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Abstract: The column leaching experiment of ore granular media was carried out with the home-made multi-functional experimental
apparatus and the pore structure of ore granular media was scanned by the X-ray computed tomography machine before and after
leaching. The porosities of each section before and after leaching were calculated based on CT images processing, and the
permeability of each zone before and after leaching were also calculated with Carman-Kozeny equation. The permeability
evolvement law was disclosed. The results indicate that before leaching the permeability of the ore granular media in different height
has not much difference and the value ranges from 5.70 X 10~*mm? to 1.11 X 10> mm?, where the lowest one locates in the bottom
zone. After leaching the permeability distributes inhomogeneously along the height of the column and the value ranges from
3.44X10*mm? to 2.25X 102 mm?, where the lowest one is in the same place. Except for the bottom zone, the permeability of other
zones increases after leaching, especially the top zone. Through comparison of the permeability at bottom zone before and after

leaching, the whole permeability after leaching decreases by 39.65% that coincides with the measured experimental data.
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1 Introduction

Solution mining technology has been studied and
applied widely in China, particularly heap leaching,
which has become an effective and economical method
of treating poor ore, tailings and waste ore for metals,
such as uranium, copper, gold and silver. The ore
granular media used for heap leaching are the porous
media packed by ore particles with different sizes, whose
permeability is one of the critical parameters influencing
the recovery ratio and leaching rate of valuable metals.
Generally, the permeability is weighed by the seepage
coefficient, which is obtained by Darcy’s law based on
laboratory experiment presently, but it is one whole
parameter. However, during leaching process, there

happen physical, chemical and biologic reactions in ore
granular media under the role of solution and occur
natural subsidence, dissolution, deposition and solute
transfer as a result. So the pore structure continues to
evolve and has temporal and spatial variability. The
permeability has close relationship with pore structure of
ore granular media, therefore it also evolves continuously.
For the in-situ leaching heaps, recovery ratio and
leaching rate decrease year after year. The main reason is
the permeability evolvement. Therefore, in order to
understand deeply the seepage flow of solution in ore
granular media during leaching and to provide true and
reliable physical parameters for the relevant computer
numerical simulation, it is necessary to disclose the
spatial property and evolvement rule of the permeability
firstly. However, the traditional experimental method
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cannot realize it. The computed tomography(CT)
technology with the advantage of exploring the inner
structure of research object without any damage has been
applied widely in many scientific fields. One of the
important fields is the pore structure analysis of some
porous media[1—11], such as soil, oil reservoir and rock.
Meanwhile, some researchers have conducted some pore
structure analysis of ore granular media[12]. But there is
little report about the research results of the spatial
property and evolvement law of the permeability of ore
granular media during heap leaching combined with CT
technology and image analysis, which are the focuses of
this paper. The combined method will have great
development prospect in the study of seepage flow in ore
granular media.

2 Experimental

2.1 Materials

The ore sample used for the experiment was the
mixed ores provided by Dexing Copper Mine in Jiangxi
Province, China. The chemical phases of Cu in the ore
sample are shown in Table 1 and the chemical
compositions of the ore sample are shown in Table 2. In
the mixed ores, copper oxide ore occupies 34.16%,
secondary copper sulfide ore occupies 30.25% and
primary copper sulfide ore occupies 35.59%.

2.2 Principle of leaching reactions
Table 2 indicates that the insoluble quartz in the

Table 1 Chemical phases of Cu in ore sample (mass
fraction, %)

. Content of
Chemical phase Occupancy/%
Cu/%

Primary copper sulfide 0.200 35.59
Secondary copper sulfide 0.170 30.25
Free cope-oxide 0.120 21.35
Combined copper-oxide 0.072 12.81
Total copper amount 0.562 100.00

1

Table 2 Chemical composition of ore sample (mass
fraction, %)

