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CHAPTER I

II'¡TRODUCTION

Conduction heating is an important mechanism to be

considened in thermal oi1 recovery techniques. However,,

conduction heating is most applicable to systems containing

irnmobil,e bitumen such as tar sands and oil shale deposits,

and reservoirs with Lor^, permeability containing highly
viscous oiL.

Sevenal investigators have developed mathematical

models nepnesenting conduction heating and have shov¡n

thein applications in in situ recovery from oil sha1e,

H. A. Lesser", G. H. Bnuce and H. L. Stone (1966)

proposed a mathematical model that represents the con-

duction heating of formation with 1ütrited pe::meability by

condensing gases and ilfustrated the application of the

model in predicting in situ heating of oil shale using

superheated stean as injected f1uid. The heating is
accomplished by inducing horizontal fractures to produce

communication betlreen the injection and pnoduction weLls.

In this r.ray heat is conducted into the formation and once

the pyrol-ysis temperature is reached the kerogen is trans-
formed to liquids and gases which are necovered together
with the injected f1uid.

In this process, an analysis of the heat conduction

mechanism can be used to determine the time required to
heat all of the fonmation to a desired temperature. Also,

,l
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the distribution of temperatune can be obtained for any

injection time and the area or volu¡ue of the fonmation

heated to cer"tain temperatunes can be calcuLated for any

period of time. Therefore, based upon laboratory ex-
perirents, the oi). shaLe r.ecovery can be estimated if it
is k¡ow hor", much kerogen pyrolyzes belor.¡ each temperature.

It is the objective of the present work to develop

the mathematicaL model presented by Lessen, Bruce and

Stone and then apply it to conduct a nore extensive study
of the parameters invoLved in an oil_ recoveny pr.ocess for
oil shale usirrg steam as the injected fluid. Fina1ly,
based on the above results, the possibility of using the
model in determining optimal parameters is iLlustrated.



CHAPTER

REVIET^, 0F THE

II

LITERATURE

The¡:maL processes used for seconda:,y or. ter.tiary oil
recovery have been studied with models that considen the
heat conduction mechanism disnegarding the flow of fluids
thnough the resenvoir rocks.

Considering the heat conduction to be the only facton
affecting the thenma1 processes imposes a Li¡nitation on
the application of the models. However, these models
will provide insight on the cases studied by helping to
explore the tr.end of the nesuLts when paramete¡s are
va¡:ied, Tempenatune histony, heat losses, heated area
as a function of time, together with rel-evant laboratory
experiments and temperatune _ pnopenties nelationships,
are the basic infonmation necessary to estimate oi1 necoveny
and to expLo¡le economic parameters in thermal- processes.

Many authons have studied hot fLuid injection,
and forwa¡.d and reverse combustion, and several of them
have proposed mathematicar models based onty on conduction
heat transfen mechanis¡n.

H. A. Laui{enier (1955) made a mathematical ¡oodel
for the injection of hot water into an oi1 bearing 1ayen.
constant injection rate, convection within the sand a¡d
conduction into the surrounding fonmation were conside¡.ed.
Two-dimensional Laplace transfornation with respect to
the distance and the ti¡ne variables were used fo¡_ solving

?<í.0ñ\
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the partial differentiaL equations representing the
prob 1en.

Laten, Marx and Langenheim (19S9) described a method

for estj:nating thermal invasion rates, cummulative heated

a¡.ea and theonetical- economic limits for sustained steam

injection at a constant rate into an ideaLized oil
reservoir. Basically, thein model considers heat con-

duction to the adjacent formations, and a11ows fon a heated
area for any geometry. H. J. Ramey (1959) extended the

tneatment of Marx and Langenheim to include the case of
stea:o injection at a var"ying rate. S. M. Faroug A1i (1920)

developed a more general model_ of reservoir heatj.ng due to
Ma!.x and Langenheim $rith the extension suggested by Ramey.

B. T. Willman et a1 . (196L) pnesented another analyti-
ca1 solution of the steam injection process comparable to
the Marx and Langenheim solution. L. A. WiLson and p. ,-I.

Root (1966) proposed a numerical sofution for reservoir
heating by steam inj ection. fn their model, nadiaL and

vertical heat conduction, both within and outside the

r"eservoir wer.e considened,

A. G. Spillete and R. L. rrlielsen (1968) presented a

two-dimensionaL numerical. model of hot r.rater, injection
process consider,ing fluid flow and heat transfer,

ll . D. Shutler (1969) published a numenical technique
to solve the linear three-phase fLuid flow problem in a

steamflood process, considering heat eonduction in two

dimens ions .

L
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More recently, A. Satter and D. R. parrish (1971)

presented a numer.ical solution of the stea¡l heating problem

considening convection and conduction within the reser.voir
and conduction in the adjacent formations. Their model

tneat a two-dimensional cylindrical system and also
sinuLates steaÍ¡ condensation.

