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Based on the hybrid hypersingular integral equation-lattice Boltzmann methods (HHIE-LBM), the porosity and permeability evo-
lution and evaluation process in anisotropic saturated porosity multiscale-multiphase-multicomponent (ASP-MS-MP-MC) struc-
tures under ultra high temperature and pressure conditions was analyzed on parallel CPU and GPU platforms. First, virtual physi-
cal models at multi-spatial scales (2 pm, 5 um and 10 um) were restructured by computerized microtomography technology and
data. Second, using HHIE-LBM methods, the anisotropic porosity and permeability tensor at core level and pore level under ultra
high temperature and pressure conditions were calculated. Third, the evolution and evaluation process of the porosity and perme-
ability as a function of multi temporal spatial scales was investigated. Finally, the relationship between porosity and permeability
and ASP-MS-MP-MC structures (micro-meso-macro-scale) was explored.
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In the past 10 years, with developments in geophysics, seis-
mology, mechanics and materials, the anisotropic saturated
porosity multiscale-multiphase-multicomponent (ASP-MS-
MP-MC) structures have attracted the attention of research-
ers for its wide application in these interdisciplinary fields.
However, many micro-meso-macro mechanisms have not
yet been clearly evaluated, especially with regard to their
structural physical characteristics.

To investigate the porous physical character and structure
problem, Berger [1] explored fabric tensors of anisotropic
porous solids using boundary elements and the Green’s
function method. Roberts and Garboczi [2] studied elastic
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properties of porous ceramics using a finite element method,
and established the relationship between pore shape and
structure. Almqvist et al. [3,4] used measured seismic ve-
locities to analyze the elastic properties of anisotropic syn-
thetic aggregates, containing mixtures of calcite and mus-
covite, under uniaxial loads ranging from 20 MPa up to
400 MPa. Zhang [5,6] presented the physical mechanism of
fully and partially saturated geomaterials, and obtained sig-
nificant results for the complex coupled fluid-solid system.
Wei [7] provided the governing equation of static and dy-
namic behavior of multiphase porous media. Diabiraa et al.
[8] discussed the porosity and permeability evolution accom-
panying hot fluid injection into the diatomite problem. Mark
[9] explored permeability in fibrous porous mediausing the
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LBM method. Lindquist et al. [10] explored permeability by
studying pore and throat size distributions in X-ray tomog-
raphy rock data. Zhu et al. [11] analyzed interfacial proper-
ties of pores and solids through microtomography rock data.
Gu et al. [12] evaluated reservoir characteristics and genesis
of high porosity and high permeability reservoirs in the Ta-
rim basin. Jia and Gu [13] studied controlling factors and
the porosity evolution process of high-quality sandstone
reservoirs of the Kelas-2 gas field in the Kuqa depression.
Zhao et al. [14] used experimental methods to study the
three dimensional isotropic dielectric composite with nega-
tive permeability. Cong et al. [15] used experimental meth-
ods to study effects of porosity on acoustic resonance spec-
troscopy for synthetic highly porous rock samples. Based on
the Sierpinski carpet and Menger sponge, Zhang et al. [16]
developed new porosity models, which predict the cumula-
tive porosity of rock and other samples. To investigate the
micro scale level permeability problem, Yang et al. [17]
discussed the permeability of MC-RR on the outer mem-
branes of Escherichia coli and Bacillus subtilis (Bubtilis).

Nonetheless, few reports have used numerical methods to
calculate the porosity and permeability evolution and evalu-
ation under ultra high temperature and pressure conditions
for ASP-MS-MP-MC structures. Studies also are lacking for
complex constitutive relationships at different physical
scales, coupled with thermal force fields and ultra large
model data problems.

In this paper, we studied the porosity and permeability
evolution and evaluation process of ASP-MS-MP-MC from
a multidisciplinary perspective. First, based on previous
works [18-20], and on computerized tomography technol-
ogy, virtual physical models at different spatial scales (2 pm,
5 pm and 10 pum) were restructured on parallel CPU and
GPU platforms. Second, the anisotropic porosity and per-
meability tensor at both core level and pore level under ultra
high temperature and pressure conditions were calculated.
Third, the evolution and evaluation process of porosity and
permeability as a function of multi temporal spatial scales
was investigated. Finally, the relationship between porosity
and permeability and ASP-MS-MP-MC structure (micro-
meso-macro-scale) was explored.

1 Basic equation

In the present paper, the summation from 1 to 3 over repeated
lowercase, and of 1 to 6 in uppercase, for ASP-MS-MP-
MC structures under electro-magneto-thermal-force (EMTF)
coupled fields, may be expressed using extended differential
governing equations, formulated as [21-28]
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where Cjy, ey, My, ¢, Ui, u;, p, ps, op M, Ty, K;; indicate ex-
tended solid skeleton elastic modulus parameters, extended
solid skeleton strain tensor, skeleton modulus parameters,
extended porosity tensor, extended displacement of the solid
skeleton, extended displacements of the pore fluid, bulk-fluid
mixture density of skeleton-fluid system, density of the sol-
id skeleton, density of the pore fluid, elastic modulus pa-
rameters of the pore fluid, dynamic tortuosity and dynamic
permeability tensor, respectively.

