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Lattice Boltzmann simulation of chemical dissolution in porous media
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In this paper, we develop a lattice Boltzmann model for simulating the transport and reaction of fluids in
porous media. To simulate such a system, we account for the interaction of forced convection, molecular
diffusion, and surface reaction. The problem is complicated by the evolution of the porous media geometry due
to chemical reactions, which may significantly and continuously modify the hydrologic properties of the media.
The particular application that motivates the present study is acid stimulation, a common technique used to
increase production from petroleum reservoirs. This technique involves the injection ¢éagichydrochloric
acid, HCI, acetic acid, HAcinto the formation to dissolve minerals comprising the rock. As acid is injected,
highly conductive channels or “wormholes” may be formed. The dissolution of carbonate rocksMnHG
and 0.3/ HAc is simulated with the lattice Boltzmann model developed in this study. The dependence of
dissolution process and the geometry of the final wormhole pattern on the acid type and the injection rate is
studied. The results agree qualitatively with the experimental and theoretical analyses of others and substantiate
the previous finding that there exists an optimal injection rate at which the wormhole is formed as well as the
number of pore volumes of the injected fluid to break through is minimized. This study also confirms the
experimentally observed phenomenon that the optimal injection rate decreases and the corresponding mini-
mized number of pore volumes to break through increases as the acid is changed from HCI to HAc. Simula-
tions suggest that the proposed lattice Boltzmann model may serve as an alternative reliable quantitative
approach to study chemical dissolution in porous media.
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[. INTRODUCTION formed. Wormhole formation is the dominant mechanism by
which the fluid conductivity is increased. It is an effective
The transport and reaction of fluids in porous media is aneans of stimulating the formation for oil or gas to flow
topic of great importance for a wide range of scientific prob-more readily.
lems, such as stimulation of petroleum reservoirs, environ- Due to its importance, a solution to the problem of
mental contaminant transport, mineral mining, geologic secoupled transport and reaction in porous media has been at-
questration of carbon dioxide, chemical weathering,tempted by various approaches. At a macroscajpie.,
diagenesis, concrete degradation, and bioremediation. The8garcy) scale, it has been studied with a set of partial differ-
problems usually involve multiple processes: the convectiorential equation$1-9]. Under the condition that the dissolu-
of fluid, which may carry reactants as well as products: theion process does not increase the porosity dramatically, fin-
diffusion of reactants and products to and from the solid-gering, the formation of channels wherein the dissolution is
liquid interface; chemical reaction at the solid-liquid inter- not complete, has been modeled using the Darcy equation in
face. These problems are further complicated by the evolusoth homogeneous and heterogeneous porous media. It has
tion of the porous media geometry due to chemical reactiondjeen shown that an increase of the fluid advection rate leads
which may significantly and continuously modify the hydro- to narrower and longer finge8,4]. Numerical simulations
logic properties of the media. The particular application thatof wormholing, the formation of channels wherein the matrix
motivates the present study is acid stimulation, a commois completely removed through dissolution, have been
technique used to increase production from petroleum reseachieved using Brinkman’s equation. Simulations in various
voirs. This technique involves the injection of a¢&lg., hy- media show that the size of channels is determined by the
drochloric acid, HCI, acetic acid, HAdnto the formation to  system’s fluid/rock chemical and hydrodynamic characteris-
dissolve minerals comprising the rock. As acid is injectedtics [8,9]. At a microscopic scale, with an experiment per-
highly conductive channels or “wormholes” are usually formed on plaster, Daccoffd 0] observed the formation of a
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highly branched wormhole network. Wells, Janecky, and
Travis[11] used a lattice gas automdtaGA) to simulate the
coupled solute transport and chemical reaction at mineral
surfaces and in pore networks. Janeekyal. [12] applied a
similar method for simulating geochemical systems. With an
experimental study and lattice Boltzmann simulations, Kele-
men et al. [13] demonstrated the phenomenon of channel
growth in the presence of and in the absence of an initial
solution front where there is a gradient in the solubility of the
solid matrix. Bekri, Thovert, and Adldr4] applied numeri-

cal schemes based on random walks as well as a finite dif-
ference formulation to studying the dissolution of porous
media in the quasisteady limit where the geometrical
changes are very slow. Under the same conditions, they also
studied the deposition and/or dissolution of a single solute in
a single fracture by means of an efficient finite-difference
schemd 15]. Also, the dissolution phenomenon has been in-
e e e s iz, PG L. St s of pore s proceses: conec
; . . . tion and diffusion of reactant and product, and reversible chemical
ing experiments. In this paper, we present a lattice Boltz; .. ion on the surface.
mann model for simulating the coupled flow and chemical

reaction in_porous media. We aim to _systgmatically Cor.‘Sideface depends on the disequilibrium between the fluid and
the dynamic process of convection, diffusion, and reacyon @hineral. Kelemaret al.[13] implemented a dissolution con-
well as the complex geometry of natural porous media anden; gimilar to the above-mentioned one in their lattice