L. C. Vogel and R. F. Fr.ueger (I9SS) studied a case

with a moving cylindrical heat source of constant temp-

erature and conduction in the radial direction. H. J, ;;

Ramey (1959), treated the same probl-em but included ¿

conduction in the verticaL direction.
H. R. Bailey and B. K, Larkin (I9S9) solved a more

general problern and included initial- weLl, heating, vertical
heat losses and arbitr.ary frontal velocities.

fn all of the pneceding models which consider a

moving cylindnical heat source, conduction was assumed to
be the only means of heat transfer,

Laten on, H, R. Bailey and B. K. Larkin (1960)

included the effects of eonvection in finean and radial_

system in their previous studies but vertical heat losses

wer.e neglected in the nadiaL case. F. F. Selig and E. J.
Couch (1961) treating the same pnoblem used a cylindrical
model to compane the case where no heat loss from the
neservoin is considered with another case in which a

constant teEperature between the resenvoir and its bounding

formation is as s u¡ned.

.,L
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G. ll. Thomas (1963), presented a more genenal case.
He assumed a penmeable bounding fonmation, so that the
convection effect is not restnicted to the reservoirl itself.
Chieh Chu (1963), presented a more general cylindnical
nodel in two dimensions. Combustion, convection and

conduction were assumed inside the resenvoir, but only
conduction was considered in the adjacent formations.

All of the mathematical models briefly described
in the preceding paragraphs, consider heat conduction
as bei;rg an important mechanism of heat transfer in hot
fluid i.njection and in forward and reverse coebustion
thermal oi1 necovery pnocesses, However, heat conduction
is even of gneaten irupontance in systems containing i¡u¡oobile
bitumen such as ta¡" sands and oi1 shale deposits, and in
reser.voirs with 1ow perneability where such a heat transfer
mechanism coul,d have more significance in the entire process.

A great deal of $rork has been done on both the
theoretical and quantitative aspeets of conduction heating
as a process, and many field tests [C, F. Gates and H. ,.].

Rarney (1958)rand D. R. parrish et a1 . (1962), among othersl
indicate that this process may have considenabl-e importance
as indicated above.

G, W. Thomas (1964), presented a mathernatical nodel
of undengnound conduction heating in a system of liurited
permeability and applied the model to soLve anaLitically
a radial p¡robLem in the conduction heating process in oi1
sha1e. He consider:s the injection of a non_condensing gas

-. t-
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thr,ough we11s interconnected by a single horizontal
fracture, and appnoximates the temperatune p::ofiIe in the
fractur.e by a step function. The model also a11ows for
ar.bitrary variations of the thennal conductivity with
tenperatur.e.

A. G. Spillette (1968) presented a numericaL technique
to solve the energy baLance equation to remove the ]imita_
tions present in analytical pnocedures such as homogeneites
and constant parameters, when considering heat transfer
mechanisms in a process of hot fluid injection into an oiL
reservoin.

In 1966, a field test (Iq) of an in situ shale oi.1

recovery p¡locess using hot naturaL gas as the injected
fluid was ¡reported. This system is adequate to be

studied usinga heat conduction model".

H. A. Lesser,, G. H. Bruce and H. L. Stone (Ig6B)

for.mulated a mathematical model that represents the con_

duction heating of a rock formation of lir¡ited peruoeabi.lity.
They illustrated the application of the model in predieting
in situ heating of oil shale using superheated steam as

the injected f]uid. Honizontal- and equally spaced fnactures
with constant thicknesses erene assumed to connect injection
and production we11s. A numenical procedure was used to
obtain temperatune histories fon both the fnacture and

the for¡nation. This ¡nodeI is described in detail in Chapter
IV.

L
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A, L. Barnes and A. M. Rowe (196g) made a heat
transfer study of in situ retorting of oi1 shale by hot
gas injection through wel,1s interconnected by single
vertical fnacture of finite height. The Alternating
Dinection Irnplicit proced.ure (ADIP) was used to solve the
conduction heating equation in the oi1 shale and an explicit
method was eroployed to solve the convection equation for
the fractune, The study was conducted to investigate
the effect of the injected gas tempenatune, injection rate , '

system geometny' cyclic injection, and the effieiency of r ,, i[l
retorting. "":, .;L

64\



CHAPTER III
STATEMENT OF THE PROBLEM

The objective of this study is to develop the mathe_

¡oatical model proposed by Lesser, Br.uce and Stone fon con-

duction heating in oi1 shale using ste D as the injected
fIuid, and then apply it to conduct a mone extensive
of the paraxoeters, to obtain their effect on the hea

Proces s .

These effects are measured by obtaining the fraction:l
of the formation heated to BOOoF as a function of time, '

for a series of tweLve different cases considered, and.

analyzing the tendency of the resuLts r.rhen the parameters

are var.ied one at a time in one or the other direction.
Temperatune distributions for both the fr.acture and the
fonroation are presented for all cases. A teeperatune of
800oF was selected for the calculation of the formation
heated because at this temperature pynolysis of kenogen

is almost complete in most of the reported cases.

In order to conduct the present study, eight par,a_

meters are selected for investigation: horizontal and

vertical diffusivities, injection rate, stea-m pr'essure,

fracture length and thickness, distance to the boundari.es,

and inj ection temperature.

one of the sampl_e cases presented by Lesser et a1 . is
selected as a base case, since it nepresents a typical
oif shale for"mation. The results of this case are employed

study

ting

TI
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for comparison purposes when analyzing results of other
cases. This base case also enables us to compa¡:e the

resul.ts obtaj-ned in this study with those pnesented by

Lesser et aI.

Finally, based on the above results, the model is
nun for a set of pararetens which are found to acceler.ate

the heating pnocess to illustrate the possibility of using
the model to establish optimal paraneter values.

