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heaters converts the oil shale reservoir kerogen into oil, gas and other pro-

porous media as well as the subsurface fluid. Heat is transmitted in the reser-
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1. Introduction

The demand of energy has been increasing day by day which opened new win-
dows of research in the field of petroleum exploration and production. New
methods of development for conventional and unconventional reservoirs have
been discussed and implemented vastly during the last couple of decades. Oil
shale reserves in the world are more abundant than any conventional oil re-

serves. The United States of America has the major oil shale reserves in the
world [1].
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Oil shale has a component called kerogen which is the main source of pro-
ducing hydrocarbon liquid and gas. This component is found in solid state. At
some specific temperature range, this component starts to liquefy and gasify
leaving behind some pre-char, char and coke products [2]. Normally, retorting
the oil shale is carried out to the surface which is called ex-situ retorting of ke-
rogen. In this process, oil shale is mined and brought to the surface for retorting
process [3]. This process has many disadvantages. First of all, this process is va-
lid for exposed oil shale or/and shallow depth reservoirs because deep mining for
oil shale retorting is very risky and almost impossible. Secondly, this process is
not considered as environment friendly because of mining which requires a
larger land area to use. Thirdly, the production of big amount of CO, gas and
other impurities is also considered as a problem while left behind coke, char and
pre-char are also very hazardous for environment and need a proper disposal [4]
[5] [6] [7].

On the other hand, the in-situ conversion process of kerogen is a relatively
new technique which allows the retorting of kerogen into liquid and gas beneath
the surface. Then these converted hydrocarbons are produced like at any other
conventional petroleum reservoir [8] [9] [10] [11] [12]. This process has many
advantages over ex-situ methods. It is viable for deeper deposits of oil shale for-
mation. The quality of crude oil extracted by in-situ conversion process is usual-
ly better than ex-situ process. Additionally, this process is relatively environ-
mentally friendly [13] [14] [15] [16].

The down-hole subsurface electric heaters are installed in heating wells during
the in-situ conversion process of kerogen which provides slow heating to the
formation and temperature is gradually increased upto 370°C [17] [18]. To ac-
curately model the heat dissipation within the oil shale formation it is required
to develop a mathematical and numerical model which can acknowledge all means
of heat transfer i.e. convection, conduction, dispersion, advection and diffusion.

In this paper, the heat dissipation is modeled by considering all the transpor-
tation processes of porous media and generated fluid. This approach will help to

make the in-situ conversion process viable and feasible to adopt practically.

2. Mathematical Formulation

Introducing heat to oil shale reservoir enhances the internal energy of fluid as
well as of the porous media. Heat is transmitted in the reservoir by different
processes Le., due to the flow of fluid called an advective process, due to mole-
cular diffusion through dispersive and diffusive processes. The total mass trans-
port through these processes in a fluid is best described by generalized Fick’s law
(Equation (1)).

k k k k
f5=pyX v, —DpV(p,X}) (1)
where fis a fluid phase, &k is 2 mass component index, f [',( is aggregated flux,

pp is fluid density, X; is kn component fluid mole fraction, DZ is hy-

dro-dynamic dispersion. For multiphase flow, Wu and Pruess [14] have ex-
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tended the hydro-dynamic dispersion as given below (Equation (2)).

D}y = of v, |5 +(af —af)W+®S zd}s,; )
B

where af and af are dispersivities (transverse and longitudinal), 7 is tor-

tuosity, ¢ is Kronecker delta function, dis the molecular diffusion coefficient.
Convection and conduction are the main heat transportation mechanisms
through a porous media. The flow of all fluids (Ze, oil, gas and water) present in
the reservoir, transports heat through convection method whereas temperature
gradient disperses through conduction as per Fourier’s law. The total heat flux in

the porous media is given by [8] (Equation (3)).
F' _§< ﬁpﬁvﬂ) ZZ(h Dk (Pﬁ ﬂ))_(KTVT) ©)

where F' is total heat flux, A is specific enthalpy and K; is thermal conduc-
tivity. For each mass component &, mass conservation and energy conservation
equations, with the coupling of convection and conduction mechanisms of heat

transfer, are as follows [8] (Equations (4) and (5)).

g{@(/’ﬁsﬁxkﬂ)} =_§V'(pﬂxﬁvﬂ)+§v'('3; V(ppXp))+d @

OX
= _ZV'(hﬂpﬁVﬂ)szzv'(h;D; 'V(pﬂX;))JFV'(KTVT)JFqE
I 5B

where Uis internal energy, subscript s is for solid, ¢ is external sink/source, su-