Cu Fe S Mo SiO,
0.562 4.400 0.910 0.012 67.730

Al,O4 CaO MgO As

13.210 0.200 1.640 0.013

mixed ore is the main part. The alkali oxide compounds
(ALL,O3+Ca0+MgO) occupy the secondary position and
the occupancy rate is 15.05%. Since the proportion of
CaO is small, chemical deposits would not form once the
pH value is about 2 through adjustment, therefore acid
leaching can be used. The content of sulfur is 0.91%,
which will produce lots of sulfuric acid during leaching,
thus in the entire process the acid consumption will not
be very high. Mo and As are trace elements, so their
influences on leaching are small. Experiments proved
that copper oxide ore can be leached almost with diluted
acid. The main chemical equations are as follows:

CuCO;Cu(OH),+2H,80,=~2CuS0,+CO,+3H,0 (1)
2CuCO;-Cu(OH),+3H,S0,=3CuS0,+2CO,+4H,0 (2)
CUZO+H2804:CUSO4+H20+CU (3)

2.3 Experimental apparatus

The home-made multifunctional experimental
apparatus was used for the whole experiment that can
conduct seepage flow experiment and column leaching
experiment of the ore granular media simultaneously,
which is shown in Fig.1. The height of leaching column
is 500 mm and its inner diameter is 50 mm. The CT
machine used for scanning pore structure of ore granular
media is spiral with type of SOMATOM Sensation 16, as
shown in Fig.2. It combines multi-section images
collecting technology, reconstruction technology and
high speed of rotating as well. The images of 32 sections
can be collected per second and can be displayed with
resolution of 0.5 mm, so it can meet the requirement of

images collection in the experiment.
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Fig.1 Multifunctional column leaching experimental apparatus: 1 Piezometer tube; 2 Upstream water tank; 3 Plastic pipeline; 4 Clip;

5 Valve; 6 Chemical pump; 7 Downstream tank; 8 Flowmeter; 9 Triangle support; 10 Leaching column; 11 Work gantry



428 YANG Bao-hua, et al/Trans. Nonferrous Met. Soc. China 18(2008)

Fig.2 X-ray computed tomography machine used in experiment

2.4 Experimental procedure

The mixed ores with various sizes were packed in
the leaching column firstly. Fig.3 shows the size
distribution of the ore particles. In order to avoid wall
effect, the largest size is about 10 mm that is one fifth of
the inner diameter of the column. Before leaching, the
column was scanned once by CT machine with
parameters of 120 kV and 300 mA and the scan interval
was set at 0.75 mm/scan. Then acid leaching experiment
was carried out and seepage coefficient was measured
everyday meanwhile. During leaching the pH value
always maintained about 2.0 by adjustment and the
solution application rate was 600 L/m”h). After
leaching for 28 d, the column was scanned by CT
machine again with the same parameters.
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Fig.3 Size distribution of ore particles used in column leaching
3 Results and Discussion

3.1 Calculation model of seepage coefficient

For porous media, there is intrinsic relationship
between its permeability and pore structure. There are
many models for calculating seepage coefficient based
on the pore geometry characteristics[13—15], of which
the most popular one is the following Carman-Kozeny

equation[16]:
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where K is the seepage coefficient, ¢ is the Kozeny
constant, and ¢ is the porosity; S; is the specific surface of
the grains and S; is the specific circumference of the
grains. ¢ and S, are determined from image analysis.

The Kozeny constant ¢ can be calculated from
porosity using the following model:

2
c={4 cos[% arccos(¢i—3 -+ én] +47 (2)

However, for the ore granular media in the heap
leaching, the following simplified Carman-Kozeny
equation would be more suitable and convenient[17]:

2
:d_p & (3)
180 (1-¢)?
where d, is the diameter of ore particles. This

relationship applies for a bed consisting of uniform size
particles. However, it may be used for a bed consisting of
non-uniform particles when the particle diameter is
replaced by the effective diameter. Generally, dj, is
selected as the effective diameter for a bed consisting of
non-uniform particles. It can be seen from Eqn.(3) that in
order to calculate seepage coefficient it is necessary to
determine the porosity and ore particles size distribution
of the ore granular media firstly.