Its evcl)_Lutlon due to thle chem_|ca|| reﬁctlon. based on di Boltzmann model. He, Li, and Goldstej35] explicitly in-
F’”' e conventional numerical schemes based on 'Scr.et'éorporated the reaction kinetics into the LBM model. This
zations of macroscopic continuum equations, the lattic

. . . Qvas done by coupling the surface reaction with the diffusion
Boltzmann methodLBM) is based on microscopic models

between the wall and the bulk fluid. The present paper ex-
and mesoscopic kinetic equatioh&8]. This feature gives W ui Tl P pap X

LBM the ad ¢ studvi ilibrium d > tends the latter approach to flow and transport in arbitrary
the advantage of studying nonequilibrium dynamics, 4o, metries and with locally unsteady state reactions, which
espe_mally in fluid flow apphcayons Invo!vmg |r_|terfaC|aI dy- are closer to the process of acidization of carbonate
namics and complex boundariegeometries Using the en- reservoirs

semble averaged distribution function as the primary variable The rest of the paper is organized as follows. Section I

instgad of trqcking individual molecules allows LBM to be describes a comprehensive dissolution model proposed by
carried out with less computational cost than those methOdﬁredd and Foglef17]. Section Ill describes the lattice Boltz-

based on molecular dynamics. mann scheme for simulating a convection-diffusion system

i Sdmce Its dappearanc_e, thi #BM h"’(‘js been succr?ssfully aRjith surface chemical reaction in arbitrary geometries. Sec-
plied to studying a variety of flow and transport phenomeng;,, v/ presents several simulations of acidization of carbon-

stCh as flow in porous medjd9-22, turbulence[?S], mul- ate reservoirs to validate the proposed LBM scheme while
tiphase and multicomponent flow4—-27, particles sus- Sec. V concludes the paper.

pended in fluidg28], and heat transfdi29—-31]. Compared
to other applications, there are relatively few studies using

the LBM to study chemical reactions. Most studies on Il. A COMPREHENSIVE DISSOLUTION MODEL
diffusion-reaction problems made use of LGA. However, as | the paper of Fredd and Foglgr7], the overall carbon-
indicated in a review paper by Chestal. [32], it is very  ate dissolution mechanism has been modeled as three se-
difficult to incorporate fluid convection in the LGA quential processes. These processes include the mass transfer
the LGA prevents these models from becoming practical Nureactions, and the mass transfer of products away from the
merical simulation tools for engineering applications. Amongcarhonate surface. To simplify the illustration of this devel-
the relatively few LGA and LBM chemical reaction models, opment, the surface reactions have been generalized as

most of them deal with the chemical reactions in bulk fluids

[33,34; we are, however, particularly interested in the (Reactants+ CaCQ= (Products, (]
chemical reaction on solid surfaces. The relevant studies are

those by Wells, Janecky, and Trayikl], Janeckyet al.[12], which can be simplified as

Kelemenet al. [13], and He, Li, and Goldsteif35]. In the

first two studies, surface reactions involving dissolution and R+C=P. 2
precipitation were modeled with LGA by allowing wall

nodes to serve as sources or sinks for a mass of a dissolv@&bth reactank and productP are soluble in the bulk fluid,
component. The mass transfer between fluid and solid suand reactanC is bound at the solid surfacesee Fig. L

Bulk fluid
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Assuming that the dissolution occurs by a first-order hetero- g (x,t)— g3 Cs u)
geneous chemical reaction, the rate of dissolutiog) (is g5 (X+e,8; ,t+ ) —gS(x,t)=— =
then given by s

+ 0,0, 4

ro=k,(R—P/Kgy), ()

wherek; is the effective forward reaction rate constaft, _ o . _
is the effective equilibrium constant, ariRland P are the whereg? is the distribution function of the concentration of
reactant and product concentrations at the solid-liquid interthe sth solute; s is the relaxation time; and® is the source
face, respectively. The effective reaction rate and equilibriunierm associated with chemical reaction in bulk fluids. The
constants for this generalized reaction depend on which resuperscript stands for treth speciesg®*®is the correspond-
action mechanism is dominating the dissolution and, thereing equilibrium distribution:
fore, depend on thpH and the type of species present.

