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Abstract

In-situ combustion (ISC) has long been recognized as a promising technique for heavy oil recovery. However,
ISC includes multiple physicochemical processes, which are still poorly understood and difficult to predict
and control. This study establishes a lattice Boltzmann (LB) model to simulate the two important aspects
of ISC at the pore scale: coke formation and combustion. The LB model includes thermal expansion ef-
fects and solves the reactive air-coke interface without iterations. Moreover, this model improves upon pre-
vious models by considering both coke formation and two-step coke combustion, as well as the growth of
solid geometry. Results show that the LB model correctly captures coke combustion properties. Meanwhile,
the newly introduced coke formation and two-step combustion yield important findings. As heat released
from combustion transfers downstream, oil cracking and coke formation ahead of the combustion front are
successfully tracked. The generated coke fuels the upstream combustion, making the system self-sustained.
During coke formation and combustion, four coke transition states are identified. In addition, a parametric
study demonstrates that the large inlet oxygen content and driving force are desirable, while too high a driv-
ing force should be avoided as it causes high burning temperature. Furthermore, it suggests that the inlet air
temperature should be set appropriately. On one hand, a high temperature may promote coke formation and
retard the front propagation. On the other hand, a low temperature may slow down the combustion of coke
2, even though it is high enough to ensure the ignition of coke 1. The decelerated coke 2 combustion may
further cause the insufficient heat release and the failed coke formation, thus inducing the early termination
of combustion. Such effects of the inlet temperature indicate the necessity of considering coke formation and
two-step coke combustion. These results help to improve the understanding and facilitate the development
of ISC.
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1. Introduction

As the conventional light oil sources are be-
ing exhausted, extensive attention is being focused
on the recovery of heavy oils. In-situ combustion
(ISC), as an effective thermal recovery method, has
long been of interest [1]. In a typical ISC pro-
cess, hot air is injected to oxidize hydrocarbons (or
coke) in oil reservoirs, forming a combustion front.
From such a front, significant heat is released to
increase the oil temperature and the driving en-
ergy. This contributes to improving the oil mobility
and enhancing the recovery efficiency [2]. As heat
from combustion transfers downstream, crude oils
ahead of the combustion front crack into light oils
and solid cokes that usually fuel the combustion
process [3]. ISC is thus self-sustained and can ef-
ficiently drain oils with improved mobility towards
production wells [4]. Although ISC is a promising
technique in theory and has achieved some suc-
cesses in industry, it is generally hard to predict and
control. This mainly stems from the fact that re-
actions involved in ISC are complex, strongly cou-
pled, and not well understood [1,5]. Therefore, to
improve the development of ISC, it is necessary to
model and understand the fundamental reaction
dynamics.

In a successful ISC process, the two important
reactions are coke formation (or oil cracking) and
coke combustion [5,6]. These two reactions bring
in complex phenomena, like unsteady fluid flow,
reactive fluid-solid interface, conjugate heat trans-
fer, compressible gas, and variable solid geometry.
Some numerical and experimental works have been
conducted to study these processes and enrich the
knowledge base of ISC. For instance, a flood-pot
technique was applied to experimentally determine
the available coke for combustion and the required
air from injection. Results demonstrated the avail-
able coke varied with oil properties, porous medium
structures, and air flux [7]. Experiments were also
conducted in pyrolysis and combustion reactors to
investigate the coke formation process. The gener-
ated coke was found to be controlled by the conver-
sion of crude oils and operation conditions [8]. In
parallel, numerical models were built to study re-
actions involved in ISC. As one of the pioneering
works, Belgrave et al. [9] proposed a unified pseudo-
mechanistic reaction model to study ISC. They
grouped the hydrocarbons based on their reaction
mechanisms and captured the main crude oil trans-
formations. This model has been widely accepted
and taken as a starting point by the following re-
searchers. For example, an upscaling methodology
for field-scale reaction was built and the modeling
results suggested heat conduction could stabilize
the coke combustion front [10]. A one-dimensional
model was built to analyse ISC, with both pyrol-
ysis and vaporization being included. This model
distinguished three pseudo-components in oil, ig-

nored the oil mobility, and simplified coke as C
[11]. More recently, models were developed for eval-
uating influencing factors of ISC, like the vapor-
liquid equilibrium behavior, the injected air proper-
ties, and the porous medium characteristics [12,13].

