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Abstract 

A theoretical ffiodel for an in situ oil shale retort with three 

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

and underburden. is considered to study monitoring the progression of 

retorting processes by means of the electromagnetic wave propagation. 

The overall p~er reflection and transmission coefficients for both 

transverse electric and transverse ~agnetic waves are obtained as a 

function of position of a conbustion zone in the retort based upon the 

ass~~ption of straight-line pro;agation of monocromatic plane waves through 

layered lossy Qielectric ~edia . The behavior of each power coefficient 

is discussed as a function of burn front positions in terms of frequencies . 

As a result of :rr.oderate FOHer signal of each coefficient to detect, and 

the on~-to-one corres ondence behleen each power coefficient and burn 

front !,osHion at ty.?ical conditions, t he feasibility of using low radio-

frequency i/'aves to r..onitor relatively large scale of in situ retorting 

process has been established . 

*SU;'forterl by [j . 3 . (JR A. 
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1. TRaDUCTION 

Electromagnetic methods by the wave propagation in the rocks have 

the great practical potential in a Hide variety of applications to the 

geological remote probing for processing and pros~ecting of underground 

1 2 resources .' Electrorr~etic waves might be used to monitor the in situ 

retorting process of oil shale, ;,hich is an ideal ·i..echnique for shale oil 

extraction due to lower recovery costs, a lesser environmental irr~act, 

and a ~uch larger resource suitable for aevelopment in contrast to conven­

tional mining and aboveground processing systems.) 

For processing of oil shale in its existinf. formation, it is necessary 

to fracture the r aw oil shale \1i th little ~errr.eability deposited betHeen 

an overburden and an underburden in order to create an in situ retort 

consisting of a unaerground chin:ney Hi tf. broken oil shale. The increasing 

void volur:1e and shale surface area allow adequate fl OH paths for gas and 

oil, and ra~id reaction .~te for in situ retorting . In a fo~ard combus-

tion i>rocecs , the conbustion flane initiated at the tOf of the retort 

chil~.ney ana susT.ained by an injected recycle gas stream advances slowly 

downHard in the direc~ion of gas stream tr.rough rubblied oil shale to a 

proa\:ction Hell located at the bottom of the retort . On the other hand, 

t he flar..e is ignited at the ;,:Jrod.uction well ana moves UPHt-rd against the 

oncosing gas stream in a reverse combustion process. The oil and gas 

yields produced by the pyrolysis of or~anic ~atter in oil shale are sub­
L!. 

stantially recovered in the production ,·re11 . Consequently, three distinct 

areas are forme~ in the retort chir.ney, i .e., burned-out zone, combustion 

zone lIit~ relatively thin thic::r.ess , a.na cool zone with untreated rubbli-

zed oil shale . 1.11 t hese reGie!"! s are :- hysically disturbed from the 

initial state of ral·; shale a s a r esult of void volur..e generated by frac-
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turing and t!"-.err..al tr~5:oZ:::-.2.tion of oil shale occurred by the heat during 

retorting process. The electrical properties of oil shale i~ the retort 

chimney are therefore c:-.c=acteri~ed by the discontinui tles of the dielec-

tric constant. cvno..ur.;t:'o::'ty, and nagnetic permeability ~n three zones. 

Fro~ th~ techrica: a5~ects ~f in situ retorting process. the ~ropa-

gation of combustion f~~~~ ~ithin retort chimney should be ffionitored and 

controlled for the pro;er o~eration. The efficient method of monitoring 

the movement of burn f~cnt ~ould be through i . ' _e ctromagnetic instru-

mentation. of which de s:'~ and installation utilize the propagation 

characteristics of ele::.r::::-.a:;netic Haves from electrical di~contlnuities 

of three zones in the ~tc~ chinney together with th~ overburden and 

underburo..en. To date, :-:c;.;e o/er, no simple electror.lagnetic scher.le appears 

to predict the behavic~ c: o;erating procedures of in situ ~rocess for 

oil shale. The develc:~en~ of electro~.agnetic techniques for in situ 

.;:rocessing requires a :o:::~~;::'ed.;e of electrical properties of oil shale. 