Although the above model is based on the dissolution of
calcite, it is a general form applicable to other reaction sys- s ou e . e, u (e, u? U2
tems wherk, andKg, can be determined. go*(Clu)=w,C9 1+ _T + 2(RT)2 2RT"

®)

Ill. LATTICE BOLTZMANN MODEL FOR SURFACE

REACTION IN FLOW SYSTEMS whereR is the gas constantj and T are the velocity and

A. Evolution equations temperature of the solvent fluid, respectively, adis the
In this study, we assume that the solute concentrations afgPncentration of theth solute.e,’s are the discrete veloci-
sufficiently low not to influence the solvent flow. The solute €S @ndw,’'s are the associated weight coefficients. For the
transport in such a system can be described by the followingD (two-dimensional nine-speed LBM model, we have

lattice Boltzmann equation: T=1/3, and
0, a=0,
-1 -1
€,= 2 2 (6)
s (a=5)7 = |(a=5)7T _5_g
Co§————+ |, sil———+/], @ .
|
The corresponding weight coefficients ate,=4/9, o, f(x,t)— Y p,u)
=1/9 fora=1,2,3,4, andv = 1/36 fora=5,6,7,8. The con- fo(X+e,6;,t+ ) —f (x,t)=— , (9)

centration of thesth species is calculated using 7

wheref , is the distribution function of the solvent,is the
Cs=, g (7) relaxation time relating to the kinematic viscosity by (7
« —0.5)RT; andft%is the equilibrium distribution of ,:

Using the Chapman-Enskog expansion technique, the above 2

e, u (e, u? u

lattice Boltzmann equation can be proven to recover the fol- fey - _
\ e . . a (P U)=wup| 1+ . (10
lowing convection-diffusion-reaction equati¢s4]: RT  2(RT)* 2RT
Jc*® The density and velocity of the bulk fluid are calculated us-
7+(U~V)CS=V~(DSVCS)+QS, ® ing
where the diffusion coefficient of theth componentDg is :2 f (11)
related to the corresponding relaxation time b= (7 P Ta
—0.5)RT.
Since we have assumed that the solute concentrations are
suffici_ently Iqw, the solvent fluid can be simulated using the pu=2 ef.. (12)
following lattice Boltzmann equation: a
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FIG. 2. A typical control volume on the wall.
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/ PL)=rp+D P 19
ﬁ( )=Tp Pon (19
L’—ﬁp_ +D _(7P 20

ot _rD Pan ’ ( )

where the change of’ with time is assumed negligible.
Similarly, for the reactant solute concentratiBn

L’&R— +D IR 21
=—Ip Rgn (21)

It is well known that, using the Chapman-Enskog expan- at

sion, the above lattice Boltzmann equati@® recovers the
correct continuity and momentum equations at the Navier
Stokes level,

dap _
E—I—V-(pu)—o, (13

p ((99_1:+(u.V)u ==Vp+V-[py(Vutuv)], (14

wherep=pRT is the fluid pressure.

whereDg is the diffusivity of R. When the boundary layer
characteristic lengti.’ — 0, the local reaction and diffusion
processes become steady state, namely, the dissolution rate is
equal to the mass transfer rate of solute reactant toward the
solid interface and that of product away from there. This
locally steady state assumption has been made by Fredd and
Fogler[17]. In this paper, however, we consider the more
general case described by E¢g0)—(21).

If we discretize the time derivative terms with the first-
order forward difference scheme, after reorganizing them, we
obtain

In the simulation, the convection-diffusion-reaction equa-

tion (8) is coupled with the flow equatiofil4) through the
velocity fieldu; the flow field is being continuously modified

because of the evolution of pore geometry due to chemical

dissolutions, which are strongly dependent on the transpo
and reaction of the fluids.

B. Boundary conditions

From the consideration of mass conservation of pro@uct
within a control volume on the boundafgee Fig. 2,

4 P'dV_J' D P dA 15
7t = rp+ Pon , (15

whereDyp, is diffusivity of P, P’ is the density of the product

in the control volume, which has the dimension of concen-

tration. Suppose all quantities are uniform Anthen

" [ pradi= D P A 16
5t =|rpt+ Pan | A (16
or
J f P'dl=ry+D P 1
7t =rot+Derr (A7)
i P'L)=rp+D P 18
E( )=TIp P (18

where P’ is the average oP’ over the depth, which is

generally not equal to the concentration at the solid-liquid

D aR—h R—-R 22
Rop r( ) (22
t D &P—h P—-P 23
pa_n_ P( - oc)l ( )
where
hR:kr"‘E: (24)
K o m L
Keq O TOAT
R,=—"———, (25
hr
hp= ke L 26
P—K—eq+my (26)
k,R0+P0A—t
P.=——7—7—, (27)
hp

whereRy, P, are concentrations of the soluble reactant and
product at the previous time step, respectively. Unlike con-
ventional diffusion problems$}., andP., both vary with time

in our case because of the surface reaction.