Existing results have improved the understand-
ing of ISC, including main reactions (i.e., coke for-
mation and combustion) and effects of key fac-
tors. They however described reactions in porous
oil reservoirs at macroscopic scales and applied
volume-averaged techniques without considering
pore-scale details. On the other hand, empirical
correlations that depend on pore-scale structures
are required to estimate effective parameters [3,14].
Thus, models that can provide pore-scale details of
coke formation and combustion during ISC are de-
sirable.

As a powerful solver for porous media flows at
the pore scale, the lattice Boltzmann (LB) method
has been developed over the past three decades
[15,16]. To simulate the complex physicochemical
processes involved in ISC, some LB simulations
have been reported. Kang et al. [17-19] and Zhang
et al. [20] developed LB boundary schemes to ac-
curately model the species conservation condition
at the reactive fluid-solid interface. In these sim-
ulations, Kang et al. proposed a volume of pixel
scheme to track the porous structure evolutions,
including both solid dissolution and formation.
Meanwhile, LB models with a half-lattice division
scheme or additional source terms were developed
to implement the conjugate heat transfer among
different phases, without conventional extrapola-
tions or iterations [21,22]. As for combustion sim-
ulations, several efforts have been made over the
past years. Yamamoto et al. [23,24] developed an
LB model for propane combustion and further sim-
ulated soot combustion, which however ignored
thermal expansion effects. To fill this gap, Lin and
Luo [25,26] proposed a discrete Boltzmann model
to study subsonic and supersonic combustion phe-
nomena, as well as nonpremixed and partially pre-
mixed reactive flows. Meanwhile, based on the low-
Mach approximation, LB simulations were carried
out to model the combustion of low-speed flows.
In these models, the thermal compressibility was in-
cluded by modifying equilibrium distribution func-
tions [27] or combining finite difference schemes
[28]. Recently, to further account for solid combus-
tion, Liu et al. [29] developed an LB model for char-
pellet combustion, with the sodium release and ash
inhibition effects on oxygen diffusion being consid-
ered.

On the basis of these works, Xu et al. [3] pro-
posed a pore-scale LB model to investigate coke
combustion front properties. They distinguished
different combustion regimes and suggested the
diffusion-limited one was desirable in industrial ap-
plications. However, an iteration scheme was re-
quired to model the air-coke interface, which was
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hard to implement and computationally demand-
ing. Besides, variations in air density caused by
thermal expansion were not considered. For these
reasons, we recently proposed a new pore-scale
multiple-relaxation time (MRT) LB model to sim-
ulate solid coke combustion [30]. This new model
includes thermal expansion effects and avoids iter-
ation calculations. Our results captured coke com-
bustion properties and assessed influencing factors.
This first-step work however has some limitations:
coke formation is not considered, coke combustion
is simplified as a one-step reaction, thermal effects
on air properties (like viscosity, mass diffusivity,
and heat diffusivity) are ignored. To overcome these
shortcomings, this study further modifies and im-
proves our recent LB model to simulate coke for-
mation and combustion during the ISC process.

2. Mathematical model

The formation and combustion of solid coke
during ISC are investigated in a porous medium,
where the solid matrix (an assembly of solid min-
eral grains) is unreactive and pore spaces are filled
with inert gas and oil components. Initially, lim-
ited solid mineral grains are coated by coke and the
compressible hot air at temperature Tj is injected
by a driving force F = (F,, F,). Once oxygen (O5)
from air comes into contact with coke, coke com-
bustion takes place at the air-coke interface, which
is described by two sequential reactions [10,29],

Cl+(1102—>b1CO+01C02+C2+Q1s (1)

C2 + 61202 — szO + 02C02 + Qz. (2)

Here, two types of coke are considered: coke 1
(C)) and coke 2 (C,). After ignition, the combus-
tion front propagates forward and significant heat
is released to increase the downstream temperature.
Consequently, oils on the downstream side become
heated and crack into light oils and solid C,. The
produced C; deposited on solid grains can fuel the
upstream combustion. Coke formation is simplified
as [9,10],

Heavy oil + Q; — Light oil + Cy, 3)

For the above coke formation and combustion, re-
action rates at temperature 7" are estimated accord-
ing to the first-order Arrhenius-type equation as
(23],

Fr, = 0.C, = Acexp(—E./RT)C},, 4)

Fry = 0;C! = Asexp(—E3/RT)C!, (5)

where « = 1,2 stands for reactions (1) and (2).
A123, E1 23, and R are the pre-exponential factor,
the activation energy, and the ideal gas constant, re-
spectively. CCI)2 and C! are molar concentrations of
O, and oil components at interface I, respectively.

