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 In the current research work, a piping system is designed for slurry transport to the 

tailing dam in the Kooshk lead-zinc mine, Iran. The experiments are carried out 

primarily to investigate the rheological behavior of the slurry at different densities and 

obtain a non-Newtonian model for the shear stress variation with the deformation rate. 

It is shown that the shear stress of concentrated slurry follows the plastic Bingham 

model. The results obtained also indicate the increasing trend of the yield stress and 

the apparent viscosity of the slurry with the density. Appropriate correlations are 

proposed for the apparent viscosity and yield stress as a function of pulp concentration. 

At the next step, the required design parameters such as the slurry flow rate, pressure 

drop, critical velocity, and minimum required head for flow initiation and head losses 

are calculated for different slurry densities and pipe sizes. The appropriate piping 

system is finally designed based on the experimental data and the calculated 

parameters. It is concluded that the 3 in diameter pipe can be used to deliver the slurry 

with solid concentrations between 44% < Cw < 60% by weight, without a pumping 

system. 
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1. Introduction 

Slurry is a concentrated mixture of solid particles 

with a carrier liquid. Slurry transport by pipelines 

is widespread in various industries such as 

minerals, chemical, food, and water owing to 

energy efficiency, environment friendliness, and 

simple control advantages [1, 2]. Slurry flow in 

pipes is hydro-dynamically different from single-

phase liquid flows. For single-phase flows, an 

extensive range of velocities is possible in the 

pipes, and a flow regime is determined according 

to the fluid and system properties. To the contrary, 

involvement of the two different flow regimes of 

homogeneous and heterogeneous slurries 

accompanied with additional fluid properties adds 

to the complexity of the slurry transport problem. 

In the homogeneous mixtures, fine particles are 

uniformly distributed in the carrier liquid, and the 

solid particle volume fraction in generally high. 

Such slurries exhibit a non-Newtonian behavior, 

and thus the inertial effects do not exert a major 

influence on the bulk velocity. On the other hand, 

cross-sectional concentration gradients exist in the 

heterogeneous slurries. These slurries have lower 

particle concentrations, and contain larger particle 

sizes than the homogeneous slurries [3-6]. The 

slurries encountered in the industrial applications 

are generally of mixed characteristic, i.e. the fine 

particles form a homogeneous mixture and the 

coarse particles form a heterogeneous mixture with 

the carrier fluid. Determination of the 

characteristics of the slurry based on the slurry type 

is thus an important issue in the design of a slurry 

transport system [6]. To this end, several 

parameters that have crucial roles on the slurry 

system are required to be taken into account. The 

critical velocity, particle size and concentration, 

rheology of the slurry, pressure drop, velocity 

distribution, and friction losses are among the most 
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important parameters for an efficient design of a 

slurry transport system. 

In order to achieve a stable operation of a 

pipeline, the bulk slurry velocity must be equal to 

or greater than a particular value called the critical 

velocity [3, 7]. One of the first correlations of the 

critical velocity that has been widely used has been 

proposed by Durand [8] based on the experimental 

data. Several correlations have also been developed 

during the past few decades [9-14]. The models 

developed by Wilson and Judge [9], and by 

Thomas [10], are based on both the theoretical and 

experimental concepts, and their applications cover 

a broad range of fluid properties and pipe 

diameters. The model developed by Wasp et al. [3] 

takes into account the particle size distribution in 

the transport process. Wasp and Slatter [11] have 

proposed a critical velocity model as a function of 

the system variables including the pipe diameter, 

volume concentration, particle size and density, 

and slurry viscosity. The model of Doron and 

Barena [12] is a three-layer model based on a 

mechanical balance. Lahiri and Ghanta [13] have 

derived their model by employing artificial 

intelligence to fit the experimental data. A 

comprehensive review of the previous models has 

been carried out by Gillies et al. [14]. 

The slurry concentration and particle size 

distribution in the pipelines are other parameters 

that have been focused on in a number of studies 

[16-21]. Miedema [16] has developed methods for 

calculation of the radial distribution of the particle 

concentration based on the eddy diffusivity and 

particle settling velocity. Kaushal and Tomita [17] 

have carried out experiments on a heterogeneous 

slurry, observing that the maximum value of the 

particle concentration occurs at the distance of 

0.2D from the pipe surface. It was attributed to the 

near wall lift effect on the solid particles [18]. 

Tarodiya and Ganndhi [19] have studied the effect 

of particle size distribution on the performance of a 

centrifugal slurry pump handling multi-size 

particulate slurry. Reduction in the intensity of 

granular pressure, maximum granular viscosity, 

and the head loss due to friction in impeller and 

casing flow passages were observed with the 

increase in the particles size. Knezevic and Kolonja 

[20] have indicated the influence of particle 

distribution on the pressure drop of ash slurries 

through pipeline transportation. 

Slurries exhibit a Newtonian or non-Newtonian 

behavior according to the particle volume fraction. 

Rheology of slurries is thus an important parameter 

that has been investigated previously [22–27]. 

Senapati and Mishra [24] have developed a non-

Newtonian pseudo-plastic power law head loss 

model in order to predict the pressure drop of ash 

slurries through pipeline transportation. Xiao et at. 

[25] have experimentally examined the rheological 

properties of slag-cemented paste backfill, 

indicating that the yield stress and viscosity of the 

slurry increase over the curing time. Verma et al. 

[26] have investigated the rheological behavior of 

highly concentrated fly ash slurries. Their results 

showed that the Bingham plastic model could be 

used for modeling of the slurry viscosity. 

Moreover, the yield shear stress and apparent 

viscosity were obtained through experiments. Cao 

et al. [27] have carried out experiments on the 

rheological and sedimentation characteristics of 

fresh cemented tailings, developing functions for 

variations in the shear stress, viscosity, and 

sedimentation rate. 