In or.der to determine the influence of the parameters

invol.ved in the conduction heating process, the present

study was conducted considering the following cases:

Base case: Used for comparison purposes.

Cases I and 2: InfLuence of injection rate of steam.

Case 3: InfLuence of fracture length.
Cases 4 and 5: Influence of fracture thickness,
Case 6: Influence of stean pressure.

Case 7: Influence of injection tempenature,

Cases 8 and 9: Influence of the distance to the

boundaries.

Case 10: Infl-uence of horizontaL and vertical thermal

diffus ivities .

Optimal case: Illustrates the possibility of the model

applieation in dete¡,mining optimal

parameter values.

TabIe

study, and

cons t ant .

1 sum¡narizes the cases considered in the pnesent

Table 2 pnesents the parameters which are held

x'e\



Table 1.

VaLues of Vanied Pararoete¡s

Case x
sq.ftlhr sq.

h
t/hn ft.

(pv).'rn
1b/sq.ft

aa -1 .fnl
oF

P

psra.
L

f t.
6

ft.
vf l

hr

Base

1

2

3

4

5

6

7

I
I

10

oPt.

0.015

0 .015

0.015

0.015

0.015

0.015

0 .015

0.015

0.0L5

0.015

0.0 30

0.0 30

0.010

0.010

0.010

0.010

0.0t-0

0.010

0.0I0

0.0t-0

0.010

0.010

0.020

0.020

1000

3000

2000

1000

100 0

1000

f000

100 0

t-000

r000

1000

30 00

r000

1000

100 0

1000

1000

1000

2000

100 0

r000

l-000

1000

2000

500

500

500

200

500

500

500

s00

500

500

500

500

0.02

0.02

0.02

0.02

0.03

0.01

0.02

0.02

0.02

0.02

0.02

0.03

20

20

20

20

20

20

20

20

40

10

20

20

100 0

l-000

100 0

1000

I000

1000

t-000

150 0

1000

1000

100 0

1000

P

f ¿,.
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Table 2

Values of Constant Paraneters

To

(oC) -,t

Ax

= 100oF

= 41. 2 Btu/cu. ftoF

: 10 ft.

L

I

ée.*



DESCRIPTION OF

A PROCESS

CHAPTER IV

LESSER, BRUCE AND STONEIS MODEL FOR

OF OIL RECOVERY FROH OIL SHALE

Gene ra L

In this chapter the mathematical model proposed by

Lesser, Br.uce and Stone is summanized. Scope and possible
applications are pointed out. Assumptions, mathematical

description, and solution method are presented for a case

of oil recovery from oi1 shale using superheated steam as

the i.nj ected fluid,
Scope and Possible Applications of the Model

The model in refenence solves the conduction heating
problen in a formation of li¡nited penmeability when con-

densing gases are injected at high tenperatures into the
format ion .

However, this ¡nodel can be used not only in r.ecovery

of oiL shale where permeability is zero, but it could also
be applied to systems containing irnmobile bj.tumen such as

tar sands and r"esenvoirs with 1ow permeability containing
highly viscous oi1, In alL of these systems, eonduction

heating plays a very important role in the recoveny of oi1;
thenefore the soLution of the above mentioned heat tr.ansfer
problem is a powerful tool to determi.ne the perfor.mance and

feasibility of the thermal recovery process considered,

LI

-¡L
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App l- icat ion of the Model in the Recovery of 0i1 from 0i1 Shale

Bruce, Lessen and Stone iLlustrated ttLe application of

their mathematical ¡node1 for oil, recovery from oil shale.

The process is implemented creating antificial fractures

l]I
/l-

to commu¡icate between injection and production we1ls.

Figure L shows a cro s s- sect ional- picture of the fracture and

adjacent fonmat j-on.

Superheated steam is injected at one end of tf,e fnac- Í

ture and heat is conducted into the formation, increasing

its temperature. Once the formation reaches the pyrol-y6is

temperature, oiI and gas products flow into the fnacture ':

and ane then pnodueed at the othen end of the fracture with

the injection fluid,
As s umpt ions

The following assurnptions are made:

I. Linear. flow of steam through horizontal fractur.e.

2, Constant thickness and spacing of the fractures.
3. Vertical temperature variations are ignored.

4, Horizontal pressure changes and horizontal heat

conduction in the fracture are neglected.

5. Endothermic reactions are not considened.

6. Presence of oil and gas in the fracture and the

formation is ignored.

7, Thermal diffusivities in x- and y-direction are

different but constant.

8. Formation is assuned to have no permeability except

for fracture permeability.

.rñ.,,,':-\



I5

Shal-e Matrix

ShaLe Matrix

y:+h

Fluid in a
y=0 -{r

y=-h

't*
l uid

ó Fractune

I I

Figure 1 Cross-section of a typical fractune
and adj acent format ion .
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9. Initial formation ald fractune temperatures are

equal and constant.

10. Heat is distributed equalty above and beLos, the

fractur:e .