For this pur'pose, so!::e ::. ~ -..-:. :.ed data lor electrical pro;ertie s of oil shale 

have eeen rr.easured in -.:-oe a:.:r.hor' s laboratory .5, 6 An ability of electro­

rr.agnetic syste~s to n:~~:.c~ thP. in situ coal gasification process has been 

investigC'_teo.. by a eeo:-~:.~:'c::1 ofitics formulation.7,3 At present , due to 

the absence of theoret:: :: i ~ork on electromagnetic methods for oil shale 

the idea of using elec-:~c:--'=-5-netic Haves for in situ oil shale retorting 

has not reen a~cquatel:: 7.es:'ed or denonstrated. 

The prinarJ' ?ur~C2e c: this investigation is to theoretically r.lodel 

the monitorinG systcr.. :-:;~ :.~ situ. retortinG of oil shale . Tte model 

invol ve::; transr.:i ttinc ",::'ec:.~o;:.agnetic Haves from the atmosi-here through 

the entire lenGth of :.~ ~:.~~ retort under the earih ' s surface . The rer.lote 

:;::robing can t!;l.:!n 00 - :: :::-:~ c:::-:-.e::. ei th~r at the surface or in a single drill 
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hole by measuring a ref1ectio~ or transmission power. The behavior of 

electromagnetic signoJ. is a function of vertical positions of toe combus­

tion zone since the electrical discontinuities within the retort varies 

as the burn front moves. This i~vestigation is conc~rned with an attempt 

to find the position and velocity of combustion zone and to determine the 

transmittinG frequency range over which the electror.~gnetic techni<:ue 

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 propagation of ~inearily-polarized r-lane waves 

thr0ugh layered lossy dielectric media .9,10 
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DESC~IPl'IOJ.; 07 j·;OmL 

As shown in Fig. 1, an in situ retort with burned-out , ~ombustion , 

and cool zones consists ~: a rubb11zed oil shale cr.imney surrounded by 

a ra~( oil shale formati c.:-_ , an overburden and an uncierburden. A Cartesian 

coozninate system is int:cciuced , with the x and y axes parallel to each 

layered region and the z axis normal to it . Each layered undergrounci 

region along axial direc~ion is assumed to be a homogeneous lossy dielec-

tric medium uith discont :""'1uities occurring at interfaces , z = -z , n = 0 , 
n 

1, .. . ,t:.. Each region is t~en specified by a complex dielectric constant , 
• If 

tat - i t 
n n n 

, 
where are;: : ?art E. 1s associated l·;ith an ability of the 

n 

dielectric to store the electric energy , and an i~zginary part " E..n 
is 

the loss factor associated. with the :p0i.;er lost involving the conductivity 

of the medium . Since t~e ffiabnetic :per~ea0ilities ~n of oil shales and 

rocks are nearly equal t-:: /"0 of free ,5face. it is assumed that the uncer­

ground media to be cons~~ereci are maGnetically horeogen~ ous . 11 But , i t 

is conven~.e·nt to retai:: / «'n in ord~r to obtain sp:.~e trical expressions 

..... Uh res.;;ect to E. • 
n T~: conbust ion zone extending over a relatively 

short distance zJ - z2 ::.:: the axial direction is moving ciOl·,rm;ard (ufwar6.) 

lfit!l velocity v for the :-~rflard (reverse ) process . The burning rate along 

thD axial direction is Gss~~ed to be uniform so that the boundaries sepa-

rating layered regions 0: the retort are ~lanar . 

