decreased drainage time.

-«
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The experlmental medium selected was an art1f1c1a1 oil
sand constructed in the laboratory. The artificial oil sand
was assembled in the following manner. A 40-60 "frac" sahd
from the Ottawa Industrial Sand Company was used as a base.
The permeability of this sand was establ1shed as 70%5 ;
Darcies by flowing constant temperature water through a. tube
packed with the sand and monitoring the pressure dtop across
the tube. The variations indicated uere due to some natural
spread in the product consistency. The permeahility of.‘
Athabasca oil sand fluctuates considerably‘and is
particularly dependent on the amount of clay fihes present.
For comparison purposes, however; e value of about two
Darcies can be taken as representative. A drainage rate gain
of ahout 35 may thus be.expected for this material ovet \\//;_

actual oil sand. To construct the artificial oil sand the -

frac sand was first paretially saturated with a saline

solution and then stored for 24 hours. A gear oil (Gulf

Ultima EP460) was then blended in to bring the mixture up to

about 97% fluid saturation. The intended purpose of the time
delay in adding the oil was to induce some water wetting of
the sand grains. The success in obtalnlng this feature is

questlonable since subsequent dralnage experiments executed

to determine residual capillary height demonstrated a

residual oil saturation in the order of 15% in the drained
areas. The initial fluid saturations used in the experiments
were 65% oil and 32% saline solution. The 15% residual

Saturation level was somewhat higher than expected’’ and



’ ” _ 121

suggests ‘the sand may be o0il wet since a higher re51dual
saturatlon would be expected in thls c1rcumstance. A
discussion of the effects of different residual saturation
levels on the production controlled heating process has been
included in chapter 6. | , |

The published viscosity properties of.the gear oil we;e
426 centistokes (centistokes times density equals
| centippiée) at 40°C and 30.2 centistokes at 100°C. If these
- points are put‘oq an ASTM (American Society for Testing
Methods) standard viscosity—temperature chart for liquid
petroleum produets'the oil appears to fit the viscosity‘<
proflle of about 15°API (Amerlcan Petroleum Instltute) crude
oil. If 8°API oil is assumed for bitumen, the v1scos1ty of
the gear oil is about.JOO_tlmes_less than that of bltumen at
‘any given'temperatnre. A cofrespondingvihcreaSe:in the
dreinage rate can therefore be expected.

The eiectricel properties of the resulting mixture were
measuredQEnd various permutatlons of the two saturatlng
fluids were tried to determlne what electr1cal properties
were obtainable. From these measurements a particular mix
was'selected for the drainage experiment. The fluid
saturation in this mixture was about 65% oil and 32% saline
solution by volume. This amount of saline eolution was
higher than desired in terms of keeping the oil as the |
dominant saturating fluid but was required in order_top
obtain a‘conduction to diéplacement current ratio -

significantly greater than one. This conduction property
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exists in Athabasca oil sand at operating freqqencies below
about a megahertz. |

Heating and drainage effects which ta?e place in this
artificial medium should reasenably simﬁlate actual oil
sand. In both cases drainage is-predominately regUlated by
the dominant saturating fluid which is a‘liquid petroleum’
product. The viscosity of both 0115 (EP460 and bitumen) have
a similar viscosity- temperature relation in which v1sc051ty
drops off very rapidly with temperature.

Prior to construction of a parallel plate drainage cell
- a number of simple experlments were performed to establish
the res1dual cap1llary height 1in ‘the medium. The re51dual
‘ caplliary height is the minimum level to which a column of
fluid will draln under a grav1ty dr1ve. The vertlcal plate
'separatlon 1n a drainage experlment should be much larger
than the residual capillary he1ght if significant fluid
productlon and energy decoupllng is to be observed. The
re51dua1 caplllary height was measured by two methods. The
first:methed-was to pack a 20 cm 1ength of 5.1 cm inside
diameter PVC tubing with the artificial oil sand. A screen
was placed over the bottom of the tube and fluids were |
allowed to drain out into a large plate. The drainage column
was piaced in a Delta Design MK6300 convection oven and held
at 80°C for 24 hours. The tube and sample were then frozen
and the'tube cut away. The é:marker between the fluid

saturated zone at the bottom of the sample and the depleted

zone was visible and its height was measured as 5 cm. The
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second method used to estimate the residual capillary height
wés to fill a tube with the frac sand and place it in a dish
of the gear oil and to leﬁ the o0il be drawn up the column by
capillary action. This arrangement was left in the oven at
.80 °C for 16 hours. The dry sand above the demarker was then
vacuumed off and the capillary height measured was 4.5 cm.
1t was concluded that the parallel plate drainage box
requ1res a vertical plate separation which is substant1ally

larger than 5 cm. - - B

3.7.3vExperimenta1 Runs

Two sefies of drainage experiments were run using two
dlfferent parallel plate arrangements. The first series was,
by and large, a learnlng experience which establ1shed the
,construction and instrumentation requirements. The
information presented from these experiments has been
limited to;a:deséription of the apparafus used and the
obsefvéd pﬂénomena. More detailed experimental results are
presented from the second series.

In the first drainage test céll a 20.3 cm square by.
25.4 cm h1gh sample of art1f1c1al oil sand was packed in a
plywood box lined with 5.1 cm thlck styrofeém. The upper and
“lower plate electrodes were fabricated from a f1ne stalnless
steellmesh; The 1OWer_electrode was sgpported on a 1.3 cm
thick plaétic'grill éui‘from a fluorescent liéht diffuser.

The test cell was excited by an Amplifier Research model
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2000L Rf emplifier, The potential on the plétes was
monitored, through a 220 to 1 step down capacitive divider,
on a Tektronics model 2465 oscilloscope. The current through
the sample was measured on the oscilloscope by monitoring
the potential developed across § capacitor mounted in series
between the lower. electrode and the supply ground. The
capacitor size was selected’such that the potential across
it was much less than the potential drop across the sample.

By monitoring these two signals and the phase between them,

‘the impedance across the sample and the power absorbed by

the sample could be determined.

The whole assembly was then mounted on top of‘a second
plywood box containing an insulated beaker and a funnel
arrangement to direct any fluid produced into the beaker. A
small yertical strip on one‘s1de of the beaker was exposed
so that the fluid level obtained at various times could be
observed Thln dielectric straws were inserted ‘through the

upper electrode to various depths in the sample to act as

guides for,inserting thermocoupz%x. TheSe thermocouples were

mounted on a test jig which allhwed them to be inserted and
retracted from the sample with the straws ecting as guides.
A 5.1 cm thick styrofoam block was placed .over the top
electrode to insulate it. The bottom electrode could not;be
insulated uithout interfering with the fluid flow.

During the heating run the test cell was excited from
the RF amplifier and the drive to the_amplifier was

continually adjusted to maintain a constant potential across
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the plates. Power, impedance, fluid production and

temperatures were monitored during the course of the run.’
TBé'tenperatures were obtained by briefly powering down the
test cell and inserting the thermocouples. The temperatures
were read ueing a ten channel Fluke model 2176A digital
thermometer. The first series of runs were operated at
Qarious frequencies between 2 MHz and 10 MHz. The numerical
model described in chapter 6 was modified to simulate the
physical form of the test cell. Varions operating frequency
and voltage level eombinations were run using the numerical ’
model. The results of these runs were used as a quide in
%agfcting the experimental voltage/frequency values.

As prev1ously mentioned a number of'phenomena were
experienced that led to modified arrangements for the second
series of experiments. For example, during the first heating
"run it was noted that the support griil\for the bottom
electrode lost all structural integrity when exposed to het
~0il. The grili was therefore replaced by one fabq}Lated from
copper strips{ It was also found that the two kilowatt RF
amplifier used would occasionally burst into oscillation at
some very high frequency in excess of SOO’MHz as a result of
feedback between the amplifier and the.experimental
apéaratus.‘Suitable re—positioning of the test cell further
from the amplifier effectively suppressed the Qscillations.
Unfortnnately, tne oscilloscope inputs were'damaged in this
process as the permissible signal levels to the escilloscope

are much iower at very high frequencies than at lower
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fre%uencies. In consideration of the costs involved,
modifications were made in the electrical measurement
procedure. The changing test cell impedance was monitored
during the course of a heating run by briefly disconnecting
the power sonrce and connecting a Hewlett Packard 4815A RF
Vector Impedaqce meter to the fest cell. The power absorbed
by the test cell was determined)as follows. An Amplifier.
ﬁeSearch model DC2000 504b dual directional coupler was
mounted between the source and the test cell. The fnrward
and reverse sampled signals were appiied to a Hewlett
Packard 8481A power sensor connected to a Hewlett Packard
435A power meter. The power absorbed by the test ce}l could
then be determined by subtracting the reverse power from the
forward power. The potential atross the plates was sampled
with a resistive divider, rectifigd and then filtered before
being applied to a Fluke model 8000A digital voltmeter. The
filter was designeé with a series inductive element to
protect the voltmeter input if oscillations occurred.

An examination of the temperatufe profiles developed
during the first series of drainaée expefiments indicated
that the temperature throughout the sample was reasonably:
uniform except for points very closeqﬁo the top and bottom
electrodes which,nere cooler. When- the central region
.apprnached;100‘C the plnte regions were 12 to 14 degrees
cooler. A s}ightly cooler region near the top electrode was

expected since this region is decoupling.'A cooler region

near the uninsulated bottom plate and copper support grill

i
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suggested that thermal heat losses to thevenvironment were
sufficient tp slightly cool the zone near'the bottom plate. '
The energy loss, wpile not significant compared‘to the total
energy input, did imply one dgfﬁiculty. The oil viscosity
changes very rapidly with temperature and a 12 to 14°C
temperature difference implied a viscosity near the bottom
of the sample about four times higher than in the middle Qt
the sample\ A viscosity plug is thus formed at the outlet
which restricts the production. In order to partially
compensate for this effect a resistance heater was bolted to
the grill supportipg the bottom electrode. It vas
experimentally determined that supplying the heater with 15
watts resulted in a steady state grill temperature of about
58°C. This temperature was about half way between the
initial 23 °C sample temperature and. 100°C. The heater power
level was generally much less than the RF power level except
at the terminal stages of heating wﬁen almost chplete
decoupling had occurred. | N

The final phenomenon noted was tﬁat fairly soon after a
heating run was initiated, thermal expansion of the fluids
would occur as evidenced by not only fiuid production out
the bottom but also by the appearance of fluids.welling up
over the top electrode. The fluids above the top electroae
would cool and the oil/water mix . tended to separate. In time
the fluids would eventually drain back into the 1ﬁterplate

region. The power absorbed by the drainage cell did not,

however, fall off significantly until these fluids had
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drained back in. Energy coupling was maintained muéh‘longer
than expected. In the proposed fi~ld configuration the only
outlet for ;}e fluids would be the bottom collector
electrode wells, as there is no place.for ﬁhe oil to expand
above top electrodes. In this situation expansion can be
expected to provide a strong initial production drive
followed by a much more rapid formation of a depleted zone
with its attendant decoupling. In order to circumvent this
overflow phenomenon a different form of pérallel plate
drainage ceil was designed and a second series of heating
runs executed.

“the second series of heating runs a cylindrical
sahp?e 20 cm in diaméter and 25 cm high was packed between
the two plate electrodes. The bottom electrode was again a
fine steel screen supported by a copper grill. The grill had
an attached resistance heater. Thermal tests showed that a
heater power leQel of 15 W would maintain the'grill at about
60°C. The construction details of this second drainage cell
are shown on figure 3;42. It may be noted that the~top
electrode is entirely sealed except for a tall thin tube
attached to the top of the test cell. The objective of this

arrangement was to insure that any fluid expanding over the

top electrode would be forced up the tube. The tube diameter

was small so that very little fHuid expansion would lead to
. . ,ﬂ- e

a large rise in the fluid level in)the tube. The concept was

that any expansion over the top electrode would lead to a

significant increase in the gravity drive due to the fluid
/ '
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head in the }ube.,ln this manner the initial drive derived
by the fluid ‘expansion would not be entirely lost and since
the tube dlameter ‘was small only a small amount of fluid
would have to drain back into the test cell following the m‘
‘;nltlal expan51on. | |

In practice the flu1d tended to break up and become
lodged in the tube due to cap1llary forces At later points
in the heating run when evaporat1on would occur the vapour
generated tended to pump the lodged flu1d out cf -he tube"
The vapour also tended to condense in the tube and drain
mback into the depleted zone. The coupling, as implied from
the level of absorbed pover, tended to be erratic due to
thlS effect. leen the dlfflcultles, the vent stack concept
was abandoned |

The final comb1nat1on EXamlned was to execute the
' heat1ng run with the top electrode entlrely sealed In thlS
's1tuatlon the drive mechanlsms of thermal expan51on and
evaporatlon pressure supplement the grav1ty drive. The: test
~cell was exc1ted at 1 MHz and the potential across ‘the cell
ma1nta1ned at a constant level. The RF power absorbed by the
artificial oil sand was recorded throughout the heatlng run.
A graph show1ng the power dellvered to the test celf is
presented in flgure 3.43. Note that. the energy coupllng
‘drops off in a .time that is 'small! when compared to the total
'productlon tlme. The fluid productlon frw th§ test cell is

shown. in fiqure 3.44.
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" Fiqure 3.43: Production controlled heating demonstration.
o Power level absorbed by the sample versus time.
1 ~ Sample is excited at a constant potential .

level. Numerical simulation results are shown
as well as experimental results. - o
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The production rate from the test cell is undoubtedly
higher than the rate that would be obtained if only a
graQify drive nere available. In order to obtain some
estimate of the difference involvea,hthe numerical model
described in chapter 6, which.assumes only a gravity drive,
was modified to simulate the experiment. The numefical model
.was reduced Lo a 51ngle slice with no fluid cross flow

ik

[suqamore accurately simulates the phy51cal

components. Th kil
form of the‘expe drainage box. The material
properties used in the model are summarized in table 3.2.

