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MONITCRING- IN SITU R=TORTING FROCESSES OF OIL SHALE
BY EEFLECTZD AND TRANSMITTED ELECTRCFACHETIC WAVES* :

by
5. H. Hong and J. B. DuBow
Derartment of rlectrical Engineering
Colorado State University
Fort Collins, Colorado 80523 I

Abstract

A theoretizal model for an in situ oil shale retort with three

distinct zones surrcunded by the wall of oil shale deposits, the overburden

retorting rrocesses by means of the electromagnetic wave propagation.

The overall perwer reflection and transmission coefficients for toth
g

transverse electiric and transverse magnetic waves ars obtained as a

and underburdem, is considered to study monitoring the progression of
function of position of a combustlon zone in the retort based upon th

assunption of straight-line pro:agation of monocromatic plane waves through E
layer=d lossy dielectric media. The behavior of each power coefficient Q
is discussed as a function of burn front positions in terms of frequencies. 3

As a result of moderaties power signal of cach coefficient to detzct, and H
the one-to-one correspondence between each power coefficient and burn
ront positiom at typical cenditions, the feasibility of using low radio-

"

frequency waves to monitor relatively larg

e scale of in situ retorting

process has been established.




INTRCDUCTTON

Tlectromagnetic methods by the wave propagation in the rocks have

the great practical potential in a wide variety of applications to the !
geoleogical remote probing for rrocessing and prospecting of underground
resou:ces.1'2 Flectromagnetic waves might be used to monitor the 1in situ '“HwJ
retorting process of o0il shale, which is an ideal {echnique for shale oil
extraction due to lower recovery costs, a lesser envircnmental impract,
and 2 ruch larger resourc¢s sulitatle for develorment in contrast to conven-
tlonz1 mining and aboveground processing systems—3
For processing of oil shzle in its existing formation, it is necessary B
to fracture the raw o0il shale with little rermeability deposited between
an overburden and an underburden in order to create an in situ rstort
consisting of a underground chimney witl broken oil shale. The increasing
vold volwne and shale surface area zllow adequate flow paths for gas and
0il, and rapid reaction .-ate for in situ rstorting. In a forward combus-
tion process, the combustion flame initlated at the top of the retort

chirney and sustvained by an injected recycle gas stream advances slowly

. downward in the direction of gas stream through rubblied oil shale toc a

L&
o]
O
B
oy
0
ok
had
(o]
-5
=
[44]
=
=
‘_J
(o}
0
f
ct
]
o ¥
m
C +
o
=
¢
o
o]
oF
2
o

m of the retort. On the other hand,
well and moves uctwerd against the | &
rocess. The oll and gas
pyrolysis of organic matter in oil shale are sub-
q LL '8l 3 43
well . Consequently, three distinct

i.e., burned-out zone, combustion

cool zone with untreazted rubhbli-

ysically disturbed from the

as a result of void volume generated by frac-
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turing and therral tromsfor-ation of oil shale occurred by the heat during
retorting process. Ths ctrical properties of oil shale in the retort
chimney are therefore crhzrzcterized by the discontirnities of the dielec-
tric constent, conductiviiy, and ragnetic rermeability in three zones.
From the techrica’ z: ' T in situ reotorting process, the prora-
gation of combustion frcnt within retori chimney should be monitored and
controlled for the proc.=r c-eraticn. The efficient method of monitoring
the movement oi burn frcnt weuld be throush ! lectromagnetic instru-
mentation, of which dezizz and installation utilize the proragation
characteristics of eleczrcrz-netic waves from electrical dircontinuities
of three zones in the rz=icrt chimney together with ths overburden and
underturden. To date, =cwsver, no simple electromagnetic scheme atpears

to predict the behavicr of orerating procedures of in situ trocess for

oil shale. The relc: of electromagnetic tecnniques for in situ

Tor electrical groperties of cll shale

An ablliiy of electro-
sification process has been

~ o

optics formulation.”’® At rresent, due te

absence of theorei_zz1 work on electromagnetic rmethods for oil shale
idea of using electxcrzgnetic waves for in situ oil shale rsztioriing
not Tzen adeguatel: tssied or demonstrated.