The interface I represents air-Cy, air-C,, and oil-
C,/grain for reactions (1)-(3), respectively.

For coke combustion (1)- (2), both carbon
monoxide (CO) and carbon dioxide (CO,) are con-
sidered as reaction products. The CO/CO, mole ra-
tio at temperature 7T is determined by [29],

Npc = b./c. = Apexp(—E,/RT), (6)

where 4, and E, are two empirical parameters. The
heat released from combustion (Q,) and required
for oil cracking (Q;) are calculated by,

0123 = Friashrzs, 7

with Ar ;3 being the chemical reaction heat. As
coke burns out or accumulates gradually, the up-
date of solid geometry is tracked by [18],

8tI/cl = SL‘I/;H(Fr?: - F"]), (8)

0 I/CZ = S('Vm(Frl - FrZ)v (9)

where V.| and V, are volumes of C; and C,, respec-
tively, V,,, is the molar coke volume, and S. is the
reactive surface area.

During coke combustion, fluid flow is assumed
to satisfy the low Mach number condition and fluid
density varies as a consequence of temperature
change. In addition, as explained in [11], the mo-
bility of solid phases (coke and solid matrix) and
oil components is sufficiently small and can be ig-
nored. Based on these simplifications, a constant
oil concentration ahead of the combustion front is
applied. Governing equations for air flows in pore
spaces and heat transfer in both pore spaces and
solid phases are built as,

0pe + V- (o) =0, (10)

3 (pgu) + V- (puu) = —=Vp+V - (vp,Vu) + F,
an

al(ngn) +V. (ngnu) =V. (angVY,,), (12)

¥ (pc,T)+ V- (pc,Tu) =V - (apc,VT) + O,
(13)

where u, p,, p, and v are the gas velocity, density,
pressure, and kinematic viscosity, respectively. p,
cp,a,and k = apc,in Eq. (13) are the local density,
specific heat at constant pressure, thermal diffusiv-
ity, and thermal conductivity, respectively. These
four parameters for the gas and solid phases are
noted by subscripts g and s, respectively. Y, and D,
are the mass fraction and diffusion coefficient of
species n (n = O,, CO,, CO), respectively. Y, is re-
lated to the molar concentration as, C, = Y,,0,/M,,
with M, being the molecular weight. Effects of tem-
perature variations on air properties are estimated
as [31,32],

w= M’(T/T’)O‘ég

, D,=D,(T/T)", (14)
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where = pgv is the air dynamic viscosity and the
superscript ' represents reference conditions.

Coke formation and combustion reactions at in-
terface I is described by boundary conditions for
the species conservation, the conjugate heat trans-
fer, and the no-slip velocity as [3,18],

n-D,p, VY, = Z G123Fr123M,, (15)
T1,+ — Tl,fy

n-(kNTY " =n-(kVT)~ +g¢, (16)
u' = (0, 0), (17)

where n is the interface normal pointing to the gas
phase, + and - denote parameters on either side of
1, q is the heat flux caused by coke combustion, and
¢ is the stoichiometric coefficient. By introducing
the characteristic length L, velocity U, and density
P, dimensionless parameters are derived as,

F LU LU
F*zi,Re=7, Pen = 7’Pr=i' (18)
pchU2/L v D, ®e

F*, Re, Pe,, and Pr are the dimensionless force,
the Reynolds number, the Peclet numbers, and the
Prandtl number, respectively.

3. Numerical method

To solve the above governing Eqs (10)—(13),
a two-dimensional nine-velocity (D2Q9) MRT LB
model is developed [16]. Due to the uniform ther-
mophysical properties and the thermal expansion
effects, Eqs. (12)-(13) are firstly derived as [30],

T +V -(Tu)y=V - (aVT)+ Fr, (20)
with source terms F, and Fr being,

— Dn . .
B = JeVY, Vo + YV -, A
Fr=2 4 Y0 4y 1) T00)

pp pCp pCp

2n

Note that values of ¢, are set as constants for both
gas and solid phases in this study. Thus, in non-
reactive solid and gas areas, the above calculation
expression for Fr can be further simplified as, Fr =
Q/pc,+aVT -V(pc,)/pc, + TV -u.