(yonsit o)

perscript E'is for energy. Using the concept of control volume Equations (4) and
(5) are discretized as follows [8] (Equation (6)):
)ﬁ: >Cit+ D" k=12, N +1andi=1,2,--,N  (6)

jen;

(B_k,n+1 _ B_k,n

The term Cilf j in equation 6 represents the flow of mass fluxes by the result
of dispersive and advective mechanisms as already described in Equation (1),
and for heat transfer, it is described in Equation (3). where Bik'n is accumula-
tion, Ci'f'j"” is flow and Di‘f’jn” is source/sink term. For a further breakdown of
term Bik‘n for mass-components and thermal energy are as follows [8] (Equa-
tions (7) and (8))

:{@;(pﬂsﬂx;)} 7)

Bl = {z(@pﬂsﬂuﬂ) + (1—@),05U5:| (8)
s i

In terms of 4 jnodes, it is determined by the following equation [8] (Equation
9)).
Ci =Fay +F; )
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where F, is total mass fluxes occurred by advection and 7 is by dispersion.
These two terms are calculated as follows [8] (Equations (10) and (11)).

FX = Aj%“(x;)wz Foi (10)
FI;,ij :_nij’Aj%:D;'v(pﬂX;) (1)

where 7 is the unit vector, F, is mass flow term for phase 4 and can be eva-
luated as follows [8] (Equation (12)).

Pk
F,B,ij =( . ﬂj 7’ij(¢ﬁj _(pﬂi) (12)
B Jij+y2

By applying the finite difference method, the total heat flux can be estimated
by the following equation [8] (Equation (13)).

T.-T
Ci;\lCJrl = AiZ|:(hﬁ)ij+1 Fﬂ,ij:|+(KT )”*{d:r dl_] (13)
i T4

s 2 2

where subscript ij +1/2 means all properties of heat transfer and fluid flow are

properly averaged at the interface of 7and jnodes.

3. Numerical Simulation

A cartesian grid reservoir numerical model has been generated assuming one

production and one injection wells as shown in Figure 1.

*IProduction

eyl

L1 kb 1q
€T WTIL

Figure 1. Cartesian grid reservoir numerical simulation model.

A commercial reservoir simulation software having thermal and composition-
al option was used for numerical simulation. Reservoir properties used in this
study are shown in Table 1. Five years’ simulation time was set up and heat was

pumped to the reservoir through the heater well.

Table 1. Reservoir properties.

Properties Unit Value
Reservoir Pressure Psi 3256
Reservoir Temperature F 247
Depth ft. 8053

Gross Thickness ft. 96
Porosity % 5
Permeability md 100
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4, Results and Discussions

Figure 2 shows the temperature distribution of the studied oil shale reservoir at
initial condition. Temperature is homogenously distributed initially with the
value of 247°F. The heating is not started yet. This is the natural temperature of
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397
319
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164
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Figure 2. Initial temperature (°F) of the reservoir.

the reservoir.

Heater temperature was set to 800°F to heat-up the oil shale formation. The
heat was slowly transferred to oil shale formation. At this stage, the conduction
and convection were the main heat dissipation processes. Figure 3 shows the

temperature distribution in the studied reservoir at the 200th day.

Figure 3. Temperature distribution in the reservoir on the 200th day in °F.

Figure 4 shows the temperature distribution into the reservoir at the 500th
day. It can be seen that the temperature of the hottest parts of the reservoir is
around 800°F. Since kerogen has already started to convert to fluid at this stage
heat transfer is also accelerated.

Figure 4. Temperature distribution in the reservoir on the 500th day in °F.
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The same mechanism can also be seen from Figure 5 which shows the oil and

gas production from in-situ conversion of kerogen as a function of temperature.

The peak production was observed at the 550th day.
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Figure 5. Oil and gas production by conversion of in-situ kerogen as a
function of temperature.

5. Conclusion

A comprehensive mathematical and numerical simulation study regarding heat
dissipation in an oil shale reservoir has been carried out carefully. It reveals that
while modeling the heat dissipation and transportation in an oil shale reservoir;
conduction, convection, dispersion, advection and diffusion processes are needed
to be incorporated properly. Without fully acknowledged of these processes, ac-
curate heat dissipation and transportation modeling of in-situ conversion process

of oil shale cannot be achieved.
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