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Abstract

Unsaturated flow of liquid in a bed of uniform and spherical ore particles is studied numerically and experimentally.

An unsteady and two-dimensional model is developed based on the mass conservation equations of liquid phase in the

bed and in the particles. The model equations are solved using a fully implicit finite difference method giving the dis-

tribution of the degree of saturation in the particles and in the bed and the vertical velocity of flow in the bed, as well as,

the effect of periodic infiltration on the above distributions. To calibrate the computational model, several column tests

are performed using periodic infiltration of water on 40cm high columns composed of ore having particles smaller than

25mm. The numerical analysis shows that (a) the results obtained from numerical modelling under the same operating

conditions as used for column tests, are in good agreement with those from experimental procedure, (b) the degree of

saturation of the bed and the time required to reach steady state conditions depend on the inflow of water and intrinsic

permeability of the bed and (c) the velocity fluctuations and the fluctuations of the degree of saturation in the bed

depend on the inflow of water, period of infiltration, height and intrinsic permeability of the bed.

� 2004 Published by Elsevier Ltd.
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1. Introduction

A porous medium is defined as a matrix of solid par-

ticles with interconnected void spaces. The solid matrix

is considered rigid or having small deformations. The

interconnection of the pores allows the flow of one or
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more fluids through the medium. In a natural porous

medium, the shape and size of pores are irregular. Thus,

in microscopic scale, the flow quantities (velocity, pres-

sure, etc.) will be non-uniform, but for studying the flow

in a porous medium, usually space-averaged quantities

are used [1]. Heap leaching is one of the industrial proc-

esses in which fluid flows through a porous medium. In

this process, unsaturated lean liquor solution flows in

the ore bed together with chemical reactions [2]. The

perception of fluid flow through ore heaps is described

primarily from soil mechanics, hydrogeology and chem-

ical engineering theory supported by experimental
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Nomenclature

d particle diameter

D diffusivity

g gravitational acceleration

h pressure head

H bed height

Ki intrinsic permeability

Kr relative permeability

K hydraulic conductivity

m exponent in Eq. (6)

n shape parameter of SWRC

q volumetric rate of production or consump-

tion of liquid

r radial distance

R particle radius

S degree of saturation (=el/e)
t time

u superficial velocity

z depth from datum

a shape parameter of SWRC

e porosity

U potential

l dynamic viscosity

q density

s time required reaching steady state

Subscripts and abbreviations

B bed

e effective

in inlet

l liquid

out outlet

p particle

r residual

S saturation

0 initial condition

SWRC soil–water retention curve
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information [3]. The solution in the bed is divided into

two parts; the moving part that flows among the ore par-

ticles due to gravity and the stagnant part attached

either to the pore walls of ore particles or to the particles

external surfaces. The dissolution reactions of reactants

are occurred in the stagnant part, and the diffusion of

reagent and species between these two parts is done by

mass transfer mechanism [4]. One way of improving this

operation is periodic irrigation of leaching solution on

top of the ore heap. As a result of this, one can reach

to a relatively constant concentration of dissolved spe-

cies in the pregnant solution and enhance the perform-

ance of the recovery plant [5].

The understanding of hydrodynamics of liquid

(leaching solution) is an important factor during heap

leaching operation. The purpose of this work is develop-

ing a computational model to analyze the flow of liquid

through the bed of ore particles and the transport of liq-

uid within the particles.

Martinez et al. [5] simulated the periodic infiltration

of water in heap leaching based on mass conservation

equation for liquid inside the bed as well as the liquid

within the particles. They used the semi implicit finite

difference technique (Crank Nicolson) to solve the set

of descretized equations. Sheikhzadeh et al. [6] improved

the Martinez et al. [5] computational model using a fully

implicit finite difference technique [6]. Sheikhzadeh et al.

used the same operating conditions as those used by

Martinez et al. in order to be able to compare their fully

implicit results with the semi implicit results obtained by

Martinez et al. Although the results of two computa-
tional models are in good agreement, neither of them

can be applied to other operating conditions, because

the models are not calibrated based on experimental

results. In this research, however, the authors per-

formed a series of column tests using intermittent irriga-

tion of water on top of 40cm high columns composed

of ore with particles smaller than 25mm. They obtained

the shape parameters for the characteristic curve

of soil–water, experimentally and calibrated their com-

putational model based on the experimental results.