The flow characteristics of slurry in the piping 

systems such as pressure drop, velocity 

distribution, and friction losses have also been 

studied by several researchers [28-31]. Miedema 

[28] has developed a slip velocity and a head loss 

model for slurry transport in the heterogeneous 

regime. In contrast to the previous models, his 

model consists of two terms for the excess pressure 

losses including kinetic energy and potential 

energy losses. Wu et al. [29] have numerically and 

experimentally investigated the pressure drop in a 

loop pipe flow of fresh cemented coal gangue–fly 

ash slurry. The effects of slurry volumetric flow 

rate and pumping pressure as well as the combined 

effect of pipe inner diameter and flow velocity on 

pressure drop in the pipe loop flow of slurry were 

demonstrated. Kumar et al. [30] have investigated 

the effect of particle gradation on pressure drop of 

ash slurries in the pipeline, proposing a model to 

predict the pressure drop and solid distribution of 

the slurries. Comparison of the numerical results 

and the experimental data in the studies of this 

category has revealed that there is a significant 

discrepancy in the concentration profile especially 

near the pipe surface. It should be noted that 

slurries in the real operational conditions contain 

particles with different sizes. This is generally 

neglected in the numerical simulations, and leads 

to a significant difference between the numerical 

and experimental results [31].  

The above-mentioned key parameters have been 

employed in a number of research works in order 

to simulate as well as design efficient slurry 

transport systems. Ling et al. [32] have numerically 

investigated the liquid–solid slurry flows in a fully 

developed turbulent flow. Li et al. [33] have 

studied the minimum specific energy consumption 
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and optimal transport concentration of the slurry 

pipeline transport systems. The influence of several 

parameters such as the particle-gradation 

uniformity coefficient, median particle size, pipe 

diameter, and particle volume concentration were 

analyzed. Their results obtained revealed that the 

greater the uniformity coefficient, the smaller the 

minimum specific energy consumption and the 

larger the optimal transport concentration for a 

constant, median particle size slurry. Ihle [34] has 

introduced the concept of optimal diameter for 

settling slurries, proposing a simple model to assess 

the most economic pipeline diameter based on 

several aspects such as the deposit velocity, energy 

and water costs, and pipe infrastructure cost. 

Cunliffe [35] has developed a simple framework to 

enable the accurate prediction of the bulk flow 

behavior and settling characteristics of slurries in 

open conduits, and has validated it experimentally. 

He investigated the effects of different parameters 

including the flow rate, flow depth and settling 

regime, solid concentration, Reynolds number, and 

Froude number. His proposed method can be used 

to make primary predictions of critical 

sedimentation velocities to minimize the 

environmental and commercial costs of slurry 

transport. 

In the current work, a piping system is designed 

for tailing slurry transport in the Kooshk lead-zinc 

mine in Iran. The piping system is desired to 

transport the pulp with a maximum possible solid 

concentration by weight.  

As mentioned earlier, several parameters have 

crucial roles on the slurry system. Determination of 

the characteristics of the slurry is thus an important 

issue in the design of a slurry transport system. The 

rheological behavior of the pulp has a significant 

impact on the design of a slurry piping system. 

Thus it is necessary to primarily investigate the 

rheological behavior of the pulp, and develop an 

appropriate model.  In this work, at the first step, 

an experimental study is carried out in order to 

identify the tailing pulp behavior. Then the 

required parameters such as the friction head losses 

and the pressure drop values are calculated at 

different pulp concentrations and pipe sizes. 

Finally, the appropriate piping system is designed 

based on the experimental data, developed models, 

and numerical calculations. 

The paper structure is as what follows. In Section 

2, the Kooshk lead-zinc mine as the studied case is 

introduced. In Section 3, the experimental 

procedure and main test issues are explained. 

Section 4 summarizes the formulation and the 

governing equations. The properties of the pulp are 

given in Section 5. Section 6 presents the results 

including the validation of the experiments, 

obtained data, and developed models. An 

economical evaluation of the piping system is 

presented in Section 7. Final remarks are given in 

the conclusion section. 

2. Problem description 

The Kooshk lead−zinc mine located in the desert 

and semi-arid land of Bafgh, Yazd Province, is one 

of the main sulfide deposits in Iran. The final 

flotation tailing of the mineral processing plant 

including two streams of pre-flotation and 

scavenger tailings are combined and transported to 

the tailing thickener. The discharged tailing slurry 

from the thickener underflow is transported by 

gravity using an open channel. Due to the open 

channel geometry and gravity limitations, the 

tailing slurry is unfavorably transported with low 

solid content to the tailing dam, and water recovery 

from the thickener is thus inefficient. Considering 

the lack of water in the semi-arid region, a higher 

water recovery system from the tailing thickener is 

necessary form the environmental and economic 

viewpoints. A preliminarily evaluation indicated 

that replacement of the open channel with a pipe 

system could be an appropriate solution, and 

transportation of tailing slurry will be possible with 

a higher solid content, and consequently, a lower 

water loss. The slurry transport path from the 

thickener to the tailing dam is obtained from field 

observation data and satellite images, and is 

depicted in Figure 1. 

 
Figure 1. Tailing transport path from thickener 

discharge to tailing dam. 

As shown in this figure, the current tailing 

transport path consists of two sections with 

different slopes; a path of 400 m length and 5% 

slope from the thickener underflow to the main 
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road and a path of about 1000 m length and 2% 

slope from the road to the end of the tailing dam. 

The dam is located 300 m far from the road. 

Transport of the pulp slurry is currently carried out 

in an open channel with concentration of solid in 

the range of 35-45% by weight. The low slope of 

the second section causes serious problems in the 

tailing transport in the open channel. Thus it is 

desired to replace the current open channel path 

with a closed piping system. The designing process 

of the piping system requires consideration of the 

wall shear stress distribution and pressure drop 

variation with pulp flow rate and pipe diameter. 

However, the conventional Newtonian fluid model 

cannot be applied for the pulp flow. The pulp slurry 

consists of coarse solid particles, and is anticipated 

to exhibit a non-Newtonian behavior. Thus it is 

necessary to primarily investigate the rheological 

behavior of the pulp and develop an appropriate 

model for the apparent viscosity. The main 

pressure drop calculations are then carried out 

using the developed models, and an appropriate 

piping system is recommended. 

3. Experimental Procedure 

3.1. Experimental setup 

An experimental setup is designed and 

constructed to study the pulp rheological 

properties. A schematic representation of the setup 

is shown in Figure 2.  

 
Figure 2. A schematic representation of the test 

section. 

