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Abstract: Liquid is a crucial medium to contain soluble oxygen, valuable metal ions, and bacteria
in unsaturated heap leaching. Liquid retention behavior is the first critical issue to be considered
to efficiently extract low-grade minerals or wastes. In this study, the residual liquid holdup of an
unsaturated packed bed was quantitatively discussed by liquid holdup (θ), residual liquid holdup
(θresidual), relative liquid holdup (θ′), and relative porosity (n*) using the designed measuring device.
The detailed liquid holdup and the hysteresis behavior under stepwise irrigation are indicated and
discussed herein. The results show that relative porosity of the packed bed was negatively related to
particle size, and intra-particle porosity was more developed in the −4.0 + 2.0 mm packed bed. The
higher liquid retention of the unsaturated packed bed could be obtained by using stepwise irrigation
(incrementally improved from 0.001 to 0.1 mm/s) instead of uniform irrigation (0.1 mm/s). It could
be explained in that some of the immobile liquid could not flow out of the unsaturated packed bed,
and this historical irrigation could have accelerated formation of flow paths. The θ was sensitive to
superficial flow rate (or irrigation rate) in that it obviously increased if a higher superficial flow rate
(u) was introduced, however, the θresidual was commonly affected by n* and θ′. Moreover, the liquid
hysteresis easily performed under stepwise irrigation condition, where θ and θresidual were larger at u
of the decreasing flow rate stage (DFRS) instead of u of the increasing flow rate stage (IFRS). These
findings effectively quantify the liquid retention and the hysteresis behavior of ore heap, and the
stepwise irrigation provides potential possibility to adjust liquid retention conditions.

Keywords: unsaturated packed bed; liquid holdup; hysteresis behavior; stepwise irrigation; heap
leaching; flow behavior

1. Introduction

As an environmentally friendly, lower cost, and efficient recycling method of valuable
metal resources, the solution mining method has been widely utilized in the recycling of
lower grade minerals, mine tailings, and wastes [1–3]. It is commonly recognized that
valuable metal ions continuously transfer between the reaction interface and the leaching
solution, eventually obtaining pregnant leaching solution (PLS) and metal products [4].
In this leaching procedure, the leachate is regarded as the key medium of bacteria, soluble
oxygen, and metallic ions [5–7]. The leachate could mainly include mobile and immobile
liquids, and both simultaneously exist in this unsaturated ore heap. The liquid retention
performance decisively affects solute transfer and industrial leaching operation [8–11].
Hence, to obtain a desirable leaching efficiency, the first step should be to deeply understand
the liquid holdup and the hysteresis behavior in the unsaturated ore heap.
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Relying on the current research findings, liquid retention in ore heaps is difficult to
describe or predict, because it is highly affected by irrigation conditions (such as irrigation
rate, irrigation methods, etc.) and heap conditions (such as inter-/intra-particle porosity,
initial moisture content, etc.). On the one hand, the stratification and the segregation
of raw crushed ore feeds [12–14] widely appear in the dumping procedure and heavily
affect the flow behavior. In other words, the mobile liquid (shown as preferential flow,
etc.) and the immobile liquid (shown as stagnant flow, etc.) co-exist in saturated and
unsaturated conditions of industrial heaps [15–17]. In this heap, the fluid flow could be
roughly divided into faster preferential flow (mainly driven by gravity) and slower liquid
diffusion (mainly driven by capillarity forces). On the other hand, the flow paths are mainly
dominated by developed conditions of pore structure, especially in ore heaps with lower
porosity. The dual-pore structure includes inter-particle and intra-particle pores co-existing
in unsaturated heaps [18,19]. Different from the heap packed by drain rocks or glass beads,
the intra-particle pores of ore heap are well-developed. Thus, the liquid retention condition
is an unresolved obstacle and is more complicated in ore heaps. However, heap irrigation
in some industrial operations keep consistent for a long period without any stepwise
adjustments, which easily accelerates the appearance of preferential flow, unsaturated
leachate regions, heap compaction, and undesirable leaching rate [20].