The above formulations describe a boundary condition for
surface reaction at the macroscopic level. To implement this
into an LBM model, we have to formulate a boundary con-
dition for the distribution functions. For this purpose, we
utilize an approach similar to the thermal LBM model pro-

interface pf _the boundary layer. They may be related u_sing Bosed by He, Chen, and Doolgdd]. This approach is based
characteristic length" of the boundary layer, on the basis of 4 the gbservation that, at a stationary wall, the nonequilib-

PL'=P’L. Then

rium portion of the distribution function is proportional to
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FIG. 3. A wall node at the left bottom corner.

the dot product of its microscopic velocity and the concen-
tration gradient. Consequently, the nonequilibrium portion in
opposite directions takes opposite signs. Taking a wall node
in the left bottom corner as an exampleee Fig. 3 the
above consideration leads to the following boundary condi-
tions:

g7+ B°CS

s_ 27 P ==
c B+ w7 '

(28)
which is applicable for both reacta® and productP with
C!=R, C?=P, C1=R,, C2=P,, B*=1/32(hg/Dg), and
B2=1/32(p/Dp). On the basis ofc® andu, g5 can be

calculated from Eq(5). Then the distribution functions can
be calculated:
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VvV =0
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-

FIG. 4. Evolution of pore geometry due to dissolution byNd.5

01=07°*03°%%03, (29
05=05"4+03°0;3, (30)
05=05 " 07°%% 07, (31
and
93— 03
s_gsedy , 32
06= U6 v (32

giogeea 3790
R

IV. SIMULATION RESULTS AND DISCUSSION

(33

HCI injected with the rate 0f=0.0215 cmi/min at the left-hand
side. Vi stands for the volume of injected acid in terms of the
initial pore volume of the medium.

of illustration, the material here is considered to be lime-
stone. In the lattice Boltzmann simulation, the 2D domain is
discretized into 98 108 nodes with lattice unit length being
5.4 um. The acids used in the simulations areNd.BAc and
0.5M HCI, respectively. Their parameters are given in Table

The two-dimensional geometry used in our simulations ig [17]. In the simulation domain, we add a few arrays of void

a cross-section of a pore geometry set of 4807x217
voxels obtained with computed microtomogradl22]. The
resolution of the original set is 2/4Zm in each direction, and
the sample size is 0.4880.586x 0.586 mm. For the purpose

TABLE |. Parameters used in the simulations.

Type of acid Dg (cnP/s) D, (cnPls)  k, (cm/9 eq
0.5M HCI 3.6x10°° 2x10°° 2x10? 1x10%
0.5M HAc 1.1x10°> 8x10°% 5x10% 1.6x10°*

space at both the left and right boundaries. At the left inlet
boundary, uniform velocity is specified: at the right outlet
boundary, the densitipressurgis fixed; the top and bottom
boundaries are stationary walls, which do not participate in
the chemical reaction. In this study, we neglect the chemical
reaction in the bulk fluid.

Figure 4 shows the dissolution process with HCI injected
from the left inlet at a very low flow rate @
=0.0215 crmi/min). At this flow rate, the reactant is con-
sumed on the inlet flow face of the material, resulting in the
complete dissolution of the solids starting from the inlet flow
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TABLE 1l. Vg andPgr at different injection rates of HCI.
Injection rate(cm’min) 0.0215 0.129 0.43
Vgt 2.15 1.42 4.1
Par 3.1 2.44 2.35 a}?
g
s
face. In other words, there is a dissolution front that movesz

from left to right. Solids on this front are totally dissolved.
This is called face dissolution. In this case, there are nog
dominant channels formed, and the corresponding permeg
ability increase is not significant because a significant part ofe-
the medium is unaffected by the dissolution. In the last pic-
ture, the number of pore volume¥f;) has not reached the
value to break through even though more than half of the
medium has been removed. The number of pore volumes
(Vin) is defined as the ratio of the volume of fluid injected to
the volume of the pore space in the original medium; the

107

10°

FIG. 6. Enhancement of permeability due to acid dissolution for
three injection rates of ONb HCI. It suggests that there exists an
optimal injection rate(in this case,Q=0.129 cni/min) at which
permeability enhancement is the fastest.