The electrical propertles of the saturated zone were derlved

from the initial test cell 1mpedance measured before any

heating was begun. The electrlcal properties of the depleted

zone were obtalned by dlgglng out & sample of the depl
zone after the run and measuring its 1mpedance when packed
in a small test cell. The numerlcal model uses a single

flu1d apprOX1matlon and the ptesenoe of the saline solution

Y

s
e W

in the sand reduces the effective-permeability of‘tne sand {%Vf
to ﬁhe oil. To simulate thisﬁrelative permeability effect
_the,permeaoility of the ar:ifioial.oil sand was derated by a
factor of 0.6 from the 70 darcy . level measured. This is a
first order correction drawn from a'graph presented in Craft
and. Hawkins?'. Tne graph relates various oil/ﬁater
saEufae@on mixes to .the relative permeability.of a porous
medium. , o

The power level and total production values obtained

from the numerical model are also shown on fiqures 3.43 and
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o
Property N FSaturated Zone ' Depleted Zone
ELECTRICAL
conductivity o © 7.12x10-2£(T) . 4.85x10°¢
(S/m) : ' S
relative ¢ 363 ' 14
permittivity i
- THERMAL
density » 1.95x10* L 1.66x10*
(g/m?) B '
specific heat c ., 1.6 1.0
(3/g°CH ‘ *
thermal k _
conducrivity . 1.6 e 1.6
(W/m-°C) C T
FLOW
permeability k &3.* 4.2x10-1? --
(m?) ’ ' (0.6x70 Darcy) \
saturation S T 0.97 N 0.15
o _ ‘ ;ﬁﬂ :
porosiiy ¢ _ G.33 ' .33 -
v1iscosity A exp(B/T) -= A
{(g/m-s: (=
(" £(T)=1+.0224(T-24)
T in °C '
(™™ A=3.03x10-*
B=5154.3
T in °K
TABLE:3.2 Material properties used in numerical model simulation of

production controlled heating experiment. .
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’3.44. The two situations (experimental and numericalvmodel)
are not entifely comparable Since;thé numerical model
assumes, rather conservatively, that only gravity drive is
available. Further, the . numerical model‘uses a numbef of .
first order approximations which limit its.éccuracy. With
regard to the drive mechanisms, it may be noted from figure
3.44 that, as expected, the production rate predicted By the
model is, at least initially, lower than the levé& obtained
in the experiment. The difference is likely attributable to
the thermal expansion drive. By the end of the heatingltime
thé theoretical production regains the difference and
actually exceéds the experimental valﬁe. This sort of effect.
méy be expegfea as the numericai model can be expected to
yield optimistic results for recovery levels exceeding about
‘40% of the total fluid present in. the teét cell: A
.description of the flow model limitations may be found in
section 6.2.5. In brief, the huméricaL model assumes a clean
demarker betwéen_the'satufated and depleted zones. In actual
practice a partial saturation profile will develop above the
demarker and the accurate predictién of prodgcﬁion beybnd
about 40% recovéry fequirés a much more involved numerical
model formulation. Based on initial fluid'sélurations, the
infinite time fluid recovery level for this system was
determined assuming'100% fluid saturation‘in the bottom 5 cm
m(résidual capillary height) and 15% fesidual saturation in
the top 20 cm. At the end of the experimental heating time

the fluid recovered represented 54% of the infinite time
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-value. Production beyond this point 1s, however,
substantially sloger‘s““.

The experimental and theoretical electr@cal power
curves shown on figure 3.43 are much more closely‘related
than the correspondxng production curves, except that the
experlment did not decouple to guite the degree predicted by
the numerical model. The difference may again be attributed
to the saturation profile being more complex than is essumed
in.the model.

In summary, the experiments in this area were &!
reasonably successful in demonstratlng the pivotal effects

of RF heating leading tp productlon and. thlS producty&n
' subsequently de-coupllng the formation. ‘Similar work using
‘an elementel model packed wiﬁh.actual Athabasca oil sand
would be an impottant next step in examining this concept.,
Unfortenately the drainage times required for this type of
experlment precluded such an examination in this study. A
further alternative would be to demonstrate the decoupllng
and boring action pOCtulated using artificial oil sand. ThlS
would require the construction of a sealed test chamber
several metres long and would require’assemblihg five to six
hundred kilograms of ar*igZCial oil sand for each heating’
run. A project of this meinitude was not feasible in the

present study.



4. Fields of a Lossy Parallel Plate Line

4.1 Introduction

| Throughouf this thesis, a number of schemes for high
frequency electromagnetlc ‘heating of Athabasca oil sand
-format1ons are exam1ned both exper1menta11y and numerically.
The electrode conflguratlons postulat d all 1nvolve the
'creatlon of some form of transmission line penetrating ﬁhe
formation in the payione; Some numer{cal modelling has been
undertaken for the séhemes inVofving dielectric ;oated lines
(chapter 5) and productdon controlled heating_(chapter 6).
Prediction of the electrohagnetic heating.in‘these numerical
models is acoomplished nsing‘transmission_iine analysis‘
involving the use of the distributed impedance
representation of the transmission line. Anlimplieit
assumption inhereq;-;n the distributed impedance

representation;iébfhat the actual electric and magnetic
field lines established in ghe formation have a particular
transverse electfomagnetic (TEM) form. If a single
“homogeneous medium exists between the electrodes of a
transmission line the fields es:ablished between the
electrodes w1ll be TEM. In the cases of dielectric coated
lines and productlon controlled heating the medlum between

" the electrodes is .nct homogeneous due. to the introduction of

an insulating material- in addition tog,the 011 sand The
- L4

S

material is the coating in the dielectric coated line case

and the depleted zone in the production'controlled heating

137



138

case. As will be shown, the field form obtained from an
analysis of a transmission line wieh aniinsular gap, as well
as ‘an oil sand zone, is not TEM.

A substantlally non-TEM solution, therefore, brlngs
into doubt the validity of using the distributed impedance
representation. It will be shown that, for purposes of
predicting wave energy deposition andbpropagation along the
length of a lossy line, the distributed impedance
representation is accurate, provided that the vertical
separation between the electrodes isemﬁch less than the skin
depth of a uniform plane wave in the 0il sand between the
electrodes. This result occurs in spite of the fac£ that
even under these circumstances the field solution is still
disfinctly different from the form assumed by the
distributed impedance representation.

The geometry under con51derat1on is. shown ‘in figure
4.1. This formulation is of interest as it 1is representatlve
of the geometry that 1is expected to develop in the
production controlled electromagnetic flood process. In
addition,.some of the basic effects established here should
elso apply in the partial evaporation.boring and coated line
schemes.

In the case of a parallel plate transmission line with
no depletion layer, the dominant field mode is a Transverse
Electromagnetlc (TEM) field that is essentially a uniform
plane wave between the plates. The introduction of a

depleted (insular) layer will, however, suostant1ally alter
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Electrades
o=00

Depleted Zone
w€2 > O-z'

Saturated Zone
0, >> WE,

b>a ' y ¢ o

Figure 4.1: Geometry of a parallel plate transmission line
in which the plates are separated by an insular
zone and a conductive zone. A
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the field configuration necessary to meet the modified
bouhdary conditioné created by the introduction of an
insular (depleted) layer.

It 1is nécessary to determine the form of the
electromagnetic fields possible for a two zone transmission
line of the form shown in fidure 4.1, For the present
purposes, it will be adequate to determine the dbminaﬁt mode
. formulation only.

Field boundary éonditions must be met at the ubper and
lower plates as well as at the interface point between’the -
zones. The cont{nuous matching of the interface boundary
conditions will require the z component of the wave velocity
to be the same in both zones. This latter requirement allo&s
one to immediately discard the TEM field cénfiguration as a
possible solution as the phase velocities of TEM waQes would
be vastly different in the two zones. A

.The géometrybpresented is somewhat similar to a two
dielectric rectangular waveguide problem examined by
Harrington''. A similsr line of attack will therefore be
used in seeking a solutioh. A short description of the
terminology used is included, prior to a description of the
solution to the boundary value problem of interest. The
reader is, however, directed to Harrington for greater

background on the overall methodology.
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4.2 Electromagnetic Field Solution

*

4.2.1 Terminology
In a homogeneous source-free region the phasor-vector

representation of Maxwell's equations 1is:

VxH=(0+jwe)E

VxE=-jwuH (4.1)

V-E=0

V-H=0
éince any divergenceless vector may be expressed as the curl
of some other vector, the divé;genceless character of the
electric and magnetic fields ailows one to express the

fields in terms of either a magnetic ¢=~ .r potentlal (A),

or in terms of an electric vector potential (F), or, if o

convenient, as some combination of each with the result
fields determined by superposition. Further, 1t 1s the
commen, although not mandatory practice, to select the

divergence properties of the vector potential used, such

- that the selected vector potential satisfies the Helmholtz

-

equation. If, for example, a magnetic vector potential is
selected then the potential must meet the Helmholtz
relation'”: ‘
VZA+k*A=0 , : (4.2)
where k?=-(0+jwe) (jwu)
I1f one furﬁherArestricts ~onsideration to vector

potentials which 1in cartesian coordinates (x,y,z) follow a
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constant direction, some simplification will result.
Consider, for example, the selection:
A=u,V (F=0) (4.3)
where u.; a unit vector in the x_@irection
U= some scalar expression which satisties

)

the 'scalar Helmholtz equation

Determlnatlon of the el®ctromagnetic fields arising out of

~

thlS form of magnetxc vector potential reveals that no H,
field component is generated. The resulting field

formulation is thus termed transverse magnetic (TM) to x.

3

Alternately, the seLection of an electr%c vector potehtial
lbf the form: | |

F=u,y  (A=0) A . (4.4)
leads to'qn electromagnetic field formulatidn in which no E .

component 1is generated. The field formulation is thus termed

N

transverse electric (TE) to x. vim o
: e

These two special cases are of 1nteres“;$inge,it can be_éﬁ
. ’ . L .

to x as in the present example; or Q;

g gectlon 15 nomlnally

e

vector dlrectlon selected. While the »

. "*t E .
arbltrarv, in practice the proper seLecﬁlon w111 often
greatly.simplify the solution proce§s* 7
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consider the parallel plate line arrangement shown 1in

4.2.2 Solution

figure 4.1. In the lim#ting case of the region between the
plates being filled with only one medium, the fields between

the plates are essentally the same as those of a uniform

'plane wave (a constant By and H,) propagating in the z

direction. Such a field form is TE to z and y, as well as T™

to z and'x, The solution in the perturbed case of two media

‘is therefore likely to contain E, and H, components. One may

thus discard looking for solutions TE to x, or TM to y.
Further, consjider the currents that might be expected
to flow on the plates. durreht will pass from the source
outward (z'direction) on one plate énd back on the other. In
effect then, there is a current circulating around the
conductive medium (region 1), which.is insulated from direct
contact yith both plates by an insular layer (region 2).

such a formulation normally leads to the induction of flux

R *

cancelling currenté‘(%d@? currents) in the conductive
region. One may postuiqte then that the solution could
contain a z directed elgctric field component. This would
climinate solutions TE to z.

One is then left with the possible forms TE to y, T™ to
z, or TM to x. AS it turns out the final solution reached

has all three properties. However, the solution'was obtained

’By first seeking a solution T™ to x, as is outlined in the

following text.
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A solution is sought whiqh‘is transverseimagnetic (TM}
to X and therefore an‘x'direoted magnetic vector potential
is selected. ¢ -

Asu. v L o ; S (a.s)
" The’ scalar potentlal y is determlned 1n the usual manner. A
form of solutlon is postulated whlch ls ‘the product of
harmonic functxons. Each function has only. o%erof the
_spatlal coordlnates in its argument Thls solutlon format is
rcompatlble with the separatlon of - varlables solutlon method
The harmonic’ functlons are Selected such that the boundary
condltlons at the conductor walls are met. The SOlUthﬂ is
then.tested to see if the balance of the boundary condltlons
can be‘satisfied. Fdllowing this‘line of attack, separate
scalarvpotentials are selected for each of the two regions
(see figure‘4}1) as follows: o

&1%C{~cos(k,}x) exp(;jk,z) ,

¢2=Cz'cos(k,z(a~x)) ekp(-jkzzxi. | | :_ (4.6)
Thls selection 1nsures no tangential electric -field -

- components at the conductor plates, as is evident from

_;equations 4.8 below. Further, it has been ant1c1pated that a =

i

common z direction propagation term will be required to
tontinuously match the fields at the interfaee between the
regions. Substitution c¢i these potentials into the Helmholtz -
squation leads to the separation parameter equations.
k,}’+k,’=k1‘=-jwuo, |
kxz?*kyisky P e qu o . | S a7
The fiéids‘generated in a general medium (0,¢,u) by the |
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selected magnetic vector potential (A) are given by'’
E,=(1/8) [370/0x +k V) -
E,=(1/E) 310/0xdy 9
=(1/¢) 9*y/0x0z -.f |

H,=0 I N N O D
H,=3y/3z o K
H;=—aw/ay

where f(=0+jwe |
and. k*=(-jwu) (0+jwe)
v These relations can be epplied to eqguations 4.6 to obtain
_expreSS1ons for the field components in the two regions.
Comparison of the field expressions at the boundary (x a)
‘leads to the following requirements. Matchlng of tangential

"magnetic fleld components (H, ,=H,.) and continuity of .

current across the 1nterface (o0+E ]uezE ,) both lead to
//
the requlrement that
C,cos(k,,d)= Czcos(k (a-4d)) : : (4.9)

“The réquirement for matching tangentiaf electrical field
components (Ez1-E12)‘at x=d leads to: »
[k Cysin{k,,d) ]/o,—[k,2C251n(k,2(a -d))1/jwe (4.105
These last ‘two relatlons may be combined to form: '
Tk tan (ke 18)1/0 = [hagtan (ko (@@ 1/Juer (4.11)
The relations 4.1l and 4.7 represent a set of three
transcendental eguations which can be solved numerically for
the three complex propagatlon constan*s k,1, 20 and k;. The»

numerlcal method usé% was as follows Inltlal values for the

three complex propagat1on constdnts were obta 1ned from the
oy ) Aq . Qv 3
Az
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@ . . Y : ’

approximate relations derived:in a succeeding section,
section 4.4, ‘and‘labelledl4;14.-%he two separation relations%
labelled 4.7 can be comblned to eliminate k, and thereby
relate k,(1 to k.z. The resultlng expre551on may be |
substltuted into 4.11 to reduce it to an expre551on
containino k,, only. The resulting expression was then
solued‘humeriealiy for k., using the Newton-Raphson
technique.‘The other‘two‘propagation cohstants could then be

determined by back substituting. As a final check the two

sides of expression 4.11 were evaluated in polar form and

)I
z

‘ compared Typically after one hundred 1teratlons the

amplltude and phase yalues would agree to the flrst four or

five significant-digits.
4

i

The three complex values k,1,k,z and k, can be
determ1nad numerlcally fpr a glven geometry Once thls 1s
done, ‘it 1is 99551ble to plot %@@ trajectory of an electrlc
field 1iﬁe and thus‘obtaln a visual representat;oh of the
current flow 1in the formation.