Some recent studies revealed the possibility that liquid retention of ore heaps could
be ameliorated by controlling irrigation rate (or superficial flow rate), heap porosity, initial
moisture content, and so on [21]. Advanced scanning and characterizing methods were
utilized to quantify these changes of liquid retention features in the unsaturated ore heap,
which is mainly limited to transient, short-time conditions [22–24]. For instance, Fagan
et al. (2014) evaluated the potential connections between liquid retention and dipper
parameters of a bioleaching system using magnetic resonance imaging (MRI); based on
MRI, the solute transfer and the liquid spreading with irrigation time were quantified [25].
Besides, the third-generation gamma transmission tomography system [26] and the UV
fluorescence [27] were also utilized to reveal liquid spreading in an inter-particle scale [28].
However, even though these mentioned findings broke the study-scale bottleneck, these
novel characterized methods are partially limited by their shortcomings such as high
cost, transience, etc. Some new and lower cost methods such as stepwise irrigation were
gradually applied in the valuable mass recycling, such as free phase light hydrocarbon [29],
to obtain a higher recycle rate. In the unsaturated ore packed beds, McBride et al. (2015)
explored the potential effect of heap porosity on liquid retention and preferential flow
paths, and the results reveal that flexible irrigation could disturb and affect initial flow
paths [30]. As a result, in the view of the current unsatisfactory liquid holdup behavior
of unsaturated packed beds [31,32], adjusting the irrigation operation could promote the
liquid retention and eventually obtain desirable extraction efficiency of ore heaps.

In this paper, the liquid holdup and the hysteresis behavior in an unsaturated ore heap
under stepwise irrigation conditions are discussed. The liquid retained in the unsaturated
ore packed bed was continuously and directly measured using an electronic balance, and
the effect of stepwise irrigation on liquid holdup in the unsaturated packed bed was
quantified by liquid holdup value (θ), residual liquid holdup value (θresidual), and relative
porosity (n*). The liquid hysteresis behavior especially was inferred in the drainage process
and discussed under the effects of existing liquid holdup (historical irrigation). These
results could provide theoretical support in enhanced recycling of waste or low grade
minerals in unsaturated heaps.

2. Materials and Methods
2.1. Ore Samples and Its Pretreatment

The experimental ores in this study comprised one type of secondary copper sulfides,
which were sampled from mines of Chile. Table 1 shows the detailed chemical composition
of minerals and gangues obtained by X-ray powder-diffraction analyzer. The original ores
were crushed by roller crusher and jaw crusher and further meshed into detailed intervals.
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In this study, four particle size intervals including −19.0 + 13.5 mm, −11.2 + 9.5 mm, −8.0
+ 5.6 mm, and −4.0 + 2.0 mm are respectively discussed. Their geometric mean diameters
were 16.02 mm, 10.32 mm, 6.69 mm, and 2.83 mm, correspondingly. In this paper, the
particle size distribution of crushed ore feeds is not considered to avoid the negative effect
of particle segregation and stratification.

Table 1. Mass fractions of dominant ore minerals and gangues (wt.%).

Minerals Mass Fraction (%)

Chalcopyrite (CuFeS2) 0.6
Pyrite (FeS2) 2.7

Illite (K0.65Al2.0Al0.65Si3.35O10(OH)2) 18.0
Plagioclase (NaAlSi3O8-CaAl2Si2O8) 29.2

Quartz (SiO2) 34.5
Others 15.6
Total 100

The solid density of the ore sample was 2.56 g/cm3, and the irrigating liquid density
was defined as 1.00 g/cm3. To avoid the negative clogging effects caused by undesirable
immigration of fine particles or powders on flow paths, all ore samples were processed by
the following procedures: (1) ore samples were washed with deionized water to remove
powders; (2) washed ore samples were totally dried to remove free water attached on ore
surfaces in the experimental oven for 24 h; (3) dried ore samples were cooled down in lab
conditions of 24 ± 2 ◦C for 0.5 h before formal stacking and column irrigation.

2.2. Key Parameters of Liquid Retention
2.2.1. Relative Porosity (n*)

To quantitatively describe the relationship of particle size and dual-pore structure
(co-existence of intra-particle and inter-particle) of the ore packed bed, the relative porosity
(n*) was defined in Equation (1) as the ratio of the intra-particle porosity (φintra, %) and the
inter-particle porosity (φinter,%) of the ore packed bed. It obviously indicated that the intra-
particle porosity played a dominant role when the n* was over 0.5. The total/inter-particle
porosity could be calculated by dry bulk density and wet bulk density. To better describe
the influence of the irrigation process on heap porosity, the gray image and the image
processing methods were utilized to describe the newly retained liquid. The proportion
of black areas was the sum of the proportion of original ores and the proportion of newly
retained liquid. The detailed relative porosity of the ore packed bed is shown in Table 2.

n∗ =
φintra
φinter

(1)

Table 2. Experimental design under different irrigation and heap porosity conditions.