As shown in this figure, the setup consists of a 

cylindrical tank and a pipe connected to the bottom 

surface. The pulp surface inside the tank descends 

from the original level of H1 to the final level of H2, 
and discharges to the atmosphere at the elevation 

of H3. The experiments are carried out for different 

tank and tube diameters, tube lengths, and pulp 

concentrations, and the exit flow rate Q is obtained 

as a function of the pulp level H in the tank. The H-

Q data obtained is used to investigate the rheology 

of the pulp and develop a non-Newtonian model for 

the apparent viscosity of the pulp slurry. The 

obtained slurry viscosity is finally used to calculate 

the friction head losses at different operating 

conditions, and consequently, design the 

appropriate piping system. 

3.2. Experimental and design considerations 

There are a number of important points that are 

required to be taken into account during 

performing the experiments as well as designing 

the piping system. The change in the flow regime, 

flow developing length before a fully developed 

region, friction losses, accelerational term in the 

Bernoulli equation due to the transient flow, and 

flow stabilization time are discussed in the 

following sub-sections.  

3.2.1. Dynamic similarity 

For the experimental data to be extendable to the 

real situation, the dynamic similarity between the 

experimental setup and the original system is 

necessary. In other words, the Reynolds number 

must be equal for the test and original conditions in 

order to assure the dynamic similarity. Since the 

pulp flow is used in both cases, the product of 

velocity and pipe diameter (VD) is required to be 

kept constant for the test and real situations. This 

means that the velocity in the experiments must be 

ten times that of the original condition if the 

dimensions are scaled, for example, 1/10. The 

important point is that the velocity increase should 

not lead to the change in the flow regime from 

laminar to turbulent. 

3.2.2. Developing length 

The pipe length is required to be larger than the 

hydro-dynamic entrance length in order to perform 

the pressure drop calculations. This point has been 

taken into account in the selection of the pipe 

length in the current experiments. 

3.2.3. Flow stabilization time 

The unsteady fluid motion in a tube with length 

of L and diameter of D is governed by the 

following equation [36]:  

𝜌𝑔 (ℎ𝑡 − 𝑓
𝐿

𝐷

𝑉2

2𝑔
) = 𝜌𝐿

𝑑𝑉

𝑑𝑡
 (1) 

For a steady flow with velocity Vt, ℎ𝑡 is the head 

loss calculated from [36, 37]: 
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ℎ𝑡 = 𝑓
𝐿

𝐷

𝑉𝑡
2

2𝑔
 (2) 

where f is the friction factor. Eqs. 1 and 2 can be 

combined and integrated to obtain:  

𝑡 =
𝐿𝑉𝑡

2𝑔ℎ𝑡
  ln

𝑉𝑡 + 𝑉

𝑉𝑡 − 𝑉
 (3) 

Considering Eq. 3, the time required for flow 

velocity to reach 0.99𝑉𝑡 is defined as the flow 

stabilization time, and can be obtained as: 

𝑡 = 2.65
𝐿𝑉𝑡

𝑔ℎ𝑡
 (4) 

3.2.4. Critical velocity 

The settling velocity is the rate at which a solid 

particle settles in a fluid. It is a function of particle 

size and shape, particle and fluid specific gravity, 

and fluid viscosity. On the other hand, the 

deposition critical velocity is the minimum 

required flow velocity to move the initially settled 

solid particles. Thus the flow velocity is required to 

be higher than the critical deposition velocity in 

any piping system [5]. For velocities lower than the 

critical velocity, decreasing the flow velocity 

increases the friction losses since it increases the 

particles deposition, while the friction loss 

increases with the flow velocity for velocities 

higher than the critical value. The deposition 

critical velocity depends on the settling velocity of 

the coarse solid particles, and it generally increases 

with the particle size, density, particles volume 

fraction, and viscosity [6]. A number of 

correlations are proposed for calculation of the 

critical velocity. The Durand correlation is written 

as [8]: 

𝑉𝑐 = 𝐹𝐿√2𝑔𝐷(𝑆 − 1) (5) 

where FL is the settling velocity parameter, and 

depends on the particle size and concentration. A 

modified form of the Durand correlation is given as 

follows: 

𝑉𝑐 = 1.25 𝐹𝐿2𝑔𝐷(𝑆 − 1)1/4 (6) 

where S is the specific gravity. Another 

correlation has been proposed by Wasp et al. [3], 

written as follows: 

𝑉𝑐 = 3.116 𝐶𝑣
0.186√2𝑔𝐷(𝑆 − 1)(

𝑑50

𝐷
)1/6 (7) 

The Cave and Elvin correlations were also 

proposed as [38]: 

𝑉𝑐 = 1.04𝐷0.3(𝑆 − 1)0.75 ln (
𝑑50

16
) [ln (

60

𝐶𝑣
)]0.13 (8) 

Furthermore, the following correlation has been 

proposed by Schiller and Herbich [39]:  

𝑉𝑐 = 1.3𝐶𝑣
0.125[1 − exp(−6.9𝑑50)]√2𝑔𝐷(𝑆 − 1) (9) 

where Cv , D, and d are the concentration of solid 

by volume, pipe diameter, and particle diameter, 

respectively.  

4. Shear stress, pressure drop, and head loss 

equations 

4.1. Newtonian fluid 

In the Newtonian fluids, the shear stress is a 

linear function of the deformation rate. In such 

fluids the flow velocity is high enough to suspend 

the solid particles [6]. The energy equation for a 

piping system as well as for the current 

experimental setup can be written as follows [36, 

37]: 

𝑃1

𝛾
+

𝑉1
2

2𝑔
+ 𝑧1 =

𝑃2

𝛾
+

𝑉2
2

2𝑔
+ 𝑧2 + ℎ𝑓 + 𝐾

𝑉2
2

2𝑔
 (10) 

where the indices 1 and 2 refer to the fluid surface 

in the tank and at the pipe exit, respectively, ℎ𝑓 is 

the friction head loss, and K is the minor losses 

coefficient. ℎ𝑓 can be calculated using Eq. 2. 

The average elevation head difference between the 

points 1 and 2 in Figure 1 is: 

𝐻 =
(𝐻1 + 𝐻2)

2
− 𝐻3 (11) 

A steady and fully developed flow occurs due to 

the above-mentioned elevation differences. Eq.10 

can be written for the laminar and turbulent flows, 

as given in the following sections. 