This has been done and is presented ™in f1gure 4.2. The
fleld llne was generated by determlnlng the E,/E, ratio at.

fifty values of x and then u51ng these ratios to

.

succe551vely extend an electrlc field line startlng from an
arbitrary point at the inrerface. Bearing.an‘mlnd that the
tangential components of the elec;ric field match at the
interface, the abrupt directional change at the interfacev

4 d ¢
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[N

indicates that the electric field is much stronger' in the
debleted zone than it 1s 1in the conducti;e zone, for this
conflguratlon.

The electrlc field ‘1ne derlved for a number of
different operatlng frequencies is shown in flgure 4.2. At \
hzgh frequencxes, where the capacitive 1mpedance of the
cepleged zone approaches zero, the electric f16ld lines
should approach the vertical form of the TEM mode that may
be expected‘if no depleted zone were present. The electric
flexd llnes shown support this expectatxon by becomxng‘
progress’vely more vertical at hi gher frequencies. At low
frequenc1es the electric field lines derived appear to

asymptotically approach a form which is not vertical. In

fact, it is possible to determine from the field expressions

that. as freguency approaches zero the ratio of the electric

field components at the interface (x=d) 1is:

+0,({u/e;)la-d)a)’ ¢ ‘ (in the conductivefzﬁhe)

(4.12)

|E,/E, |20 i(in the dielectric zone) o &
The result is.thgt even at low frequehé&es, the
elecpromagnetic ﬁield form in the .conductive material 1s

quite different from TEM.
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4.4 Vvalidity of Distributed Impedance Representatxon
; o
One may now address the original problem stipulated,

this being the validity of the distributed impedance
representat1on for the transmission lxne. wWhen the region:
between the plates is entirely fllled with elther of the two
media, a unlform TEM field SOlUthﬂ is obtalned In terms of
the prgvious formulation this corresponds to the k, terms
being zerc. Therefofe, ohe may examine the case where k,.d
and k,;(a-d) are both small such that

tan(k ,1d) k, d

tan(k,;{a-d))=k,;(a-d) | ' (4.13)
The substitution of these terms into equation 4.11 allows
the three transcendental eguations to be solved
algebraically for the cohplex propagation constants. The
resultg are:

kot (—jono—wieu) A1+ (1/M))

k.z’=(jwuo1*w‘e;u)/(1+M)

Kk, =(-jwuo,(a/d))/(1+M) ‘ (4.14)

whefe M=0.(a-d)/(jwe,d)

One may now examine the same problem using a
distributed impedance approach. Consider the same physical -
arrangement (see figure 4.3) but assume (incorrectly)

uniform TEM fields.

The shunt impedance between the
length 1s:

2,=(d/0.b) (1 jule,pyla=d)
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The-distributed shunt 'Ipittance 1s therefore:
Y,=1/2, (4.16)
The distibuted series reactance of a parallel plate line 1is:
jwL=jwua/b | ) (4 17)
For perfectiy conducting plates the propagation constant

'(y a+jp) is determined as:

]wLY —ij/Z : (4.18})

e

By substitution 6f.4.15 and 4.17 into 4518 we may obtain the
term: .

k,=-yi=(~jouo;(a/d))/(14M) | (4.19)

where M is as defined inveqaation 4.14. |
This is the éaﬁe expression for k, as was obtained in 4.14.
The net result is that the wave propagation characteristics
along the transmission line (energy dissipaticn and
wavelength) can be predicted by the distributed impedance
representation, even though the field formulation is not of
the form assumed for the distributed impedance
representation. There exists of course a limitation to this
‘reéult, since it is predicated on the small argument
approximation of the tangent function, and .therefore
requires both k,,d and'k,z(a—d) to be much less than one.

~ The principal reason for examiniag this configuration
is to establish the val1d1ty of the distributed 1mpedance
representatlon in the numerical 51mulat10ns. To this end,
consider what this lxmltatlon means in terms of the |

productlon controlled Electromagnetic Flood simulation .

presented: 1n chapter 6 For the frequency range under

+
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consideration (=100kHz to 250kHz§ the depletion zone
thickness (a~d) that develops before essentially complete
_decoupling occurs 18§ much less than the saturated zone
thickness (d). Con51der1ng this and the electrical
properties/uSed, the reguirement for k.,d to be small is
more restrictive than the requirement that k.z(a-d) be
small. | V |
To recast this requirement into a mofe familiar form,

consider the point where, say, the depLeted'zbne is about
10% of the plate separation. Using;the same.electrical
‘properties as the production cont;olled electromagnetic
flood simulation, the ki’ expreSsionkof equation 4;14

reduces to:

K za=—jmua‘ _ (4.20)
and therefore ’
|k,,d\=(wua,)‘ 23=1.414(d4/8) (4.21)

where A is the skin depth of a unifcrm plane wave in the
conductive material between the electrodes. For a real

' argument.the tén(x)zx representation is accurate within JO%
for values of x up to about 0.5. Thus as a coarse gﬁ?e ofs
thumb, one may‘consider the distributeg impedance
nepresentatlon as adequate for frequencies up to the point.
where the electrode sepanat:on becomes qpout one-third of

the plane wave skin depth in the conduef‘@e materlal For

,.

electrode separations greater ‘than thﬁ.4é more detailed

representat ion of the full field selut ion would have to be .

x/’{\

used. Up to that point, however Qne has the rather
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. "\ .
surprising result that the propagation characteristics of a
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distinctly non-TEM wave are accurately predicted by a model
predlcated on a . TEM form for the flelds

The dlstrlbuted 1mpedance representation shown in
figure 4.3 may also be used to predict a second transmission
-line property, that property being the characteristic.
impedance of the transmission line. The characteristic
1mpedance is the ratio of the potential developed between
the electrodes, to the current induced along the electrodes,
by an electromagnetic wave propagating along the line 1n_bhe
z direction. The potential betweeh the electrodes may bep
‘determined bf integrating the expression for the x component
of the electricffield between x=0.and x=a./The current in
the electrodes. may be determined from the expression for the
y component of magnetic field. A combined expression
relating the ratio of voltage to current may then be
subjected to the same small argument approx1mat1on put
- forward for the propagation constant derivation. If thls 1s
done the reSUlting expression for characteristic impedance
is the same as the one that can be derived directly from the

distributed impedance‘representation shown in figure 4.3.



154

4.5 Discussion of Field Lines Generated

™~ -

The electric field trajectories present ted 1n flgure 4.2
indicate a z directed component in the fi ield line even 1in
the case of low Qperating freqdencies. For operating
frequencies léw enough that.all dimensions of the. ¢
rransmission l:ine are much less than a wavelength, the two
zones may be treated simply as a lumped capacitor anc
resistor connected in series. The guasi-static field
solution of this arrangement would predict only ah X
directed eleétfic field. The reason for this apparent
inconsistency in the electric field form is that the

.
solution obtained in section 4.2 1is not complete. The
solution is for the lowest order mode propagating along an
infinite length tranémission line in the +z direction. The
~ransmission line emd and feedpolnt represent two additional "
boundary conditions which must be met to obtain é complete
field solution.

The determination of the complete solution from the
exact form of the boundary conditions, including the end
points, is a very involved problem. Some estimate of the
field formulation may, however, be obtained‘using less
elegant techniques., In normal transmission line analiysils
(with TEM waves) the line endpoint boundéry conditions are
met by postulating the existence cf twc waves of similar
form but propagating 1in opposite'direétions with the

relative magnitude and phase of the two waves beilng

o . : N o \
determined from the endpoint boundary conditions. Fo lowing
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this line of attack, one may postulate the existence of two
waves with the field form shown in figure 4.4. The line end
is an open circuit and the net electric field at this point
should éontain no z directed component (neglecting

- :
fringing). This condition can be met if.the *wo waves shown
are of equal magnitude and in phase at the line end. In this-
situation the z directed componenfs 55 the electric fields
will cancel, as will the y directed componenfs of the
magnetic field. The only resultant net field Qill be the x
directed electric field. Consider again the low frequency
case, where the line length 1s much less than a wavelength.
In this case it may be expected that this cancelling effect
will occur over the entire line length. Hence, the only net
field anywhere on the line will be the x directed electric
field. This form 1s consiétent with the Quasi;static |
solution.

'1¢ one extends this two wave concept toylines which are
not short compared to a yavelength, a somewhat unusual
standing wave ’heating pattern can be expected to develop.
The z components of the electric field in effect experienqe
a reflection coefficient of -1 a; the ..ne end, while the x
components experience a reflection coefficient of +1. The’
standing wave‘heating pattern could thus be expected to have
alternat ng relative peaks every quarter wavelength as the x
ano z components alternately come into phase. This sort of "
effect would assist 1in ob;alnlng mare uniform heating along

the length of a coated line. -
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3

Unfortunately, in this more general case, the two wave
concept 1is %Qt sufficient“fo meet all the boundary
»
conditions. Tﬂé feedpofnt boundary also precludes any net E,
4componen;.‘1n general the two waves which cancel at the line
end wiil noflalso cancel at the. feedpoint. A complete
solution would, therefore, require the addi$ion of some
stationary field components in the vicinity“of the
feedpoint. Some distortion of the heating pattern may thus
be expected in the vicinity of the line feedPoint.
In summary, the results of this chapter ‘suggest that
the distributed impedance representation, of an insulated
; ‘%Tectrode transmission line in a lossy medium, can
= ;éocdnately predict the propagation characteristic of the
;jplecé}omagnetic wave'tfaveling on the line, if the conductor
Jﬂ*‘separation is not large compared to the uniform plane wave

¥

skin depth of the lossy medium. Knowledge of the propagation
“characteristic, part;cularly the wave attenuation-rate,
‘,3 should allow an accurate descrlptlon of the wave energy
dlstrlbutlon along the length of the line w1th the p0551g!§
o exceptlon ‘ofthe portion of the line near the feed p01nt{“
| ‘eA more eompleté solution involving feedpoint and
»endpo1nt boundary conditions was not sought An examination .
of the 51mulatlon results in chapter 6 suggests that a wvery
;nyolved and heterogeneous sltuatlon‘w1ll develop, as
‘ﬁeaeing and production occur, due to the temperature(

dependence of oil sand conductivity and the changing

demarker location. The determination of a full field»



v . | |
solution under ‘“uch conditions is considerably beyond the

range of -the present study.
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5. Approximate”ﬁumericai Model of a Coated and/or
Combensated Transmission’Line
' [}

5.1 General

: As was discussed earlier, it is possible to increase
the depth an electromagnetic wave can penetrate Tnto and
heat a formation by suitably coatlnq and[or resonatlng the
electrodes used. The question arlses nowevét j#hgﬁ
3valoes to use for coating thickness, operatlﬁ}"rdggemcy and
)

resonating capacitanCe.‘Further, the presence or absence»of

mstandlng wave effects are of interest. As'a guide to finding

«)

‘,su1table ranges for these values, for subsequentveXamination'

’frof formatlon heatlng us1ng scaled electrothermal models, the
k‘followlng numerlcal model was developed

n‘Referrlng to flgure 3.13, the electromagnetlc field
a/‘?.‘. . 01‘,
2 3
dbstrlbﬁﬁgpgfabout gg&@ lectrodes, and thefefore,!&he %

transmlss$on llne distrlbuoed parameter values cannot be
,exactly determlned except by ﬂumerical solution-ofvthe

J‘boundary value problem spec1f1ed by the electrode placement

Vo

and the’ applled drlve potentlals. If,~however, the -

N

horlzon 1 separablon pbetween each upper/lower electrode

pair is la‘ge compared‘to the: dxameter of. the. electrodes,'

the near £% ldi of each upper/lower electrode palr w1ll be
. / ) e }
essentladly tite same as those oF a single ‘two wire, llne .

burled in an. 1nf1n1te medlum.,It is ,only the relatlve;y

d‘c' L°5

du@w&p thé

| weaker far flelds that are 51gn1f1cantly modlfled

presence of the other electrode padirs. . v.;“.; #-efﬁ

L. . : . 159 - b

Vi

s

1
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A -ransmission line's distributed parameter values are
est abl1shed by the total electrlc and magnetlc fleld flux
generated by the electrodes of the line. ThlS total flux
value of any g1ven electrode pair will, however, be only
mln;mally affected by nelghbourlng electrode pairs in the
aforement-oned c1rcumstances. As a good first approxlmatlon'
for analysis, ope may.model a single upper /lovwer electrode
pair and consider, it in isolation of the other pairs.