Particle Size
(Geometric Mean

Diameter), mm

−19.0 + 13.5
(16.02)

−19.0 + 13.5
(16.02)

−11.2 + 9.5
(10.32) −8.0 + 5.6 (6.69) −4.0 + 2.0

(2.83)

Relative Porosity 0.143 0.143 0.159 0.176 0.196

Irrigation Method Uniform Stepwise Stepwise Stepwise Stepwise

Superficial Flow
Rate, mm/s 0.1 0.075~0.1 0.075~0.1 0.075~0.1 0.075~0.1

Moisture Content
of Wetted Bed, % / 0~10 0~10 0~10 0~10
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2.2.2. Liquid Holdup (θ) and Residual Liquid Holdup (θresidual)

In the irrigation and the drainage processes, the volume of retained liquid in the
packed bed could reach the steady state. In this paper, to quantitatively define the liquid
retention features under the different packed conditions, the liquid holdup value (θ, %)
and the residual liquid holdup value (θresidual, %) were respectively calculated by Equations
(2) and (3). The θ and the θresidual were utilized to describe the continuous changes or the
residual steady state of the retained liquid in the unsaturated ore packed bed [33].

θ =

∫
(vin − vout)dt

V
=

vint−mout/ρ

V
(2)

θresidual =
Vsteady −

∫
(vout)dt

V
=

θV −mout/ρ

V
= 1− mout

Vρ
(3)

where vin is flow rate in, vout is flow rate out, mout is mass of liquid flow out, and ρ

is liquid density.

2.2.3. Relative Unsaturated Liquid Holdup (θ′)

Owing to the historical irrigation, there were some immobile liquids still reserved in
the intra-particle and the inter-particle that could have affected formation of liquid bridge
and flow paths [34]. To further reveal historical wetting conditions caused by stepwise
irrigation, the relative unsaturated liquid holdup was defined. The net liquid holdup (θnet)
was the total liquid holdup minus the original liquid holdup of the wetted packed bed, as
Equation (4) showed. The relative unsaturated liquid holdup (θ′) was the ratio of net liquid
holdup (θnet) and total liquid holdup (θ) to quantify the contribution of inter- and intra-
porosity in liquid holdup, as Equation (5) showed, where the mwater is weight of added
liquid in the pre-wetting process.

θnet = θ − mwater

V
=

(Vint−mout/ρ)−mwater

V
(4)

θ′ =
θnet

θ
= 1− mwater

Vint−Mout/ρ
(5)

2.3. Experimental Design and Irrigation Scheme

To eliminate undesirable differences caused by column diameter, the author made
data conversion and obtained superficial flow rates (0.001, 0.005, 0.01, 0.02, 0.05, and
0.10 mm/s). As Section 2.1 mentioned, four types of crushed ore feeds with different
diameters were considered. The geometric mean diameters of crushed ore feeds were
calculated as 16.02 mm, 10.32 mm, 6.69 mm, and 2.83 mm. In the stacking procedure of
the ore heap, the crushed ore feeds with different geometric mean diameters were utilized
independently.

By controlling the superficial flow rate (u), the stepwise irrigation was proposed
to reveal the liquid holdup and the hysteresis behavior in the unsaturated packed ore.
Specifically, the stepwise irrigation clearly defined that the irrigation procedure was started
using the lowest u (0.001 mm/s) and stopped irrigation once liquid holdup (θ) reached the
steady state. Then, the residual liquid holdup (θresidual) was obtained at the liquid drainage
process; after that, we restarted the irrigation process using a higher u (0.005 mm/s) until
the u was up to peak (0.1 mm/s). Finally, the irrigation procedure was restarted using a
lower u (0.05 mm/s) until it reached the lowest value (0.001 mm/s).

During the irrigation and the drainage processes, the liquid holdup was measured
per 15 s, and the residual steady state was confirmed if the residual liquid holdup was
continuously unchanged for 15 min. The detailed experimental scheme under different
dual-pore conditions is shown in Table 2.

