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Abstract: Magnetic resonance imaging (MRI) was used to probe the structure and flow velocity within the interparticle space of a
packed bed of agar beads under water-saturated condition. The images of the velocity field at three different flow rates were obtained.
To determine the pore-parameter of the porous media, the internal structure of the bed was also obtained using image processing
technique. The results show that the porosity of the sample is 31.28% and the fitting curve for the distribution of pore equivalent
diameter follows Gaussian distribution. The velocity profiles do shift as the flow rate varies and the solution flow through the void
space is not a homogeneous flow in any pores. The velocity distributions within the pore are roughly parabolic with the local
maximum being near the center. About half of the velocity components are in the class of 0—1 cn/s. The frequency of lower velocity

components is lower at higher flow rate, but to higher velocity components, it is just the opposite.
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1 Introduction

Pore structure of porous media, solution seepage
and mass transfer processes within the void space are of
fundamental importance to the leaching system [1]. It is
generally known that the complexity of pore structure is
the main reason for the complexities of solution
distribution in granular media. Experimental and
theoretical studies of pore structure and solution flow
often treat porous media as an effectively homogeneous
system. Such a method neglects the complexities of
medium, although the details of flow distribution may be
extremely crucial to the leaching system.

Restricted by technique, means and method, the
traditional research on the seepage law of leaching

solution usually treated the leaching dump as a black box.

A slice of basic principles and applications of soil
mechanics, hydrogeology and chemistry were introduced
in solution mining, but they were confined to the study of
permeability and granules properties [2,3]. With the
continuous development of the computer software

technology, fluid percolation in leaching dump has been
gradually exposed by computational fluid dynamics
method [4,5], but real seepage behaviors of the solution
within the complicated granular media have not been
effectively revealed. To fully understand the solution
seepage process, accurate description of internal
structure and detailed flow through the void space need
to be resolved [6,7].

Magnetic resonance imaging (MRI), as one of the
most advanced non-destructive detection technologies,
has been widely used in medicine [8,9], chemical
engineering [10,11] and other areas. Also, in dump
leaching research, MRI can be used to investigate the
porosity of granular media [12,13].

Therefore, in this study, to probe the structure and
flow velocity within the interparticle space of a packed
bed of agar beads under water-saturated condition, a
laboratory experiment was carried out based on MRI
technique. Images of the velocity field and internal
structure of the bed were obtained. A study of pore
structure and liquid flow velocity distribution in
the porous media was performed by employing image
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processing technique. Based on the observed images of
the porous media, the porosity and pore equivalent
diameter of the sample were calculated. The velocity
images at three different flow rates through the sample
were obtained, and the quantitative flow velocity
components of interstitial flow were determined from
velocity maps by image analysis. Using this method,
strong non-uniform flow fields were observed and the
effect of flow rate on the velocity field was investigated.
The MRI technique was introduced into the field of
solution mining that make it feasible to study the seepage
characteristics and evolution rules during heap leaching
using non-contact and non-destructive detection
technology.

2 Phase-contrast MRI for flow velocity
measurement

Phase-contrast MRI (PC MRI) is a method that can
measure the flow velocity based on phase change of
magnetization vector caused by liquid flowing [14,15].
Under the dipolar magnetic field gradient, the phase
change of protons has a linear relationship with the flow
velocity. According to Hahn equation [16], the phase
difference can be deduced as

g=ymv; (1)
where ¢ is the phase change, y is the gyromagnetic ratio,
m; is the initial magnetic field gradient, v; is the pulse
frequency. Through mathematics operation, Eq. (1) can
also be expressed as
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where G; is the pulsed field gradient, 4 is the pulse
interval, J is the pulse duration, ¢ is the buffer time. By
adjusting the gradient field, the velocity information of
the flow can be obtained.

3 Experimental

3.1 Materials

In order to reduce the impact of metallic substance
on imaging, spheroidal agar beads were used instead of
mineral particles as the experiment material. To reduce
the wall effect, the maximum grain size of the agar beads
is about 12 mm that is one fifth of the inner diameter of
the column.

3.2 Experimental apparatus

The apparatus is composed of a flow loop, an
organic column and a MRI system, as demonstrated
schematically in Fig. 1. The home-made multifunctional
flow loop used for the whole experiment can conduct

pore structure imaging experiment, column leaching
experiment and seepage flow experiment for porous
media. The volume flow rate through the column can be
measured by a flowmeter and controlled artificially by
the control valve. The internal diameter of the column is
60 mm with the maximum height of 220 mm.
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Fig. 1 Schematic drawing of flow loop

The type of MRI system is 3.0 T Discovery 750
(GE Medical System, US) with high performance whole-
body gradients designed to deliver powerful amplitude of
50 mT/m and slew-rate of 200 T/(m-s) on each axis
simultaneously, as shown in Fig. 2. FRFSE sequence and
T1 FLAIR sequence were used in the MRI experiment.
All images were acquired perpendicular to the axial
plane with 4 mm in slice thickness, 0.4 mm in gap and
15 cm x 15 cm in field of view.