If we consider turbulence of the fluid effects at the micro
scale, the governing equations of fully saturated porous
contracture can be formulated as [29]

i, —ap,—[np" +(1-n)p' i, —np" (i —il) =0,  (3)
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where n, a, p", p', u', u .,k y*, K", K, p represent the
porosity, the Boit parameter, the solid density, the fluid
density, displacement of pore water, the displacement of
solid skeleton, the permeability coefficient, the bulk density
of pore water, the bulk modulus of pore water, the bulk
modulus of solid grains and the pore water pressure, respec-
tively. The basic strain equation for anisotropic saturated
multiphase porous structures can be written as
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where oy, &, m, G, v, v, mo, p,, qi» B represent total stress,
total strain and fluid mass per unit volume, elastic shear
modulus, drained Poisson’s ratio, undrained Poisson’s ratio,
fluid mass content in the unstressed state, mass density of



322 ZhuBJ,etal. Chin Sci Bull

the pore fluid, mass flux rate per unit area, and the constant
which relates to drained and undrained status, respectively.
The extended pore stress can be formulated as
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where o, P, 7wy, p, 0,,

A, @, ", u", E stand for
extended pore stress, hydrostatic pressure, extended viscous
shear force, internal hydrostatic pressure, extended viscous
force, viscosity, isochoric viscosity, turbulent mean-velocity,
turbulent fluctuation velocity and bulk modulus, respec-
tively.

If we define surface porosity as the ratio of the area of
voids in a plane cross section of the ASP-MS-MP-MC
structures with respect to total area of the cross section, then
the second-order surface porosity tensor can be written as

[30]

9, =vjwl.’1, (12)

where v; and w; represent the average true velocity and the
seepage velocity, respectively.
The permeability tensor of the ASP-MS-MP-MC struc-

tures can be written as
Kij =¢ik(0kj’ (13)

where ¢; is the hydraulic form factor tensor [30].

2 Porosity and permeability
2.1 HHIE-LBM model

Based on previous work [1], it is known that the HHIE
method is useful in studies of skeleton solid crack initiation,
and propagation and transmission problems at multi tem-
poral spatial scales (yellow color in Figure 1 indicates the
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core solid skeleton part of the material); whereas the LBM
method may be used to successfully evaluate flow driven
fluid pore problems at multi temporal spatial scales (black
color in Figure 1 represents flow pores).

By combining the two methods, we may then study the
coupled pore and core interface extended stress of micro-
meso-macro-scale ASP-MS-MC structures by establishing
the relationship between extended pore fluid pressure and
extended core stress. This method also allows us to analyze
porosity and permeability under different initial and bound-
ary conditions. A more detailed introduction can be found
elsewhere in the literature [31-33].

Based on the D3Q27 HHIE-LBM model [18], the virtual
ASP-MS-MP-MC model can be established. As shown in
Figure 2, green spheres indicate the solid skeleton (core)
and yellow spheres signify pore fluid (pore). Each fluid
sphere can be described by a D3Q27 model, and the dis-
tance between two spheres is defined as the resolution of the
physical model. Then, the multi spatial scale model may be
explored by using three different resolution values.

Figure 3 shows the original physical rock model, where
the diameter of the sample is equal to 25 mm and the length
of the sample is equal to 30 mm. The top cross section of
the physical model is defined as the x—y plane, and the
length is represented by the z coordinate direction (from top
to bottom). Using technology, the differential spatial scale

Figure 1 Flow driven pore-network crack model at multi spatial scales.

Figure 3

Granite physical model (diameter=25 mm, length=30 mm).
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virtual physical model can be restructured.

Using JAMSTEC (Japanese Agency for Marine Earth Sci-
ence and Technology) X-CT data, the anisotropic 10 pm/pix
slice resolution virtual HHIE-LBM model was established
(Figures 4 and 5).

Based on BSRF (Beijing Synchrotron Radiation Facility)
micro-CT (4W1A light, magnetic density=1.8 T) data, a
similar anisotropic 5 pm/pix slice resolution and 2 um/pix
slice resolution virtual HHIE-LBM can be established (Fig-
ures 6 and 7).

The top-right portion of Figure 6 represents a random
part of the virtual physical model at the scale I level. With
increasing resolution, the width of the image decreases. The
main part of Figure 6 shows the microstructure one-eighth
of the top-right at scale II level.