The primary »ur:c
monitoring system Zc n situ £ oll shgle. The model
invelves transmitting

the entire length of I ciiu retort under the

rrobing can the




Lole by measuring a reflection or transmission sower. The tehavior of
electromagnetic signzl is a function of vertical rositions cf tne combus-
tion zone since the electrical discontinuities within the retort varies
as the burn Zront moves, This irvestigation is concerned with an attempt
to find the sosition and velocity of combustion zone and to determine the
transaitting frequency range over which the electromagnetic technicue
might be applicable. The usefulness of the electromagnetic monitoring
model for oil shale retorting process is analyzed based upon the assump-
tion of straight-line provagation of linearily-oolarized plane waves

x ; » 10
through layered lossy dielectric neula.g'




DZSCRIETIC: O MODE
As shown in Fig. 1, zn in situ retort with burned-out, comtustion,
and cool zones consists = 2 rubblized oil shale chimney surrounded by
a raw oil shale Tormatic-, an overburden and an underburden. A Cartesian

coordinate system is introduced, with the x and y axes parallel to each

layered region and the z zxis normal to it. Each layered underground
region along axial direczion is assumed to be a homogeneous lossy dielec-

tric medium with disconilnuities occurring at interlaces, z = —zn. n =0,

l,ec0y8i. EBach regiorn is then specified by a complex dielectric constant,

1
€1 2 tn - ieh where a rezl part & is associated with an ability of the
. - . i < LB
dielectric to store the zlesctiric energy, and an imaginary part g, 1is
the loss factor associatzZi with the power lost involving the conductivity

of the medium. OSince thz magnetlc perreatilities A4 of 0il shales and
rocks are nearly equal ic M of free space, it 1s zssumed that the under-
is convenient to retai:n ,u in order to ottain symmetrical expressions

n
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ith respect to Eh' Trz conmbustion zone extendinz over a relatively
shoxrt distance 23 - 2, ir the axial direction is moving downward (upward)

with velocity v for t
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process. Th2 burning rate along

the axial direction is z:z=sumed to be uniform so thzt the boundaries sera-

transverse electriz (TZ) or transverse magnetic (TH) plane wave is

L

incident uron the air/cvsrburden interface from the atmosphere. The
ircident wave is normal =2 the zir/overburden discontinuity at = = -z_ =0

perallel to other disconzinuities at g = -2, n = 1,...,4. Then, the

adequately ceseribe the dominant

agation rechanism tezwsen the transmitter and recelver loczted alongz
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the z axis. The pillar wall of the retort does not affect electiroragnetic
fields since the effectis of refraction at the discontinuities ari reflec-
tion from tiwe raw shale wall are not considered. For a constan: trans-
ritter nower, one can monitor the behavior of the signal level Zor
reflected or tansmitted wave in the receiver as the combustion ccne
advances. The behavior of the signal for an overall power reflection

coefficient R from the earth's surface z = 0 or an overall power trans-

mission coefficient T at the bottom of the retort z = ~Zp is a function
of moving burn front position z = —53 for the forward progress. The

inversion Of.§(23) or 5(33) gives the location of burn front Fz:, and

T

the tirme variation of z, ylelds the sreed of progression v.

3 X




OVERALL FOWER CCZrFICIENTS FOR TS AND Tr WAVES
Consider electromagnetic fields for a TE plane monocromatic wave of

angular frequency « incident from free space,

o = 3 =
Eo(r,t) = Aoetht e r' (1)
1)
= b R e
ho(r.t) = (uJ/b%) kx I
¥ t

[k°|= u)(,A% &o)a is the proragation constant in free space. The ampli-
s - - - -

tude Ao is determined by the power of incident wave from the transmitter,

i.e., is a known quantity. The mathematical exlressions for a T exci-

-  aA e -

tation can e ottained by duality with the replacements E-H, H->-&,

U
o
s
5
<!

and & =>4y in view of laxwell's
—

io
VxE = ~swaul, V'EE:O,
- e e (2)
Vx H = A2t E A"/ ;*LH = .