The dual-pore condition of the unsaturated packed bed was described by relative
porosity (n*, %). Similar to the results of Zhang et al. (2018), it was clear that ore particle
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size was negatively proportional to relative porosity of the ore packed bed [35]. Thus,
intra-particle porosity was more developed in the packed bed stacked by fine particles.
Besides, to further reveal the effect of wetting conditions caused by stepwise irrigation on
liquid retention, five types of the initial moisture content (0%, 1%, 3%, 5%, and 10%) of the
unsaturated packed bed were selected. The wetting condition was prepared by thoroughly
and uniformly mixing deionized water and dry ores in hydrophobic plastic bags before the
stacking process.

2.4. Analytical Apparatus and Device

The liquid retention and the hysteresis behavior of the unsaturated ore packed bed can
be mainly quantified by two methods [36]: (1) directly measuring the weight changes of
liquid retention (used in this study); (2) indirectly calculating the flux differences of flow in
and out. These two methods are in good agreement, and the former is easier to implement.

Figure 1 shows the structural composition of irrigation experimental device utilized
in this paper, which could be mainly divided into three parts:

Figure 1. Experimental setup of stepwise liquid irrigation tests. (A): liquid holdup rate real-time
characterization test bench; (B): 5 points dripping; (C): upper-slanted pores to eliminate pressure dif-
ferences.

(1) Irrigation and column system: This included a liquid peristaltic pump (8CH/4RL
Cole-Parmer, Montréal, QC, Canada), a hydrophobic plexiglass column (height was
150 mm, inner diameter was 90 mm) with upper-slanted holes (to eliminate the pres-
sure differences in and out of the packed bed), a 5 point dripper (diameter of each tube
was 3.5 mm to improve the irrigation uniformity and decrease the negative effects of segre-
gated/stratified stacking on flow paths formation), and upper/bottom tanks (replaceable,
maximum storage range was 2000 mL for each).

(2) Measuring system: This included electronic balance (Ohaus, Parsippany, NJ, USA);
its sensitivity was 1 g, and the measuring range was 2000 g. This balance could continuously
detect the changes of the column system due to the liquid injection and spreading in the
unsaturated heaps.

(3) Recording and timer system: This mainly consisted of data storage and test laptop.
Based on this device, the residual retained liquid of different ore packed beds could be
continuously measured. The experimental data were carefully processed by the OriginPro
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2016 64bt (OriginLab, Northampton, MA, USA), and gray image processing and porosity
were calculated via MATLAB R2019b (The MathWorks, Inc., Natick, MA, USA).

3. Results and Discussion
3.1. Liquid Spreading Performance in the Irrigation and Drainage Procedure

It well known that liquid spreading in unsaturated ore heaps is basically divided into
two existential statuses [27,37]: (1) preferential flow mainly exists in the macro-porous
flow channels, which is driven by gravity forces and rapidly appears if the liquid breaks
through the dry ore heap; (2) diffusion flow mainly exists in micro-porous flow channels,
which is driven by capillary forces and slowly appears if the solute transfer and the liquid
bridge are well developed. To better understand the effects of irrigation and drainage
processes, liquid spreading evolutions (Figure 2A), liquid holdup, and corresponding
porosity changes (Figure 2B) at a consistent u were discussed.

Figure 2. Liquid spreading process with irrigation time (A), quantification of liquid holdup and
cross-section porosity in unsaturated ore packed bed (B).

It is clearly revealed by Figure 2A that crushed ore feeds in the column were gradually
wetted accompanied by the liquid spreading process. This liquid spreading process could
be explained via the key time notes that the liquid (leachate) longitudinally transferred,
which broke through and rapidly flowed out of the ore heaps at 5 min; in other words,
the preferential flow paths or channels tended to quickly form once the irrigation started.
At 5–20 min, the increase rate of liquid holdup was significantly reduced. This indicates
that the liquid gradually diffused and spread in the micro-scope pores/voids (also regarded
as potential flow paths). In other word, the flow paths/channels gradually reached steady
state, and the total liquid holdup tended to reach the peak value. In the 30–45 min period,
the liquid holdup value roughly kept consistent, and the liquid retention of ore heaps
reached the steady state. In the drainage process (after 50 min), the liquid holdup value (θ)
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rapidly decreased once the irrigation operation stopped, and the θ gradually reached the
residual liquid holdup at 70 min.