4.1.1. Laminar flow 

The friction factor f is a function of the Reynolds 

number for laminar flow, as follows [36]: 

f  =
64

𝑅𝑒
 (12) 

Assuming a negligible kinetic energy and 

connection losses at the pipe exit, the elevation 

head will be equal to the friction losses [36]. Thus:  

𝐻 =
128𝜇𝐿𝑄

𝜋𝜌𝑔𝑑4
=

128𝜐𝐿𝑄

𝜋𝑔𝑑4
 (13) 

where Q is the flow rate. The kinematic 

viscosity 𝜐 can be obtained from [36, 37]: 
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𝜐 =
𝜋𝑔𝑑4

128𝐿

𝐻

𝑄
 (14) 

Furthermore, the pressure drop and wall shear 

stress in the laminar flow are obtained from the 

Hagen-Poiseuille equation [36, 37]. 

Δ𝑃 =
8𝜇𝐿𝑄

𝜋𝑅4
 (15) 

𝜏 =
Δ𝑃𝑅

2𝐿
 (16) 

4.1.2. Turbulent flow 

Considering the mentioned assumptions for the 

laminar flow, the friction factor can be calculated 

from the following equation for the turbulent flow 

[36, 37]: 

𝑓 =
0.2

𝑅𝑒0.2
 (17) 

The elevation head and the viscosity are also 

related, as follows: 

𝐻 =
0.1

𝑔
(
4

𝜋
)1.8𝜈0.2

𝐿

𝑑4.8
𝑄1.8 (18) 

4.1.3. Turbulent flow with kinetic energy and 

minor head losses 

The energy equation in this case is simplified to 

[36, 37]:  

𝐻 = (𝑓
𝐿

𝐷
+ 𝐾 + 1)

𝑉2

2𝑔
 (19) 

𝑓 =
𝑑

𝐿
(
2𝑔𝐻

𝑉2
− 𝐾 − 1) (20) 

4.2. Non-Newtonian fluid 

4.2.1. Rheology of non-Newtonian fluid 

For the colloidal micro-sized particles, the fluid 

deviates from the Newtonian behavior, and 

exhibits a non-Newtonian behavior. The shear 

stress is not a linear function of the shear rate for 

this type of fluids. Several models such as the 

pseudo-plastic, Bingham plastic, Herschel-

Bulkley, and Casson models have been proposed 

for simulation of the non-Newtonian fluids [36, 

37]. The plastic Bingham is an ideal fluid model 

that can be used for highly concentrated pulps with 

tiny particles. The shear stress in this model is 

expressed as: 

𝜏 = 𝜏𝑜 + 𝜂 �̇� (21) 

where 𝜏𝑜 is the yield stress, �̇� is the deformation 

rate, and k is a constant. The relation between the 

shear rate and the shear stress for a non-Newtonian 

fluid can be obtained by the Robinowitsch-Mooney 

equation, as follows [40]: 

−�̇� =
8𝑢

𝑑𝑖
[
3

4
+

1

4

𝑑𝑙𝑛 (
8𝑢

𝑑𝑖
)

𝑑𝑙𝑛(𝜏𝜔)
] (22) 

Eq. 22 implies that the shear rate for a non-

Newtonian fluid can be calculated from the value 

for a Newtonian fluid having the same flow rate in 

the same pipe multiplied by a correction factor. The 

correction factor consists of a derivative term. It is 

estimated by plotting the values of ln (
8𝑉

𝑑
) against 

ln (𝜏𝑤) obtained from the experiments. The former 

is obtained from the flow rate measurements, and 

the latter can be calculated from the elevation head 

values. 

4.2.2. Pressure drop for non-Newtonian fluids 

Two non-dimensional numbers are defined for 

non-Newtonian fluids as [40]: 

Reynolds number: 

Re =
𝜌𝑉𝐷

𝜂
 (23) 

Hedstrom number: 

H𝑒 =
𝜌𝐷2𝜏𝑜

𝜂2
 (24) 

where 𝜂 is the apparent viscosity. The friction 

factor is calculated from Eqs. 25 and 26 for the 

laminar and turbulent flows, respectively [41]. 

𝑓𝐿 =
64

Re
[1 +

He

6Re
−

1

3

He4

𝑓3Re7
] (25) 

𝑓𝑇 = 4 × 10−1.47[1+0.146𝑒−2.9×10−5He]Re−0.193 (26) 

The laminar to turbulent flow transition occurs at 

the critical Reynolds number of Rec = 2000 for the 

Newtonian fluids. On the other hand, the critical 

Reynolds for the non-Newtonian fluids is estimated 

by the Hanks correlation [42], as follows: 

Rec =
He

8𝜙
(1 −

4

3
𝜙 =

1

3
𝜙4) (27) 

where 𝜙 is obtained from the following equation 

by the trial-and-error method. 

H 𝑒 = 16800
𝜙

(1 − 𝜙)3
 (28) 
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Alternatively, the correlation proposed by Darby 

can be used for both the laminar and turbulent 

flows [43]. 

𝑓 = [𝑓𝐿
𝑚 + 𝑓𝑇

𝑚]1 𝑚⁄  (29) 

where: 

𝑚 = 1.7 +
40000

Re
 (30) 

4.2.3. Pressure required for flow initiation 

The plastic Bingham fluids require a minimum 

pressure or head to overcome the yield stress, and 

start to flow in the pipe. The minimum head is 

related to the yield stress, as follows [43]:  

𝐻st =
4𝜏𝑜𝐿

𝜌𝑔𝐷
 (31) 

5. Pulp properties 

The particle size distribution and concentration 

are important restrictions in pumping mixtures of 

solids and carrier fluids, and can impact on the flow 

stability and pipe surface wear. A sample of the 

tailing thickener is studied primarily. The 

cumulative passing as a function of the particle size 

is shown in Figure 3.  

 
Figure 3. Particle size distribution for transported tailing to the tailing dam. 

As shown in this figure, the particle size 

distribution indicates the values of d50 = 35 mic, d80 

= 85, and d100 = 250 mic. Moreover, the solid 

density and the tailing pulp flow rate are measured 

as 2900 kg/m3 and 18 t/h, respectively. The pulp 

properties such as the density and viscosity have 

been measured experimentally. The former is 

obtained by measuring the mass of a specific 

volume of pulp. The latter is calculated from the 

flow rate and elevation measurements. The 

properties of the pulp can also be calculated by 

simple mixture correlations, as follows: 

𝜌 = 𝑆𝜌𝑤 (32) 

𝑆 =
𝑆𝑠

𝑆𝑠 − 𝐶𝑤(𝑆𝑠 − 1)
 (33) 

where the indices s and w refer to solid and water, 

respectively, Cw is the concentration of solid by 

weight, and S is the specific weight. The viscosity 

of pulp is a function of concentration. For most 

slurries, a particle volume fraction of 40% can be 

easily handled in a conventional piping system. 