The model can now be used for other operating

conditions.
2. Mathematical simulation of heap leaching

Modelling of processes occurring in heap leaching is

done in two stages. The first stage is simulating the

movement and diffusion of solution through the bed

and within the particles. This stage consists of two mod-

els, one for diffusion of solution into the particle (parti-

cle model) and the other for diffusion and movement of

solution among the particles (bed model). These two

models are coupled due to equality of potential at the

surface of particle (interface of particles and bed) and

mass flux at the surface of particle. The first stage mod-

elling gives (a) the local values of the degree of satura-

tion at different times, (b) the local values of diffusion

coefficient and hydraulic conductivity, and (c) the local

values of vertical velocity of fluid. The degree of satura-

tion and vertical velocity are necessary for second stage
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modelling. The second stage modelling, simulates (a) the

movement and diffusion of reagent in the bed and parti-

cles, (b) chemical reaction of reagent with reactants, (c)

radial diffusion of dissolved species in the particle, and

(d) vertical movement of reaction products through the

bed. An ore heap is considered as a porous medium

formed by particles of different sizes. The analysis is sim-

plified assuming uniform particles in the bed. The mac-

roscopic and microscopic structure of an ore bed are

shown schematically in Fig. 1.

The bed porosity, eB, is defined as the ratio of void

space among the particles to the total volume of the

bed, and particle porosity, ep, is defined as the ratio of

void space within the particle to the total volume of

the particle. Usually, the porosity of ores that consist

of relatively compact particles is lower than the porosity

of the bed. Therefore, transport properties and capillary

pressure of liquid among the particles will be different

from the transport and capillary pressure of liquid within

the particles.
2.1. Unsaturated flow of liquid through a porous bed

The mass conservation equation for unsaturated flow

of a liquid through a porous medium is [7]

oðelqlÞ
ot

¼ �divðql u
!Þ þ ql ð1Þ

where el is liquid volumetric ratio, ql liquid density, t

time, ~u superficial velocity vector of liquid, and ql volu-

metric rate of production or consumption of liquid. The

superficial velocity vector, according to Darcy�s law ap-

plied to unsaturated flow, is defined as [8]

u
! ¼ �K l grad

!
U ð2Þ
Fig. 1. Schematic of an ore heap (Macroscopic and micro-

scopic view).
where U is potential of liquid phase, Kl unsaturated

hydraulic conductivity, which depends on liquid pres-

sure due to capillary effects. Liquid potential is defined

as the sum of gravity and pressure potentials [8]

U ¼ hl � z ð3Þ

where z is depth from datum, and hl liquid pressure head

that is related to air pressure, pa, and capillary pressure,

pc, as

pc ¼ pa � qlghl ð4Þ

where g is the gravitational acceleration. If shear stress

at interface of liquid and air is negligible, air pressure

is constant and equal to atmospheric pressure and con-

sidered as reference pressure, Eq. (4) then reduces to

hl ¼ �pc=ðqlgÞ ð5Þ

Van Genuchten [8] has presented a parametric model

for describing soil–water retention curves (SWRC).

According to this model, the pressure head is related

to effective saturation, Se, as follows:

hl ¼
1

a
½S�1=m

e � 1�1=n ð6Þ

where a and n are shape parameters of SWRC which are

obtained from experimental data and m = 1�1/n. The

effective saturation is defined as

Se ¼
el � er
e� er

¼ Sl � Sr

1� Sr

ð7Þ

where e is the porosity of medium, el(= Sle) liquid volu-

metric ratio, and er(= Sre) residual liquid volumetric

ratio. Sl and Sr are liquid saturation and residual satura-

tion respectively. el varies between a minimum value, er,
and a maximum value, e. Sl varies between Sr and unity

and Se varies between zero and one. Variation of liquid

pressure with respect to liquid volumetric ratio for a

sample of soil is shown in Fig. 2.