Three sets of evolution equations are built in the
proposed LB model as [30],

filx +ed;, 1+ 8) — fi(x, 1)
= (M ISM), [ 0~ 17 0]
+8,(M - 055M), (F;+C), (22)

ij
gn,i(x—'_eiatv t+8t)_gn,i(xv t)
zgrl,i(x+ei8ta z+5f)_gn‘i(x7 t)
= —(M*ISnM)ij[g,,ij(x, t)—g’e:{/ (x, t)]

+ atfn‘i + 0-58,?8[?}1‘1'7 (23)

h,(x + e, t + (S[) — h[(x, t)
= —(M'SM), [hy(x, ) =K (x, 1)]

+8,Fr;i+ 0-53,2 Fr., (24)

fori,j=0,1,...,8, where fi(x, t), g..(x,?), and
hi(x, t) are distribution functions for the density,
the mass fraction of species n, and the temperature
fields, respectively. The corresponding equilibrium
distribution functions are /7, g7, and A, respec-
tively. F;, F,;, and Fr; are distribution functions
for the driving force (F) and source terms (F,, Fr),
respectively. C; is the correction term to eliminate
the deviation from third-order velocity moments.
The transformation matrix M can map distribution
functions from the physical space ¥ to the moment
space as 1/; =M 9.8, 8,, and §; are the diagonal
relaxation matrices of relaxation rates in the mo-
ment space. The macroscopic variables can be ob-
tained from the distribution functions as,

p=) fn pu=)y efi+055F,
Yn = Zgn,i, T = Zh,‘. (25)

The equation of state to relate the gas pressure and
temperature is defined as, p = p Y RY,T/M,,.

Coke formation and combustion reactions
are implemented by solving boundary conditions
(Egs. (15)—(17)). On one hand, the conjugate heat
transfer (Eq. (16)) is automatically realized by solv-
ing Eq. (13) [30]. On the other hand, to solve
Egs. (15) and (17), the interface mass fraction ¥,
is firstly determined via the finite-difference scheme
as [20],

n-VY! = (Y$-Y))/d.,d. = 0.5n" e, (26)
where Y,{ is the species mass fraction at the gas node
neighboring I and e; is the discrete velocities. By

inserting Eq. (26) into Eq. (15), ¥/ is calculated
as,

Do, YE

Y= 27

0 DOZ - dc Z Ay Wy ( )
I

YI _ Yg _ dc Z §/<(U/< YOZM{ (28)

¢ e D[ Moz ’
DoiC5

cl=_—2 | 29

? Doy — dews 29

with ¢ = CO,, CO. The halfway bounce-back
scheme is chosen to realize this reactive boundary
with no-slip velocity and given mass fractions.

To track solid geometry variations with coke
formation and combustion, the volume of pixel
scheme is applied [17]. Explicitly, the lattice grid
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Fig. 1. Schematic of the problem: coke formation and
combustion in porous media.

size is assumed to be fine enough and thus each
solid grid represents only one material n (n =
C,, C,, solid matrix), but allows other minerals to
deposit. For a solid grid of 7, the initial solid vol-
ume is set as Vo and the volume is updated at
each time step via Eqs. (8)-(9). On one hand, when
the solid volume doubles (V;, = 2V} ), one of the
neighboring nodes changes to a solid node of 7,
with the ratio of precipitation probability between
the nearest node and diagonal nodes being 4 : 1.
On the other hand, when the solid volume becomes
zero (V, = 0), the node degrades to a gas node from
C, or a C, node from C;. More details about the
proposed MRT LB model are provided in the Sup-
plementary Material.