The acquisition parameters of the sequences are as
follows (Fig. 3). FRFSE sequence: repetition time
(TR)/echo time (TE) is 1000 ms/101.2 ms, and matrix
size is 128x128 with the bandwidth of 90.9 kHz. T1
FLAIR sequence: repetition time (TR)/echo time
(TE)/inversion time (TI) is 1814 ms/28.5 ms/750 ms with
the bandwidth of 31.2 kHz.

3.3 Experimental procedure

Firstly, to maintain the experimental materials under
water-saturated condition, the column was filled with
water and the agar beads were immersed in water. After
ensuring that all surfaces were free of air bubbles, the
spheres were poured into the column and the top portion
of the column was fitted to form a seal to prevent air
from entering the system [17]. At this point, all of the
void spaces in the porous media were occupied by water.

Secondly, to obtain a constant flow rate through the
column, the control valve was regulated and the water
was pumped from the lower reservoir to the upper
reservoir by variable speed peristaltic pump. The
measurements of the flow rate were repeated several
times during the experiment to ascertain the flow rate
and ensure that it was stable over time [18].

Finally, after putting the column into the MRI
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Fig. 3 Sequences used in MRI experiment: (a) FRFSE sequence; (b) T1 FLAIR sequence

machine, the fluid was passed in the continuous loop
through the magnet. Flow visualization was achieved
using the T1 FLAIR sequences and the velocity images
within the porous media were obtained. By regulating the
control valve, the authors find that the maximum flow
rate through the column is about 0.6 L/min. The MRI
experiments were conducted at the flow rates of 0.3, 0.4
and 0.5 L/min, respectively.

When the macroscopic flow yielded a value of 0, it
means that the water in the column was perfectly still. In
the similar way, the internal pore structure images of the
porous media were obtained in the absence of flow but
with the void space filled with water.

4 Results and discussion

4.1 porosity

Figure 4(a) shows an MRI image of a cross-section
of the column, which demonstrates the tomographic cut
through the packed with agar beads
perpendicular to its axis. The black areas in the image
correspond to the beads and the white areas correspond
to the water that fills the pore space [19]. In order to
calculate the porosity of the porous media, it is highly
indispensable to pre-process the original MRI images. To
know clearly the boundary between particles and pores,
the thresholding and boundary extracting technique was

column

applied, as shown in Fig. 4. The extent of regions of
pores and their connectivity are characterized by
identifying percolating paths of water. It can be seen
from Fig. 4(b) that the porosity is the ratio of pore area to
the whole image area. Namely, it is the ratio of pixel
number of white area to the total pixel number in the
column.

After per-processing, the area occupied by each
pore can be obtained from Fig. 4(c). Therefore, the
porosity ¢ can be demonstrated as

¢:’21ai/A 3)
i=1

where A is the cross-section area of the column, i is the
serial number of the pore, a; is the area of pore i, n is the
number of the pores. According to Eq. (3), the porosity
of the porous media is 31.28% by computing the mean of
porosities of all the cross-sections.

4.2 Pore equivalent diameter
After getting the area of every pore on the cross-
section, the pore equivalent radius can be calculated as

R =ax @

where R; is the equivalent radius of pore i. Based on
statistical method, the distribution of pore equivalent
diameter within the porous media is acquired, as shown
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Fig. 4 Preprocessing procedure of MRI images: (a) Original
image (solid matrix is shown as black and liquid as
white); (b) Binary pore image (pore is white); (c) Pore
boundary image

in Fig. 5. Most of the pore equivalent diameters
concentrate in 2.0—3.5 mm, and the maximum value is
7.1 mm, which belongs to pore 5 in Fig. 4(c). The fitting
curve for the distribution of pore equivalent diameter
follows Gaussian distribution (Expected value p=2.48,
standard deviation 6=0.99).

The result manifests that the pore-parameter
measurement by MRI can provide not only bulk property
but also local properties. The inner structural parameters
and the correlation between the pores can be investigated
based on the obtained porosity and pore equivalent
diameter. Furthermore, the image analysis based on MRI
technology would have the advantage of determining the
pore distribution and network structure to characterize
the interstitial flow through the porous media [20].

