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Abstract: The images of granular ore media were captured by X-ray CT scanner. Combined with digital image processing and finite
element techniques, the three-dimensional geometrical model, which represents the realistic pore structure of the media, was
constructed. With this model, three dimensional pore scale fluid flow among particles was simulated. Then the distributions of fluid
flow velocity and pressure were analyzed and the hydraulic conductivity was calculated. The simulation results indicate the fluid
flow behaviors are mainly dominated by the volume and topological structure of pore space. There exist obvious preferential flow
and leaching blind zones simultaneously in the medium. The highest velocities generally occur in those narrow pores with high
pressure drops. The hydraulic conductivity obtained by simulation is the same order of magnitude as the laboratory test result, which
denotes the validity of the model. The pore-scale and macro-scale are combined and the established geometrical model can be used

for the simulations of other phenomena during heap leaching process.
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1 Introduction

The granular ore medium in heap leaching system is
one kind of unconsolidated porous media packed with
the ore particles with different sizes and highly irregular
shape. Its pore network structure is very complex.
During the leaching process, the needed leachant for
each particle and the reaction products are transported by
the fluid flow among the particles, thus the pore structure
evolves continuously. Such unstable pore structure
necessarily causes fluid flow paths changing constantly,
so the rules of fluid flow are very complicated [1]. The
traditional fluid flow theory mainly focused on the
changes of macro-parameters, such as permeability, as a
result the fluid flow details at particle scale were ignored
[2—4]. However, to study the complex flow problems in
heap leaching system, the influence of pore structure on
fluid flow should be taken into account. Only when the

details of fluid flow among particles are disclosed, we
can further analyze how the hydraulic conduction and
leaching effect are influenced.

Since it is difficult to directly determine the fluid
flow behaviors among ore particles and obtain the flow
velocity distribution by laboratory test, it is therefore
imperative to using computer modeling techniques to
investigate pore scale fluid flow in granular ore media.
The precondition is the availability of accurate
three-dimensional geometrical model for presenting the
pore space in the porous medium. At present, in the
research field of porous media, such as rock and soil, the
methods for reconstructing pore space model are
generally divided into two main categories. The first
category is stochastic reconstruction of pore space using
statistical methods (e.g. Monte Carlo). However, it is
difficult to obtain the distribution parameters of pore
space, so the pore structure properties cannot be
described accurately. The second category is using the
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images of the medium obtained directly by various scan
techniques to construct the geometrical model of the pore
structure. Among them, X-ray computerized tomography
(CT) is a non-invasive technique that can be used to scan
relatively large samples at very high resolutions. It has
become a very important and popular method for
investigating the characteristics of pore structures of
porous media in three dimensional detail [5—10].
Meanwhile, conducting simulation with the realistic pore
network model constructed based on CT images
gradually becomes the most effective method for
analyzing the pore-scale mechanics and fluid flow
behaviors of porous media. This has become the focus of
researchers all over the world in recent years [11—-15].

In this work, the X-ray CT technology was used to
obtain the images of granular ore media. Combining the
digital image processing and the finite element technique,
the 3D geometrical of pore
reconstructed with original cross-sectional grayscale

model space was
images and then was transformed into finite element
model. With this model, the simulation of pore scale
fluid flow was conducted with COMSOL Multiphysics
software. Compared with 2D model, this model describes
the pore structure, especially the pore connectivity, more
realistically, so the simulation results can reflect the flow
accurately. Moreover, the 3D
geometrical model can also be used for simulating mass

behaviors more

transport and heat transfer in heap leaching.
2 Experimental

2.1 CT scanning of granular ore media

The ore particle used in the experiment was sieved
sulfide copper ore. The particle size is between 9 and 10
mm. The ore particles were installed into a leaching
column with 60 mm in diameter and 540 mm in length.
The scanning was conducted in a SOMATOM Sensation
16 X-Ray Scanner. It has multi-section images collecting
capability and high speed of rotating as well. Thirty two
sections can be captured per second and the images can
be displayed at a spatial resolution of 0.35 mmx0.35 mm,
so it can meet the requirement of images collection in the
experiment. One section of the sample is shown in Fig. 1.