4. Results and discussion

The developed LB model is applied to simu-
late the two critical aspects for a successful ISC
process: coke formation and combustion in porous
media. As displayed in Fig. 1, a porous struc-
ture with porosity ¢ = 0.57 and initial C; volume
fraction ¢, o = 0.017 is constructed [33]. Geomet-
ric parameters of the medium are /., = 552 pm,
I, =64 pm, d =20 um, r, =44 pm, and r, =
32 pm. This medium is initially filled with hot
nitrogen and oil components at temperature 7j.
The compressible hot air at temperature 7, den-
sity pg0, and O, mass fractions Yo, is injected
to react with coke by a driving force F = (F,, 0).
In the subsequent simulations, reaction parame-
ters are, A; = 3.21 x 10’ m/s, E; = 136.9 kJ/mol,
hry =388.5 kJ/mol; 4, =1.1x10" m/s, E, =
131.09 kJ/mol, hr, =500 kJ/mol; A; = 4.06 x
10° m/s, E; = 177.2 kJ/mol, hr; = 37.97 kJ/mol;
and R = 8.314 J/molK [3.9.11,29,34,35]. The sys-
tem pressure keeps unchanged as p=1 Mpa.
Thermophysical properties of solid phases (i.e.,
Ci,C,, and solid matrix) are fixed as, c¢,, =
0.72 kJ/kgK, p, = 2260 kg/m’, k, = 4.14 J/smK,

Combustion front
X/, x/1,
0.5 10 0.5 1
: Y, 01

0

PP 08 085 09 095

(a) Scalars distributions
atr=2.98s

(b) Transversely averaged
scalars at = 2.98s

0

4. 6
Time, # (s)
(c) Temperature (7,,) and air density (o) at the combustion front

Fig. 2. Coke combustion and formation properties in the
base case: (a) Distributions of mass fractions (Yo,, Yco,,
Yco), temperature (T'), and air density (p,) at t = 2.98 s.
(b) Transversely averaged scalars. (c) Temporal evolutions
of combustion front temperature (7; ;) and density (o r)-

oy = 2.55 x 107 m?/s; while those of the gas
phase vary with temperature. Specifically, p, is ob-
tained by solving LB equations, v and D, are cal-
culated by Eq. (14), and «, is determined by
a fixed Pr =0.72. The reference conditions for
Eq. (14)are, T’ =293 K, i/ = 1.84 x 107> kg/ms,
Do, = 1.76 x 107°m?/s, Dco, = 1.6 x 1074 m?/s,
Dco =2.08 x 107°m?/s, Doij = 5.0 x 10° m?/s.
Note that ¢, is fixed as ¢,, = 1.09 kJ/kgK since
it varies with 7 slightly. The conversion between
physical and lattice units is based on Eq. (18), with
the characteristic parameters being L =d, U =
ay/L,and py, = pgo. After grid convergence tests, a
mesh of size Ny x N, = 1656 x 192 is used to cover
the porous medium. Zero-gradient conditions are
applied at the outlet and the top and bottom are
periodic. Coke formation and combustion proper-
ties and effects of key parameters in ISC are then
investigated.

4.1. Coke formation and combustion characteristics

A base case with F =15, T, =773 K, and
Yo,.0 = 0.233 is firstly simulated. Figure 2(a) shows
distributions of species mass fractions, tempera-
ture, and air density at ¢ = 2.98 s. Injected O, flows
through pore spaces to oxidize solid coke at the air-
coke interface, forming the combustion front area.
At this front, O, and coke are exhausted, while CO
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Fig. 3. Coke evolutions in the base case: (a) Coke distri-
butions. (b) Transversely averaged coke volume (V). (c)
Coke and temperature (7°) distributions during coke for-
mation and combustion on the grain highlighted in (a).
(d) Temporal evolutions of coke volume fractions: ¢.; and
¢ for the generated and burned Cy; and ¢.; and ¢, for
the residual C; and C,.

and CO; are generated. Such a combustion process
releases heat, which makes temperature increase to-
wards the front and reach a peak value there. Due
to thermal expansion effects, air density varies in an
opposite tendency and drops to a valley value at the
combustion front. These observations are quantita-
tively verified by transversally averaged values (de-
noted by the superscript 7) in Fig. 2(b). In addi-
tion, the temperature (7.,) and air density (o) at
the combustion front are recorded versus time in
Fig. 2(c), showing an almost stable burning condi-
tion with T;.r/To ~ 1.25 and p.s/pg0 ~ 0.78. Com-
pared with the inlet state, 7., and p., vary by 25%
and 22%, respectively. This implies the necessity
of considering thermal expansion effects. These re-
sults show the typical coke combustion properties
in porous media, which are consistent with those in
our recent paper [30].