However, viscosity increases drastically at higher 

concentrations [6]. Thus especial pumps are 

required to compensate for the resulting extremely 

high pressure drop. The following viscosity 

correlations are developed for the mixtures 

containing uniform size particles [44]. 

μ = μw[1 + 25Cv + 10.05Cv
2

+ 0.00273exp (16.6Cv)] 
(34) 

μ = μw[1 +
3Cv

1 − 1.923Cv
] (35) 

The viscosity can also be calculated from the 

well-known Einstein equation, as: 

𝜇 = 𝜇𝑤(1 + 2.5𝑐𝑣) (36) 
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It should be noted that the effect of the particles 

agglomeration is neglected in Eqs. 34 and 36. Thus 

the measured viscosity values are expected to differ 

significantly from those obtained by the 

correlations. 

6. Results 

6.1. Validation of the experimental procedure 

The primary experiments are carried out using 

water in order to investigate the accuracy of the 

measurements. The experimental data for variation 

of the flow rate with the water column elevation 

along with the theoretical results obtained from Eq. 

13 is depicted in Figure 4 for two different cases. 

In case (a), the pipe inner diameter, length, and tank 

diameter are selected as d = 4.37 mm, L = 4 m, and 

with D = 81 mm. These parameters are changed to 

d = 7.18 mm, L = 6 m, and D =275 mm in the case 

(b). 

  
(a) (b) 

Figure 4. Comparison between the experimental and theoretical H-Q curves of water for (a) d = 4.37 mm, 

L = 4 m, and with D = 81 mm and (b) d = 7.18 mm, L = 6 m, and D = 275 mm. 

As shown in this figure, there is a reasonable 

agreement between the theoretical and 

experimental values. The overall analysis of the 

data reveals that the turbulent and laminar flow 

assumptions fail in the ranges of Re < 2000 and Re 

> 4000, respectively. Moreover, it is not 

recommended to perform the experiments in the 

transition region of 2000 < Re < 4000. The inlet 

and exit losses can be neglected in the laminar 

flow, while they are significant in the turbulent 

regime. Furthermore, the transient flow effects 

must be considered for turbulent flows if the tank 

is small. 

6.2. Comparison between pulp slurry and water 

curves 

A comparison between the pulp and water flows 

is carried out in terms of the H-Q curve. The solid 

concentration by weight, Cw, in the pulp is 50%. 

Figs. 5 and 6 show the H-Q curves obtained for 

water and pulp for two different pipe sizes. 

As shown in Figs. 5 and 6, the curves obtained 

for pulp and water consist of linear and non-linear 

parts corresponding to the laminar and turbulent 

regimes, respectively. For a constant flow rate, a 

higher H is required for pulp compared to water. 

This indicates a higher viscosity of the pulp. It can 

also be seen that the curves approach each other as 

the flow rate is increased. This implies that the 

apparent viscosity of the pulp decreases with 

increase in the flow rate. It is worth mentioning that 

the pulp curve does not pass through the origin. 

This can be attributed to the different rheology of 

the fluid, which is discussed in the following. 

Briefly, the pulp is a plastic fluid that requires a 

minimum shear stress to flow. This behavior can be 

attributed to the existence of extremely fine 

adhesive particles as well as clay in the pulp.  

6.3. Main tests 

The main tests are performed using the pulp 

samples with different specific gravities of S = 1.4, 

1.5, 1.6, 1.65, 1.7, 1.75, 1.76. Moreover, the pipes 

with different lengths, L = 2.5, 5.8, 6 m, and 

diameters d = 7.06, 11.8 mm, are used in order to 
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achieve an extensive Reynolds number range. The 

tank size is kept constant with diameter of D = 81.5 

mm. The initial and final pulp surface levels in the 

tank at a specific time interval as well as the pulp 

flow rate are measured during the experiments. 

These data is then used to calculate the shear stress 

and deformation rate. Table 1 summarizes the data 

obtained for the pulp flow with density of 

ρ=1400kg/m^3in a pipe with L = 5.8 m and d = 

7.06 mm. The tank diameter is D = 81.5 mm. 

 
Figure 5. H-Q curves for water and pulp with Cw = 

50% for pipe of d = 4.37 mm and L = 4 m and tank 

with D = 81 mm. 

 
Figure 6. H-Q curves for water and pulp with Cw = 

50% for pipe of d = 7.18 mm and L = 6 m and tank 

with D = 275 mm. 

Table 1. Data obtained for pulp flow with density of 𝝆 =
𝟏𝟒𝟎𝟎𝒌𝒈

𝒎𝟑  in a pipe with L = 5.8 m and d = 7.06 mm. 

H1 H2 H3 V t Have Q Vave 

(cm) (cm) (cm) (cc) (s) (cm) (cc/s) (m/s) 

103 101.4 0 84.3 60 102 1.405 0.036 

94 89.78 0 220 60 91.9 3.667 0.094 

94 89.28 0 246.4 60 91.6 4.107 0.105 

108 98.55 0 492.8 35 103 14.08 0.36 

119 114.8 0 218.6 15 117 14.57 0.372 

119 112.5 0 339 20 116 16.95 0.433 

119 110.7 0 434 25 115 17.36 0.444 

132.5 124.2 0 435.4 25 128 17.41 0.445 

128 121.1 0 359.3 20 125 17.97 0.459 

119 111.9 0 370 20 115 18.5 0.473 

132.5 123.4 0 476 24 128 19.83 0.507 

132.5 123 0 497 25 128 19.88 0.508 

132.5 124.7 0 407 20 129 20.35 0.52 

133 124.8 0 427.8 20 129 21.39 0.547 

132.5 124.3 0 427.8 20 128 21.39 0.547 

155 147.5 0 389.3 15 151 25.95 0.663 

192 179 0 678 20 186 33.9 0.866 

217 206.1 0 568 15 212 37.87 0.968 

132.5 120.6 0 619.3 35 127 17.69 0.452 

132.5 123 0 496 25 128 19.84 0.507 

132.5 123 0 496 25 128 19.84 0.507 

132.5 122.9 0 500 25 128 20 0.511 

132.5 122.8 0 506 25 128 20.24 0.517 

132.5 120.3 0 638.6 30 126 21.29 0.544 

 
The pipe surface shear stress is calculated from 

Eqs. 15 and 16 for the data of Table 1. Figure 7 

depicts the variation of the shear stress with 

deformation rate for the pulp density of S = 1.4. 