Further, thevnormal‘*wo wire distributed parameter
transmission "line representat on will be used. The results

from cnapter 4 Suggest that thlS formulation should be

reasonably accurate as.long as the operatlng frequency is

3

low enough that the verti cal separatxon between the.

electrodes is not significant compared to the%glane wave.

L

skindepth of the lossy material between the electrodes.
5.2 Model Formulatxon f | B

A brlef 1ntroductlon to the concepts and terminology of
transmission llne theory 1s 1ncluded 1n Appendlx A. The ‘case
to be consrdered is a. two wire transmlss1on line buried in a .

lossy medlum Var1at1ons are to include the electrodes

havg@gva dlelectrlc coating, which may change ‘thickness at
t , >

'fvariOus‘points along the llne, as well as thé presence of

closely spacéd serles resonatlng capacitors. Thé problem may

be’ broken into two parts. The flrst o;rt is to establlsh the

,propagatlon chara;terlstlcs and characterlst1c 1mpedance of

K L
each llne segment with a particular coating or ser;esvg*
? . - ‘ o =

B g
LY.
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P
. S —

resonating capacitance. The second part 1s to cascade these
. S 9«
f )y
segments together and determine how the incoming wave energy

is distributed along the length of the total line.

5.2.1 Line Segment Parameters
Let us consider twoiconductors of conductivity ¢ and

radius’a, separated by distance d, buried in a nonmagnetic

lossy medium Qith“conductivity Om and permittivity em (see

3

figure 5.1). At. high freguenc1es, where most of the.
electrode current flows on the surface of the line
conductors, the transm1551on 11ne dlstrlbuted parameters are

oo E Qo
known to be rigak:

Gm;wam/(cos%?”ld7?eii;ﬂS/m ) e - ‘ (5.1) -

Lm=men/(cosh”'(d/2a)) ' (5.2)
. =(ko/m)cosh™ '(d/2a) H/m . (5.3)
R=[(fuo)/(atro)]' = @/m (5.4)

® ’
The addition of a coating to the Ilne (see flgure 5.2) N
modifies the shunt admlttance between the electrodes. In ‘any (

pract1ca1 case the total electrode and coatlng rad1us b will
be much less than the electrode separatlon d. In that case
the added admlttance components may be c105ely deﬁermlned

" using the 1mpedance relations for a coax1al llne. The net
4

admittance value&@contrlbuted by‘the coatings on both’ .

e

electrodes_are theny

oy o D : e
Gy=(m0,)/1In(b/a) S/m KRR | -, (5.5)

Cy=(re)/int/a) F/mo O (5.6)

. Further, the G, and C'm ‘expressions rhuét Q‘m“odivf'ied by '

2

1.

‘
‘- . z‘

v

yo



Figure 5.1
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3 .
v . —

: A two wire transmlss1on 11ne buried 1in a”

' non-magnetic lossy medium,

‘a) Geometry of the transmission line.‘

b) Distributed ippedance representatiﬁh of a

short length of the transmission llne.

v k T R
.

*
d



AZR/2 - AZL/2 - AIL/2 AZR/2

T P>
[Gedy ,”“% , ;
, %Figurg.-gzc A coated two wire transm1551on 11ne burled in a
) T . * " “non®*magnetic- lossy medium.. -
o al Geometry of the transmission: llne.
b) Distributed impedance representatlon of a ;
short length of the transmission line.
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Al

substituting b for a. L
‘ e
The modified shunt leg can be reduced to a 51ngle equivalght

T term (see figure 5. 3). can
Wt

The propagat1on and impedance characterlstlcs of the
, :

transmission line may then be calcylated-as followsﬁr o
Propagation . , 7&' :fn'» .

. . ) . : E B .,'?‘»,. ‘ , ‘07’, . -
7=q+j3=[zyl\ z ° . : . w?f\ r (5'1)%'ﬁ

xhﬂm where 2=R+juwk
>

' J ,? and. Y=G+jwC" (equivalent)

4

-\Characteristic Impedance | IR

. ‘ - A . . ,

2 Zo=02/¥]"" % Y - C (5.8)
. ‘ o : «

I1f series compensating capac1toés are to be added, their
'spacing along the eles:rodes»must be much less than the
'sklndepth (1/a and the waJElength '2ﬂ/B?'present ‘on the
lgne bi%ore ‘the series compensatxng capa@d‘rs‘ ar%‘added.vlf
v these crlterla are het and the equlvalent serles capac1tance
L~ 'added per metre is C,, then 5.7 and 5.8 may be mod;fied by |

changing the 2 expression to:

2=R+3 (wL-(1/wC,)) e (5.9)
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5.2.2 Energy Deposition Along the Line

E

The basic configuration to be examined is shown in
’figure 5.4. The transmission line into the formation is
broken into n seccions each of which may or may not have
different characteristics from the adjacent sections. The
ob)ect1ve is to determ1ne vhat portion of the 1nput wave

nhrgy 1s deposxted in each section. ‘%s a minimum a new

g&ctlon must be spec1f1ed at each point wvhere, s’y

%%Téﬁtrede co&txng thlckness is changed However, each
Rid E R ENY

5§ctxon S0 5pec1f1ed may be further subd1v1ded into a number
. J "

b&ﬁ&ﬁgtxons and -thus allow better resolution in the

R
wﬁé% lation of the energy deposition.
Lo

PR AL 3

jjrgfk lThe computat1onal sequence is: then as follows Firstﬂ
; bi’;séume that‘the coating, compensatxon, length and medium
&% } éharacterxst1cs for each line sectxon are given, and that
VT
&ﬁi‘:ghe propagatxon and impedance characteristics for each .

2 d
ﬁi ’gigsron have been calculated Then, starting at the line end
? ¢ &aee flgu;e 5 5), the-apparent 1nput impedance seen looking
| 1nto the h' th 11ne section is calculated as'?: *

"/

Z~1n-_20,.[(1+l‘ exp( 2v.1, ))/(1 r,/exp(*Zn 1,091 V. (5.9)
where I, ‘(ZL—ZO)/tZL+%d) B . \\

This 1mpedance is then used to replace the load 1mpedance in

P

>equat1on 5.9 to permxt the calculat1on of the 1nput

1mpedance and reflectlon coeff1c1ent for -the (n 1)th 11ne
sectlon. These operations, can thus be sequent1ally

- performed until the 1nput 11ne séct1on is reached From

these operations information about the 1mpedance seen at

+ A
~ 4 '
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"y
each junction and the value of the reflection caéffic!nt on
either side of each junction is obtained. The deposition of
the wave energy can then be determined with this data. | i

In the steady state the total‘phasor potential.ﬁetweén
the electrodes (V,) at any glven point can be con51degg§ to
be the vector st of two potentials V' and V'. V° represents
the net potential generated by all the waves travelling
toward the line end and V represents the net poﬁentialug%l
all the.waves travelling back toward the line input. At any
given point on the line the ratio of tﬁe two potentials 1s
the refleqtion coefficient. In other words

/=T
and - | * - (5.10)
vV +V =V, | o

The reflection ;gefficents at various points on the line are‘
available from the previoﬁg calculation séquence. :

Assume for normalization purposeslthat'ohé vélt rmé_at
zero phase is appliéd across the line input junction. From
the reflection coefficient value fetermined for thé load
side of this junction the values of V* and V- may be found.
Tﬁese two'pofemtials may then be translated to the next
junctlon toward the load u51ng the propagatlon
characteristic of the llne section (see figure 5. 6) The

~~ ¥
total poténtial across the line at. the seéond junction can,yﬁff

L . v
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. 5 2., 3 Model L1m1tat1ons
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o .

-1mpedance seen look1ng into the line 1t is possible to

determine the’ powgr being dellvered 1nto the first l1ne

section., Now knowlng tg’@potentlak across the second

é .
~3unctlon?and the impedance seen looking into it, the power

leaving the first section can be determined. The difference -

in power levels can be compared to the input power level to
determine what portion of the input power is deposited in
the first line section. |

Subsequently the potential at the second junction can
be simiiarly split into V' and V- components and translated
to the third junction using the propagation charaiieristic
of the second line .section+~The total potengjal écross‘Ehe
third junotion may be determined and subsequently the power
leaving the second line section. This sequence of |
calculations is repeated until the line end is reached. At

that point the power deposition to all line sections has

been determined.
The calculations involved are straightforward but ¢

- somewhat tedious, particularly since most of the variables

A
are complex numbers. The operations were therefore
implemented in‘aupomputer program which runs on the
datalogging §y& * HR 9825 Calculator) malntalned in the

-

Applied Electromagnetics Laboratory

The numerlcal model descrlbed 1n the previous sections

was used exténsively as a guideline in the selection of



N A ‘ | .12
. . . . ' . S ) \ . . .
electrode and coatlng 51zes for the electrotpérmal model

experlﬁen;s descrlbed 1n sectxon 3. The model formulat1on
”r does_ not, however, cons1der a number of the physical
'\“phenomena wh1ch occur f1n the heatlng process and as such was
only used as a gu1de11ne fin selectlng the most prom1s1ng
'electrode conf1gurat1ons for scale model‘experimental |
heating runs. A brief descrlptaon of some of the various
phenomena foreseen is therefore presented along ﬁ1th\8n
:estlmate of the effect they will have on the valldfty of the
| calculated results. =~ | |
. A s1gn1f1cant deficiency in the model 'is the 1mpl1c1%
assumpédon that the electromagnet1c field lines around the
electrodes of each line segment are transverse and have the
same form as the electromagnetlc flel\s found around an
1nf1n1tely long line wlth the same physical crossAsectlon.
ﬁhe assumption of transverse f1elds on a d1electr1c coated
transm1551on line is 1%correct, as p01nted out‘}n chapter &
- but the analytical results obtalned'ln that chapter suggest“
that the propagation character1st1c of a wave on a line and
*the characterlst1c 1mpedance of the l1ne,,may be accurately
: predicted from the transverse field based formulatlon. The
~only restriction is that the'vertlcal drstance_between the
electrodes should not be a significant portlon of A , where
A isthe plane wave skin .depth of the lossy. material. between .
the’ electrodes. N

A further limitation of the model is the fallure to-

account for the "fringing” f1elds that will be establlshed



T C . |
to meet the boundary condftionS'at every-discontinuitv‘in

mg-the cross- sectxon, such as when the coating th1ckness

V-Z;hanges or the l1ne end 1is reached. The contrlbutlon by
these additional fxeld componen€% to the heatlng profile is
difficult to estlmate. ‘It should be noted that a number of
the results 1n chapter 3 show d1stort10ns of the heating
pattern in the vicinity of the transm1551on line feedpoint.
It may be expected that the predlcted heatlng distributions
will be inaccurate in the v1c1n1ty of )unctlons wherenlarger
‘changes occur ‘in the 11ne«characterlst1cs. |

A third phenomenon nbt/cons1dered in the model
presentatQOn is the temperature dependence of the lossy

medium's conductivity. It has been found’ that the
conductivity of most eargh/zype materials has a temperature b
dependence of the.form given in table 6.1. The shunt
parallel equivalent/’ ‘conductance G, of the transmissionpline'
representatlon, may be expected to change s1gn1frcantly as
the heating occurs. For the partlcular applications of
1nterest, namely transm1ss1on l1nes where the attenuation
has been greatly reduced by the presence of an electrode_‘
coating, the capacitive term 1ntroduced by the coat1ng rs
the domlnant shunt adm1ttance (ij>>G) Thia being the case
the wavelength and characterlstlc 1mpedance are essentially
1ndependent of G and therefore temperature. The‘attenuation
Lrate,,nll however, vary’ significantly w1th temperature.
AEven so, as, long as the attenuatlon rate is small such that

the end to.end attenuatlon over the line length is small,
P ' © \ .
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the energy depgsition tends to be uniform and is not great}y,”

affected by the absolute value of the, attenuatxon rate. The
temperature dependence of the lossy medium' s conductivxty
is, therefore, not expected to greatly mod1fy the heatlng
profiles for the part1cu1ar coatnd electrode forms of
interest. Lo |

The numer1cal model descrxbed in this section was used |
to estimate approprlate operat1ng frequency’;nd coating
thickness combinations.for use»1m the scale model heatxng
runs described in section 3. 4.1. In addition a variation of-
this model was used to generate the coating thickness versus

o

attenuation graphs used in sectlon 3.4.2.