PHYSICAL REVIEW E65 036318

—8— Q=0.0215 cm*min
——%—— Q=0.129 cm*/min
—oc— Q=0.43 cm*/min

2 3
Pore volumes injected, V,

breakthrough point is defined as the point at which the ratio
between the permeability values aftgy and before k)
acid injection reaches 10(&ee Table Il for details At a
higher injection rate @=0.129 cni/min), the reactant can
penetrate into the porous matrix and enlarge flow channels. A
significant amount of reactant is consumed on the walls of
the flow channels. Unconsumed reactant reaches the tip of
the evolving flow channels and reacts with the solids there.
This consumption propagates the dissolution channels and
eventually results in the formation of dominant wormhole
channelgsee Fig. 5. The formation of wormholes provides
significant permeability increase and requires a minimum
pore volumes of fluid to break througfor percolate the
rock matrix. In the last one of this group of pictures, the
number of pore volumes has exceeded the number of pore
volumes at breakthroughvgr), although more than half of
the media remains. As the injection rate goes high@r (
=0.43 cni/min), the flow channels become more highly
branched or ramified as fluid is forced into smaller pores.
Moreover, a significant part of the reactant flows away from
the rock matrix before it reacts with it, resulting in the in-
crease of fluid needed to break through.

It is seen from Fig. 6 and Table Il that at flow rat@s

=0.0215 cm/min, Q=0.129 cni/min, and Q=0.43 cn#/
min the numbers of pore volumes to break through+) are
2.15, 1.42, and 4.1, respectively. Also from Table II, we find
that the porosity response is more sensitive at a low injection
rate. At the three flow rates from low to high, the porosity

TABLE Ill. Vgt and Py at different injection rates of HAc.

FIG. 5. Evolution of pore geometry due to dissolution byNd.5
HCI injected with the rate 0fQ=0.129 cni/min at the left-hand
side. Vj, stands for the volume of injected acid in terms of the

Injection rate(cm’min) 0.0086 0.043 0.215
Vgt 8.9 4.16 16.9
Pgr 3.15 2.3 2.2

initial pore volume of the medium.
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107 porosity ratio at breakthrough also increases as the injection
rate decrease§Table Ill). The number of pore volumes to
break through at the optimal injection rate is greater than that
for HCI. This is understandable because the forward reaction
of HAc with limestone is slower than that of HCI of the same
concentration with limestone, and is more reversible as well.
Thus, naturally, the minimal number of pore volumes to
break through is greater and the corresponding injection rate
is smaller. Previous experiments have observed this but pre-
vious 2D network simulations failed to predict[it7].

-
A

——s=—— Q=0.0086 cm*/min
—x%—— Q=0.043 cm*/min
——6— Q=0.215 cmalmin \. CONCLUSIONS

Permeability ratio, k/k,

We have developed a lattice Boltzmann model for simu-
lation of the transport and reaction of fluids in porous media.
We used the developed model to simulate the acid stimula-
T T T T T tion process in a limstone reservoir. The simulation results of

0 > 4 6 8 10 12 14 16 18 dissolution of limestone in O HCI and 0.3M HAc
Pore volumes injected, V,, showed qualitative agreements with experimental and theo-
retical investigationgd17]. Our results verified the experi-

FIG. 7. Enhancement of permeability due to acid dissolution formental observation that there exists an optimal injection rate
three injection rates of OB HAc. It suggests that there exists an gt which the wormhole is formed as well as the number of
optimal injection rate(in this case,Q=0.043 cni/min) at which pore volumes to break through is minimized. The lattice
permeability enhancement is the fastest. Boltzmann model also successfully confirmed the depen-

dence of the optimal injection rate and the minimized num-
ratio at breakthrough pointRg7) are 3.1, 2.44, and 2.35, ber of pore volumes to break through on the type of acids
respectively. This is reasonable because at a low injectiowhile a previous network modeling approach fail@d].
rate, the liquid reactant has enough time to fully react with Our simulations suggest that the LB model may be a re-
the rock matrix before it is taken away by the fluid. Although liable numerical technique to study chemical dissolution in
the face dissolution does not increase the permeability sigporous media. The present paper is only the first step toward
nificantly, it does increase the porosity. this topic. The coupled transport and reaction is a highly

Similar phenomena are observed in the simulation ofhonlinear and dynamic system influenced by a number of
0.5M HAc. Face dissolution is seen at a low injection ratekey parameters such as acid concentration, acid injection
and the formation of dominant wormhole channels is ob-ate, chemical reaction rate, characteristic length scale of the
served with an increased injection rate. There also exists gmorous media, and diffusion constant. Investigating the ef-
optimal injection rate at which the number of pore volumesfects of these parameters and finding out the nondimensional
to break through is minimizetsee Table 11l and Fig.)7 The  control parameters are topics of our future work.
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