Similarly, variation of the shear stress with 

deformation rate has been calculated for different 

pulp densities, and the results obtained are 

illustrated in Figure 8. 
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Figure 7. Variation in the shear stress with 

deformation rate for pulp density of S = 1.4. 

 
Figure 8. Variation in the shear stress with 

deformation rate for different pulp densities. 

As shown in this figure, the shear stress increases 

with the velocity of the slurry flow. It is also shown 

that the curves do not pass through the origin, 

which means that the pulp exhibits a non-

Newtonian behavior. Moreover, the pulp departs 

further from the Newtonian behavior as the density 

increases. In other words, it can be inferred that the 

yield stress and viscosity of pulp increase as the 

density increases, as expected. This increase is 

more significant at values higher than S = 1.6 (Cw 

= 63%). 

6.4. Simulation of pulp behavior and 

development of correlation 

The pulp flow behavior depends on several 

parameters such as the size and granular grading, 

concentration of solid particles in liquid, flow 

passage geometry, turbulent intensity, and 

viscosity of the carrier liquid (water). The dilute 

pulp containing large particles can generally be 

considered as a Newtonian fluid with the shear 

stress being a linear function of the deformation. 

This type of pulp sediment, and its viscosity is 

slightly greater than that of water at the low volume 

fractions (𝐶𝑣 < 10%). The viscosity can be 

calculated from Eqs. 34-36. As the volume fraction 

of the particles increases, the particles get closer to 

each other and their contribution to the internal 

momentum transfer will dominate that of the base 

fluid. For the colloidal micro-sized particles, the 

fluid deviates from the Newtonian behavior, and 

exhibits a non-Newtonian behavior. Simulation of 

the non-Newtonian fluids is more difficult than the 

Newtonian ones. The shear stress is related to the 

deformation rate according to Eq. 21. In order to 

simulate the pulp with the plastic Bingham model, 

the values of the yield stress 𝜏0 and the apparent 

viscosity η must be obtained according to the 

method described in Section 4.2.1. The shear stress 

is obtained as a function of the deformation rate for 

all the slurry densities following the mentioned 

procedure, and the results obtained are illustrated 

in Figure 9. 

 
Figure 9. Variation in the shear stress with 

deformation rate for different pulp densities. 

Having calculated the deformation rate for 

different pulp densities, the linear variations of the 

shear stress with the deformation rate are obtained, 

and the results obtained are summarized in Table 2.  

Table 2. Bingham plastic model for pulps with 

different specific gravities. 

Specific gravity Shear stress 

𝑆 = 14 𝜏 = 0.73 + 7.1�̇� 

𝑆 = 1.5 𝜏 = 1.27 + 7.71�̇� 

𝑆 = 1.6 𝜏 = 4.19 + 7.73�̇� 

𝑆 = 1.65 𝜏 = 5.08 + 13.2�̇� 

𝑆 = 1.7 𝜏 = 5.49 + 13.8�̇� 

𝑆 = 1.75 𝜏 = 10.0 + 30.0�̇� 

𝑆 = 1.76 𝜏 = 10.4 + 39.4�̇� 
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The constant value in the right hand side of the 

shear stress in Table 2 is the yield stress, and the 

coefficient of the deformation rate is the apparent 

viscosity. Table 2 indicates that these parameters 

depend on the slurry density or equivalently the 

particle volume concentration. 

The yield stress and the apparent viscosity have 

been correlated as functions of the volume 

concentration, as follows: 

𝜏𝑜 = 0.035exp (0.146𝑐𝑣) (37) 

𝜂 = 6.3 +
410

(43.5 − 𝑐𝑣)2
 (38) 

6.5. Pipe selection 

Three standard pipe sizes of 2.5 in, 3 in, and 4 in 

can be used for slurry transport in the Kooshk mine. 

The critical velocity and head lose have been 

calculated for these pipe sizes, as follows:  

6.5.1. Critical velocity 

The critical velocities are calculated from 

different correlations as a function of pipe 

diameters and particle concentrations, and the 

results obtained are summarized in Table 3.  

Table 3. Critical velocities calculated from different correlations as a function of pipe diameter and particle 

concentration (Cw: concentration of solid by weight, Cv: concentration of solid by volume, Vc: critical velocity). 

D(in) Cw (%) Ss S Cv (%) 
DURAND MOD. DURAND 

Vc (m/s)   

     CAVE WASP SCHILLER 

2.00 50.00 2.90 1.49 25.64 1.11 1.18 0.67 0.99 0.33 

2.00 60.00 2.90 1.65 34.09 1.11 1.18 0.67 1.05 0.34 

2.00 70.00 2.90 1.85 44.59 1.11 1.18 0.66 1.10 0.35 

2.5 50.00 2.90 1.49 25.64 1.21 1.23 0.71 1.05 0.36 

2.5 60.00 2.90 1.65 34.09 1.21 1.23 0.71 1.11 0.37 

2.5 70.00 2.90 1.85 44.59 1.21 1.23 0.70 1.17 0.38 

3.00 50.00 2.90 1.49 25.64 1.32 1.29 0.75 1.12 0.39 

3.00 60.00 2.90 1.65 34.09 1.32 1.29 0.75 1.18 0.40 

3.00 70.00 2.90 1.85 44.59 1.32 1.29 0.74 1.24 0.42 

4.00 50.00 2.90 1.49 25.64 1.46 1.35 0.80 1.20 0.43 

4.00 60.00 2.90 1.65 34.09 1.46 1.35 0.79 1.26 0.45 

4.00 70.00 2.90 1.85 44.59 1.46 1.35 0.79 1.33 0.46 

 
Table 3 shows that different values are obtained 

using various correlations. It can be concluded that 

the slurry velocity is required to exceed 1 m/s to 

avoid sedimentation. 