2.2 3D finite element model generation

The prerequisite for pore-scale fluid flow simulation
during heap leaching is establishing 3D finite element
model based on 2D gray images of ore granular medium.
The accuracy of the model determines the accuracy of
the simulation results. Establishing a 3D geometrical
model needs a series of 2D cross sectional images
and the quality of the image is very important for the

Fig. 1 Sectional CT image of sample

reconstruction. Hence, the original CT image requires
post processing, which generally includes the following
steps: 1) crop the image, namely extract an appropriate
rectangle area in the center of the image to produce a
new image for later reconstruction; 2) improve the new
image with suitable filter so as to reduce the noises in the
image; and 3) select appropriate threshold value to
segment pores and particles so as to extract pore network
from the image. Then, these 2D images can be used for
creating a 3D model based on some certain
reconstruction algorithm. After meshing, the 3D finite
element model is given, which can be used for numerical
simulation directly.

In this work, the 3D finite element model was
generated by Simpleware’s ScanIP. After importing
series of slices and image processing, the 3D geometrical
model was established, as shown in Fig. 2. The size of
the sample was 72 pixelx72 pixelx50 pixel and its real
size was 25 mmx25 mmx17.5 mm. The model was then

meshed by ScanFE module of this software, as shown in
Fig. 3. Finally, a 3D mesh file can be exported,
imported

which was into COMSOL Multiphysics

Fig. 2 3D geometrical model of granular ore media
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Fig. 3 3D mesh model of granular ore media

directly for later simulations. The model mixed
tetrahedral and hexahedral mesh, having higher accuracy
and flexibility. Considering the capacity of computer
memory, it was necessary to conduct resampling to
decrease the amount of elements in the model so that the
simulation can be done successfully.

3 Simulation process and results of pore-
scale fluid flow

3.1 Hypothesis

To simplify the analysis process, the model needs
the following hypothesis:

1) Fluid flow only occurs in the pores, not penetrate
into the ore particles.

2) Ore particles in the granular ore media are
considered immovable during heap leaching.

3) The fluid in the pores is regarded as
incompressible and the temperature keeps constant,
namely the density and temperature of fluid during
flowing process don’t change.

4) Fluid flows under gravity from top to bottom,
ignoring capillarity.

5) The fluid is considered to be continuous, which
means there is no gap in fluid, such as air bubbles.

3.2 Governing equation

The incompressible Navier-Stokes equation can be
used to model the fluid flow through the pore space in
the granular ore media [16]. The change rate of fluid
momentum with time equals the whole external forces
acted on it.

pg—‘j: F +Vegn(Vu+(Vu)')— pugVu—Vp (1)

where the vector u is the velocities, p is the fluid
pressure, p is the fluid density, # is the fluid viscosity, g
is the gravity acceleration and F is a vector of directional
forces.

Solving Navier-Stokes equation at each node of the
three-dimensional finite element model can give the
details of the fluid flow through pore network.

3.3 Calculation parameters and boundary condition
The calculation parameters used in the model are
listed in Table 1.

Table 1 Key parameters in fluid flow model

Parameter Value

Fluid density, p/(kg'm ) 1000
Temperature, #/°C 25
Coefficient of viscosity, u/(Pa‘s) 0.9
Solution saturation, &;/% 100
Acceleration of gravity, g/(m-s %) 9.8

The 3D geometrical model has top, bottom, front,
back, left, and right boundaries and the surface boundary
of ore particle. The left, right, front, and back boundaries
are not pervious and there is no glide movement in the
model.

1) The bound water on the surface of each ore
particle is almost immobile, so
v|particle surface =0 (2)

2) The pressures acted on fluid at top and bottom
boundary are uniform, and

p|Lop boundary =Po (3)

p |b0tt0m boundary =0 (4)

3) There is no transverse fluid flow at the front,
back, left and right boundaries, so

n .V|front, back, right and left boundary =0 (5)

Here, n is the normal unit vector. The above
formula means there is no velocity component in the
direction perpendicular to these boundaries.

The pressure gradient in the direction of fluid flow
was set as 45 Pa. After importing the meshed 3D
geometrical model of pore space into COMSOL
Multiphysics and puting the calculation parameter,
boundary conditions and initial conditions into the
computational model, the work of solving and
post-processing can be done.