3.2 Porosity distribution before and after leaching

The porosity of ore granular media is defined as the
percentage of the volume of pores among ore particles to
the total volume. In order to know clearly the porosities
of ore granular media along the height of the column, it
is necessary to preprocess the obtained original CT
images. The preprocessing procedure is shown in Fig.4.
The steps are as follows: 1) cut the two-dimensional
image with same size so as to select one certain rectangle
zone for analysis; 2) transform the grey image to binary
particle image with same threshold value; and 3) invert
the particle image to binary pore image. It can be seen
from Fig.4(d) that porosity is the percentage of pore area
to the whole image area. Namely, it is the percentage of
pixel number of white area to the total pixel number of
the whole image. Once the porosities of all sections were
calculated, the curves of porosity before and after
leaching along the height of the column and the relevant
varying trendlines after linear fitting can be obtained, as
shown in Fig.5. Fig.5 indicates that the porosity before
leaching  has  spatial  variability,  distributing
inhomogeneously from top to bottom. The porosities of
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Fig.4 Preprocessing procedure of CT images: (a) Original CT images; (b) Grey image of selected zone; (c) Binary particle image

(pore is black); (d) Binary pore image (pore is white)
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Fig.5 Comparison of porosities before and after column
leaching

some local areas increase or decrease suddenly, but the
porosity assumes slight decreasing trend totally. Its
average porosity is 47.27% by calculation. After leaching,
the porosity distributes inhomogeneously also. It
assumes obvious decreasing trend from top to bottom,
especially the porosities of local areas in bottom zone.
The average porosity is 45.56% by calculation, which is
decreased by 1.71% over before leaching. The spatial
variability of the porosity inevitably leads the
permeability to vary along the height of the leaching
column, so the following study is focused on the
permeability variability.

3.3 Permeability distribution before and after leach-

ing
In order to study the spatial distribution property of

the permeability, it is necessary to calculate the seepage
coefficients of different zones along the height of the
column. Therefore, the column from height of 15 mm to
485 mm was separated to nine small zones for analysis.
Based on the above data, the average porosities of these
nine zones were calculated, which are shown in Fig.6.
Then, the other important parameter needed to be
calculated is the effective diameter of each zone. Before
leaching, the particle size distribution of each zone in
leaching column was almost the same. From Fig.3 the
effective diameter dj, can be determined as 0.6 mm.
However, after leaching, under the coupled action of
multi-factors, such as hydraulic power, gravity and
chemical reactions, partial fine particles flowed
downwards through the pore space among coarse
particles and deposited at local areas and an extremely
small amount of fine particles were transported out of the
column by the solution, thus the ore particles size would
have been redistributed. So in order to calculate the seep-
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Fig.6 Porosities of separated nine zones before and after
leaching
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age coefficients of the nine zones exactly, their effective
diameter d;y needs to be obtained. After the experiment,
the ore particles of the nine zones were taken out
separately and screened. Thus their grading curves of ore
particles were obtained and each effective diameter was
determined. According to Eqn.(3), the seepage
coefficients of ore granular media at different height of
the column before and after leaching were calculated in
the end. The results are shown in Fig.7.
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Fig.7 Comparison of seepage coefficients before and after