11. No heat flow boundary conditions ane established

at the refl-ection boundanies above and below the

fract ure

L2. i,lo heat tnansfer bet$reen either production on

formation is cons idered.inj ection $re1Is and the

13. Constant dens ity-heat
for.mat ion .

capacity product for the

Mathenatical Descri.ption of the Mode1

Under the above assumptions, the mathematical equations

which describe the process are:

1. Equations (r+.I) and (4.2) which describe the

temperatune history of the rock matrix and the appropriate
initial and boundary eonditions, respectively:

dI
dt x

(r) AT¡- +
v
(r) dt

5y
(4.1)

Att
Atx
Atx
Aty
Aty
Aty

. 'Lt
,-,¡L

a
aa a

5t

: o:

= o¡

= ot

= or

T = Tor for o<x5l and o<y<h
d1
E= = o, tor o<y<h and t>o
.r!
E; = o, for o<y<h and t>o

2(aC), ta.,(f )*l =- Q, for o<x<L¡ J oy

T : fracture temperature, for o<

and

x<L

t.o
and

=lh,
t>o

(+.2)cl!
5y o, for o<x<L and t>o
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2, Equations (4.3) and (4,4) r¿hich represent the

flow of fluid i-n the fnactune, The for"mer is the continuity
equation, the latter the ener'gy baLance equation. Equation
(4.5) represents the initial and boundany conditions for
the fractune:

Ep +

ápvH (q.r+)

Epv
¡x O

3pH
OL

+ 0:-L
6

,L
At

At

At

At

At

+-

x=

o,

o,

o,

o,

o,

p=p (To rSo) , for o<x<L

H = H(TorSo), for o<x<L

P=P(Tinj, Si.rj ), for t>o

H = H(T.rrr, Sinj), fon t¡o
v = v. .. for. t>ornl' (4.s)

3. Equation (4.6) and (q.7): functional relationship
between density and specific enthalphy of the fluid, and

temperature and vapor quality:

p(T,S) (t+.6 )

H(T,S ) (4.7)

The numerical method presented by Lessen, Bruce and

Stone, solves simul-taneously Equation (4.1) through (4.7)

using finite difference approximations.

o

H

Solution Method

(,+,3¡fl\
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Equation (a.1) is approxirnated by Equation (4,8):

(a )n ^.rl j

]8

ru R) l-

(+.9 )

(r.r.10)

a 1r n
.tI-x-. It'-

^.rlI r rl

L
I (a

7

x )+ j 2

+

2

l

7 (Ax) (Ax)

+ 2

Ay +Ay
.n
)
i,j+

TT* +1;]

{[e(a
v

A

.]. Ayj j

(1-e ) (a n+I
i,i+ Ie (a )n)

j ^.7
n
i,i-1lv 1 Ay i,j- 'Ayj v I

zT

. -n+ l_a.t. , -I lrl-l+ (1-e)(a
v Ay

Equations (¡+.3) and (4.4) are

('+.9) and (4, t0 ) as follows:

n

approximated by Equations

A (pv) n+1
j.- -L

)
n+L

i,j-
lI

T

an t_
A. (ov)l -1 r- l- I+e

^ 
(oH)lna ^. 

(ovH)l
I A- -L

-T-
n

a
_e--§

+ (1-e) 0- 
^x-

^
(pvH)

+ (l--e )
I

n+L
i-1+t

At n

n
I

f-e-T- a
n+1
i

To obtain the density and enthalpy functions lEquations
(4,6) and (4.7)1, second degnee polynomials were fitted
by the method of least squanes to data from Keenan and

Keyes ( 19 36 ) .
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A gnid designed to penmit unequal grid spacing in
y-dinection is used. Smal1 ti¡ne steps are initially
employed in the process and they are allowed to increase

with decreasing temperature gnadients. A constant grid
spacing in the x-dinection i.s considened. The difference
equations are fonmulated in such a way that they can be

solved for a singJ.e column gnid-points at a time. This is
accoroplished by performing the forr.¡ar.d and then, the back- 

i

wand solution of the Gaussian eli¡nination technique, As a

result temperature distnibution in the formation a¡d 'i

fnactur:e as well as enthal-py, velocity, quality, and density
of the f¡.acture fluid are cal-culated.

The solution method was obtained using an IBM 370/16S

model computer. A program was written in FORTRAN IV

language.

A flow chart for the computational procedune is
pnesented in Figure 2.

.JL
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Figure 2. Flow Chart for the Computational_ procedure.
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CHAPTER V

DISCUSSIOi{ OF THE RESULTS

G ener af

The modeL of Lesser, Bruce, and Stone was developed

and used in the present wonk to conduct a more extensive

study of the parameters involved in the heat conduction

mechanism when applied in the in situ heating of oi1 shale

described in Chapter IV. Based on the results, the model

was run for a set of paraÍeters which are found to acceLe-

nate the heating process to illustrate the possibility

of using it to establish optimal parameter values.

This chapter outl-ines the results for all cases

considered. A base case is establ"ished for companison

purposes, ten ,nore cases are considered to obtain the

j-nf luence of the parameters in the heating process, and a

last case shor.¡s the possibility of using the ¡node1 for

establishi-ng optimal parameter vaLues.

Temperature histories for both fractur:e and for.mation

are obtained and plotted for different injection times.

Also, curves representing the fraction of formation heated

to 800oI on highen as a function of t i¡ne are presented.