On the other hand, due to the newly introduced
coke formation and two-step coke combustion
schemes, coke transitions and distributions become
different from our recent work [30]. Figure 3(a) il-
lustrates that, at the combustion front, C; is oxi-
dized to produce C, and C, burns out soon after
the generation. As combustion goes on, the com-
bustion front proceeds downstream and divides the
medium into two areas. The upstream side of front
is the coke-burned zone, where two types of coke

burn out. On the downstream side, coke formation
takes place and the newly formed C; on solid ma-
trix can fuel the upstream combustion. This area is
thus defined as the coke-generated area. The trans-
versely averaged coke volumes in Fig. 3(b) also
show the coke formation and accumulation on the
downstream side.

To visualize coke transitions during coke forma-
tion and combustion, temporal evolutions of the
residual coke and temperature distributions on a
single solid mineral grain are provided in Fig. 3(c),
from which four coke-transition states are identi-
fied. First, at the initial state, the grain is relatively
cold and no coke deposits on its surface. Then, as
heat released from combustion transfers to increase
the downstream temperature, heavy oils crack to
generate solid C; on the grain surface. The grain
thus transfers to the C;-generated state, with the
grain becoming heated and coated by C;. After
that, the combustion front moves to the grain and
C, burns to produce C,, hence the C,-generated
state. As the combustion continues, the grain tem-
perature increases significantly and the two types of
coke burn out finally. At last, the grain cools down
and changes to the coke-burned state.

The coke formation and combustion are quan-
tified by temporal evolutions of coke volume frac-
tions in Fig. 3(d). Both the generated C; (¢c,)
and the burned C; (¢.) increase with time at
first, indicating the on-going coke formation and
combustion. Besides, ¢., grows more quickly than
¢.., which implies the coke formation rate is fast
enough to sustain combustion. As time passes, ¢,
increases constantly while ¢., gradually approaches
a stable value (marked by a red circle). This suggests
the formed amount of coke reaches the system limit
and thus coke formation stops finally. In addition,
the enlarged initial period (marked by a blue circle)
shows that coke combustion starts earlier than coke
formation. This is because coke formation can be
triggered only after significant heat released from
combustion transfers to heat up the dowmstream
side. To quantify coke transitions, the residual C,
(¢p¢1) and C; (¢.2) volume fractions are also mea-
sured in Fig. 3(d). The curve of ¢, decreases at
first and increases after a short period (marked by a
blue circle), which is caused by the quick coke com-
bustion and the delayed coke formation. After an
increasing period, ¢.; changes to decrease as coke
formation stops (marked by a red circle). As for
the residual C,, ¢, holds a relatively stable value.
This verifies the above observation that C, burns
out soon after its generation from the combustion
of C1 .

4.2. Effects of key parameters

A series of simulation tests are conducted to
evaluate the key parameters of ISC. To clarify sen-
sitivities of coke formation and combustion, tem-
poral evolutions of combustion front temperature
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Fig. 4. Coke formation and combustion properties at dif-
ferent 7j: Temporal evolutions of (a) front temperature
(T, #), (b) front location (/. r), (c) volume fraction of gen-
erated C; (¢cg), (d) volume fraction of burned C; (¢c).
(e) Distributions of O, mass fraction (Yo, ), temperature
(T'), and coke at Ty = 693 K. (f) Coke distributions on the
grain highlighted in (e) at Tp = 693, 773K. (g) Temporal
evolutions of coke volume fractions of residual C; (¢2).

(T.r) and location (/./), as well as generated C; (@)
and burned C; (¢..) volume fractions are measured.

Simulations with different 7; are firstly con-
ducted to assess the influence of inlet air tempera-
ture. Obtained results are provided in Fig. 4, where
T.s is normalized by the inlet air temperature of
the base case Ty g = 773 K. Results for cases with
To = 723,773,853 K show that increasing 7; af-
fects the front temperature 7., and the coke com-
bustion (¢..) slightly (Figs. 4(a) and (d)). This can
be explained by the limited O, for combustion [30].
However, the increase of Tj retards the front propa-
gation (/.s) obviously (Fig. 4(b)), indicating it plays
a negative role in ISC. The higher 7; implies the
more heat from combustion and also the less heat
demand for triggering oil cracking. As shown in
Fig. 4(c), this subsequently promotes coke forma-
tion on the downstream side. The combined effects
of the enhanced coke formation and the almost
unchanged coke combustion thus suppress the ad-
vance of the combustion front.