Hydraulic conductivity of unsaturated medium is de-

fined as

K l ¼ KsKrl ð8Þ

where Ks is saturated hydraulic conductivity and Krl the

relative permeability of the liquid phase. Saturated

hydraulic conductivity is related to properties of liquid

and porous medium as

Ks ¼
kiqlg
ll

ð9Þ

where ll is dynamic viscosity of liquid, and ki intrinsic

permeability of the porous medium which is independ-

ent of liquid properties and depends on structure and

geometry of medium [1]

ki ¼
d2
p

180

e3

ð1� eÞ2
ð10Þ
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Fig. 2. A sample of soil water retention curve (SWRC).

282 G.A. Sheikhzadeh et al. / International Journal of Heat and Mass Transfer 48 (2005) 279–292
where dp is the diameter of particles forming the bed.

This relation 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 or average diameter. Allen

and Hazen [8], have selected d10 as the effective diameter

for a bed consisting of non-uniform particles. d10 is the

diameter of the particle, that about 10 percent of the

particles are smaller than it. This diameter is determined

by particle sizing analysis.

The relative permeability, Krl, is defined as [9]

Krl ¼ S
1
2
e 1� 1� S

1
m
e

� �mh i2
ð11Þ

Having defined the parameters in Eq. (1), this equa-

tion can be further simplified by inserting Eq. (2) into it

oSl

ot
¼ div Dl grad

!
Sl

� �
� oK l

eoz
þ ql

.
ðeqlÞ ð12Þ

where Dl is the superficial diffusivity of liquid and is de-

fined as [9]

Dl ¼ K l

ohl
oel

¼ ð1� mÞKs

maðe� erÞ
� S1=2�1=m

e ½ð1� S1=m
e Þ�m

þ ð1� S1=m
e Þm � 2� ð13Þ

The set of equations presented in this section, consti-

tute the governing equations for unsaturated flow of a

liquid through a porous medium, which can be solved

using the initial and boundary conditions for a specific

problem.
2.2. Diffusion of liquid within the particle

As stated before, the particles forming the ore bed

are assumed to be spherical and uniform. Lean liquor

solution flows symmetrically among these particles.

Therefore, liquid diffusion within the particles is one-

dimensional in radial direction. As the liquid flows

through the bed downwards, it diffuses into or out of

the particles. When the liquid volumetric ratio at the

particle outer surface is greater than that at the particle

center, the diffusion will be towards the particle center,

vice versa.

The mass conservation equation in the particle,

according to Eq. (12), is written as

oSp

ot
¼ 1

r2
o

or
r2Dp

oSp

or

� �
þ qlp=ðepqlÞ ð14Þ

where r is radial distance, and other variables have al-

ready been defined and the subscript p refers to the par-

ticle. It should be noted that since this equation is

written for a particle at a certain depth of bed, the term

oKl/oz is zero. Eq. (14) applies for diffusion of liquid

within the particles. Diffusivity, Dp, is defined according

to Eq. (13)

Dp ¼
ð1� mpÞKsp

apmpðep � erpÞ
S1=2�1=mp

ep � ½ð1� S1=mp

ep Þ�mp

þ ð1� S1=mp

ep Þmp � 2� ð15Þ

where all variables have already been defined and the

subscript p refers to the particle. The source or sink

term, qlp, is used when condensation or evaporation

takes place within the particles.

Eq. (14) should be solved to determine the distribu-

tion of liquid volumetric ratio or saturation within the

ore particle.

To solve this equation, one initial condition and two

boundary conditions are required. At the beginning of

infiltration the liquid volumetric ratio within the parti-

cles is assumed to be known and uniform, thus the initial

condition is

Spðr; z; 0Þ ¼ Sp0 ð16Þ

where Sp0 is the initial degree of saturation within the

particle.

Because of symmetry, the gradient of degree of satu-

ration at the center of the particle will be zero, i.e.:

oSpðr; z; tÞ
or

����
r¼0

¼ 0 ð17Þ

The second boundary condition is obtained from the

equality of potential at the interface of particle and the

bed (the particle surface). Since at a certain depth of

the bed, the value of z in the bed and particle is the same,

then
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hlpðR; z; tÞ ¼ hlBðz; tÞ ð18Þ
where hlp is the liquid pressure within the particle and hlB
is the liquid pressure in the bed. It should be noted that

in Eq. (18) the liquid volumetric ratio at the interface of

particle and the bed are not necessarily the same, and

therefore the initial liquid volumetric ratio in the bed

and particle may be different.