A transverse electr:"c (T'::) or transverse magnetic (Tt-i ) plane Have is 

incident u,!.-·on the air/<.,\-e=burden interface from the atmosphere. The 

incident Have is ncrmal :'0 tl':e air/overburden discontinuity at z = - z 
o 

parallel to o:her disco:::.:"nuities at z = - 2
n

, n = 1 , .. . • 4 . Then , the 

for::-,ulas fo:=, straiGht -L;.~ : ro::-2.Gat::.c" adequately c.sscribe the doninant 

= 0 

J?ro?-~ation ~cchaniG~ t_:'neen t~c trans~itter and r~ ceiver located alo::0 
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the z axis. The pillar wall of the reto~t does not affect elect=o~2gnetjc 

fields since the effects of refraction at the discontinuities ar.i reflec-

tion from the raH shale Hall are not considered. 7ur a constant trans-

mitter 90wer. one can monitor the behavior of the Sib~al level :or 

reflected or t ansmitted Have in the receiver as the combustion ZO!1e 

advances. The behavior of the signal for an overall pOHer reflection 

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

mission coefficient T at the bottom of the retort z = -z4' is a :unction 

of moving burn front position z = -zJ for the for.Jard progress. 

inversion of R(zJ) or T(ZJ) gives the location of burn front 

t he ti~e variation of zJ yields the s~eed of progression v. 

The 

and 
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OVERALL FO~'lER CmFFICIENTS FOR 'IE ArID TI: HAVES 

Consider electromagnetic fields for a TE plane rnonocror..atic wave of 

angular frequency w incident from free space. 

.... 
lk I ::: 

o 

E (r , t) ::: A e i '-l t - ik 0" r 
00' 

it (r,t) = (w M. )-1k' )( r; 
o /0 0 -0' 

o 1 

c..) (.u. e.)"'i is the propagation constant in free space . 
, 0 0 

..... 

(1) 

The ampli-

tude A is determined by the pOHer of incident Have from the transmitter. o 

i.e •• is a kno .. m quantity. The mathemd.tical expressions for a TE exci-

tatio'n can be obtained by duality Hith the replacements E-H, 

and t. - ,/"-, in YieH of Eaxviell ' s eq U3. tions: 

v X E = - A. .~~ H ~ V'EE -O~ 
.... 

V ~H = O. 
(2) 

The spatial-d.ependent solutions for electroI!".2.gne tic fields in each 

layered region (n = 0.1 ••.. ,5) are Hritten as the sum of ~'laves transr..itted 

do;.;mi2.rd in each l1'.eriiun and. reflected u,?wlrd at each discontinuity : 

for T; .... aves, 

E (z) , + +ik z + ... - ik z 
::: n C n B' en . 

ny n n 

for T;·; Haves, 

+ -il-: z) 13 en . 
n 

= A- e+iknz + ",- -11- " H (z) .D e 'n". 
ny n n 

s (z)::: 
nx 

n 
-LJ 

n 
+ik z 

e n ,,- -ik z) . 
I:J e n 

n 

(J) 

(4) 

The characteristic Have irr.,;,edence of a dielectric medium n is defined as 

(5) 
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k = 4>( -" f )"~. = [,}," f'(l-i tan r )]+, n 'n n , n n n 

tan r is referred to as the loss tangent of t~e layered medium n, n 

tan b :; Gil I ,F' = cr I w ~. 
n n -n n n 

(6) 

where (J' is a conducti vi ty of n. n For n = 5, 3
1 = 0 since there is no n 

reflection waves in this region. 