6.5.2. Head loss calculation 

Pipe selection is based on the pressure drop 

calculation. The pressure drop is calculated for 

three different pipe sizes. The results obtained for 

three diameters of 2.5 in, 3 in, and 4 in are 

summarized in Tables 4, 5, and 6, respectively. The 

third and fourth columns are the yield stress and the 

apparent viscosity of the slurry. The fifth column 

indicates the required flow rate for transportation 

of the pulp with different concentrations. The 

Hedstrom, critical Reynolds and Reynolds 

numbers, and the resulting friction factors are also 

indicated in the tables. Finally, the head loss, H, 

and initiation head loss, Hs, are also calculated for 

two points, start of the tailing dam at the distance 

of 725 m and end of the tailing dam at 1450 m.  

Table 4. Head loss calculation for a 2.5in pipe. 

𝝆 C v 𝝉𝟎 𝜼 Q r 
He Recr Re f 

Pool inlet Pool outlet 

(kg/m3) (%) Pa Cp L/s H (m) Hs (m) H (m) Hs (m) 

1300 16 0.4 6.8 10.9 41272 4993 40690 0.015 93 1 186 2 

1350 18 0.5 7.0 9.4 60820 5982 35604 0.017 75 2 149 3 

1400 21 0.8 7.1 8.2 88454 6669 31573 0.018 61 2 123 5 

1450 24 1.1 7.3 7.3 126219 7360 28155 0.019 51 3 102 7 

1500 26 1.6 7.7 6.6 174951 8247 25039 0.019 43 5 86 10 

1550 29 2.4 8.2 6.0 231346 9155 21958 0.02 37 7 75 14 

1600 32 3.5 9.2 5.5 281953 9787 18630 0.023 35 10 70 20 

1650 34 5.2 11.1 5.0 294950 9966 14740 0.029 38 14 76 28 

1700 37 7.6 15.5 4.7 225407 9035 10022 0.043 49 20 98 41 

1750 39 11.1 31.6 4.4 82549 6360 4740 0.072 71 29 141 58 

1800 42 16.4 217.1 4.1 2641 2456 665 0.183 159 41 317 83 



Vazifeh Mehrabani1 and Goharkhah Journal of Mining & Environment, Vol. 12, No. 3, 2021 

 

888 

Table 5. Head loss calculation for a 3 in pipe. 

𝝆 C v 𝝉𝟎 𝜼 Q r 
He Recr Re f 

Pool inlet Pool outlet 

(kg/m3) (%) Pa Cp L/s H (m) Hs (m) (kg/m3) (%) 

1300 16 0.4 6.8 10.9 62519 5836 33060 0.017 37 1 73 2 

1350 18 0.5 7.0 9.4 92130 6759 28928 0.018 29 1 58 3 

1400 21 0.8 7.1 8.2 133990 7547 25653 0.019 23 2 47 4 

1450 24 1.1 7.3 7.3 191196 8581 22876 0.02 19 3 39 6 

1500 26 1.6 7.7 6.6 265014 9573 20344 0.021 17 4 33 8 

1550 29 2.4 8.2 6.0 350441 10020 17841 0.025 16 6 33 11 

1600 32 3.5 9.2 5.5 427101 11357 15137 0.036 20 8 39 16 

1650 34 5.2 11.1 5.0 446788 11534 11976 0.057 26 12 53 23 

1700 37 7.6 15.5 4.7 341445 10479 8143 0.091 37 16 73 33 

1750 39 11.1 31.6 4.4 125044 7376 3851 0.149 52 24 104 47 

1800 42 16.4 217.1 4.1 4000 2668 540 0.317 97 34 194 67 

Table 6. Head loss calculation for a 4 in pipe. 

𝝆 C v 𝝉𝟎 𝜼 Q r 
He Recr Re f 

Pool inlet Pool outlet 

(kg/m3) % Pa Cp L/s H (m) Hs (m) (kg/m3) (%) 

1300 16 0.4 6.8 10.9 88162 6468 27840 0.018 17 1 34 2 

1350 18 0.5 7.0 9.4 129918 7489 24361 0.019 13 1 26 2 

1400 21 0.8 7.1 8.2 188947 8480 21602 0.02 10 2 21 3 

1450 24 1.1 7.3 7.3 269616 9611 19264 0.022 9 2 18 5 

1500 26 1.6 7.7 6.6 373711 10839 17132 0.027 9 3 18 7 

1550 29 2.4 8.2 6.0 494176 12012 15024 0.041 11 5 23 10 

1600 32 3.5 9.2 5.5 602279 12924 12747 0.066 15 7 31 14 

1650 34 5.2 11.1 5.0 630040 13092 10085 0.108 21 10 42 19 

1700 37 7.6 15.5 4.7 481491 11882 6857 0.174 30 14 59 28 

1750 39 11.1 31.6 4.4 176332 8312 3243 0.281 42 20 83 40 

1800 42 16.4 217.1 4.1 5641 2979 455 0.532 69 28 138 57 

 

 

In Tables 4, 5, and 6, the cases for which the pipe 

flow cannot be established by the elevation head 

(geometrical height difference) and a pumping 

system is required are determined and highlighted. 

For example, using a 2.5 in pipe will necessitate 

application of a pump for all the volume fractions 

because of the friction head losses that might occur, 

while delivering the slurry to the inlet and exit of 

the dam are more than 29 m and 44 m, respectively. 

Although a 2.5 pipe has a lower cost than 3 in pipe, 

its usage is noted beneficial considering the pump 

cost and power consumption. A 4 in pipe can be 

used without pump for transportation of pulp with 

solid volume fractions lower than Cv = 34%. 

However, it should be noted that the flow velocity 

might decrease below the critical value required to 

avoid sedimentation. Using 4 in pipes will cause a 

50% increase in the cost of piping system 

compared to that of 3 in pipes. Limitations of the 3 

in pipe for concentrations higher than Cv = 34% are 

similar to those of the 4 in pipes. In addition, using 

a pump is inevitable for concentrations lower than 

Cv = 24%. Therefore, it can be concluded that a 3 

in pipe is a suitable selection for the pulp with 

concentrations of 20 < 𝐶𝑣 < 35. This piping 

system can be used without the application of a 

pump. 

Based on the above discussion, the appropriate 

piping system that can deliver the slurry has been 

determined and illustrated in Figure 10.  