6. Production Controlled Heating: A First Order Numerical

Model

6.1 General ' : , .
: In chapter 2 a number of schemes were proposed to
obtain hxgh frequency electromagnetxc heat1ng of an
AthdbasCa'oil sand formatlon, over distances which are large
compared to the nominal skin depth of the material. One of
the.schemes was referred to as production controlled ,
.heating. In this scheme a heat front is generated’which
sweeps through the format1on in a manner akin to a fire:
flood and is thus referred to as a production contﬂolled
electromagnet1c flood in this Section. The scheme 1g\51m11ar
part1a1 evaporation boring in that the electromagnetic
wave is driven. progressxvely further into the formation by -
the creation of an 1nsu1ar depleted zone whlch,decouples the
transmission line electrodes. "The major difference is that
.ih a production, controlled electromagnetic flood the heating .
rate is low edough that the format}on fluids have time to
{1ow‘by gravity drive into the lower electrode array and be
removed. This flow of fluids, rather than evaporatian is
expected to be the dominant effect leading to the formation
of a depleted zone below the upper electrode array' Oon
initial application of power the heatlng is expected to be
limited to the formatiqn'nearest the feedpo1nt due to the.

skin depth effect. In time, however, a depletion zone is

created which decouples the input section of the line and

175
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- A

- pprmits progressxvely deeper penetratxon of energy into the

o »

format1on. -
The process of production controlled electromagnetic

flooding involves the interaction of a number of °
electromagnet1c, thermal and viscous flow phenomena It is
not immediately” obvxous if econom1cally viable production

‘ ftes can be obéa;ned usxng only a gravity drive or what

M,selectlon of operat1ng frequency and power level 1s best for
a partxcular type of format1on. In order to obtain an
estxmate of such parameters, a first _order numerical model

- was assembled to ‘simulate the electromagnetlc flooding
,proceSs. A Srief.describtion_of the model formulation is
gived in the following sectigns. In addition, using
Athabasca oil sand properties as a basis, the.results of a
few model runs are presented to demonstrate the effects of
various power/frequency selections. | ) o

The numerrcalumodel briefly outlined in the follow1ng

text makes use of a number of simplifying assumpt1ons and
approx1mat1ons ‘as outllned in the methodology sections. The
purpose of the model was twofold Its primary purpose was to

-determ1ne if the postulated operating mechanism, of the |
‘heating gattern being regulated by the fluid producéidn; was

i viable for materials which have electric, thermal and flow
properties such as might be encountered in the Athabasca oil
sands. The second ob)ect1ve was to obtain first order S

estimates as to the effect, on the heatlng prof1le and

-production rate, of varlous frequency and power level



177

~

”

selections. Interpretatxon of the model results beyond these
rather broad effects must, however, be considered with

[}

caution.

6.2 Methodology Descriptions

6.2.1 Geonetry . g ) . E o

Figure 2.5 depxctxng the productlon controlled
electromagnet1c flood, process.,shows the payzone area of the
formation between the electrodes d1v1ded into two basic’
zones:  a depleted zone that has been drained .of the bulk of
.1ts fluids and a saturated zoﬂe whxch still retaxns its
{lu1d.content. Thi di%1s1on between the two zones changes
W1th position along the electrodes and with time as ‘the
electromagnet1c heating occurs. A third region of the
formation is the material above and below the payzone. The
material dlstnibution in figure 2.5 was approximatéd by a
two d1mens1onal grid whxch separated the horizontal distance
the wave propagates into the formation into fifty sections

-

and’then Subd1v1des each section into six elements
vert1cally As the process is expected to be symmetrlcal on
both s1des of the source shown in figure 2.5 only the right
hand side of‘the system is modelléd An example of the

_layout for three adjacent sections_ls shown in figure 6.1.
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6.2.2 Energy and Flow Balances

The temperature‘variation of each element with time is

determined as follows. starting from a ‘specified initial

temperature distribution the net power flow into each

element due to RF heating, thermal conduthon and hot fluid

flow is calculated..This power igs then multiplied by the

time step value to dete

germ is. translated'to a

specific heat and mass of the element.

rmine added energy: The added energy

temperature change using the

each element is then updated The size and form e& the
i F Al

depleted reg1on 15 simi

‘net f1u1d flow out of a

thed-adjusting the dema
and undepleted zones.

A mQqre spec1£1c de

calculation processes a

made is presented in th

6.2.3 pistribution of E

Two approximations

description of the wave

approximation deals wit
)

electrodes. The upper/1

2.1 form two planar arr

of the payzone and one

electrodes is to treat

larly determined hy’“L yishing the

R

section in a g1ven tlme"%tep and

rker pos1t10n between the depleted

scr1pt10n of the individual
nd of the simplifying approximations

e following sections.

jectromagnetic Wave Energy

are made which simplify the

energy deposition. The first

h the represeptation of the formation
ower electrode pairs shown in figure
ays of electrodes, one near the top

at the bottom. A first order estimate

_for the electrical effect of this discrete array of .

the upper and lower arrays as two

The temperature<;f /}
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cont inuous horizontal plate conductors forming a parallel
plate transmission line. The line p;ogre;ses into the
formation and has the payzone sandwiched between nhelplates..
- The second approximation is that as the vave travels into
the farmation the changes created by the varying thicknegs
of the depletion region are gradual enough that negligible
wave energy ig reflected from the section boundaries. Such
reflectiqns are characteristic of wave propagation through a
regién withvsharp discontinuities in the electrical |
properties. |

Provided that the gection depth selected (D) is much
less than the skin depth value and the wavelength value of
the electromagnetic wave, each 5ect1on may be represented

electrically by a "T" network eguivalent circuit'* '*

as
shown in figure 6.2. 1In this network both the saturated and
'(more insular) depleted zone materials between the
electrodes are represented as parallel conductance/
capacitance pairs. The actual values are calculated from the
geometric distances involved and the. temperature dependeﬂt
electrical properties of the formation materials. Circuit
theory may then.be used.to reduce the shunt elements to a
single equivalent conductance/ capacitance (G,C) pair. The
values calculated are obtained on a distributed (per metre
length into the formation) basis. The distributed inductance
of the electrodes (L) is approximately that of a pérallel

plate transmission line and may be calculéted from the

geometry. For purposes of determining deposition of wave
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energy, the equivalent electrical representation is a
cascaded series of these "T" sections. "

Analysis of distributed networks of this type may be
undé;takenuusing transmission line thépry""'. A brief
description of transmission line theory has been included as
Appendix A in thfé thesis.

Subject to the negligible reflected wave approximation
discussed earlier, the electromagnetic energy depdsition in
each section can be asceftained by the following sequence.
The transmission line distributed shunt admittance values
(G,c) are found for each section. Using these values and the
electrode inductance (L) value, a wave attenuation constant
(a) may be determined for each section. The attenuatioﬁ
constant is determined from the relation:

a+jB=[ WL (G+jwC) 1" ? | (6.1)

where

a= attenuation constant

B=phése.constant

w=2% timeg¢ the operating frequency

j= the square root of -1
Starting from the line input, the power level entering and
leaving eaéh section of léngth D may be determined by
sequentially applyiné‘the relation:
P(out)=P(in) exp(-2aD) ' (6.2)
The différence between power entering and léaving each
section may then be multiplied by the time step value to

determine the electromagnetic energy deposited in the

T
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sectioﬁi The ;nergy is assumed to be deposited entirely
between tke electrodes and is therqi:re split between the
depleted and saturated zones. The appropriate split may 'be
determined from the shunt admittance values o£>the two

"elements in the section.

Analytlcal investigations by the author (see chaptefr 4) g
indicate that this electrical representarion is reasonably
accurate as long as the vértical separation between the
electrodes is less than approximately one-third of the skin
depth value of the formation material. For rich (low
moisture) Athabasca 0il sand with a 20 metre separatlon
between the electrodes, this places an upper frequency-limgg

voﬁ the representation of about 250 kHz (see fiéure 1.2).
’ Operating at frequencies above this level would require a
more involved representation for the electrthgnetic

i
il

heating.

6.2.4 Thermal Conduction Energy Flows

The thermal energy flows considered wére the horizontal
and vertical transfers occurring between adjaceﬁt elements
in-the region betweén the electrodes (see figure 6.1). In
addition the vertical heat leakage into the  over/underburden
areas was considered. The power levels were determined using
the temperature difference betweeﬁ adjacent elements and a
thermal resistance term. The thermal resistance term was
established by the midpoint to midpoint distance between the

elements, the cross sectional area joining the elements and
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5,

¥

‘the thermal conductivity of the materials.
p.=AT/R, where R =(/k A (6.3)
and k,*thermal conductivity (W/m-C*)
(*centre‘to centre distance between
two adjacent elements (m)
A+cross sectional area joining the two adjacent
elements in the caSe oz vertical heat flow
and the éve%bge cross sectional area joining
the two elements in the case of
horizontal heat flows. (m?)
(see fi'gure 6.3, A, and A, respectively)
AT-»centre to centre temperature difference
between adjacent elements (C°)
For simplicity a constant value of thermal conductivity was
used for all elements. This approach was felt tsﬂge adequate
since electromagnetic heating is the dominant energy
transfer mechanism in the cases of interest.

The calculation process above is prédicated‘on the
assumption that tﬁg total energy interchange between
elements in any given time step does not significantly
modify the differential temperature between the elements
(ie. suitably small time steps must be selected). ror most
of the model elements this presents no particuiar probiem.
The thermal capacity of the depleted zone elements is
however initially very small as the zone has a nominal zero
thickness to start with, To overcome numerical instabilities

that can occur in these elements, unless vanishingly small
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time steps are used, the above’pOWer term is modulated by ‘a
rerm : | | o |
(RiC./Bt) (1-exp(-AE/R(C.D) * )
where e : o L “ \t ”j,

At-time step value

R.C. *effectlve {Efrmal time constant of
- the two adjacent elementsm *'~

1/C 1/C1+1/Cz |
C1,C2*thermal heat capac1t1es of the ad;acent elements
’ (pcV,,pcVz)

This yields the time averaged thermal heat flow for the two'-
‘elements con51dered in 1solatlon. The term reduces to un1ty
if the time step is. mucﬁ less than the effectlve time
-constant. ‘I1f the time step is 51gn1f1cant compared to the
time constant then th;ﬁterm reduces the ‘energy. flow rate in
a. manner con51stent w1th the reductlon which occurs with a

v

'd1m1n15h1ng d1fferent1a1 temperature ‘
: Thermal crossh(horlzontal) «flows in the. overburden/
underburden areas. were neglected In addltlon, the number of
elements used 1n those regions is very small ‘even though a

\hlgh temperature gradient is expected The purpose of

}1nclud1ng those elements was, however, only as a means of

obtaining a first estlmate of the’ 51gn1f1cance of thermal

1osses»fr0m thevpayzOne as a functhn of the electromagnetlc
w

heating rate. The number of elements used is felt to be

'sufficient”for that purpose.
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In addition to thermal conduction power flows, the
movement of fluids between elements results in some
convectlve energy transfer. The powef flow due to this
effect is small compared to the electrical heat1ng. However,
S

ﬁeqtimates of the power flow involved were made and included

‘1n the energy balance calculations. Two effects vere

g cons1dered The flrst effect may be examlned if _one

cons1ders the case of a saturated element losing energy due
to a cross flow of fluid which 1ncreases 1n temperature as
it crosses the element. Referring to flgure 6.3, an_estimate
for the rate of energy loss (p) from the jth saturated
element is given by: _
P =q,pCo AT - ' (6.5)
where q,- horizontal volume flow rate 4 /l |
into the element (m’/sl . I /
pjfluid density m*) -/
Co +specific heat of the fluid. (J/Q-C°)/

AT~ temperature change the fluid uﬁdeg@oes

/
between elements (C ) (T;-Tj.1) .
Y

The second energy transfer effect wh1ch occurs due to the

fluid flow comes about as the result of the depleted zone‘
volume increasing slightly with each tlme step. Thls results
j1n a small volume at the saturated zone temperature belng
added to the d;Eleted zone element. The thermal capacity of
thls volume change tlmes the d1fference in temperatures.
(saturated to depleted) represents an energy transfer to be

diffused into the depleted zone element.



187 .

632.5 Flow Calculations

Again, a number of approximations were made to keep the
mode%'s complexity within reasonable bounds. Firstaof all it
is assumed that a rich homogeneous'oil sand, essentially
100% fluid saturated, is being heated. Further, the bitumen
is assumed to be the dominant saturating fluid such that its
~relative permeab111ty is close to unity. The connate water:
saturation’ 15 assumed to be low such that 1ts relat1ve »
permeab111ty is very small. The. net result 1s that the“
system 1s treated as a S1ngle fluid system. (bltumen) in :
‘which the water is blocked by the bltumen and thus
restrlcted to flow at a rate l1m1ted by the,bltumen. Flu1d

flow is assumed to follow Darcy's 1aw‘fpr“

‘law in electr1cal current . flow. Flu1d floﬁ;d r

\saturated porous medlum is equal to the d1£ferent1a1

i

pressure established across the med1um d;vxded by a flow
.‘re51stance term. The flow re51stance term 1s proport10na1 to
the length the. differential pressure is applled over and
1nversely proportlonal to both the cross-sectional area the
flow takes place through and a flow conductivity terw"rhe
flow conduct1v1 term is equal to the permeab111ty divided
by the v1sc051ty Permeability is a property of the porous
medlum. It is a measure of how ea511y a fluid may pass
through the porous medium, VlSCOSlty is a fluid property. It
is a measure of how difficult the fluid will be to force

through a porous medium.
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It is assumed that, except for a thin layer adsorbed to
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the surface of each sand grain, the bulk of the connate
water is free‘to flow with the bitumen. The depleted zone,
1f deprived of most of its m01sture content, may be expected
to h;ve an electrical conduct1v1ty much lower than ‘the
electrical conduct1v1ty of the saturated zone.