... + 
The HaVe amplitudes A- and B- are determir.ad by boundary conditions n n 

for ~ and H at z = -z. ~.ing to the negligiCle speed of combustion zone n 

8 ("'"' ~ m/day) cor.rpared with the speed of electror-.agn~tic waves (3 x 10 ml 

sec), the Doppler shift in frequency and the rr.o·ri!'lg effect of burning 

interfaces on boundary conditions can Ce neglec:'ed. Hence, the boundary 

.... .... 
conditions at z = -zn requires that tangential cor".:onents of E and H be 

continuous across discontinuities, i.e., for T.:: ... aves , 

E (-z) = E( ) (-z ) ny n n+1 y n' H (-z) = H ) (-z ), nx n :lT1 x n (8) 

and for TI . ,iaves, 

H (-z) = u (-z ) 
ny n "(n+l)y n' ;:; (-z) = cf ) (-z ). 

nx n \~~1 x n 

let a reflection coefficient R and a dir..e~sionless HaVe impedance 
n 

1 n in each rebion n defined for both T::( +sign, and T::( -sign) HaVes as 

(10) 
and 

(11) 
1 - R- (z) = __ ...;.:1-,--_ 

Then , the a;plication of bou::clary co. hions (,, ' 2.!'ld. (9) in!:-o ~qs . (3) 

and (L~) , res:;:cct"lely , t.:si:1C t .. c nx~-reSSiO!"l5 c:~ ':'0 5. (10) an:! (11) yield.s 
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.. -+-:a- 1 - ~-
n ~ -i2k z 

- .. = ---+ e n n , 
A- 1 + ,-

n n 

n=0,1, ••. ,4, 

\.;here 

Hence , the overall reflection coefficients become 

j:­R -
1 - 't 

R1:(_z =0) = ---'-
o 0 1 + 1± 

o 

(12) 

for n =D , 1, 2 , J • 

(14) 

where ~:t are deter.nineci. by successive calculations of Eqs . (1)). T~e o 
.... 

over~~l transm~ssion coefficients T- are dete~ined in a si~ilar ~ner 

by 0-1)_"lica+i.on of bounc.?_ry conditions for;:: a::ci i1 res,;-ectively : 
ny ny' 

It is noted that the resul LS for Til Haves can be ob-:ai!':ed fro::: those 

of 1':..; "~ave s by the exc::'<::.nge of en and~n' and vice versa. It can "t.:-.en be 

shOlm the follol1ing relations betl·Teen T~ and TI! waves , 

_T _ 

.. "1 = -R , (1 6) 

Th~ limier reflection 0= transmission coefficient \Thier: f;i yes the 

r a ti o ui a re:leeteci or b:ansr.:itted intensity at the receiver to an 

incic.c:1t intel1 si~J' at t~c transni tter , res;ecti vely , for tr.·~ measu:::e:-ient 

i n ti;..:: exrerir.:ent, is c.eterr.i:1ec. by real farts of th~ cc;-.~l E:;( }-oyn:'ir:g 

-. --t 1 () ( .• X t".' . vec o:::s -i:.- "~ ~ .: ') , l . e . , 
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ii i = IR:t./ 2 , 
(17) 

~f!-(Z'fl) ? 
- :t = 5 ITtl - . (18) l' 1<.d. Z+~ 

0 

The overall pmier absorption coefficients Ai: through underground lossy 

media are ~Lffiply given by the rela tion , 

It. is rcrr.ar;.cable t hat each pOl1er coefficient has t he same value for TE 

a Dd '.i'i : waves in VieH of Eqs. (16)-(19) , i . e ., 

-+ --n = J , -+ --T = T , -+ --
A = A • (20) 
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DISCI:SSIOli OF rUi·.ERICAL ILLUSTRl.TIm!S 

It'or the nurr.erical evaluation of Fower coefficients for TC! a nd T1-' 

uaves given by 2qs . (17)-(19) , consider a ty ... :ical retort chir:mey which 

has a heiGht z4-z1 of 100 n and a cOlibustion ZO:1e uith a thickness zJ-~2 

of 2 M. The assuv.ed retort chirr~ey extending laterally over a con arable 

distance liith its heisht is thought to be located under the overburden 

with a thid:ness zl-z.o of 50 m. The dielectric constant i and the l oss 
n 

t angent tan ~ are treated as the basic electrical parameters of ea ch n 

layered lossy mediu:n , uhich are functions of frequency N /2..". of ele ctro-

magnetic riaves . T-F;ical data silo ...... in.:; the dependence of elect rical 'paJ:a-

neters on the frequency are listed in 7able 1 for eac h layere d lossy 

" 5 ,6 ,11 neUla . 