3.4 Simulation results and discussion

The velocity field of fluid in the 3D numerical
model and the cross-sectional slides at different height
are shown in Fig. 4. The red regions at the centre of pore
channels indicate higher velocity of fluid while the blue
regions denote lower velocity. The variation of local
velocity is clearly observed at different locations in pore
space. Figure 4 shows that the velocity decreases
gradually from the center of pore throat and body to the
surface of particles and reaches zero finally. The fluid
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flow mainly occurs in the connected pore channels
across the whole model and there are some obvious
preferential flow paths.
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Fig. 4 Velocity field of fluid in pore network: (a) Velocity field
in 3D geometry; (b) Cross-sectional slides at different height

The pressure distribution of fluid in the 3D
numerical model is shown in Fig. 5. It denotes that there
are large differences in pressure at different locations.
The pressure at narrow pore throat changes rapidly,
which causes some pore clusters with different pressures.
It is the basic reason for uneven flow velocity
distribution.
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Fig. 5 Pressure field in sample

The velocity and pressure distribution in the same
profile are shown in Fig. 6. In conjunction with Fig. 4, it
is known that high velocities generally develop in wide
channels where pressure gradients are relatively small

but multiple branches combine. The highest velocities
tend to occur in narrow pores with high pressure drop.
The figure also clearly shows some areas with fluid in
static state, where flow velocities near zero. These areas
mainly exist within the dead-end reaches of big pores,
called blind pore space. The blind pore spaces are not
readily seen in macro-scale tests, but they effectively
reduce the overall hydraulic conductivity. This denotes
that the geometrical configuration of pore network plays
a crucial role in determining hydraulic conductivity.
During heap leaching, once the preferential flow emerges
in the medium, blind pore space, also called leaching
blind zone, is certain to form. Fluid in these zones is
stagnant, solute only transports under the roles of
capillary force, surface tension and osmotic pressure. As
a result, the leaching rate in these areas is low relatively
and leaching effect is poor.
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Fig. 6 Velocity (a) and pressure (b) field in same profile of
model

Figure 7 shows the streamline of fluid flow. The
fluid does not follow a straight line as it flows through
the media. Instead, it flows around the ore particles. Its
flow path is tortuous, so the real flow length is larger
than the length of the media. The tortuousity has
significant effect on the medium’s hydraulic conductivity.
The larger the tortuousity is, the lower the permeability
is. The fluid flow behavior in granular ore media is
mainly dominated by the volume and topological
structure of pore space.
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Fig. 7 Streamline of fluid flow in model

After the simulation was completed, the inflow or
outflow boundary was integrated with respect to the
velocity vector to obtain the total volume of water
flowing through the model. Substituting it into Darcy’s
law, the hydraulic conductivity of the granular ore
medium was calculated. Darcy’s law is shown as follows
[17]:

Q:KA{H—pl_pz} (6)
pgL

where Q is the volumetric flow through cross section of
the sample, m*/s; K is the hydraulic conductivity, m/s; 4
is the cross sectional area, m’ p1—p> is the pressure
gradient of the sample length L.

The calculated hydraulic conductivity of the sample
is 1.8 cm/s. The directly measured hydraulic conductivity
by laboratory constant head test is 4.15 cm/s [18]. The
obtained hydraulic conductivity value from simulation is
the same order of magnitude as the laboratory test result.
The difference observed between them may be partially
attributed to the resolution of the original images. Since
some narrow paths were ignored during image
processing, the pore connectivity decreased slightly. As a
result, the percolation capability was weakened. In
addition, with the restriction of computer’s hardware, the
established geometrical model was small, which also
influences the final simulation results. Whatever, the
simulation results indicate that it is possible to calculate
the hydraulic conductivity, a macro-scale parameter, by
modeling fluid flow on the pore-scale. In this regard, the
combination of macro-scale and pore-scale is realized,
which is very significant for understanding the influences
of pore structure characteristics of granular ore media on
macro-scale fluid flow behaviors during heap leaching.

4 Conclusions
1) The three dimensional finite element model of

pore network of granular ore media established
facilitated three dimensional modeling of pore scale fluid

flow successfully. This model can also be used to
simulate other phenomena during heap leaching process,
such as heat transfer.

2) Simulation indicates that the fluid flow behavior
in granular ore media is greatly controlled by the size of
pore space and its topological structure. There exist
obvious preferential flow and leaching blind zones
simultaneously in the media. The velocity decreases
gradually from the center of pore throat and body to the
surface of particles. High velocities generally develop in
wide channels where pressure gradients are relatively
small but multiple branches combine. The highest
velocities tend to occur in narrow pores with high
pressure drops.

3) The obtained hydraulic conductivity value from
simulation is the same order of magnitude as the
laboratory test result, which validates the viability of the
model. The simulation of pore-scale fluid flow in
granular ore media can help us understand macroscopic
hydraulic conduction properties. It realized the
integration of macro-scale and pore-scale study.
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