The flows considered are shown in figure 6.3. Both the
vertical and horizontal fldws are calculated using DarcY's
law with granty drive and assume a clean demarker between
the saturated region and the depleted region, which was
assigned a residual fluid saturation of 6 percent. |

q.=(kpg/um) ( 1-Ho/h)A, T (6.8
q,=(kog/un) (BR/DIA, 6.
where k»pefmeabilit& (m?) %
p+fluid density (g/m*) L |
un+viscosity (temperature dependent) (g/m-s)
d»gravitational acceleraticn (m/s?)
h+demarker height (m) '
Ho»re51dual capillary helght “(m)
indicates the minimum level that a flu1d
.- may drain to under a gravity drive.
Ai A cross-sectional areas (see diag:am) (m?).
Ah»differenc% in the midpoint RN
demarker helghts (m) |
D»horlzontal depth of a sectlon

into the formation. (m)

The production rate predicted in this way would appear'® to
. . 4. , +
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be reasonable up to the point where about 40 percent of a
model section has been drained. Beyond this point, however,
the rate is opt1m1st1c as the effects of partial saturatfbn
profiles above the demarker are not, considered. The final
assumption was that the grav1ty he;d loss created by the
/need to direct the bltumen "flow .into the perforated
electrodes and then hor1zonta11y back to bhe gather1ng sump,
was negligible (ie. a constr1ct10n coeff1c1ent“ of one)
The demarker posxtlon in each section was adjusted at the
end of each time step by dropping the demarker by an amount
sufflclent to allow for the net fluid flow out of the
element:in the time step. g
AX,=qn At/ ((Si~Sa) A, . (6.8)
’where AX.»ehange in demarker position (m) o

g.i*net flow ratekout of the element (m®/s) oo

(qI+QJ-]_QJ) .
5, -S4+difference in saturation below
and above the demarker
¢-porgsity
At»tlze step (s)

Flow is/affected by viscosity, and v1scos1ty, in turﬁ;e

is strongly affected by temperature. The viscosity of the
pitumen in ach element was set by the temperature of the
element. The viscosity temperature relation used was of the
form'*¢: »

Um= A exp(B/T)A | ' (6.9)

where T /is temperature in °K. The constants A and B wvere
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A

selected to yield a viscosity of

and 300 centipoise at 92%5. These valu
nd the' temperatures represented th

1000 centipoise at 80°C,
es are representative

of an B° API oil a e range
where significant}production began in the model runs,

L J
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6.3 Model Runs
. 6.3.1 Material Properties Used

The_electrical, thermal and flow characterlstlcs used
for the various regions within the model are summarized in _
table 6 1. The values are repr;;?htative of a rich Athabasca
oilSand mater1a1"""'. The assumed sand wae 1'6 percent
H,0 and 13.4 percent bitumen by weight with original water
and bitumen saturations of 10 percent and 90 percent
respeg;ively. |

Note ehat for most of the model investigatiens outlined
below the depleted or drained region above the demarker was
assumed to heve~a residual fluid saturation of 6 percent
P.vV. (pore volume). However, the ﬁodel was also used to
simulate recovery thh residual saturations up to 40 percent
. P.V. with 51m11ar results (see freqguency var1at1on case )
which follows). Exam1nat10ns by Morrow?? suggest that

re51dual fluid saturatlons for a wide variety of flu1ds and

porous media range from about 6 to 10 percent P.V.

The depleted zone was assumed to exh1b1t an electrlcal
" conductivity several orders of magnitude smaller than the

saturated fonmation to reflect the generally disconnected

'nature of the irreducible water retained in the formation.

. 6.3.2 Base Case
The numerical model was used to establish suitable .

operatting frequencies and power levels for the selected



,
Eréperty

ELECTRICAL

conductivity o
(S/m)

relative e
permittivity .
THERMAL

density p
(g/m?)

specific heat ¢
(J/g-°C)

thermal  k
conductivity
(W/m-°C)
FLOW

permeability k
{m?)

saturation 5
porosity ¢

viscosity
(g/m-s)

TABLE:6.1

saturated. Zone

1.8x10-2£(T)
‘ (")

11

1.95x10¢

1.0

1. 98xlo)1

(2 Darcy)
1.0
0.33

A exp(B/T)
")

Depleted‘Zone

1.66x10*

T in °C’

S (**) A=2.296x10°’

B=7807.5

T in °*K

Material properties for base case mod

-~
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Over/Under Burden

*

1.95x10¢

Ao

1.6

(*) £(T)=1+.0224(T-24)

el run
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formation. The‘simuletions showed that in order to obtain
significant production using gravity temperatures in the
saturated zone had to exceed approximately 80°C. At very low
freguencies such temperatures could not be achieved in the
bulk of the formation lying between the electrode well pairs

before the electromagnetic wave would decouple.and move
J A

12y

further into the formation. Formation tempef;tUres and the

rate of advance of the heat front were also s-rongly

¥

influenced by the choice of power level. i.#,
A

For the candidate formation described %;ave these

l *
7
: .
{3 Wd
,

.

a payzone vertical thickness of 20 m.

A 'typical' or base case wa$s selected to illustrate the
potential of the process. In this base case the-ope:ating
,»frequency‘was selected as 250 kHz and the power supblied was
2 MW (2700 hp). This power is applied to the payzone section
of the formation by a series of upper/lower electrode well
pairs which have a vertical separation of 20 metres. The
electrode well pairs are assumed to be distributed along a
100 metre length of the horizontal tunnels shown in figure
2.1,‘The number of actual well pairs required along this
hundred metre interval is variable and depends upon the
vertical separation. In the present example it i§ estimated
that flve well pairs’ should produce heating with

satisfactory uniformity along the array The applied power
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is split between the two horizontal waves established (see
figure 2.5). As the numerical model only simulated one half
of this mirror image- situation, its production results have
been scaled to yielé the equivalent full system results.
Selected results of the simulation run made using the ba«
case parameters are presented in figqure 6.4.

Note teat formation temperatures behind the heat front
are maintained at about 100°C although some cooling is
evident well behind the front which is advancing at about 754
m per year. The gradual increase in the size of the
production interval, as the electromagnetic floeg
progresses, is clearly indicated by the changing demarker
location in figure 6.4b.

The production figeres given in figure 6.4 represent
the total productien from the 100 m width of formation
modeled. The production is gathered by a set of five
electrode-well pairs extending horizonﬁally in'both
directions from the central tunnel system.(see figures 2.5
and 6.1). After approximately six months it is seen that the
production per electrode-wvell palr has risen to about 70
bbls/day. By the end of tﬁe two year period shown about 300
metres of formation are contributing to‘production at a rate
in excess of 200 bbls/day. The average energy cost is
approximately $3.25/bbl for electrical energy at 4 cents per
kWh over the two year period. |

In asse551ng the production figures given in f1gure'

6.4c it should be recalled that the results are somewhat
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Figure 6.4: Base case model run of prodgction controlled

electromagnetic flood numerlcal.model. )

a) Saturated zone temperature profiles at
various times in the heating sequence.
b) Location of the demarker between the
saturated zone and the depleted zone at
various times in the heating process.
c) production rate and cummulative production

of fluids from the oil sand formation as the
heating segquence progresses..
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!%opﬁTmiStic because of the clean demaiker assumption. Indeed

ﬁﬁhe figures for production from any of the fifty sections in

tﬁe model are realistic only up to tﬁe point where about 40%
of the section has been drained. The dotted line on figure
6.4b indicates the 40% recovery mark. The model
overestimates production from those portions of the

_formation where the demarker has_dropped below this line.
Thus, the total production for the two year period shown is
overly optimistic by some 40 to 80 thousand barrels out of
the 430 thousand barrels produced.
6.3.3 Frequency Variation

The efféct on the development of the electromagnetic

flood of changing the operating frequency is illustrated in
figure 6.5. All parameters for ghis simulation were the same
as for the.base case except that the operating frequency was
reduced to 150 KHz from 250 kHz. A comparison of the

' §aturated zone temperatures between the two runs shows two
very similar temperature profiles. The higher frequency
case, since the wave remains coupléd somewhat longer, has a
higher temperature over the bulk of the formation but the
electromagnetic flood does not penetrafe quite as far in a
given time. The production figures fot the higher frequency
case are much larger, this being due to the relatively large
change in the bitumen'Qiscosity which attends the small
temperature difference observed. It would appear then-that a

\

higher operating frequendy.is preferable in terms of
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Figure 6.5: production controlled electromagnetic flood
simulation runs for two different operating
frequencies. i
a) The effect on the saturated zone
temperature profiles.
b) The effect on the fluid production.
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‘ -

obta1n1ng hr@her 1n1t1al production rates. This advantage

however, be expected to decrease 1n the longér term as

’rsé lower. frequency case, whlle produc1ng at a lower rate
per metre depth into the formation, will produce.at any‘one
time over a‘deeper total range (the. electromagnetlc flood
.augers deeper), thereby decreasing the initial relative
~‘advantage of the higher operatlng frequency
It is interesting to note that a model run w1th all
‘parametefs the same as the base case, except for the
residuat fluid saturation wh1ch was taken as 40 percent P.V.
(pgre.volume), y1elded results v1rtually identical to the
low frequency simulation 1llustrated in flgure 6.5. In th1s
s1tuat10n the demarker between the saturated zone “and
'depleted zone dropped more’ rap1dly cau51ng the
electromagnetlc wave to decouple and move into the formatlon
more qu1ckly. In the longer term. (beyond the two year
‘:productlon perlod shown) the hlgh residual saturation would
vof course 51gn1f1cantly effect the total recovery potentlal
The present model runs are) however, llmlted to est1mat1ng
the initial productlon levels and are thus not strongly

'.1nfluenced by the assumed re51dual saturation level

’d6 3.4 Power Variat1on Ty ' ," | oot
The efﬁect of doubllng the base case input power is

illustrated 1n flgure 6.6. The resulting temperature

"proflles show only a relatlvely small increase in the peak

: temperatures obta1ned The hlgher heating rate tends to -
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"

increase the formation temperatures, but the corresponding
decrease in bitumen viscosity increases the flow rate SO
that a .given sectlon remains coupled for a, shorter time and -
thus tends not to obtain as hlgh a temperature as mxght be
expected.

Examining the productlon rate of the two cages at
points of equivalent total energy input (for example the 2MW
case at 2 years versus the 4MW case "at 1 .year) shows that
the hlgher power case yields a higher production rate. The
volumes of formatlon brought into productlon by the
electromagnet1c flood at this point are approximately equal .
However, the somewhat higher temperature obtained 1n the
higher power case leads to a significantly h1gher ofoduction‘
rate. The conclusion to be q;awn then 1is that the use of as
high a heating rate as p0551ble is de51rable from the
viewpoint of obtalnlng higher initial productlon rates.
There will exist, however, a limitation to the maximum
~allowable powet level for’any given operating frequency and
electrode surface area ‘design conflguratlon.

It may be noted that at this higher power level some of
the average element temperatures exceed 100°C. Considering
that a more detailed modelino of the formation volumes near:
the cylindrical electrodes would undoubtedly show even
higher temperatures occurring near the electrodes, some
formation water evaporation is likely. The numerical model,
however, assumes that growth of the depletdon region due to

‘moisture loss by evaporation is negligible compared to the

[
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flow generated depletion zone generation. The representatﬁon
is thereforevprobably only valid for the case where the
upper/lower electrode system 1is Eaintained at a moderate
positive pressure relative co atmospheric pressure, such
that formation moisture loss via evaporation is minimal. To
pr « the venting of this pressure back into the tunnel
system, the first several metres of each electcode céuld be
coated w1th<a d1e1ectr1c layer. The coatlng ‘would reduce the
coupting such that this 1nput zone would remain cold and
thus could form a log permeablllty zone to block the
pressure release.
" The generat1on “of eﬁeam in the depletion zone presents -
the p0551b111ty of operating a electromagnet1c flood at
elevated power levels soO as to generate an autogenous steam
drive which would assist the gravity drives Significant
alterations to both Fhe electrical and flow modelllng of the
process would be required to simulate such a situation.

_ o v
6.3.5 Permeability Variation

In this’ final case ‘the permeability of the entire

formation is reduced to one Darcy from the base case, value
of two Darcies. The 51mulataqn results for this variation
are presented'in figure'G 7hIRecall1ng the eerller
dlSCUSSlon ‘of the self leveling effect one should expect an
increase 1n formation temperatures SO that the production

‘reduction is considerably less than a factor of two. The

production rate data from this run confirms this expectaticn
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¢
.In a 51m11ar vein the model was run for allﬁparameters

‘4n that the reduct1on is only about 20%.

being the same as the base case, with the exception of “the
formation regidn,beﬁween 40 and 60 metres having a -
permeability of 0.5 darcies (2 elsewhere). The temperathre
and demarker results for this case ‘are presented in figure
l6 8. The self leve11ng effect discussed in the productlon
controlled electromagnetic flood sectlon is ev1dent in the
selective temperature rise of the reduced permeab1l1ty zone,
At two years, the production rate in this casebﬁas enly

slightly lower than for the base case.

e

(
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7. Scaling Criteria for Electrothermal Models
An objective of this thesis has been to determine the
heating patterns that can be obtained in an Athabasca oil
sand formation using a variety of . electrode configurations.
The methodology used to accomplish fh1s objectlve was to
construct a physical scale model of the actual (field
electrode/oil sand~arrangement anq to heat the model ysing
_electromagnetlc energy. " The temperature changes which o ur
at any p01nt in such a scale model can accurately 51mulate
the temperature ‘changes that would occur in the field if
certaln criteria- can be met. The criteria are dxscussed in
section 7.1.