35
30+ Fitting curve equation: 1
-} p= 3.72+2().84cxp[ 0~[‘_”72\”] }

20

15

Distribution/%

10

0 1 2 3 4 5 6 7
Pore equivalent diameter/mm

Fig. 5 Distribution of pore equivalent diameter (Solid line is
fitting curve)

4.3 Flow velocity field

The velocity images in the same slice at three
different flow rates are shown in Fig. 6, and the
measurements were carried out for a single-phase flow of
water. In Fig. 6, the area with whiter color corresponds to
higher flow velocity. Obviously, the local velocity
profiles are affected greatly by flow rate. The higher the
flow rate is, the lighter the image is.

In order to study the liquid velocity distribution, the
quantitative flow velocity maps were created using
image processing technique, as shown in Fig. 7. To
compare flow rates calculated with flow rates measured
at the flowmeter, the sum of the velocity components in
each pore was figured out. The result demonstrates that
the flow rate calculated from velocity images just has
error less than 8% with the corresponding experimental
value.

The velocity maps in Fig. 7 show that the water
flow through the void space is not a homogeneous flow
in any pores. Since the non-uniform flow strongly affects
the dispersive phenomenon in the porous media, it is
necessary to get the local flow velocities in the pores and
extract the characteristics of interstitial flow depending
on the complex pore structure.

4.4 Effect of flow rate on velocity field

The velocity data from pores, marked with squares
A-F in Fig. 7, are shown in Fig. 8. In these plots, the
way that the velocity depends on the flow rate is
demonstrated at the flow rates of 0.3, 0.4 and 0.5 L/min.
As shown in Fig. 8, the contour lines do shift in the pore
as the flow rate varies, which is clearly manifested by the
contours. It is also clearly demonstrated that the velocity
distributions within the pore are roughly parabolic,
with the local maximum being near the center and the
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Fig. 6 Liquid velocity images at three different flow rates: (a) 0.3 L/min; (b) 0.4 L/min; (c) 0.5 L/min (Lighter shades indicate higher

velocities)
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Fig. 7 Quantitative velocity maps of water flow though packing agar bead at three different flow rates: (a) 0.3 L/min; (b) 0.4 L/min;

() 0.5 L/min (Marked pores are enlarged in Fig. 8)

velocity decreasing to the wall of the pore. The result
coincides with the NMR imaging of flow in the bead
packs used by KUTSOVSKY et al [19], but contrasts
with the conclusions obtained by NESBITT et al [21]. It
may be caused by the fact that the experiment materials
used in this experiment do no correspond with the
materials selected by NESBITT et al [21].

In order to study the statistical characterization of
the flow velocity, the frequency distribution of the
normalized velocity was obtained from the velocity
images in the same slice in Fig. 6 at three different
flow rates, as shown in Fig. 9. The statistical distribution
has been determined from the velocity components with
over 6000 data points, and the frequency as the
ordinate has been normalized by the number of
components [20].

Figure 9 shows that half of the velocity components
are in the class of 0—1 cm/s. Although the frequency of
higher velocity rapidly decreases, the values exceeding
4 cm/s are still observed. It is interesting to note that the
frequency of lower velocity components is higher at
lower flow rate, but to higher velocity components, it is

just the opposite, as can be seen in Fig. 9.
5 Conclusions

1) Based on image pre-processing, the porosity and
pore equivalent diameters of the porous media were
determined. The porosity of the sample is 31.28% by
calculation and the fitting curve for the distribution of
pore equivalent diameter conforms to the law of
Gaussian distribution (4=2.48, 6=0.99).

2) The quantitative flow velocity maps were created
using image processing. It demonstrates that the
interstitial flow through the packed bead is not a
homogeneous flow in any pores.

3) The contour plots show that the flow velocities
do shift in the pore as the flow rate varies. Furthermore,
the velocity distributions within the pores are roughly
parabolic, with the local maximum being near the center
and the velocity decreasing to the wall of the pore.

4) The frequency distributions of the velocity
components of flow through the void space were created
using the method of mathematical statistics. It is shown
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Fig. 8 Contour plots (a)—(f) of velocity in pores marked with squares A—F in Fig. 7, respectively (unit: cm/s)
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Fig. 9 Frequency distributions of normalized velocity
components of interstitial flow through packed agar beads at
three different flow rates

that half of the velocity components are in the class of
0—1 cm/s. The frequency of lower velocity components
is lower at higher flow rate, but to higher velocity
components, it is just the opposite.
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