leaching

Fig.7 indicates that the seepage coefficient of ore
granular media during leaching has evolved spatially and
temporally. Before leaching, the seepage coefficient of
each zone has little difference, which ranges from
5.70X10°* mm® to 1.11X107° mm®. The lowest one
locates at bottom zone. After leaching, the seepage
coefficient distributes inhomogeneously that ranges from
3.44X10* mm?® to 2.25X 1072 mm’, where the seepage
coefficient of top zone differs from that of bottom zone
by about two orders. Except that the seepage coefficient
of bottom zone decreases, the seepage coefficients of
other eight zones all increase over before leaching,
especially the top zone. For the leaching column, the
zone with lowest seepage coefficient will act as a
bottleneck that limits the seepage velocity of solution
directly and cause the total permeability decrease as a
result. In fact, this lowest seepage coefficient represents
the total seepage coefficient, so the whole permeability
cannot be improved even if the other zones have large
seepage coefficients. By comparing the lowest seepage
coefficients of the nine zones before and after leaching, it
can be obtained that the whole permeability after
leaching decreases by 39.65% over before leaching,

which coincides with the measured experimental data.

3.4 Permeability evolvement principles

According the above analysis, we can know that
permeability deterioration is mainly caused by the
reduction of seepage coefficient of bottom zone. During
the experiment, pH values keep about 2.0 all along and
there are little chemical deposits, so the reduction of
seepage coefficient of bottom zone after leaching is
mainly due to the synthetical influence of the following
two factors. The first is the integral subsiding of ore
granular media in the column under the actions of gravity
and hydraulic power. As a result, the compactness of the
media increases, which causes the porosity decrease
gradually, especially at the bottom zone. The second is
the fine particles located at middle and top zone move
downwards through the pore space among coarse
particles under the role of hydraulic power. Some of
them accumulate at narrow pore necks and the others
flow downwards with solution and deposit at bottom in
the end, forming particles dense area. Here the fine
particles include both the original ones and those
produced newly. Since the surface of ore particles and
their inner micro pores or cracks are damaged after
reacting with sulfuric acid, some fine particles would be
produced. After reconstructing the original CT images of
ore granular media, as shown in Fig.§, it can be seen
clearly that bottom zone has more fine particles than
middle and top zones. Fig.8(a) indicates that the lower

(a) (b)

Fig.8 Pore structure of ore granular media after leaching:

(a) Three-dimensional constructed ore granular media in
leaching column; (b) Cross sections of ore granular media in
upper, middle and lower zones
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part of the column is compacter than the upper part,
particularly the bottom. Fig.8(b) also indicates that the
content of fine particles at top zone is lower, at middle
zone it has little increment while at bottom zone it has
obvious increment.

The fine particles moving to the bottom not only
cause the porosity here to decrease further but also cause
the effective diameter to reduce. According to
Carman-Kozeny equation, effective diameter has greater
effect on seepage coefficient than porosity, viz, the
increase of fine particle would lead permeability to
worsen rapidly. Thus, although the porosities of most
zones decrease after leaching, their permeability is
improved since the content of fine particles reduces.
Only at the bottom zone the porosity and effective
diameter decrease together, as a result the seepage
coefficient drops and the total permeability is
deteriorated greatly.

4 Conclusions

1) It is innovative that combining CT and image
processing technologies together to analyze the spatial
distribution of seepage coefficient of ore granular media
and the evolvement principles of its permeability during
heap leaching. This method has a bright future in the
study of seepage flow of ore granular media during heap
leaching.

2) The permeability of ore granular media during
leaching evolves continuously. Before leaching the
seepage coefficients of the ore granular media in
different height have not much difference and the lowest
one locates at the bottom zone. After leaching the
permeability distributes inhomogeneously along the
height of the column, and the seepage coefficient of top
zone differs from that of bottom zone by about two
orders. Except for the bottom zone, the seepage
coefficients of other zones increase after leaching,
especially the top zone, but the seepage coefficient of
bottom zone decreases greatly by 39.65%.

3) The total permeability deterioration during
leaching is mainly due to the decrease of seepage
coefficient of bottom zone. Since the ore particles
subside under the actions of multifactor, such as
hydraulic power, gravity and chemical reactions, and
some fine particles move downwards with leaching
solution and deposit at bottom zone, its porosity and
effective diameter decrease simultaneously, which causes
the seepage coefficient to decrease in the end.
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