The bottom-right section of Figure 7 represents a random
portion of the virtual physical model at the scale II level,
and the main part in Figure 7 shows the microstructure of a

Sample slice of virtual model

Figure 4 Restructure progress of physical-virtual HHIE-LBM model.

Figure 5 HHIE-LBM model at scale I (10 um resolution).
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Figure 7 HHIE-LBM model at scale I (2 um resolution).

random portion in the bottom-right part of the material at
the scale III level.

From Figures 6 and 7, we also can see that at scale III
level, the anisotropic porosity and permeability character of
the multiscale-multiphase-multicomponent can be analyzed
using numerical methods. Then, utilizing statistical mechanics
theory, the macro anisotropic porosity and permeability
tensor of the virtual physical multiscale-multiphase-multi-
component at differential spatial scales can be defined and
calculated.

2.2 Porosity and permeability tensor under ultra high
temperature and pressure

To simulate ASP-MS-MP-MC porosity and permeability
under the ultra high temperature and pressure condition, we
adopted a temperature of 300°C and pressure of 1000 MPa
pressure. The formulation of the appearance porosity tensor
and micro permeability tensor are written as [8,34]

b, B, D
Qj = ¢21 @22 st > (14)
@, @, D,
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Then, the appearance porosity tensor can be calculated using
the HHIE-LBM method.

Figures 8—10 show porosity as a function of spatial posi-
tion at different scales. From Figure 8§, we can see that only
the z direction anisotropic character is clear. When the res-
olution was equal to 5 um (Figure 9), the anisotropic char-
acter clearly was in the three principal axes direction. In
addition, when the resolution reached 2 um (Figure 10), the
simulation reflected anisotropy in all directions. This level
provided the most reasonable model. Therefore, in this pa-
per, the 2 um resolution model was used to analyze porosity
and permeability as a function of temporal and spatial scales
at ultra high temperature and pressure.

Figure 10 shows the components of the apparent porosity
tensor as a function of spatial position (three principle axes
directions and three shear axes directions), and Figures
11-13 show the micro permeability tensor as a function of x,
y and z, respectively. The arrow vector stands for the com-
ponent vectors of porosity and the contour represents per-
meability density.
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2.3 Evolution and evaluation process of porosity and
permeability as a function of multi temporal spatial scales

Figure 14 shows the micro permeability evolution and
evaluation process of ASP-MS-MP-MC structure as a func-
tion of time. With increasing time, the interface between the
pore and core part appears twisted, deformed and fused. At
the same time, multi-crystal defects, dislocation and crack
initiation and propagation took place. These characteristics
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Figure 8 Porosity tensor of ASP-MS-MP-MC structure at 300°C, 1000 MPa
and 10 pm resolution.
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Figure 9 Porosity tensor of ASP-MS-MP-MC structure at 300°C, 1000 MPa and 5 um resolution.
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Figure 10 Porosity tensor of ASP-MS-MP-MC structure at 300°C and 1000 MPa.

Figure 11 Permeability tensor of ASP-MS-MP-MC structure as a func-
tion of x under a temperature of 300°C and pressure of 1000 MPa.

caused the structure of ASP-MS-MP-MC to change, and the
strength of the material at macro performance level de-
creased. A more detailed exploration of the coupled fluid-
solid interface at the lowest scale level will provide more
evidence for the relationship between micro structure and
macro performance for ASP-MS-MP-MC structures.

Figure 12 Permeability tensor of ASP-MS-MP-MC structure as a func-
tion of y under temperature of 300°C and pressure of 1000 MPa.

3 Discussion and conclusions

Based on the hybrid hypersingular integral equation-lattice
Boltzmann method proposed herein, the porosity and perme-
ability evolution and evaluation process in anisotropic satu-
rated porosity multiscale-multiphase-multicomponent structure



Chin Sci Bull

Zhu B J, et al.

Figure 13 Permeability tensor of ASP-MS-MP-MC structure as a func-
tion of z under a temperature of 300°C and pressure of 1000 MPa.

Figure 14 Permeability evolution and evaluation process of ASP-MS-
MP-MC structure as a function of time under temperature of 300°C and
pressure of 1000 MPa.

under ultra high temperature and pressure conditions was
analyzed at parallel CPU and GPU platforms for the first
time. The results are summarized as follows:

(1) The virtual physical model at different spatial scales
was restructured, and the anisotropic porosity and permea-
bility tensor at core level and pore level at a temperature of
300°C and pressure of 1000 MPa was investigated;

(2) The evolution and evaluation process of porosity and
permeability as a function of multi temporal spatial scales,
and the relationship between porosity and permeability and

February (2012) Vol.57 No.4

ASP-MS-MP-MC structure were explored.

These results will assist in a better understanding of the
mechanisms between microstructure and macro-performance,
and can be applied to the fields of geophysics and seismology.
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