2.3. Diffusion and movement of solution through the bed

It is assumed that the bed has a uniform, homogene-

ous and isotropic structure. The movement and diffusion

of liquid is occurred in the vertical direction towards the

bottom of the bed. Then, according to the assumptions,

the mass conservation equation in the bed, from Eq.

(12), becomes:

oSB

ot
¼ o

oz
DB

oSB

oz

� �
� oKB

eBoz
þ qlB=ðeBqlÞ ð19Þ

where z is the depth, and other variables have already

been defined and subscript B refers to the bed. This

equation applies for the diffusion and movement of liq-

uid among the particles. The hydraulic conductivity of

the bed, KB, according to Eqs. (8) and (11), is deter-

mined as

KB ¼ KsBS
1
2

eB 1� 1� S
1

mB
eB

� �mB
� �2

ð20Þ

and the diffusivity, DB, from Eq. (13) becomes

DB ¼ ð1� mBÞKsB

aBmBðeB � erBÞ
S1=2�1=mB

eB � ½ð1� S1=mB

eB Þ�mB

þ ð1� S1=mB

eB ÞmB � 2� ð21Þ

The source or sink term, qlB, represents the mass dif-

fused into or out of the particles as well as the mass con-

densed or evaporated among the particles. If the phase

change among the particles is negligible, coupling the

bed and particles is done by the source or sink term,

qlB. Considering the available particle surface in a vol-

ume element of bed, the source (or sink) term is deter-

mined as

qlB ¼ �3
ep
R
qlð1� eBÞ Dp

oSp

or

� �
r¼R

ð22Þ

where R is the radius of particle.

According to Eqs. (2),(3), and (13), the vertical veloc-

ity of liquid in the bed is determined as

u ¼ �eBDB

oSB

oz
þ KB ð23Þ

Eq. (19) should be solved to determine the distribu-

tion of liquid volumetric ratio or saturation within the

bed. To solve this equation, one initial condition and

two boundary conditions are required. At the beginning
of infiltration the liquid volumetric ratio within the bed

is assumed to be known and uniform, thus the initial

condition is:

SBðz; 0Þ ¼ SB0 ð24Þ

where SB0 is the initial degree of saturation of the bed.

The first boundary condition is defined from mass

flux at the top surface of the bed. Liquid applied to

the bed at this surface flows through the bed due to grav-

ity and capillary forces, then:

uðtÞ ¼ �eBDB

oSB

oz
þ KB

����
z¼0

ð25Þ

where u(t) is the superficial velocity of liquid applied to

the top surface of bed that is a constant value, uin, when

the liquid infiltration is continuous, and is a step func-

tion of time when the infiltration is intermittent

uðtÞ ¼
uin at washing period

0 at rest period

�
ð26Þ

It is assumed that liquid exits from the bottom of the

bed and enters to a medium of negligible resistance with

atmospheric pressure. Then, the gradient of liquid volu-

metric ratio or degree of saturation at the bottom is zero

oSBðz; tÞ
oz

����
z¼H

¼ 0 ð27Þ

where H is the height of the bed.

Solving Eqs. (14) and (19) together with initial and

boundary conditions gives the distribution of liquid vol-

umetric ratio in the particle and the bed. Eq. (23) is then

used to work out the vertical velocity of liquid in the

bed.
3. Computational procedure

The partial differential equations with variable coeffi-

cients, governing liquid flow in the bed and particles

(Eqs. (14) and (19)), cannot be solved analytically. They

are solved using computational techniques. To solve

these equations, a uniform spherical mesh is fitted to

the particle and a uniform and one-dimensional mesh

to the bed. Using fully implicit finite difference method,

the governing partial differential equations are discre-

tized and converted to a set of algebraic equations.

The initial values of pressure head, hydraulic conductiv-

ity and diffusivity are determined using the initial liquid

volumetric ratio. The resulting sets of algebraic equa-

tions are solved using Thomas algorithm [10] and itera-

tive method to get the corresponding values at the next

time increment. The maximum of relative errors in the

degree of saturation of the bed and particles is compared

with the maximum allowable error in the computa-

tional method. The calculations are repeated until the
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CALL INIT

T=0

S=Sold

ITER=1

So=S

CALL SUB

CALL SUPCompute the Sp

ERROR=MAX(S-So)
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Fig. 3. Flowchart of computer program.
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maximum relative error becomes less than 10�6. The

number of mesh points in the particle and the bed de-

pends on the particle radius and bed height. The time

increment is set according to the total time of process.