"', !'lgS . 
-:t - ~ -t:. 2-L~ ShOH tr.e bei1avior of rOlwr coefficients R • T , and A as 

a function of burn fro~t ~osition zJ-zl for frequencies 
,-

4 5 
4>/2 -rr = 10 I 10 • 

10° !is in tr.e for'.:ani COii'ou:;tion l 'rocess . In 11..;s . 5-7 , these coeffic.i-

ents 2..:::e re:;.resente'::' versus burn front positi o-:1 z2-z1 in the reverse 

cor;:i::us-r.ion :process . As the bt..:rneJ.-out. ~onG ~'Ii th relatively high c ona.J;c-

tivity is incre~3ed at the eX!Jence of the cool zone >lith tr.e sl".aller 

concluc ti vi ty , th~ ~)or;er c: b:>or_~tion co~fficients w.re increased ~·;hile the 

:;o\·;er transr.ission coef':icients are c.ecreas(!G. in bo";h forward and revers e 

roc~s3es . This is cue to the larGer attenuation of electromabnetic 

field s 2..3 they travel gre2..ter distances in the hiGher lossy l:.cd_un 0: 

the Ll;.l.'t:-:d-out zone . ;ii[h-frequency ;In.ve::; r.i...;ht not therefore te err.;J.oy-

ec to Gtlid.y r.or.i tcr~nG ;.ro,-,r~ssion of in ::;i tu r etor:. .i,rocess in great 

ciq,ths t:.n-'er t:-:e .:;rou!1d. At] OH f~eqt:c!1c,:,cs, all I m;cr coe:fficients r c.ry 

ccef":ic:"en t e-i.d burn front. 1,0.,it:un :".! : c3.rs. ;.. tte frequer.cy is inc~ased , 



reflection and ab~?tion coefficients start to reveal the oscillatory 

behavior . 

It is concluded tb4 t t he over-5i~plified monitoring model presented 

deocriCes qual ita lively l .. ell the ;::ysics of the actual field situation 

for in situ retor~g ~rocesses. It is desirable to use low radio 

frequencies u? t~ 1D
5 nz for won~toring the ~rogression of retorting 

}rocesses because m :;:oe.erate ]lo;;e::-s of reflection and transmission 

coefficients to ~tect, and the one-~o-one relationship ~entioned above. 

Althol:a:' r flecti coefficients a~5 not so sensitive to changes in burn 

front ~ositions as tr~ns~ission coef:icients , the r adio wave method of 

the I!'.eas~e:-.ent a= re:lected .po:",,:!~ is nore sui table for monitoring the 

in situ ;rocess :t:-ere it is accessi -:le from one side only on the ground 

! .. i thou:' drill hol ~S . 
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TABLE 1. Rela t1 ve dielectric constant E.' I E. and 
r n 0 loss tar. D of each layered lossy region n as a 

function o¥ frequency 4J/2-rr. 

wj2rr I aegio:1 n t 'I (. tan $ n 0 n 
I 

0.6 1, 5 17 
104 

Hz 2 11 4.5 
3 9 6.0 
4 15 0·5 

1, 5 16 0.2 
105 Hz 2 7 1.5 .. f., 3.0 J 

I 4 9 0.15 
l-

I 1, 5 15 0.16 I 

106 I 2 4 1.0 Hz I J 3 1.5 I 4 5 0 .1 I 

---:"'---. ~ .. - . - ,. .. · . :-=·~ .. l~ l. ....... · " .. - - _ _ .. ... 

-....... -- .- --
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FIG . 1. An in situ oil s~ale retort for a fo~~ard combustion ;rocess. 