To further quantitively characterize this liquid spreading in irrigation and drainage
processes, the liquid holdup and the proportion of newly retained liquid were calculated
(Figure 2B). This showed that liquid holdup rapidly increased in the first 10 min and grad-
ually reached the steady state liquid holdup (7.65%) at 31 min. This steady liquid holdup
indicates that flow paths and immobile liquid (stagnant liquid regions) in the unsaturated
ore heap reached the stable state [38]. At the steady state status of liquid holdup, the liquid
holdup of the unsaturated ore heap could not fundamentally be improved if the heap
porosity and the irrigation condition were consistent. In the drainage process, the liquid
holdup decreased from 7.65% (θ) to 4.72% (θresidual). In other words, the residual liquid
holdup (4.72%) could not reduce to 0%, and amounts of immobile liquid were still reserved
in the pores/voids of ore heaps. Therefore, the liquid hysteresis behavior verified in this
paper showed that the mobile liquid flowed out of the unsaturated ore heap, while the im-
mobile liquid was still retained inside [39–41]. This liquid spreading was also quantified by
the gray images showing that the proportion of newly retained liquid gradually increased
with liquid irrigation, reached the peak value (14.11%) at the peak value (θ), and slightly
decreased to 6.87% at the residual peak value (θresidual) of the drainage process. Except for
mechanical flipping and loosening operations, it is unrealistic and hard to adjust PSD or
geometric mean diameter of ore feeds in stacked ore heaps [17], thus it is more feasible
with lower cost to interrupt and adjust irrigation conditions to promote the liquid retention
of ore packed beds.

3.2. Residual Liquid Holdup Changes in the Irrigation and Drainage Procedure

It is no doubt that changing irrigation conditions (such as irrigation rate, mode, etc.)
can cause disturbances to the liquid retention condition [42]. To further quantify the liquid
holdup and better understand the potential effect of the stepwise irrigation condition on
hysteresis behavior, the liquid holdup under controlled irrigation and stacking conditions
was carefully measured (Figure 3).

To better explore the effects of stepwise irrigation on ameliorating liquid retention,
consistent stacking and irrigation (superficial flow rate) conditions (−19.0 + 13.5 mm,
0.1 mm/s) were used (Figure 3A). The liquid holdup of stepwise irrigation under different
geometric particle diameter conditions was also compared (Figure 3B). This illustrated
that stepwise irrigation could be divided into two stages distinguished by the u: (1) in
the increasing flow rate stage (IFRS, 0-523 min), the u stepwise increased from 0.001 to 0.1
mm/s; (2) in the decreasing flow rate stage (DFRS, 524-800 min), the u stepwise decreased
from 0.1 to 0.001 mm/s.

In IFRS, both liquid holdup (θ) and residual liquid holdup (θresidual) of the ore packed bed
improved if a higher u was introduced. However, in DFRS, the θ gradually decreased, while
the θresidual roughly kept consistent (4.52%) under the stimulation of a lower u. Therefore,
the θ was more sensitive to the u (irrigation rate). The θ tended to decrease, while the
θresidual could not be disturbed if a lower u was introduced in the unsaturated ore heap. By
comparing the peak θ and θresidual of uniform irrigation (Figure 2B) and stepwise irrigation
(Figure 3A), the liquid holdup of stepwise irrigation (5.89%) was much higher than uniform
irrigation (3.25%), verifying the fact that the ore packed bed could reserve more liquid under
stepwise irrigation conditions compared to uniform irrigation. Figure 3A shows that, at 0.005
mm/s, the time to reach a steady state was 50 min of IFRS, which was much longer than
41 min of DFRS. This fact was inferred considering that the historical irrigation could shorten
the appearance time of preferential flow paths due to the immobile liquid reserved in heaps.
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Figure 3. The changes of liquid holdup in a dry ore bed during stepwise irrigation. (A): typical
changes of liquid holdup in a dry ore bed (−19.0 + 13.5 mm), (B): changes of liquid holdup under
different particle size conditions.