The flowchart of computer program is shown in Fig. 3.
4. Column tests

In order to ensure the accuracy of numerical results,

a number of column tests were carried out using oxide

ore in the Sarcheshmeh Copper Complex. The oxide

ore used for column testes was taken from the West

dump of the oxide ores, which is currently being used

for heap leaching. A sample of 1600kg of oxide ores
was chosen randomly and mixed thoroughly, from that

a smaller sample of 130kg was selected and the pieces

greater than 25mm were separated. The remainder ore

particles were splitted several times and finally a sample

of 10.8kg for sizing analysis and a sample of 1.819kg for

moisture measurement were selected. The results of siz-

ing analysis and moisture measurement are represented

in Tables 1 and 2, respectively. Table 1 indicates that

about 25% of the particles have diameters smaller than

1.0mm and about 30% of the particles have diameters

smaller than 1.4mm. Therefore, effective diameters of

d25 = 1.0mm and d30 = 1.4mm were chosen. Three col-

umns of transparent material (Plexiglas) having inner

diameter of 8.8cm and height of 50cm were used. These

columns are called G1, G2 and G3. The schematic dia-



Table 1

Analysis of size particles of ore sample

Mesh size (mm) Average

diameter (mm)

Weight

(g)

Percent

(%)

15.8–25 20.4 882.4 8.2

6.7–15.8 11.3 2800.8 25.9

3.3–6.7 5.0 2014.4 18.7

1.7–3.3 2.5 1458.7 13.5

1.2–1.7 1.4 502.9 4.6

0.8–1.2 1.0 645.9 6.0

0.4–0.8 0.6 874.2 8.1

0.2–0.4 0.3 704.0 6.5

�0.21 – 916.2 8.5

Fig. 4. Schematic diagram of test column.
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gram of a test column is shown in Fig. 4. The specifica-

tions of columns are shown in Table 3. The height and

diameter of the columns are selected in a way that the

end effects are negligible [7].

The periodic flow rate of infiltration is fixed at

1.67 · 10�8m3/s which is equivalent to 2.78 · 10�6m3/

m2s. The period of infiltration is 6h for the total dura-

tion of 72h. A peristaltic pump provides the entrance

volume flow rate, and the exit flow rate is measured

manually during the test duration.
5. Results and discussion

Computational investigation of unsaturated flow of

liquid in heap leaching has been performed using exper-

imental information and reasonable assumptions. For

instance, the residual liquid volumetric ratio in the ores

is relatively high [11], but a smaller value of residual liq-

uid volumetric ratio is assumed for the ore bed, because

the bed has a larger porosity than the ore particles. The

computer program was run using different values of a, n
and er. It has been noticed that the computational results

conform with the experimental ones when the values of

of a, n and er for the particles and the bed are as follows:

Particle: a = 1(1/m) n = 1.2 Sr = 0.5

Bed: a = 3(1/m) n = 1.39 Sr = 0.01

The above values have been applied to the computer

program, based on that, the SWRC of the bed and the

particles have been shown in Fig. 5. The SWRCs are

plotted using the Mualem model defined in Eq. (4) [9].

The curves are used to evaluate the liquid pressure ver-

sus the degree of saturation.
Table 2

Results of moisture measurement

Weight of ore

sample before drying

Weight of ore

sample after drying

1819g 1798g
The hydraulic conductivity and liquid diffusivity de-

pend on intrinsic permeability, which is a function of

porous medium structure (Eq. (8)). The intrinsic perme-

ability changes in the range of 3 · 10�12 to 3 · 10�7m2

when the bed porosity varies between 0.3 and 0.5 for

the particle diameter of 0.1mm to 10mm. The hydraulic

conductivity and diffusivity in the above range are

shown in Figs. 6 and 7, respectively. It can be seen that

both parameters depend strongly on the degree of satu-

ration. The intrinsic permeability in ore beds is roughly

10�9m2, although it may vary locally due to non-homo-

geneity of the bed. The intrinsic permeability of particles

is more uncertain, but as an order of magnitude, it may

be considered to be about 10�15m2 [5]. The intrinsic per-

meability of the bed is calculated using Eq. (10).