The spatial-deoendent solutions for electromagnetic fields in each
layered region (n = C,1,...,5) are written 25 the sun of waves transnitted
dewmiard in each medium and reflected upward at esach discontinuity:

for TE waves,

Hnj(”) = w; e+iknz 5; c—i;w”y
y (&)
9 Wt e 5 SRl |
x(:) = —Ln (“n e+1hn - En e "n”)'

The characteristic wave ip-edence of a dielectric msdium n is defined as

The complex propagation constant & 1is given

<

| — gy
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1
=y 2
k = w 2 = [ ) '(1-1 tan ‘] 6
n (/“n En) h)/un £ a 5n) ’ ( )
tan 5; is referred to as the loss tangent of the layered medium n,
n 1 L}
tan § = E
W 4/ 5= ey (7)
where 6?118 a conductivity of n. Forn =5, =7 = 0 szince there is no
reflection waves in this region.
- . - 5 g ’ ’ i
The vave amplitudes An and B " are determirzd by bLoundary conditions
e -l
for & and Y at z = B, Cuing to the negligitis speed of combustion zone

o= ] : . 8
(~2 q/day) compared with the speed of electrorzsnetic waves (3 x10 m/

3

N\ il a . 3 M
sec), the Lozpler shift in frequency and the moving effect of burning

interfaces on boundary conditions can bte neglecizd. Fence, the boundary
- -l =
conditions at z = = requires that tangential components of & and H be

continuous across discontinuities, i.e., for T- waves

"(_zn)' H,“(—x.) H n+1) (-2_), (8)

y
B

&ny(_zn) = B(n+

o

A DS T CR T W R g Y (9)

n+i)y' “n nx. °n {(a+1)x* “n

let a reflection coefficient ﬁp ana a dimensionless wave impedance

7, in each regicn n defined for both TC(+sign) ané Tii(-sign) waves as
I3
* g Hs  =12K ,
Rn(ﬂ) = (_‘_’n/hn) e ’ (10)
and
+
‘ « B’ (=)
7'(:) = . i Y
A R S =2, ’
i n;\z)/“nx(“‘ 1+ R:(.)
: (11)
\ -\ - Sy
NSO ORERENO
ntee ;n 1 + 7 (z) .
1n\=1
Then, the arplication of boundary concitions (£, and (9) into ZqQE. (3)
and (4), reszectively, using the expressiens ¢f Zgs. (10) and (11) ylelds

QI-_D'“(
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A

H]

: e -
T = %,(-z) = (8/2) g

Hence, the overall reilecticn coefficlents beconme

_7’

* L
RS = R (-2 ~0) = —=2 (1%)
Sl

b4 i ol i i 34 P
vwhere ?; are determined by successive calculations of Egs. (13). Tre

e
overzll transm.ssion cosfficients T~ are determined in a sizilar manner
by aprlice+ion of boundary conditions for ;r" and En", rasrectively:

4 v
Y
= ]
'y

t ':-:*n[;"n(:f"._;n—l)]} . (1_7)

It is noted that +the results for Til waves czn e obttairned froz thoss

of T2 waves by the exchange of & and/a y and vice versa. It can then be
n n

shown the following relations between TZ and TI! waves,
o i - 3 - = .
P = ka o o ’y 7 \m £
7" = 1/?“, RN 2= vo= (AS/Q_,L i (16)

The power reflectiion or transmission coefficient which gives the

ratio uf a reflected or transmiited intensity at the receiver to an

incident intensity at the transmitier, respectively, for thz measursment

in the experiment, is deterrmined by real parts of ths comrlex Foyntin

A ¥ "-'-h




'ﬁl l—d‘.lp

i (17)

Re(27)
- Re(77)

£ S ot i
The overall power absorpiiaon coefficients A through underground lossy

v 2
rE '_.‘

L (18)

media are simply given by the relztion,

ROF T4 A=, (19)

It is remarkable that each power coefficient has the same valus for TE
e X " - - Fab 4 \ "

and Ti. waves in view of Eqs. (16)-(19), i.e.,

. -y =

R =3X, =T, Al =4, (20)
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DISCUSSICN OF KUFERICAL ILL