Based on laboratory experiments, these nesults can

be used to determine the oil- recovery fno¡n oil- shale in the

process considered here. Fu¡'thermone, econoroical

feasibility of a project may be explored,

;lJt,trlri,i illl
¿i l.i i ,.., L

@x



Base Case. Basis of Comparison

A sample ca6e pr esented by Lesser et al-. is selected

as a base case since it nepnesents a typical oif shale

formation. The results obtained fon thi-s case are used as

cornpanison basis when othen cases are studied, since pana-

meters are varied one at a tiroe, leaving the others as

in the base case.

Also, the modeL is tested, compar:ing the results
obtained in this base case with those presented by Lesser

et al .

Figure 3 shows the fraction of formation heated to

800oF and 600oF, respectively. Mone than l-0 years are

r.equired to heat all the formations to 800oF or highen.

figures I+ throuSh I pnesent fo¡:mation isothenms for
inj ections times of 0 , 568 , 2, 815 , 5.69f, 7,948 and 9. 828

years, Figure 9 shows the tempenature dist¡'ibution in the

fnacture for some inJection times. As can be obsenved,

an appreciable Length of the fracture re¡uains at 544.610F

(saturation temperature) fon a long period of tj:ne. Eighty

per cent of the fnacture Length is still- at that tempera-

ture after a period of 2.815 years. This result is due to
the fact that 200 and 400oF i sotherms are fairly flat over

a wide region (Figure 4).

ResuLts presented for this case agree with those

presented by Lesser et al",

Cases L and 2. Influence of Injection Rate of Stear

a

L

Injection rates of 2000 and 3000 1b/sq.ft-hr are
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considered in these two cases. It is assumed that these
injection rates a¡re possible in pnactice.

Figune 10 shows r"esults for injection rates of
1000 (base case), 2000 (case 2), and 3000 1b/sq.ft-hr(case
1).

As can be obser:ved the fraction of formation heated
increases mone rapidly when the injection rate is raised
from 1000 to 2000 ]b/sq.ft-hn than when it is increased fnor¡
2000 to 3000 1b,rsq.ft-hr. This is because in the latter
ca6e a langer anount of heat is pnoduced at the production I
well since high tenperature isotherms breakthnough in a

shorter period of time .

All of the formation is heated to g00oF in 6.3 and

8.2 yeans for injeetion rates of 2000 and 3000 lb/sq.ft_hr
respectively. For these sa¡ne values of injection ¡tates
and for a period of S yeans, 49 and 65 per cent of the
formation is heated to the above speci.fied temperatune,
and only 0.8L and 1.18 pen cent for an injeetion time of
0.568 yeans. 0n the other hand with an injection r.ate of
1000 lblsq. ft-hr (base case), 76 per cent of the formation
is heated to 800oF or higher in 10 years, while onJ.y 21.5
and 0.275 pe¡. cent of the formation is heated to the s¿¡e
temperature in 5 and 0.869 year.s, respectively.

Figune 11 thnough 20 show formation isotherms for the
values of injection rates considered. As the velocity of
the steam increases the isotherm lines moves more napidly
in the x-direction but its penetration in y-direction is
too sIoi.r.

L
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From the above results it is observed that a shorter

period of time is requined to heat aII the fonmation when

the injection rate is increased. However, a l-arge amount

of heat is produced at the production weI1. In order to
incnease the heating efficiency (defined as heat utiLized
divided by heat injeeted), this produced heat could be

reused for the heating process. In this way process

efficiency could be impnoved.

fnfluence of Fracture Length

The effect of the fnacture length on the fraction of 
-.

formation heated is shown in Figure 2lrwhere curves for
lengths of 200 ft. (case 3) and 500 ft. (base case) are

presented.

As can be obsenved, when fracture length is reduced,

the temperature at the end of the fracture increases fast
and heating efficiency decr.eases, however, less t i¡re is
nequired to achieve the desired a-mo unt of heating and a

notable improvement in formation heating rate results.
However, since the area conside¡.ed fon heating is smalIer,

the amount of fluids recovered also decreases.

Based on these results, the nu¡üer and spacing of
welLs required to heat al,L the formation in a desired

time, eould be devised. Here again, it is the economic

anaLysis and the characteristics of a particular case

considered r¿hich finally decide these factors.
Figune 2I shows the enourmous improvement in for¡nation

heating rate when the fracture length is ¡"educed fnom

fr':¡\
!.'/ "
\
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500 ft. (base case) to 200 ft. (case 3). In the base case

more than 10 yeans are required to heat all the formation

to 800oF or higher while only 6.8 year.s are needed in
case 3).

Figune 22 sho$rs the fraction of the formation heated

to 600, 800, and 900oF for: case 3. Notice that the entine

for¡nation is heated to 900oF on highen in 10 years.

Figunes 23 through 27 shor., formation isotherms fon

injection ti¡nes of 0.568, 2.815,5.69L, 7.9r+8, and 9.828

years f or. case 3.

Cases 4 and 5. fnfluence of Fracture Thickness

A considenable incnease in the a¡¡ea heated is obsenved

when fracture thickness is incr.eased. This is a consequence

of the energy balance equation fon the fracture IEquation

(4.4)1, since the auount of heat conducted into the formation

increases propontionately with fracture thickness. Cases

4 and 5 represent fracture thicknesses of 0.03 and 0.01

feet, respectively.

Figune 28 shows nesults for these two cases compared

with those cornesponding to the base case.

As can be obse¡:ved, the curve for the base case is
closer to the curve for case 4 than to that fon case 5.