The numerical results are compared with the results

obtained from the column tests in order to calibrate

the numerical model. The model can then be applied

to any operating conditions. Figs. 8 and 9 compare the

numerical results with the results obtained from the col-

umn tests for ores having particles smaller than 25mm

and about 1mm, respectively. In column tests with peri-

odic infiltration of water, at the end of rest period, the

effluent flow rate approaches zero. Several numerical
Weight of

evaporated moisture

Ratio of evaporated

moisture

21g 1.15%
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Table 3

Specifications of test columns

G1 G2 G3

Particles diameter �25mm 0.8–1.2mm 1.2–1.7mm

Ore weight 3900g 2980g 2910g

Height of ore bed 40cm 40cm 40cm

Bulk density of ore 1.6g/cm3 1.26g/cm3 1.26g/cm3

Bed porosity 0.41 0.55 0.56
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experiments with different characteristic parameters of

soil (bed and particles) were performed, but the zero

flow rate at the end of rest period was not observed. This

is because the characteristic curve for soil when wetting
and draining are slightly different (hysteresis effect), but

the same characteristic curve has been used in both

cases. Furthermore, at the end of rest period the bed

loses solution less rapidly (one droplet in 5s during infil-

tration and one droplet in 40s at the end of rest period).

The experimental procedure is carried out in a closed

space, however very little surface evaporation takes

place and may become considerable in low flow rates.

From an overall point of view the two sets of results

are in good agreement and the discrepancy is about 10%.

Based on this agreement, an effective diameter of

d25 = 1mm has been adopted for the ore having particles

smaller than 25mm.
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Fig. 10. Effect of mesh size on volumetric flow rate ratio with

respect to time for H = 5m.

Fig. 11. Effect of bed height on volumetric flow rate ratio with

respect to time for ki = 10�8.
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The time required to reach steady state and the de-

gree of saturation in the bed and particles at steady state

conditions are important parameters for the ore heaps.

When the steady state conditions prevail, the hydraulic

conductivity of the bed will be equal to the superficial

infiltration velocity, this is because, at steady state con-

ditions the degree of saturation will be uniform through-

out the bed. The same condition occurs in the particles.

Consequently, the mass flow rate at inlet and outlet will

be the same.

The effect of important parameters on the distribution

of the degree of saturation of the bed and particles as well

as the bed exit mass flow rate has been considered under

different operating conditions. In this computational

study, the parameters their effect on the degree of satura-

tion has been studied are the bed intrinsic permeability,

infiltration rate, and the bed height. To make sure the

numerical results are independent of the mesh size, the

computations have been performed for different mesh

sizes. The results of a typical survey for five different

mesh sizes have been indicated in Fig. 10. It has been ob-

served that the ratio of exit to entrance mass flow rate

with respect to time does not change considerably when

the numbers of grid points (Nz) are 400 or 500. To be

more specific, the number of grid points has been taken

to be 500. It is worth mentioning that, in the calibration

procedure, the same mesh size (bed height/number of

grids) has been used for the numerical calculations. The

independent mesh size has then been chosen such that

having 500 grid points in a bed of the height of 5m. This

proportion has been applied to all other computations.

Fig. 11 indicates the variations of the ratio of mass

flow rate ratio with respect to time for four different
bed heights, when the intrinsic permeability has a value

of ki = 10�8m2. As can be predicted, the time required

for the liquid to reach the bottom of the bed increases

as the bed height is increased and the steady conditions

occur at a later time. Therefore, in intermittent infiltra-

tion a longer period can be taken into account for higher

beds.

Fig. 12 shows the variations of the ratio of mass flow

rates with respect to time for four different ki when the

bed height is fixed at 1m. It is observed that, the time re-

quired for the liquid to reach the bottom of bed de-

creases as ki is increased and the steady state condition

occurs sooner.
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Fig. 13 indicates the variations of the time required to

reach the steady state condition, s, with respect to infil-

tration rate, uin, for three different ki when the bed

height is fixed at H = 5m. The figure shows when uin is

small, the steady state condition is established very late.

