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Introduction

Carbonate acidizing is frequently used in petroleum
reservoirs. The simulation studies for optimum
acidizing usually use the Darcy scale formulations.
However, the continuum assumption for properties like
the local mass transport coefficient in porous media, and
the porosity-permeability relation is not appropriate
in case of the dissolution created by reactive flows.
Regarding the pore-scale origin of such properties,
therefore, lots of researchers have been attracted to
pore scale modeling to investigate reactive fluid flow
through porous media [1-7]. A review of modeling
and simulation of pore-scale multiphase fluid flow and
reactive transport in fractured and porous media can
be found in [8]. Lattice Boltzmann method has also
been used in many studies to investigate: the effect of
Dambkohler and Peclet numbers on the creation of the
different dissolution pattern [3.4], the relation between
the tortuosity, porosity and pore structure [9], the effect
of heterogeneity in mineral distribution on the reaction
rate and reactive surface area [ | 1-13] and the porosity-
permeability relation [3, 4, 13, 14]. The present work
empowers the Lattice Boltzmann method by the novel
Quadtree grid refinement to adjust the grid resolution
at the vicinity of the solid surfaces where reaction and
dissolution occur. This method helps to speed up the
simulations and attain larger domain sizes needed to
incorporate the effect of the underlying micro-scale
processes in representative behavior of the reactive
flows. Review of the Literature on Quadtree method
shows the previous studies in exploring the flow
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domains [15-19]. We step forward to explore the
reactive flow in porous media and to investigate the
discontinuity in the local mass transport coefficient
in terms of the variation in Sherwood number and
porosity-permeability relation in different dissolution
pattern created by carbonate acidizing process.

Materials and Methods

Quadtree is a multiscale mesh refiner that uses recursive
subdivisions to adjust the grid resolution based on a
predefined criterion. Quadtree method speeds up the
simulation by refining the grids near the solid phase
and letting the grids to be coarser at the pore bodies.
The adaption of quadtree on LBM is performed
based on the procedure presented in [15-17]. Figure
|1 shows the reconstructed sample porous media by
one and two level quadtree grid refinement. On the
other hand, the Lattice Boltzmann model uses D2Q9
lattice type for both flow and concentration domains.
The concentration domain uses a reaction source term
in the Boltzmann equation to account for the reaction
of the acid at the solid surfaces. The dissolution
algorithm obeys the procedure of [4]. Validation
of the developed model is conducted in two steps
through the comparison of the quadtree model results
to that of uniform fine grid model for convection-
diffusion-reaction in a single pore problem and the
experimental observation of carbonate dissolution
in [20]. The experimental data in [20] provide a 2D
pore structure generated by square calcite grains and
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flooded by dilute HCL acid at a rate of 0.115 cm/s
and Damkohler equal to 10. The validated model was
then used to investigate the effect of pore structure on
Sherwood value in reactive mass transport problems
and the variation encountered during rock dissolution
by different flow regimes. For both cases, the porosity-
permeability relation is analyzed through the alteration
of the linear form of Kozeny-Carmann equation.
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Fig. 1 reconstructed porous media by one and two level
quadtree grid refinement.

Results and Discussion

Table 1 compares the computational time of fine grid
model with that of quadtree method. The results show
about 60% reduction in the time cost for equal number
of the decomposed fine and coarse grids for one level
quadtree refinement. In addition, the results suggest
that as the number of coarser grids decomposed from
the image increases, the time cost decreases.

Table 1 The computational time of fine grid and quadtree

model.
Dimension 512x512 | 256%x256
Computational time of fine grid 26890 7900
model
Computational time of quadtree
grid model with one level 11550 3170
refinement
Ratio of fine to coarse grids 1 0.84
Time ratio (:Ifl ggzldtree to fine 043 0.4
Computational time of quadtree
grid model with two level 10750 2750
refinement
Ratio of fine to coarse grids 4 3.2
Time ratio (:Ifl f;l:l to quadtree 0.4 035

Two cases are used as benchmarks for validation of
the model:

1- Reactive flow in a single pore: a channel with a
dimension of 128x256 initially filled with a pure fluid of
a density equal to 1. A constant concentration of 1 molar
(equal to 3.6 wt.%) source acid is placed at the inlet.
The outlet is at zero gradient boundary which means the
concentration is transported out of the domain with the
bulk flow. The top and bottom of the pore channel is at
zero flux boundary. By the transport of the acid from the

inlet to the channel walls, the reaction takes place but no
dissolution is allowed. The concentration distribution
profile generated by the quadtree model is compared
with the uniform fine grid model. The results show
good agreement with the RMSE equal to 0.0004 which
corresponds to 1% relative error. The results are presented
in Figures 2 and 3.
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Fig. 2 The concentration distribution profile generated by the
quadtree model (markers) is compared with the uniform fine
grid model (lines). The profiles correspond to three different

positions along the pore.
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Fig. 3 The concentration distribution profile generated by
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the quadtree model (markers) is compared with the uniform
fine grid model (lines). The dashed profile corresponds to the
center-line positions along the pore, and the dotted profile
corresponds to the near wall positions.
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Fig. 4 (1) is the pore structure generated by [20], (2) is the
experimental dissolution result and (3) is the dissolution

behavior estimated by quadtree model.