This also shows that the heating efficiency decreases

after high value isotherms neach the end of the fnacture.

In fact, when f:¡acture thickness is incneased the fracture
temperatune also increases in a shorter t j-me and a greater

amount of heat is pnoduced sooner.
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As can be obsenved in Iigure 28, in case 4, the

entir"e formation is heated to 800oF on higher in 9.4 years

compared $rith 70 and 33 per cent comesponding to the base

case and case 5 respectively, fon the same period of time.

Iigur"e 29 shows fraction of the formation heated to

600oF and 800oF as a function of time fo¡ case 5. Same

kind of resul-ts are presented in Figure 30 for case 4 but

for temperatures of 600, 700, and 800oF,

Figure 31 through 40 show thermal isotherms for
cases 4 and 5, and injection times of 0.568, 2.8JS,

5.691, 7.948, and 9,828 yeans.

Figure 41 shows temperature distribution in the

fracture for case 5, for different injeetion times. As

can be observed, with a neduction in the fracture thickness

a considenable length of the fnactuPe ::emains at the

saturation tenpenature for a longen period of time. Ior
the 2.8I5 yeans per.iod, for example, 72 per cent of the

fnacture length is stil1 at that temperature, and 20 per

cent for. an injection time of 5.691 years. As a result,
fonger time is r.equired to heat aLl the formation to a

certain temperature, but on the othe!. hand, betten heat

utilization is obtained. Since large amounts of heat are

not produced at the production weJ-1.

Case 6. Influence of the Steam Pressure.

Figure

is varied,
(Case 6) and

42 shows the results when injection pressure

Curves are

10 00 ps ia

pLotted for values of 2000 psia
(Base Case). Comparison of these
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two curves show that the lower heating rate at the loerer

pnessure results in a greate¡t tinoe requirenent fo¡' fonmation

heating. Pressure changes affeet the nesults because of

thein effect on the dependencies of the density and specific

enthalphy on the temperature and quality of the steam.

Although at higher injection pressures the fraction of 
.zly::l¡)'

formation heated increases, optimal value for the injectiortii' j

pressure will- actually be determined by the overbunden ' ''

charactenistics and by the additional costs incurred when 11,,. r .:.lJ

handling high pressures, compared with the value of the

possible additional hydrocarbon recovering.

Figur.e 42 shows that in case 6 aII of the formation

is heateci to 800oF or highen in 10 years while fo¡' this

same injection tine, only 76 pen cent is heated to the

same temperature in the base case'

Figures 43 through 47 present thenmal isotherrns fon

case 6 and the injection tines of 0.568' 2.815' 5.691'

7.948 and 9.828 years.

Case 7. InfLuence of Iniection Temperature

Figure 48 shows curves for the fnaction of formation

heated to 800oF or higher and injection temper"atures of

1500oF (Case 7) and 1000oF (Base Case), and Figure l+9

presents the same type of results for Case 7, but fon

temperatures of 600, 800, 1000, and 1300oF.

As can be observed from Figure q8' 95 Per cent of the

formation in Case 7 is heated to 800oF or higher in 10

years compared with only 76 per cent in the Base Case.

:¡i! ;L



"l.r
I

I

20

15

10

0

5

0 100 200

x-Ft.
Figure 43. Formation Isotherms for Case 6.

300 +00

*

{-r

P=2000 ps ia
Inj ect ion Tine=0.568 yeans

2000F

8000F
6000F

4000F

\1\
. \i\I



20

10

P
f&

I

C

0

0 100 200

x-Ft.
Figure 44. Fonmation lsothenms fon Case 6.

300 +00 5 00

(.o

6000F

P=2000 psia
Inj ection Time= 2. 815 years

8000F

.t¿\

\'¡
,/



800qF

P=2000 psia
fnj ection Time=5.691 years

20

10

P
tu

I

5

0

0 100 200

x-Et.
Figure 45. Formation Isotherms for Case 6.

300 1100 500

--J
o

:
'I!-



8000F

P=2000 ps ia
Inj ection Time=7.984 years

2A

T5

10

P
r,¡

I

5

!
0 100 200

x-Ft.
Figure 46. Formation Isotherms for Case 6.

300 r+00 5 00

TJ
P

\n\
:' l¡l

1¡-1

.;/



20

15

l0

;
r,r

I¡

5

0
0 100 200

x-Ft.
Figure 47. Fo¡rmation Isotherms for Case 6,

300 +00 500

\¡

-]x\4.\
\il
¡ i/il

P=2000 ps ia
Injection Time=9. 828 years 8000F



1.00

0.80

0.60

0. r+0

0.20

0

Íit"j^',

!
0)
P
rd
0.)

o.¡p
rú
ts
lr
o

f¡r

o

o
._1

P
o
rú
t.tt.

t

r|'I
L

0 2 '+ 6 I 10

T ime -Ye ars
Figure 48. Fraction of Fon¡nation Heated

to 800oF or Highen for Case 7.

-18ñ^Ot'injCase 7: T

Base Case: T. . =100rnl



7+

rJ
0)
P
rÚ

0)

o
'4
P
rú

E!
llr

er
o
c
o.-l
P
O
rú
tr
l!