To be of pract1ca1 value a scale model should have
phy51cal dimensions substant1ally smaller than the f1eld
situation and the heating time required to reach any given
temperature_in the model should be shorter than the
corresponding field heating time. To quantify these
attributesvtwe parameters may be defined. The first
 parameter is the mechanical scale factor P, which.is the
ratio of any linear dlstance in the field to the
correspondlng dlstance in the model A mechanlcal scale
factor greater than one 1mp11es a model that is physically
smaller than the correspondlng field conflgurat1on. The
second parameter is ‘the thermal time scale factor T whlch
is the ratio of the field heating t1me to the model heat1ng
btlme for a partlcular temperature rise to be obtained in

both the field and the model. A thermal time scalemfactbr

206 .
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greater than one implies that the mod§1 heating run will
take less time than the time required to heat 'in the
corresponding field situation.

As was prevxously pointed out a number of cyiteria must
be met for 51m111tude to exlst between the field situation
and the scale model. These criteria are briefly outlined in
the following section and then expanded upon to cover the
partxcular case of a dielectric coated transmission line.
Following that section a specific example of the sca11ng

used in one of the experimental runs is presented.

7.1 Relations

The requirements to be met to obtain simultaneous
scaled results for both electromagnetic fields and thermal
conduction phenomena are descriﬁed in detail iﬁ reference 6.
The reader is directed to this reference for a detailed
_derivation of the scaling relations. For the convenience of
the reader a brief summary df the scaling criteria is
'pfesented here. | |

It is necessary for the electric and magnetic fields to
have the same geometrical configurations and relations to
one and another in both the model and the field. This will
occur if Maxwell's equations (see equation 4.1) are
invariant undé@ the transformation from full scale system to
the model system. This invariance criterion can be met if
two relations between the model and field variables are met.

(Refer to the nomenclature section for definition of the
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symbols used. Model parameters.are distinguished from the
corresponding field parameters by designating the model
.parameters with the superscript symbol '.) The first of the
two relations is that the mechanical scale factor, expressed
in terms of the model and field material properties, must
be: )

p=(0‘/0)([(u‘e)/(ue')]"’) ' ) (7.1)
The second relation required is that the ratio of conduction
current to displacement current must be the same in both. the
model and the field. ‘

a/we=o‘/w'e' ' _ | (7.2)
These two criteria ensure electromagnetic similitude between
' model and field.
. The establishment of the same thermal'profiles in both
"model and field, regu1res more than the establlshment of the
proper relat1ve electromagnetlc fields. It is necessary to
construct a model for whlch the change in temperature in the
model at a scaled down time t' is identical to the change
in temperature achieved in the full scale system'after time
t, at every geometrlcally 51m11ar point in the model and the
full scale systems. To this end it is first of all necessary
that the ‘ratio ofvthe electrical energy deposited per unit
volume to the volumetric heat capacity be identiEfl in the
model and full scale system at corresponding times t' and t.
Secondly, it is necessary that at correspondlng tlmes t‘ and

t the ratio of the rate at Wthh heat is delivered to a

given region to the rate at which heat is lost from the same
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region by thermal conduction is the same in the model and
the full scale systems. One further requirement is that .the
operating frequency in both the model and the field must be
high enough that temperatures do not change significantly in
the course of a cycle of the electromagnet1c fields. This
allows the average Or "rMS" heating effect of the fields to
be considered rather than the instantaneous heating rate. In
this situation the thermal time scale factor T is distinct'
from the electromagnetic time scale factor which is 1mp11ed
by the w and w' terms in equation 7.2.

The requirement that the ratio of heat delivered per
unit volume to heatilost by thermal conduction from the same
unit volume be the same ir full seale and model systems may
be addressed by considering the heat equation, with an
electromagnetic heating term, and requiring the equation to
pe invariant under the transformation from the full scale
system to the model system. It can be shown that the
invariance criterign will be met if the thermal time scale
factor is selected as follows:

T=p’(k‘pc)/(kp'c') ‘ J : (7.3)
vhere the variables are defined in the nomenclature section.
From this sequence it is also possible to show that the
eiectrical power delivered to the wodel p' is related to the
full scale power level P as:

/P =P(k/kK') (3.4)

The .three relations 7.1, 7.2 and 7.3 establish a unique

mechanical scale factor, operating'freqUenéy and thermal

e
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time scale factor for a model of a given field arrangement,
once the model medium is selected. This result is, however,
somewhat restrictive. 1f, for example, a particular
mechanical scale factor is desired, a model medium with very

specific electrical properties must be found in order to

ﬂ: tisfy both equations 7.1 and 7.2.
Fortunately for the frequencies considered and the
 g(mode1 types presented 1in the case studies of this thesis,
the ratio pf conduction current to displacement current in
the lossy medium is much greater than unity for both the
‘model and the field situation. 1f the displacehent current
is negligible it may be deleted from the curl H expression
in Maxwell s equations (see eqguation 4.1, neglect the jweE
term compared to the oE term). This approximation is
referred to as the "induction approximation® in reference 6.
It can be shown that this simplified version of Maxweli's
equations will be invariant under transformation if the-
mechanical scale factor is selected such that it is equal to
the ratio of the skin depth 4 in the field to the skin depth
A' in the model. |
p=a/4" (7.5)
if o/we>>1
and o' /w'e'>>1
For a transverse electromagnetic wave propagating aloné a
transmission line in a lossy medium (o/we>>1) the skin depth
is given by: =X
A=1/a=[1/7tpo]""? ’ ’ (7.6)
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For noﬁ-magnetic media in both model and field the
mechanical scale factor may thus be expressed as:
ped/8 =t /Lol 7 : (7.7)
or as |
pr=f'c'/fo ' (7.8)

Note that the single expression 7.8 reblaces the two
criteria equations 7.1 and 7.2. Mechanical scale factor
select1onfunder these c1rcumstances is much easier since a
particular size factor may be obtained by 51mp1y altering
the model frequency and therefore A' to obtain the
mechanical scale ratio desired. The requirements on thermal
time scaling presented in equation 7.3 still apply.

For a single medium fillinérﬂhe space between the
electrodes of a transmission line in an oil sand formation,
the previous scaling criteria derived from Maxwell's
equations will allow simultaneous electromagnetic and
thermal modeling. In many of the experimental heating runs,
however, an insular coating is either generated on (partial
evaporation boring) or directly applied to (dielectric
coated electrodes) the formatlon electrodes. In the case of
a coated ‘transmission line the introduction of a second
medium (the coating), in which the conduction current is
neéligible, violates the assumption of the displacement
current being an insignifiéant term compared to the
conduction current for all points in the formarion. The
scaling criteria expressed by equation 7.8 are not, a

priori, correct in this circumstance. It becomes necessary
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to review the scaling criteria to see how they will be”
affected by the presence of this second medium. Further, it
may be recalled that in partial evaporation boring the
transmission line is a dynamically changing mix of coated
and uncoated electrodes. If a scale model is to be a valid
representation of both the single media case, encountered
initially in partial evaporation poring, and the coated
electrode (two media) case encountered later in the heating
run the scaling criteria for both cases must be compatible.

The following section extends the scaling criteria
developed in reference 6, and summarized hefe, to the
specific case of dielectric coated electrodes placed in a
conductive (o>>we) oil sand formation to form a transm{ssion
line. |
7.2 Scaling Criteria for Dieiectric Coated Lines

The scaling criteria expressed by equations 7.1 and 7.2
are equivalent to requiringi

yL=y' L' ' (7.9)

o
)1’/2

where v=({(o+jwe) (jou) B

y is the propagation characteristic of a uniform plane wave
and £ is a distance term. ‘An interpretation is that for
uniform plane waves propagating in both model and field, the
amount of attenuation and phase shift experienced by the
waves should be the same when they have both travelled the

same "distance" in proportion to the overall system size.-
{
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W

For a dieleetric material (o=0) equation 7.9 becomes:
’d(ue)"zl=w‘(u'e')‘fél“
or 7 . , ; ' ,

D l/l'- c.)'/w)(u'e'/ue)”2 (7.10)
For a’ conductive mater1a1 (0>>we ) equation 7. 9 becomes:
(Gwuo) '/ 24=(jw'u'o TRTEVIEREN |

. or
p=£/L'=(w'u'0o /wuo)”2 ‘ K (7.11)
In~the caseﬂof a dlelectrlc coated transm1551on line

there is both a dielectric region and a conductlon region
surrounalng the electrodes. The scaling cr1ter1a for both
regions must be met simultaneously.”This requires:

P=(w'u'o /muo)”2 (w' /w)(u e‘/ue)*’z' c (7.12)
If one further restricts con51derat10n to cases with
non- magnetlc media (u'=u= uo) and assumes the same dlelectr1c
coatlng materlal is: used 1n both model and field (e‘ée)}
then the ‘relation reduces to:

P=(w‘&'/@o)‘/z=w'/w

or ® }

.b=w /w—o /c SR : ; "_ (7.13)
Note that thlS result is con51stent w1th the requ1rement
establlshed for uncoated- lines (7.8): The addltlon of the

coating material has, however, reduced the degree of freedom

present in seleeting the modelling scales. thation 7.13 may

. now be used in conjunction with equatlon 7.3 to establish

suitable scallng relatlons for coated lines penetratlng a

conduction dominated medlum.

-
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7.3 Sample of Sceling Calculations

R

By way of’ demonstration let us consider the scaling of

the uniformly coated line described in section 3.4.1. The

model medium used has a conduct1v1ty of ©. 289 S/m. The
postulated correspond1ng fleld situation is for a rlch 1ew

moisture, oil sand with a conduct1v1ty of 2x10 3 s/m. Ing,

both model and field the conduction current .is dominantﬁf'
(0>>we) 1in the lossy medium. The mechanical scale factorv
(field to model) is thus obtained from equatlon 7.13 as 145.
Sihilarly, from the same equatlon the ;odel frequency of '12

MHz corresponds to a field ope:atlng frequency of 82. 8 kHz.

These two selections result in the attenuation and

wavelength of the coated lines (model and field) being in

proportlon, with the proportlonallty factor belng the

mechan1cal scale factor. The ratio of field time to model

time is determined by equation 7.3. For the thermal
‘properties llsted in section 3.4.1 the t1me ratio 1is 24587

to 1. Finally, the ratio of appl1ed fleld power level ‘to

applied model power N 1 is glven by equation 7.4. For the

alues on hand the equation ylelds a ratio of 154 to 1. The

v

model power is 715 W to a half element or corresondlngly

ﬂ430'w‘to'a full element. The equivalent field power to a
) ' : =,
full element would therefore be 220 kW.



Conclusion

High freguency electromagnetic heating shows the promise of
being a viable method of raising blocks'of eil sand material
to productidn temperature, in-situ. The attainable heating‘
rate and energy placement efficiency are greater'than for
-methods that depend on conductive;heat transfer. The
temperature unlformlty obtained can be superior to that
which is possible for low freguency electrical conduction
heating schemes. The formation electrical contact problems
encountered“ln low freguency heatlng can not only,be
rcumvented by hlgh frequency heating but can actually be*
put to effective use as a de51rable decoupling mechanlsm.//ﬂ
gix different heating concepts involving the use of
~high frequency electromagnetlc energy were put forward in
chapter 2. In order to establ:;h the basic fea51b111ty and
relative merits.of the various concepts 2 series of physical
experiments and numer1cal s1mulatiohs have been undertaken
as descrlbed in chapters 3 to 6. A brief summary of the
conclusions reached is presented here
The first’flve concepts to be dlscussed are all based

|

on the premise of performing % pre-heat cycle to condition
»‘}

the formation for sué;!quent b1tumen productlon through the
"injection of a d1splac1ngﬁagent such as steam or hot water.
Before commenting on:the‘specific temperature profijes
obtained with these heating schemes 2 brief description of
what type of temperature profile is desirable.is given. |

&
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1f electromagnetic heating is being used as a pre-heat

216

stage in a bitumen recovery process the form of the
temperature profile established in the ﬁormation by the
pre-heat can greatly affect the efficiency of the subsequent
production sweep of the formation.‘ldeal;y a channel of hot
0il sand containing low viscosity bitumen should be foxmed.
which is surrounded by a cold zone containing immobile
bitumen (or some other similarly 1mpermeable formation
zone). The temperature within the channel should be un1forﬁ
so that the”floﬁ,characteristics of the heated channel are
as uniform as possible. Such uniformity makes possible the
recovery of a high percentage of the‘bitumen in the. channel
by a subseduent production sweep of the formation before
breakthrough of the displacing agent occurs. | |

Out51de of the pre-heated block to be swept the
temperature rise should be minimal he heatlng of
non—producin‘g volumes.é&abresents aﬂffrc;ency in the
pre-heat cycle; A desiraﬁﬂe temperature profile is thﬁs one
which is uniform within the block to be heated and which
shows a high temperature gradlent at the phy51ca1 limits of
the desired pre-heat zone.

The first of the cencepts directed toward pre-heating
the formation was termed total evaporation boring. In this
concept the hot channel is cneated by an advancingzﬁeat
front which sweeps the length of the channel. The concept of
total evaporation boring was examined by heatingAun5caled\

> physical models containing Athabasca oil sand. The

:
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experimental results suggest that total evaporation boring
is a viable means of obtaining the desired heating but is
inferior, in terms of heating efficiency, to the partial
evaporatlon and coated/electrode heating concepts‘due to the
great amount of moisture that must be driven off.

The second of the concepts directed toward pre-heat#ng
tne formation was termed'par*tial evaporation boring. The
heated channel in this case is also generated by a neat
front which sweeps the length of the channel. In this case,
however, much less of the formation water 1is evaporated and
as such the energy requiremerits of the pre-heat cycle are
much lower than in the total evaporation boring case. The
concept of part;al_evaporation boring was examined by
heating both unscaled and scaled physical models. The
‘experimental results 1nd1cated that the desired boring
actlon occurred with lltble evaporation energy loss. Very
favourable temperature profiles were obta1ned between the

'
electrodes. Spec1f1ca11y the heated zone was-qblte uniform
in temperature and high temperature gradlents were
established at the boundary petween the heated and unheated
zones.