The quadtree model is then implemented to study
the alteration of Sherwood number and porosity-
permeability relation by the reactive flow. The
implemented pore structures with equal porosity and
the dimension of 512x1024 are presented in Figure 5.
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Fig. 5 pore structures with equal porosity and the dimension
of 512x1024.

The simulation results in Figure 6 for Peclet= 10 show that
facial dissolution increases the Sherwood number for both
structures in the same way. However, the more tortuous
structure results in smaller Sherwood value.

It is the same for the porosity-permeability relation in
Figure 7 and the Kozeny-Carman equation in form of
ror=yk/¢ and ¢ =¢/(1-¢) in Figure 8. Furthermore,
higher Peclet numbers of 50 and 100 are also considered to
investigate wormhole and uniform dissolution respectively.
The results for structure 1 show that higher flow rates can
cause major difference on the Sherwood number variation
and the porosity-permeability relation. While higher Peclet
flows show more increase in RQI in case of wormhole
and major increase in in case of uniform dissolution, both
cases show non-linear Sherwood increase. The results for
the three Peclet numbers of 10, 50 and 100 using structure
1 in Figure 5 are illustrated in Figures 9 to 11.
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Fig. 6 dissolution increases the Sherwood number for both struc-
tures in the same way. The dashed line shows the result for pore
structure 1 and the solid line is the result for pore structure 2.

1/45
1/4 F
1/35 F
1/3 F
1725 F
172 F
1/15 F
1/1 F
1/05 F
1

ratio of the permeability to its initial value

0/98 1 1/02 1/04 1/06
. . . ratio of the ﬁorosity to its inial value
Fig. 7 dissolution increases the permeability for both structures

in the same way. The dashed line shows the result for pore struc-
ture 1 and the solid line is the result for pore structure 2.
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Fig. 8 dissolution increases the RQI for both structures in the

same way. The dashed line shows the result for pore structure

1 and the solid line is the result for pore structure 2.
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Fig. 9 the variation in permeability simulated by quadtree
model for different Peclet numbers using the pore structure 1.

0/01
Pe=100
0/009 F - - = Pe=50
. deeeees Pe=10
0/008 ’
1
_ 0/007 } -
o 4
= 0/006 F ’
4
(4
0/005 F
0/004 F ’
0/003 L= . . 4 s 4
0 10 20 30 40 50 60

¢,
Fig. 10 Kozeny-Carman equation in form of RQI simulated
by quadtree model for different Peclet numbers using the
pore structure 1.
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Fig. 11 the variation in Sherwood number simulated by
quadtree model for different Peclet numbers using the pore
structure 1.
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Conclusions

The present work combined the quadtree grid
refinement method and reactive Lattice Boltzmann
modeling to investigate the variation of Sherwood
number and porosity-permeability relation in different
dissolution pattern in carbonate acidizing process.
The D2Q9 lattice was adopted for both flow, and
concentration domains with a reaction source term
implemented in the Boltzmann equation for the nodes
at the solid interfaces to account for the reaction of the
acid with the rock grains.

The Quadtree method resulted in speed up of the
simulations for reactive transport through porous
media by using coarser grids in the bulk pore spaces
and refining the grids close to the solid interfaces.
The results for one level quadtree refinement showed
about 60% reduction in the time cost. Furthermore,
the developed Quadtree model was able to accurately
simulate validation tests including reaction-diffusion-
convection simulation in a single pore and experimental
observation for calcite dissolution patterns.

The analyses indicated that more tortuous structure
resulted in smaller Sherwood number. However, the
evolution of pore structure in the dissolution process
enhanced the mass transfer rate. As Sherwood number
increased with the increase in Peclet number, structure
dissolution caused non-linear changes in Sherwood
and porosity-permeability relation. Higher Peclet
flows also showed major increase in RQI in case of
wormhole dissolution and major increase in in case
of uniform dissolution.

The results show that it is necessary to account for
the variation of Sherwood number in reactive flow
simulations where the porous medium is modified by
dissolution. Quadtree has the ability to estimate the
challenging macroscopic properties by large-size pore
scale simulation needed to incorporate the effect of
the underlying micro-scale processes and play a Pore-
Darcy scale bridging role for continuum models.
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