On the other hand, as uin is increased, s is shortened very

rapidly and approaches to a relatively constant value at

high infiltration rate. It is also noticed that the lower ki,

the higher s.
Fig. 14 shows the variations of the degree of satura-

tion of the bed in steady state condition with respect to
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Fig. 13. Effect of intrinsic permeability on time required to

reach steady state condition with respect to infiltration rate for

H = 5m.
uin, for three different ki when the bed height is fixed at

H = 5m. The figure shows that for the infiltration rate in

the range of 0 < uin < 2.78 · 10�6m3/m2s the degree of

saturation of bed in steady state condition increases rap-

idly when uin is increased, and for higher values of uin the

slope of the curve becomes very small and the degree of

saturation approaches to a constant value. It is further

noticed that for lower ki a higher degree of saturation

in steady state condition is achieved.

It should be mentioned that the leaching processes

take place in the liquid within the bed and particle pores,

therefore the distribution of liquid volumetric ratio

should be known for the bed and particle at any incre-

ment of time.

Fig. 15 shows the variations of the degree of satura-

tion at the particle center with respect to time at three

different depths when uin = 2 · 10�6m3/m2s and

H = 5m. This variation is shown for two different ki. It

is noticed that at the top of the bed (z = 0) the particle�s
degree of saturation increases rapidly and reaches to the

steady state condition quickly, while at higher depths

(z = 2.5,5m) this behavior takes place at a later time.

This is because of the delay in wetting the bed at higher

depths. It is also observed that the lower the bed intrin-

sic permeability, the higher the degree of saturation at

the particle center. The reasoning for this observation

is that when the intrinsic permeability is reduced, the liq-

uid velocity through the bed is decreased and the bed�s
degree of saturation is increased. To study the effect of

intermittent infiltration on the degree of saturation, the

bed height, the infiltration rate and the period are spec-

ified as 5m, 2 · 10�6m3/m2s and 1day respectively.

Fig. 16 indicates the variations of the degree of satu-

ration of the bed with respect to the bed�s depth at dif-



0 40 80 120 160
0.5

0.6

0.7

0.8

0.9

1

z =0 m

z =2.5 m

 z =5 m

S
p

ki=10-9

0 40 80 120 160 200
0.5

0.6

0.7

0.8

0.9

1

S
p

Time (hr)

ki=10-10

z =0 m

z =2.5 m

z =5 m

Fig. 15. Variations of degree of saturation at the particle center

with respect to time at top, middle and bottom of the bed.

0 1 2 3 4 5
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0day

1 day

2 day
3 day

4 day

6 day

5 day

7 day

8 day

9 day

10 day

Depth (m)

S
B

The first 10 days

0 1 2 3 4 5
0.34

0.36

0.38

0.4

0.42

0.44

0.46

Depth (m)

10day

11day

12,14,16,18,20day

13,15,17,19day

The second 10 days

S
B

Fig. 16. Variations of degree of saturation in the bed at various

time increments.

G.A. Sheikhzadeh et al. / International Journal of Heat and Mass Transfer 48 (2005) 279–292 289
ferent time intervals. The figure shows that the distribu-

tion of the degree of saturation can be studied in two dif-

ferent stages. The first stage refers to the early days

(10days) and the second stage refers to the later days

(10–20days). In the first stage, the liquid penetrates to

deeper depths of the bed, makes the deeper depths wet

and results in large variations in the degree of satura-

tion. In the second stage, the bed�s degree of saturation

changes between two limiting values and the variations

are much less than the first stage. In other words, the

profiles of the degree of saturation of the bed are re-

peated in each period. This behavior is highly depending

on the bed height, the bed intrinsic permeability, infiltra-

tion period and infiltration rate. That means, the first

stage (defined as the transient time) and also the limiting

values of the degree of saturation in the second stage de-

pend on the above parameters.
Fig. 17 indicates the variations of the degree of satu-

ration with respect to time at the top and bottom of the

bed. It can be observed that the fluctuation of the degree

of saturation at the top of the bed starts immediately

and the amplitude of the fluctuations becomes invariable

after a few days. The fluctuation of the degree of satura-

tion at the bottom of the bed starts when the liquid

reaches there, and the amplitude of the fluctuations be-

comes invariant very quickly. The magnitude of the fluc-

tuation amplitude at the bottom of the bed is lower than

that at the top of the bed.