The liquid holdup of ore heaps is seriously affected by the pore structure, which is
tightly related to the geometric mean diameter of packed ore feeds [43–45]. Figure 3B
presents the potential effect of geometric mean diameter on liquid holdup under stepwise
irrigation conditions. It indicates that the peak residual liquid holdup was negatively
related to geometric mean diameter, for instance, the θ of the −4.0 + 2.0 mm packed bed
was higher than 14.0%, which was much larger than the θ (5.89%) of the −19.0 + 13.5 mm
packed bed. In DFRS, the θresidual of a different packed bed basically kept consistent. This
conveys that the θresidual was more sensitive to geometric mean diameter, especially at a
lower u, while the θ was more sensitive to the u. The liquid hysteresis behavior was clearly
observed under stepwise irrigation conditions [41]. The θ of DFRS was slightly higher than
the θ of IFRS at the same u. The net difference of liquid holdup indicated that the immobile
liquid could not totally flow out and was still retained in intra/inter particle pores if a
lower u was introduced [46].

3.3. Effect of Packed Crushed Ore Diameter on Liquid Retention

To reveal the potential effect of stepwise irrigation on liquid retention performance,
Figure 4 shows the peak weight of liquid retention in the ore heap under different relative
porosity conditions. The results showed that the ore heap could reserve more liquid if a



Minerals 2021, 11, 1180 9 of 14

higher u was introduced. This phenomenon was more obvious when the finer particles
or powders occupied a higher percentage in the ore heap. The liquid holdup at steady
state was negatively related to geometric mean diameter, while it was positively related to
relative porosity. Thus, the well-developed intra-particle pores benefitted from absorbing
more liquid [24]. The irrigation period was much longer in the fine-grained ore heap where
there was more liquid retained and the liquid spreading was more sufficient. The time to
reach the steady state was positively related to geometric mean diameter. For example, the
peak weight of reserved liquid (135 g) was obtained at 676 min in heaps by fine-grained
crushed feeds (−4.0+2.0 mm), and the lowest weight of liquid (56 g) was obtained at
471 min in heaps packed by coarse-grained crushed feeds (−19.0 + 13.5 mm).

Figure 4. Relationship between irrigation time and weight of liquid retention.

Combined with the stepwise irrigation results, this liquid retention performance under
higher v stimulation could be clarified by Figure 5. As Figure 5A shows, large amounts of
liquid gathered and transferred along the axis direction below dippers; as a result, the flow
paths gradually reached the steady state. This liquid spreading area significantly extended
when a higher u was introduced, verifying that the originally existing flow paths rapidly
re-formed, and some new flow paths/channels developed at the same time, resulting in
desirable liquid retention and a higher steady state liquid holdup (θ).

Different from the heap packed by glass beads [36], the crushed ore heap was observed
to have more liquid due to the well-developed intra-particle pores (Figure 5B). When the u
decreased from the higher figure to the initial figure, some new paths that formed under
the former higher u condition were still reserved [40]. The liquid hysteresis was inferred
considering that the response of the liquid drainage process lagged behind the irrigation
amelioration [47]. The amount of immobile liquid could not totally flow out of the heap
and was still retained in intra-particle pores (Figure 5C). Hence, it could be conjectured
that the immobile liquid mainly played three key roles in the liquid retention and the
hysteresis behavior: (1) ameliorating the liquid retention of the unsaturated packed bed; (2)
accelerating the appearance of potential flow paths/channels via capillary diffusion; (3)
pre-wetting ore feeds and promoting new flow paths when a higher u was introduced [48].

3.4. Residual Steady State Liquid Holdup Features under Stepwise Irrigation

To further figure out the residual steady state and better explain the liquid hysteresis
behavior that appeared in the drainage process, Figure 6 shows the relationship between
the residual steady state liquid holdup value (θ, θresidual) and the superficial flow rate (u)
under stepwise irrigation.
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Figure 5. Schematic diagram of liquid holdup and hysteresis behavior in unsaturated packed bed. (A): liquid steady state
under different superficial flow rate, (B): liquid retained in inter-particle and intra-particle pores, (C): liquid steady region
under different superficial flow rate.

Figure 6. Changes of residual liquid holdup during increase/decrease flow rate arm of stepwise irrigation condition. (A):
−19.0 + 13.5 mm; (B): −11.2 + 9.5 mm; (C): −8.0 + 5.6 mm; (D): −4.0 + 2.0 mm.
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In IFVS, both the θ and the θresidual increased if a higher u was introduced. For instance,
in the −4.0 + 2.0 mm packed bed, θ increased by 6.29% and θresidual slightly increased by
1.15% when u was improved from 0.001 mm/s to 0.1 mm/s. This means that even θ and
θresidual reached liquid steady state but could still increase if a higher u was introduced. In
DFRS, the θ obviously decreased. At a certain u, the θ of DFRS was slightly higher than the
previous value of IFVR; the θresidual kept roughly consistent, especially in the fine-grained
heap (Figure 6C,D). In the −4.0 + 2.0 mm packed bed, the θ had a huge decrease of 4.51%
when the θ decreased from 0.1 to 0.001 mm/s. At 0.01 mm/s, the θ of DFRS had a smaller
net increase (0.42%) due to liquid hysteresis. The maximum net increase of θ and θresidual
was obtained at 0.001 mm/s. The liquid hysteresis easily performed in the fine-grained
heap and lower u. This also revealed that θ was positively sensitive to u, but θresidual was
mainly seriously controlled by heap relative porosity.