Different from the above three successful cases,
curves of Tir, ¢e, and Iy at Tp = 693 K increase
at first but stop growing after a short period, while

1.6 o
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Fig. 5. Coke formation and combustion properties at dif-
ferent F* and Yo, 0: Temporal evolutions of (a)-(b) front
temperature (7, r) and (c)-(d) front location (/. r).

the curve of ¢, remains zero (Figs. 4(a)-(d)). This
suggests the ignition is successful but oil cracking
is failed to be triggered. Thus, no coke is generated
to sustain the combustion process and the system
is terminated earlier than expected. This failed case
is visualized by scalar distributions in Fig. 4(e). As
can be seen, the system is not self-sustained and in-
jected air breaks through the porous medium af-
ter the initial coke burns out. In addition, 7., at
To = 693 K is smaller than other successful cases
(Fig. 4(a)). This demonstrates the released heat
from combustion is insufficient and thus the tem-
perature rise is not enough to trigger oil cracking.
To find out the cause of the insufficient heat, coke
distributions on a single mineral grain are provided
in Fig. 4(f). It is observed that, instead of burn-
ing out soon after generation, C, accumulates and
covers C; at Ty = 693 K. Temporal evolutions of
residual C, (¢.,) in Fig. 4(g) also show that the un-
burned C; at Ty = 693 K is much higher than other
cases. Such a slow combustion of C, causes the in-
sufficient heat release and the failed coke forma-
tion. Therefore, T; should be large enough to en-
sure both the ignition and oil cracking, but a high
Tp should be avoided as it retards front propaga-
tion.

A sufficient amount of oxygen should be in-
jected to sustain coke combustion during ISC, thus
the inlet oxygen mass fraction (Yo, 0) and the driv-
ing force (F) are then investigated. Several sim-
ulations are carried out and parts of the results
are shown in Fig. 5. It is obvious that the increas-
ing Yo, 0 or F* promotes coke formation and com-
bustion, which leads to the improved front dis-
placement efficiency. In the case with high Yo, o,
the available O, for combustion becomes sufficient
and the combustion rate increases. Subsequently,
more heat is released from combustion to trigger
and boost oil cracking. Therefore, both coke for-
mation and combustion are enhanced. In the case
with large F*, more O, is injected to react with coke,
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which is thus similar to the case with large Yo, 0.
It should be noted that however, the continuing in-
crease of F.* may introduce the high burning tem-
perature and thus should be avoided.

5. Conclusions

In this work, a new multiple-relaxation-time lat-
tice Boltzmann (LB) model is developed for pore-
scale simulations of coke formation and combus-
tion during in-situ combustion (ISC) in porous
media. This LB model considers both coke for-
mation and two-step coke combustion, thus mak-
ing advances over existing LB models. The reac-
tions are modelled by solving the reactive air-coke
interface, where species conservation and conju-
gate heat transfer conditions are implemented with-
out iterations. Together with these reactions, pore-
scale growth and degradation of the solid geometry
are tracked by the volume of pixel scheme; varia-
tions of air properties (i.e., density, viscosity, and
heat and mass diffusivities) with temperature are
included. Simulation results reproduce the typical
coke combustion properties. Furthermore, the coke
formation process ahead of the combustion front is
tracked for the first time. The generated coke 1 in
the downstream area fuels the upstream combus-
tion, which makes the system self-sustained. From
temperature and coke distributions on a single solid
mineral grain, four coke transition states are iden-
tified. A parametric study suggests the large driv-
ing force and inlet oxygen mass fraction can en-
hance the front propagation, but an excessive driv-
ing force should be avoided due to the high burn-
ing temperature. Besides, the inlet air temperature
should be set appropriately. A high temperature
may accelerate coke formation and suppress fluid
flow and combustion front propagation. As for a
low temperature, although it ensures the ignition of
coke 1, it may slow down the combustion of coke
2 and decrease the heat release from combustion.
Subsequently, this may cause insufficient tempera-
ture rise, unsuccessful oil cracking, and even early
terminated combustion. As a whole, the improved
LB model captures both coke formation and com-
bustion properties, contributing to advancing the
knowledge base of ISC.
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