1. 00

0. 80

0.60

0.40

0.20

0

0 2 4 6 I 10

Ti:ne-Yeans
Figune 49. Iraction of Formation Heated

to 800oI on Higher for Case 7

600 o

T. .=1500oFlnl

oññoE

10000F

13000r'

"j :i :1' .,, ,_



75

A1so, notice in Figure 49 that in Case 7, 51 pen cent of

the formation is heated to l-000oF or higher in 10 years

and 8 per cent to f300oF or higher in the same per"iod of

time.

Figures 50 to 54 are fonmation isotherms fon injection
times of 0, 568 , 2. 815, 5,691, and 9.828 years. It is

observed that the penetration of isotherms in both

hori.zontal and vertical directions is greater in Case 7

than i.n the Base Case, because of a higher temperature I

gradient ,

Although, a higher injection temperature gives rise t"d'

a greaten heating nate, special attention must be focused

on the possibility of carbonate deeomposition when oil

shaLes neach more than 1000oF (E. E. Jukkola et aL. (1953)).

This is an impontant fact erhen éstablishing the optimal

value of the injection tempenature in the necovery of oi1

from oil shale.

Cases 8 and 9. Influence of the Distance to the Boundaries

If the distance to the no-fl-ow boundanies is shortened

a considerable improvement in formation heating rate

results.
Figure 5 5 shor.rs r.esul-ts of these calculation , where

the fraction of for¡nation heated to 800oF or higher is
presented as a function of time for distances of 10 ft
(Case 9), 20 ft (Base Case) and 40 ft (Case 8) to the

boundaries. In the Base Case, 76 per cent of the for-
mation is heated to 800oF on higher in 10 year:s. However,

l'il
L
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when distance is doubl,ed to 40 ft (Case g) only seven
per cent of the fo¡¡mation is heated to the same temperature.
The opposite occuras r.rhen the distance to the boundanies is
shortened to 10 ft (Case g), in which case the entire
formation is heated ,o ,OOof or higher in 3,9 years.

Figures 56 and 57 show results for Cases g and 9

for fnaction of formation heated to 600oF and g00oF.

Figures 58 through 67 are thermal- isotherms for both
cases and several injection tines,
Case l-0, fnfluence of Horizontal anci Vertical Thermal
Di ffus ivities

Figure 68 sho$rs results for the Base Case (a*=0.g15

sq.ftlhr, ar=0.0I0 sq.ftlhr) conpared with Case 10, where
both conductivities have twice the value (a*=0.030 sq.ftlhr,
ar:0.020 sq/ftlhr). As can be observed in a peniod of
10 years g7 pen cent of the formation is heated to g00oF

or higher in Case 10 eompared with 76 per cent corresponding
to the Base Case,

Iigure 69 presents results fon Case l0 when fraction
of fonmation heated is refenred to 600oF as compared with
8000F.

Figunes 70 through 74 ane fonmation isotherms fon
injection ti¡nes of L,39S, 3.54B, S.Z0l, 8.03r+, and 10.007
yeans,

These results shoq¡ that r.rhen the thermal diffusivities
characteristics of the oi1 shal,e fonmation ar.e ]ow, a long
time is nequired to heat the formation to a given tempenature.

t_
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The results are quite sensitive to the var,ue of thermal
diffusivity used.

Optimal Case. I l- 1us trat ion of the Application of this
Study in Determinin s optimal Parame t e r Val ue s

It is not the objective of this case to establish
actual optiroal parameters in the process of oi1 necovery i
from oil shale described in Chapter fV, The purpose of
this last case is to illustrate h or.s the previous study of )

the pananeters could be used for esti,nating optimal con_
ditions.

The parameter values in this Optinal Case ane

selected fnorn arnong those considered in the previous cases,
and because they ane found to accelenate the heating
process, Exception j.s rnade with two panameters: injection
temperature and distance to the boundaries. A tempenature
of 1000oF is choosen because of the pnobability of carbonate
deconposition of tempenatures greaten than L000o F (E. D.
Jukkala (1953)). A distance of 20 feet to the boundanies
is selected for comparison purlposes with the rnajonity of
the othen cases cons ider,ed.

The panameter val,ues seLected in this optimal case
ane as follows:

Injection Rate: 3000 1b/sq. ft_hr
Fnacture Length: 500 feet
Fracture Thickness: 0.03 feet
Stea¡n Pressune: 2000 psia

Injection Temperature: I0O0oF

," ,.Ll

JL

,644ñ
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Di.stance to the Boundaries: 20 feet
Horizontal Diffusivity: 0.030 sq.ftlhn
Vertical Diffusivity: 0.020 sq.ftlhr
Figure 75 shows the fraction of the fonmation heated

to 800oF on higher" for the Optimal Case compared with the
other" cases considered. A great impnovement in the heating
ProCeSsisachievedwhentheoptiroa1parameterSarecon-
sidered. fn fact, for these values, 3.3 years are nequir:ed
to heat all the fonmation to the desir.ed temperatur"e , )

Figure 76 presents fr.action of for,mation heated to
500, 800, 900, and 9S0oF as a function of time for the
optimal values.

Figure 77 is the tenperature distribution in the
fracture for peniods of 0,S58, 1.39S, and 3.010 years. As

can be observed in a period of 0.366 yeans only 32 pen cent
of the fracture length is at the saturation tempenature
(635.82oF) but for, 1.39S years all the steam is superheated.