3.5. Effect of Historical Irrigation Condition on Liquid Retention

To better understand the effect of historical irrigation conditions on liquid retention,
the relative liquid holdup (θ′, defined as the ratio of net liquid holdup and total liquid
holdup) was determined. Figure 7 shows the relationship between the u and the θ′ of
the wetted bed.

Figure 7. The relationship between superficial flow rate and relative liquid holdup under different geometric mean
diameters and initial moisture contents. (A): −19.0 + 13.5 mm; (B): −11.2 + 9.5 mm; (C): −8.0 + 5.6 mm; (D): −4.0 + 2.0 mm.

The θ′ of the dry bed was consistently 1.0 because the retained liquid was entirely from
irrigation. At a certain u, the θ′ was lower when the ore heap was gradually pre-wetted.
Under a lower u, the differences of θ′ were larger in the bed packed by −19.0 + 13.5 mm
feeds. Under a higher u, the differences of θ′ were smaller, and the θ′ value was large in
that inter-pore liquid occupied a larger proportion of the total. This also indicates that
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inter-pore liquid in the dry bed occupied a smaller proportion. Because the intra- and the
inter- pores co-existed in industrial heaps [49], the heap with well-developed pores could
have good potential to store more liquid. The θ′ was positively related to u and negatively
related to n* and initial moisture content. The peak value was obtained in 0.1 mm/s and
−4.0 + 2.0 mm conditions. The retained liquid partially filled intra-particle pores via the
pre-wetted procedure and directly affected the liquid retention [7].

The peak value of liquid holdup increased when the ore bed was well pre-wetted.
This implies that, although the θ gradually increased with the u under stepwise irrigation,
the liquid spread along the pre-existing flow paths and created some new, small rivulets
under a higher u stimulation. In the pre-wetting process, the liquid spreading was more
developed and uniform, massively eliminating the unsaturated liquid regions. The wetted
condition potentially affected inter-pore liquid at the steady state: (1) in the poorly wetted
bed (0% to 5% initial moisture content), the θ′ was much higher than 0.5, meaning that
the liquid spreading was undesirable where the inter-pore liquid occupied a dominated
percentage of the total pores; (2) however, in the well pre-wetted bed (>10% initial moisture
content), the θ′ was higher than 0.5 when the u was higher than 0.05 mm/s, which was
tightly related to fewer unsaturated regions existing in the bed.

4. Conclusions

To better understand the effects of stepwise irrigation on liquid retention, the responses
of liquid holdup and hysteresis behavior in unsaturated heaps to stepwise irrigation were
quantitatively discussed via liquid holdup (θ), residual liquid holdup (θresidual), superficial
flow rate (u), relative porosity (n*), and relative liquid holdup (θ′) in this paper.

Based on findings of this paper, it revealed that the intra-particle porosity was more
developed in ore beds packed by fine-grained feeds. The preferential flow paths/channels
easily appeared and developed in well-wetted heaps with a larger n*, resulting in a desir-
able θ. Once the liquid retention reached steady state at a consistent u, the fluid flow paths
and channels in the ore heap kept stable and were not affected by a lower u but increased
when affected by a higher u.

The liquid retention of unsaturated ore packed beds could be ameliorated using
stepwise irrigation. These controls of irrigation rate in stepwise irrigation could lead to
desirable liquid retention and mass transfer. For instance, the unregular adjustment of
the irrigation rate of industrial heaps could disturb preferential flow paths, promote new
flow channels growth, and enhance liquid percolation. The drip irrigation with a lower
superficial flow rate was suggested to pre-wet ore packed beds and increase the immobile
liquid ratio before leaching, resulting in a better solute transport via the liquid film of the
leaching interface.
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