For the numerical evaluation of power co
waves
has 2 height z,-2 100 m and a combustion
of 2 m. The assumed
distance with its height is

with a thickness z, -z of 50 m.

tangent tan ]
n

magnetic waves. 1

(17)-(12), consider a typ

retort chimney extending

e

USTRATICHS

££3
eilllc

-
&

on

ndence of elect

-

The dizlectric constant 81

are treated as the basic electrica

ents for T and TH
retort chimney which

with thickness z

: B

aterally over a comparable

thought to bte located under the overburden

and the loss
rarameters cof each
ncy /2w of electro-

ical para-

rmeters on the freguency are listed in Table 1 for each layered lossy

media.

™ a_l o 4 s == o il

Figs. 2-4 show the btehavior of power coefficients R, T, and A as

o + 4 £ 4 X & £ } —)
a function of burn front positior z,-%, for frequencies &/2w = 10", 107,
6 X"
107 Yz in the forward combustion process. In figs. 5-7, these coeffici-
ents ave regresented versus burn front position ;q—sl in the reverse
_—

cortustion process. As the burpnec-out zone with relatlvely hign conduc-
tivity is increased at the exvence of the cool zone with the smaller
conductivity, the power zbsorption ccafficients are increased while the
oover transmission cecreased in both forward and reverse
Eroces . This is due to the larger attenuation of electromagnetic
fields they travel greater distances in the medium of
the turned-out zone. IHigh-frecuency waves right not therefore te emiloy-
ed to study ronitoring progression of in situ retort process in great
depvths under t ground. At low fre neies, all power coeflicients varj
near’ inear so that th -to~one ¢ srondence between each pore
cecefficient and burn front 1 C r As the frequency is increased,

- Y P _F*"—W u——




2

reflection and zbsurption coefficients start to reveal the oscillatory
behavior.

It is concluded that the over-simplified monitoring model presented
descrites qualitaizively well the _hysics of the actual field situation
for in situ retoriinzs Trocesses. It is desirzble to use low radio
frequencies up ta IDS hz for monlicring the progression of retorting
processes because ol nocderate pouers of reflection and transmission
coeflicients to deiect, and the cne-to-one reslationship mentioned above.
Although reflecticon coafficients arxs not so sensitive to changes in burn
front zositions as transmission coefficients, the radio wave method of

the measurerent of r=flected power 1s more suitable for monitoring the

in situ zrocess where it is accessitle from one side only on the ground

without drill hol=s.
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TAELE 1. Relative dielecirlc constant E‘/E’o and
loss tan Z'n of each layerec lossy reglon n 2s a

function ol frequency w/Zw.

/2w | Region n i £'/¢ tan &
l | n’ "o n
3 § 17 0.6
b .. 2 11 L.5
10" Hz 3 9 6.G
L 15 0.5
1, § 16 0.2
5 3 2 7 1:5
‘ L 9 0.15
I 19 15 0.16
6 i = 14 1.C
07 Iz ! = =
X | 3 3 1.5
| L 5 G.1
3
E




FIG. 1. An in situ oil shale retori for a forward combustion rrocess.

or a reverss conbusiicn process, turned-out ané cool zones

-
are interchanzed ezac> other, and the velocity v is reversed.

- S e B . - . .
FIG. 2. Fower coefficients(Z , T , A ) vs. burn front position

33-21

1
for 10 ¥z in forwar:i cenbusiion process.

—_— -

B
I iy At) vs. burn front position z. -z

— —x —%
FIG. 4. Fower coefficients(:~, T, A ) vs. burn front position z

rd
o . |
for 10" Hz in forweri combustion process.

el ey =%
s = m 2

1G. 5. Fower coefficients(Z , T, & ) vs. burn front position =.-z

=3

| S - ;
for 1¢ Hz in reverss combustion process.

FIG. . Yower goefficients{Z ", T , &#7) vs. burn front position Ey-7,
'3
for 10~ ilz in reverz: cozbustion process.
e 3 g
FIG. ?. Frower coefificients(z , T , :-7 vs. burn front position 29'31
- —
for 100 Heg in reverss corbustion 2rocess.
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