Figure 78 through g2 show formation isotherms fon the
optimal case and injection times of 0.366, 1.39S, 2.471,
3,010, and 4.625 years, These curves present a greater
penetnation in both horizontal and ver"tical directions in
companison with the previous cases considered.
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CHAPTER VI

SUMMARY AND CONCLUSIONS

fn the present wor,k, the mathematical model proposed

by Lesser,, Bruce, and Stone was developed, tested, and

then used to conduct a more extensive study of the para-

meters involved in the oiL shal-e conduction heating poo".i" ¡ ,. .

vrhen steam is injected at a high tenperature into the
..i:1.1,:.,j¡,1'formati,on. This heating process is acconplished by creatigg;¡:, -,¡.

artificial fractures in orden to create communication

between the i.njection and production $¡el-Ls. Heat is con-

ducted into the forrnation and when a cer.tain temperature is
reached (about 600oF or highen), kerogen pyrolyzes

releasingliquid and gaseous products whj.ch are pnodueed with
the injected fLuid at a low tenperature in the production

we11.

The knowledge of the tenperature di.stribution in the
formati.on and the fractur"e as a function of time is neces-

sany in estimating the amount of oiL and gases which can be

necovered frorn the oil shale. This calculation also

requires laboratory experiments to determine how much

kerogen pyroL./zes at each temperature.

Formation and fracture temperature dist¡"ibutions and

the fraction of formation heated to 800oF on higher wene

obser"ved in the present wonk for a ser.ies of ten cases,

in which the par.ameters were changed one at a time, with
the remaining parameters at values used in a pre-established
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Base Case. In this manner, the effect of each par.ameter

was measured separately and results are presented.

Among the parameter values studied, a set of para-

meters were found to acceferate the heating process, and

hlas selected as an "optimal case.'r Results are also
presented for this "optimal case.,'

It is not the objective of this work to establ"ish

actuaL optimal parameter values, rather it is to 111rr"1r.¡1!r ,.1i.:tIl

hor^¡ the resuLts can be used to obtain some insight in 
:- 
"ii 'tL

determining those panameters, In a real case, optimal para-
meten values will depend on the specifie chanacteristics
of the oil shaLe and the technical and economieal feasibiJ-ity.

From all the cases studied j.n the present $¡ork, the
following concLusions can be derived:

1. A long ti¡ne (from 3.3 to mone than 10 years) is
required to heat al1 the formation to g00oF or
higher, This is because of the Lov,, thermal

diffusivities characteristic of the oi] shale

format ions .

2. When injection rate, steam pr.essure, injection
temperature, fractune thickness or thermal con_

ductivities in both horizontal and vertical
direction are increased the heating process is
accelerated.

3, l¡lhen the distance of the boundaries or the length
of the f¡"acture is increased, the time nequired to
heat al-1 the fo::mation to a certain temperature is
greaten.



4

1I r-+

In all cases where the heating process is ac-

celerated, a decrease in the heating efficiency
was observed,

Isothenms can be used to estimate the oi1 and

gas rtecovery from oi1 shale based on laboratory

e xpe rime nt s

Thepossibi1ityofinjectingbackintothesySteq'
,,- , 1.,',. i. L

the heat produced with the injection fluid and :::;i'-jL,

pynolysis products should be considered in order

to incnease the heating efficiency of the process.

Results of pilot or aetual projects are necessary

for establ-ishing the appnoximation of the estimates

using the mode1.

The simplicity of Lesser et aI. model makes it
suitable for using i.n conducting prelirninary

evaLuation, not only in the oi1 recoveny from oi1

shale process here consider-ed, but also in
systems containing irnmobiLe bitumen such as tan

sands and resenvoirs with Low perneability containing

highly viscous oi1.

5

6

1

8

f-:.^



rnl

cf
H

Ho

rJ

S

To

T

v

r15

NOMENCTATURE

= formation heat capacity, but/IboF

= specific enthalphy of f1uid, but/lb
: H(To rSo) , but/J-b

= H(T. .. S. .). but/Ibanl' ].nl '

= distance from fnacture to no-heat flow boundary, fe

= thermal conductivity in the x-dir"ection

= thermal conductivity in the y-direction
: fracture length, feet

= fluid pressune, ps ia

= heat conducted into fornation, but/ft2-hr

= vaPor quality, fr.action

= vapor quality of fluid initiaLly in fnacture,

fr.action

: vaPor quality of injected fluid, fraction
: temperature, oF

= initial temperature of formation and fIuid, oF

= temperatune of injected f1uid, oF

: time, hour

= fluid velocity, ft /hr

= fluid velocity at point of injection, ftlhr

= horizontal distance fnom injection wel-I , feet

= vertical distance from fracture, feet

= thermal diffusivity in the x-direction

= thernal diffusivity in the y-direction

= fracture thickness, feet

= weighting given to explicit vertical heat conduction,

fnac t ion

v

h

k

k

L

p

a

S

L

So

T

anl

1nl
t

1nl

x

x

v

a

6

e

I



lt6

a

po

o.'1nl
pf

fluid density, 1b/ft3
p(To, So), Ib/ft3
p(Tinj, Si.,j), l-blft3
formation density, lb/ft3

Supenscri pts

n = time leve1

S ubscnipts

f

1rl

refers to fornation

x and y direction indices

ittrrrii I

::J3,.J t-.
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