The third oflthe concepts directed toward pre-heating
the format1on 1nvolves coat ing the electrodes with a ‘
suitable layer of dielectric material . In this concept the
entire channel is brought up to the desired temperature
simultaneously. Minimal evaporation losses are experienced

with this heating method. The concept of coated electrodes
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was examined by heating sceled phySicel models. The results.
of these experiments indicated that uniform temperature
profiles were establ1shed across the channel if a/relatively
short stabil1zatlon period was allowed following the heating
cycle. The temperature grad1ent at the edge of the heated
zone was again reasonably high. These exper1ments also
helped to ident1fy two naturally occurring mechanisms which
assist in the attainment of a uniform temperature
dlstrlbutlon. These mechanisms are the self leveling thermal
effect dlscussed in section 23 and the self coatlng effect
discussed in section 3.4.2.

The fourth of the concepts directed toward prefheating
the formation was pased on adding series capacitors to thé
formatlon electrodes to alter the energy deposition profile.
The concept of series resonated electrodes was examined
through a serles of unscaled physical experlments. The |
results of these experxments demonstrated the wayelength and
skin depth expand1ng propertles sought. The previously
descrlbed work wlth coated electrodes showed, however, that
an adequately unlform ‘temperature distribution could be
obtained w1th0ut using series capacitors._No further work on
this concept was undertaken for tnls reason. | |

The fifth and final concept directed toward pre- heatlng
‘the formation was one in which the energy coupl ing from the
electrode to the Formation was field variable‘ during the
actual heating process. The concept of variable coupllng

electrodes was examined by heating scaled physical models®.
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The experimental results suggest that the concept does not
hold great promise as the selective coupl1ng aspect tends to
be overshadowed by an electroee self coatlng effect.

In terms of‘creating a uniformly heated zone of oil
sand as a pre—heat stage to eventnal‘production, the partial
evaporation boring, dielectrie coated 1ine'and self
generated uniform coating schemes show the most promise,

51nce with these schemes acceptable heatlng profiles are

obtained with the simplest electrode structures.

In addition to simply nre?heating the oil sand
formation by using one of the‘five concepts discpssed ebove,
a sixth concept was put forward which involves both heating
and producing the bitumen in a single process. The concept
of product ion controlled heating was examined along two
avenues. Firstly, physicai experiments were undertaken to
demonstrate the basic mechanism.of eleetromagnetic heating»
leading to production, and production subsequently resulting
in the decoupllng of the formation from the electrodes. The
physical exper1ments dlsplayed these ba51c phenomena.
Secondly, a first order numerical simulation of the
production‘controlled heating was generated. The simulation
results were encouraging in that they suggest an 0il sand of
the Athabasca type is well suited to production by this
method. The production’eontfolled heating concept is
'partlcularly attractlve since no second stage bitumen

production process is required. The results of the - first
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order numerical simulator are encouraging enough to suggest
) »

that an effort to upgrade the numerlcal simulator to give,

more detailed production estimates may be worthwh1le.

The‘objectives of the current line of research were

outllned in section 1;4. The main objective was to establish

the basic fea51b111ty of a number of heating conflgurations
and the relat1ve merlts of each compared to the others..

Having completed thlS phase, the results obtained ‘may be

"rev1ewed to ascertain what additional work could be

undertaken to further dellneate the feasibility of high

{

A frequency heat1ng of Athabasca oil sand bodies. Two epecific

‘items can be 1dent1f1ed as candidates for examination in any
subsequent study.

The flrst candldate for further work is the numeriéai
simulator used to examlne productlon controlled heating.
More detailed productlon data could be obtalned from this
model if the flow modelxng code were upgraded to a full two
dimensional reservoir simulator that includes partial
~satura£ion effects and that contains suitable constriction
factors to allow for the finite number of. collector vells.
In con]unct1on with thlS work the electrical modeling could
be upgraded to more accurately pred1ct the electrical
heating profile. | q

Tne other area which would bear‘closer exanination
deals with the:evolutienkand removal of moisture from the
immediate vicinity of the elec-rodes during electrical

heating. Two of the more promising heating concepts, partial
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evéporatioﬁ béring and self coated electrodes, are dependent
on the removal of this moisture. To examine this effect in
mofe'detail‘a cylindrical container could be packed with’
Athabasca oil sand with a perfbrated tube in the centre to
simulaté an electrode. Current could be inﬁectedﬂinto this
electrode and gathered at the outef wall of the cylinder.
Impedaﬁce measUréments between the central tube and the
outer wall of the cylinder éould be taken during an electric
heating process to establish how the insular coating layer
grows. Post heating moistu?% analysis of ﬁhe oil sénd would
allow determination of the moisture profile around the
electrode.

Assuming the proposed two developments yield results
which are as encoufaging as the work to date, the next

logical extension would be a small scale field test. The

probable form of such a field test would be to bore a series

of horizontal electrode wells into an exposed outcrop
containing an Athabasca oil sand seam. The extent and
uniformity Qf ah electric pre-heat cycle could be determined
by drilling a'number of‘suitably §dsitioned small bore holes
to allow the placement of temperature sensors. A production

controlled heating sequence could also be examined but due

‘to the longer time spans involved, compared to a simple

pre-heat, this would, to begin with, be limited to an

examination of the initial production stages.
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Appendix A: Transmission Line ‘Theory

-

Transmission line theory is extensively covered in most
electromagnetic theory textbooks (see for example references
.22 or 14). The subject matter iq this thesis overlaps into a
number of séientific disciplines and as such may be of
interest to readers unfamiliar wiph the analysis techniqueé
of transmission line theory. L{/is planned in this section
to present a brief outline of tﬁe distributed impedance
representation for a transmission iine and the analytical
techniques used to describe the voltages and currents
present on a transmissioh line. The intended purpose of this
section is to provide the reader, unfamiliar with the
termiﬁ%logy and concepts of transmission line theory, with
some background in these areas. A familiarity with basic AC
! :
‘circuit analysis will be assumed.

"
i

A transmiss ok line may be defined as two conductors

aa;othe{yise occupied by some material of “
known electricé iperties (see, for example, figure

5.1 a) ). When a'sinusoidal voltage source 1is attached to
these two conductors,dcharge movement will occur in the
conductors and electric and magnetic fields will be
established in the medium outside the conductors. Wwhile the
exact form of the electrié and magnetié fields can nominally
be ascertained using the boundary conditions and Maxwe11;5.
equations, somewhat easier aﬁalyticél techniques may be
employed if a certain criteria can be met. Specifically, if

all physical dimensions of the system under consideration

226
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are much less than a wavelength in extent, then circuit
theory . analy51s may be ‘employed rather than general
eiectromagnetlc field theory. The variables of”the problem
become the scalar»quantltles of the phasor voltage )
established between the two conductors anhd the phasor
current carried on the conductors‘rather‘than the electric
and magnetic vector fieldsu Lumped element (resistance,
capacitance, inductance) components can be assembled to
'irepresent the physical configuration and establish the
relationship between the voltage and the current.

Transmission line theory deaisvwith the -~ase where the
length of thevtwo conductor transmission line (total
distance in the 2 direction of figure 5.1 a) ) is not much
less than a wavelength“ This sitdation may still be
addressed using circuit theory concepts 1f the transm1551on
line is con51dered to be ‘made up of a serles cascade of
short lengths (AZ long) each of which is much less than a
wavelength in extent. The circuit theory lumped -element
representatlon for each short length i's shown in flgu;e
5.1 b). Note that the R,L,C and G values shown are
distributed impedance values. The inter-electrode
capacitance, for example, of the short length di line is C
(Farads/metre) times AZ {(metres).

The phasor voltage between the cond%&tors and the
phasor'current along the conductorsgﬁgll be a function of

what physical p01nt along the length of the line they are to

be measured at. The functlonal relatlon linking phasor
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voltage to position may be obtained as follows. A singie
section of the line reprgsentation‘is examined. The voltage
and current at the input and output of the sectioﬁ are
designated and then related using circuit theory and the
transmission)line impedahce valueé. When these relations are
considered for the limiting case of Al approaching zero, the
relations resolve into two linked first order dif(erentiél»
equations for the phasor voltage and current. The equations

are referred to as the transmission line equations.

av/dz =-(R+jwL)I

4

d1/dz =-(G+jwC)V _ ‘ ' ; ’(A.1,) :

The two eguations may be combined into a single second'order.

differential equation for the pﬁaso: voltage.

dv/dzt =Y’V o (A.2)
where y is as defined in equation 5.7.
| |
This equation isireferred to as the one-dimensional wave
equation. A gener#l solution to this equation is:

e

v(z)= Ae ¥* + Be*¥* ' (A.3)

A and B are constants which must be evaluated from knowledge
1 . :
of the particular voltage source attached to the 1line and

the impedance terminating the line.
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A physical interpretafion for the result quoted in
equation A.1 is to coneider the two terms to represent two
separate voltage waves traver51ng ‘the length of the |
transmission llne. The first term describes a voltage wave
traveling in the +z direction and the second a voltage wave
traveling in the -z direction. The actual voltage' that would
be measured between the electrodes at any given p01nt would
pe the phasor sum of the two waves..

The propagatioft characteristic (y) associated with each
wave is a complex number made up of a real (a) ang/ihaginary
(B) part. The real part is referred tc as the attenuatlon
constant and describes the rate of exponential decay a wave
‘will'eﬁperience when traveling along a lossy line. The‘
imaginary part is. refered to as the phase constant and
ﬁdescrlbes the phase shift es*ablished between different
points on the line due to the finite veloc1ty of the wave’
propagatlng aloné the line.

1t 1s hoped that this very bri%f description of

, 5
transm1551on line concepts w1ll aid the reader in following

the earlxer presentatlons in th s the51s.

o



Appendix B: Microscopic Structure of 0il Sand

»

A number of structural models have been proposed to describe
Athabasca oil sand. The feader is directed to Takamura® for
a good descr1pt1on of the varioué'models and their
refinements as well as a more detalled description of oil
sand ‘components. The following is a b;lef summary of

Takamura;s mo%el
. * AR

iell sooted and* "‘ude some clay fines. The in-situ packing
is such that porosity is about 35% by volume. The pore

" volume is ‘filled with bitumen and water in varlous
dlstrlbutlons dependlng on the grade of oil sand. Rich oil
sand depos1ts w1ll have oi’l saturations up to 18%: by weight

Y x,-..»'.

(90% of pore volume), with water saturatlons of ablymx

wéight,(10% of pore volume).

The water in the oil sand appears in three forms; as

pendular rings at the grain to grain contact points, as a |
‘very thin film cover1ng the sand surfaces, and as wvater fif
retained in the .fines cluSters. The remaining void space is

occupied by bitumen. A déchematic diagram of this arrangement

is shown in figure B.1

230
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Figure B.1: Schematic diagram showing a structural model of
Athabasca oil sand. '



Appendix C: Economic Considerations

The present body of work is orientea toward examining the
feasibility and desirability ef using hlgh frequency
electromagnetic ener;y to heat an oil sand formatlon as a -
prellmlnary step to actual production. It is-far beyond the
_present scope to undertake detalled englneerlng est1mates of
the overall costs of any partlcular production scheme. What
can be estlmated is the incremental cost an electric -

pre- heat will add to an 1n51tu recovery scheme. The
following 1s thus applicable to the partial evaporation’

‘ borlng and coated electrode schemes. An estlmate for the
electrical costs-of the production controlled heatlng scheme
is given:in chapter 6. |

Electr1cal power may be purchased in bulk, on an
1nteruptable ba51s, at about $O 04 per kW-h. Substantial
savings on thls f1gure could l1ke1y be negotiated if energy
use was co-ordinated with the electr1ca1 system load
demands.

The 60 cycle supply'could be rectified at the surfacea 3
and then transmitted down the main shaft to an
amplifier/oscillator operatingtin a class C mode. A fairly
high harmonic content in the ampl1f1er output is acceptable
for heating purposes and very little output filtering is
exéected to be necessary The losses in this c1rcumstance
for frequency conver51ons and transmission are estimated at

petween 10 and 20 percent.

232



233

It wili be assumed that the oil sand is to be heated
from an inifial temperature of 10°C to a'final}temperature
close to 100°C..No allowance was made for evaporation energy
loss as the experiments indicated only %)very small portion
of the formation moisture had to be removed. A density of
2.1 g/mL and a specific heat of 1 J/g»°C is assumed for the
oil sand. Heat losses to the surrounding formations are
estimated at 10 to 30% based on the temperature proflles
obtalned in chapter 3.

The bitumen content of oil sand varies considerably in
the‘vérious formation 1ayers. In surface mining gqan oil
sand (less tﬁan 6% by weight bitumen) is discarded and only
the richer sands processed Assuming an in-situ s&heme would
concentrate on the r1ch bottom third of the dep;slt ‘the
payzone will be assumed to contain 9 to 14% bitumen by
weight.-The largest unknown is wha£ portion of the heated
bitumen can be swept from the formation. A minimum of 30%
does not seem unreasonable and recovefies as high as 70%-
should be possible.

The previous data may be used to establish a price
range for the incremental costs of an electric pre-heat. The
information is presented in figqure C.1. As the price of oil
is commonly gquoted i# US dollars per barrel, the price’
presented is also .- these terms\(f 35'Can$= 1 USS$). it'
should be noted that this is the price per barrel of
bitumen, a heavy oi. oroduct worth less than the quoted

world oil price.
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Figure C.1: Estimated'costmfange‘for the ‘electrical
' pre-heat'portion of an in-situ recovery scheme.
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