For a reverse conbus~ion pro=ess , burned-out and cool zones 

are interchan6ed eac:-: other, and the veloci ty ~ is reversed . 
-± - ~ - +-

?IG. 2 . I-ower C"Oefficients(~ , T , ;,.1 vs . burn front :t:osi tiO:1 z.3-
z

1 

for 10
4 

nz in fon,~-i co~bustion process . 

FIG . .3 . FOHer coefficients(?:'!o, Ti
, h"l Vs. burn front position z.3-

z
1 

for 10
5 

.Hz in fordar~ combustion :;:rocess . 

FIG • .4 . -. -± -+ 

rO:ler coefz-icients(:' -, T , .:...; Vs . hurn front posi tiO::l z.3-
z

1 

for 10
6 

Hz in forHar:' coobustion process . 

(
_to -j: -t.,. ~IG . 5. rower coefficients:' , T , A ) Vs . burn front position z2-

z
1 

for 10
4 

Hz in rever~:: cor.:tt.:s-;;ion rroce:::;s . 
-,.,........ ". 
.. :'.1....., . o . - ~ -± - . 

101:er coefficients(:: , 7 , r. - ) vs . burn front osition z2-
z

1 
<: 

fo:::: 10
J 

:!z i::. rever::" co::bt.:s~ior. ?ro~ess . 
-t -'!o _-~IG . 7 . }o::er ccefficier:.ts(::. , T , .:..; Vs . b:.rrn front .i'ositio::. 2

2
-z

1 
for 10

6 ~z ~n rever::! co::bustio:1 process . 
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(2) 3U=!'led-out zo~e.,. 

(5 ) Ur::'ercurden 
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, :. . ' . .. .. ", . .. ". . .. 
.' 

, ~ I , .. 
. -, ' E ' _ . . -' . !:, l' 
- , " " : : :2, ':, ';:'" 

. ' . . 

z=-z = 0 
o 

z=-z 
1 

z=-z 
) 

FIG . 1 . An in s'~~ oil sh~le retort for a forward co~bustion process. 
10r a =-c;ve=-sc CO:7.Dustion ,iJroccss , burned-out and cool zones 
are i !'1~c:rc!:G.n2,ej e;J.ch otrv;r , and the velocity v is r eversed. 
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I.Or----,-----r-----r-----r----.---__ r-__ -,r-__ -, ____ ~----~ 

o. ~ 

o.b 

fl.lJ. ~flec.1:i on 

0. 2 

~O~--~----~----~----~--~----~ ____ ~ ____ ~ __ ~ _____ J 

o 
/00 

;;IG . 2 . rQi,-er coeffis:;ient~/~ ~. T"-t, Ai vs . burn f r ont ; ::lsi ti on 
zJ-zl for l e t.; Ez in fOri-lard COi:"lcus t i on proce ss . 
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~or---~----Ir----r----'----~ __ -'r-__ -r ____ .-__ ~ ____ , 

0.8 

... 
r 0.6 

.~ 
u 

~ 

J 
J 0.1/.. 

1'?.:tt\~-u" 0'1"\. 

0.2. 

lOP 

O. D~--~-----i----~ _____ ~ __ ~ ____ -L ____ ~ ____ ~ ____ ~ __ ~ 

o 
60 80 

?r . J . Q:{er coe:f:ficients(R:t., r io, At) vs. burn front position 

zJ-z1 for 105 tl~ i n for;{ar d cOf.lbus tion 'process . 
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I.Or-----r-----r----.-----.----,-----~----r_--~~--_,----_1 

b 
= 10 tit-

0.8 

A'o,so tio1l-

0.2 

0. 0 L--J..---L--J.-_-L--=====2:::::L:==::::r:=====:J 
o 80 t()() 

-;t -r -~ 
FIG . 4 . 1-'o,ler cocffic;ients( R , T • A ) v . curn front :;:0:511.:'0:1 

ZJ-Zl for 10° :lz in fOrilard combustion process . 
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/ . 0 

0·9 

O.:L 
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