Fig. 18 indicates the variations of the degree of satu-

ration with respect to time at the top and bottom of the

bed for three intrinsic permeabilities of the bed. It is real-

ized that the amplitude of the fluctuations of the degree

of saturation is reduced as the permeability increases.

The amplitude eventually approaches to a constant
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value, which depends on the permeability. The fluctua-

tions at the bottom of the bed start at a later time and

the magnitude of the amplitude is lower than that at

the top of the bed.

As mentioned before, the degree of saturation is not

only a function of intrinsic permeability, but also

changes with respect to infiltration period.

Fig. 19 indicates the variations of the degree of satu-

ration with respect to time at the top and bottom of the

bed for two periods. It is observed that the amplitude of

fluctuations increases as the period is increased.

From the information of the degree of saturation in

the bed, one can figure out the void space available for

airflow among the ore particles, which is of great impor-

tance in leaching of sulfide ores.
6. Summary and comments

Double-porosity media are composed of two distinct

regions with contrasted hydraulic parameters. Due to

this type of structure, transient fluid flow is character-

ized by local non-equilibrium conditions. This work

presents a microscopic and macroscopic model of fluid

flow in such media. The objective is presenting a

numerical model to predict the fluid flow characteristics

in an ore bed. The results of fluid flow model, will be

incorporated in a more comprehensive model for heap

leaching taking into account the chemical reaction

and diffusion in the pore solution, as well as convection

of solvent and dissolved minerals along with diffusion

of solution in the bed. The effect of the degree of satu-

ration on chemical processes occurring in pore solution

is of major interest. Therefore, mathematical modelling

has been done indirectly based on double-porosity con-
cept. These are the basic principles for the present study

and the results are used for modelling the heap leaching

processes.

The hydraulic conductivity of particles is an impor-

tant parameter in diffusing water into the particles dur-

ing infiltration period and draining water from the

particles during rest period. The computer program is

run for several operating conditions, the results show

that the bed properties (having a larger permeability)

have a bigger effect on exit flow rate.

A real heap is composed of soil and ore particles hav-

ing different shapes and sizes which results in variable

permeability. On the other hand, flowing the solution

in such a bed moves the small particles (fines) down-

wards. These particles may deposit in lower region of

the bed and reduce the permeability in these regions.

Therefore the distribution of porosity throughout the

bed is not uniform and the solution tends to pass from



100 200 300 400 500
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

Period = 1 day

Time (hr)

S
B

Period = 2 day

z = 0m

100 200 300 400 500
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

S
B

Time (hr)

Period = 1 day

Period = 2 day

z = 5m

Fig. 19. Effect of infiltration period on degree of saturation at

top and bottom of the bed with respect to time for H = 5m.

G.A. Sheikhzadeh et al. / International Journal of Heat and Mass Transfer 48 (2005) 279–292 291
regions of higher permeability. This phenomenon is

known as channeling and reduces the effective contact

between the solution and ore particles. A non-uniform

particle bed will change the calibration parameters, how-

ever the variations of permeability and particle size can

hardly be introduced in the governing equations, and

therefore the present model assumes mean values for

the above parameters and considers a uniform particle

bed. If information regarding the distribution of

particles in the bed are supplied, a statistical

model can be designed to simulate a non-uniform parti-

cle bed.
7. Conclusion

Unsaturated flow of liquid through the ore bed de-

pends strongly on the bed and ore particles characteris-
tic curves. Periodic infiltration results in quasi-steady

state in which the profiles of degree of saturation in

the bed vary between two limiting values. The fluctua-

tions of the degree of saturation depend not only on per-

iod, but also vary with intrinsic permeability and the

depth in the bed. It is reduced when the intrinsic perme-

ability or the depth is increased. The degree of

saturation is increased when the infiltration period is

increased.

The accuracy of numerical results obtained from

this modelling depends on how reliable the data of

characteristic curves of the bed and particles are. Hav-

ing such reliable data, one can predict how periodic

infiltration affects the macroscopic and microscopic

movement of reagent and dissolved species through

the bed. Furthermore, it can be seen, if an almost con-

stant concentration of the desired specie in an accept-

able duration can be achieved, using periodic

infiltration.
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