Location of the pipe is shown by points A, E, F, 

G, and H. The heights and distances of the points 

are shown in Table 7. 

Table 7. Heights and distances of different points on 

the piping system. 

Height, H (m) Length, L (m) Point 

30 750 E 

35 940 F 

46 1160 G 

56 1350 H 

 

Figure 10 shows the operational conditions at the 

different locations of the piping system for 

different slurry concentrations.  
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Figure 10. Operational conditions for slurry transport to the different locations of the piping system. 

The required pumping head to deliver the slurry 

to point H as a function of the slurry flow rate and 

density is depicted in Figure 11. 

As shown in Figure 12, the required head 

increases with the slurry density. However, the 

head increase is more significant at lower flow 

rates. 

Variation in the friction coefficient with the 

Reynolds number is plotted in Figure 12 for 

different slurry densities.  

 

Figure 11. Required pumping head to deliver the 

slurry to point H (Table 7) as a function of the 

slurry flow rate and density. 

 

Figure 12. Variation in the friction coefficient with 

Reynolds number for different slurry densities. 

 
As shown in this figure, the friction factor 

changes drastically with the Reynolds number at 

higher specific gravities, while the effect Reynolds 

number is not significant at lower densities. 

7. Economical evaluation of piping system. 

A comparison between the current open channel 

and designed piping system from the viewpoint of 

water consumption is presented in Table 9. Slurry 

transport to the tailing dam with the current open 

channel in the Kooshk mine is performed with an 

average solid concentration of 40% by weight, and 

it is accompanied with a considerable water loss of 

1.5 m3 per ton of dry solid material. Replacement 

of the open channel with the designed piping 

system allows the transportation of slurry of 55% 
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concentration with the water loss reduced to 0.8 m3 

per ton of dry solid material. The resulting water 

saving of 45.5% will exceed 5113.6 m3 water per 

month. In addition, using the proposed piping 

system, the number of unplanned shut downs of the 

processing plant will be reduced, which, in turn, 

will cause 45 tons further production Zn 

concentrate per month, as indicated in Table 10. 

This production improvement is equivalent to 

42750 $/month, and the net profit of 21375 

$/month is expected. 

Table 9. Comparison of water consumption in the open channel and designed pipe system. 

Transport system 
Solid percent 

(%) 

Water loss 

(m3/ton) 

Water 

(saving %) 

Water loss to 

tailing dam 

(m3/day) 

Water recycle from 

tailing dam 

(m3/day) 

Water 

Consumption 

(m3/month) 

Water saving 

(m3/month) 

Open channel 40 1.5  600 150 11250  
Designed piping 

system 
55 0.8 45.5 327.3 81.8 6136.4 5113.6 

Table 10. Concentrate production. 

Concentrate production 

t/day 

Zn concentrate value 

($/t) 

Concentrate value 

($/month) 
Profit/month 

45 950 42750 21375 

 
The proposed piping system will require an 

additional cost for the pipes and other related 

equipment. The total costs for the piping system 

investment are summarized in Table 11.  

Table 11. Piping system investment cost. 

Item Cost 

Pipe 3 in 9000 

Engineering and consultant 5000 

valves 1500 

Thickener underflow control system 

(magnetite flowmeter Pinch valve + 

densitometer, etc.) 

30000 

Thickener underflow discharge tank 1000 

Installation 3000 

Unpredicted 5000 

Total 54500 
Evaluation of Tables 9-11 reveals that the piping 

system investment will be paid back in 3 months. 

8. Conclusions 

An experimental study was carried out to design 

a piping system for the slurry transport to the tailing 

dam in the Kooshk lead-zinc mine in Iran. The 

design process consisted of several steps. 

Primarily, the particle type, size, and density were 

determined, and the pulp slurry density was 

measured. Then the experiments were conducted to 

investigate the rheological behavior of the slurry at 

different densities, and obtain a non-Newtonian 

model for the shear stress variation with the 

deformation rate. The results obtained indicate that 

the shear stress of concentrated slurry exhibits a 

similar behavior to the plastic Bingham model. The 

yield stress and the apparent viscosity of the slurry 

were calculated for different conditions. These 

parameters were shown to have direct relations 

with the density. Appropriate correlations were 

also proposed for the apparent viscosity and yield 

stress of the slurry as a function of particle 

concentration. Using the developed correlations, 

the slurry flow rate, pressure drop, critical velocity, 

minimum head for flow initiation, and head losses 

were calculated for different slurry densities and 

pipe sizes. Finally, the 3 in diameter pipe was 

selected to be used to deliver the slurry percent 

solids between 44% < Cw < 60% to the desired 

location. The selected piping system could operate 

without the application of a pumping system. 

However, controlling the slurry concentration was 

key a parameter, which was required to be adjusted 

precisely. Another important point worth 

mentioning is that water can be saved by 45.5% for 

the slurry transport using the proposed piping 

system. In addition, the unplanned shut down of the 

processing plant will be decreased, which directly 

impacts on the plant annual concrete production 

rate.  
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  چکیده:

ت، با انجام در گام نخس. است شده یطراح به سد باطلهجهت انتقال  کوشک یرو و سرب معدنپالپ باطله  انتقال یبرا یکشلوله ستمیس کی ،یقاتیتحق کاراین  در

بدست  شکل رییتغ نرخهای مختلف مورد بررسی قرار گرفته و یک مدل غیر نیوتنی برای تغییرات تنش برشی سیال نسبت به هایی، رفتار پالپ در چگالیآزمایش

 تنش یشیافزا وندر بیانگر نیهمچن آمده دست به جینتا. کندیم یرویپ نگهامیب یکیپلاست مدل از پالپ با غلظت جامد بالا، یبرش تنشآمد. بر اساس نتایج حاصل، 

. گردید مشاهده الپچامد پ غلظت نسبت به میتسل تنش و یظاهر تهیسکوزیو نیز بین یمناسب یهمبستگ. است یچگالافزایش  با پالپ یظاهر تهیسکوزیو و میتسل

ا هفشار مورد نیاز جهت راه اندازی جریان پالپ در لوله، در چگالی حداقل و یبحران سرعت فشار، ،افت دبی پالپ :مانند ازین مورد یطراح یپارامترها بعد، مرحله در

شده، طراحی شد. براین  محاسبه یپارامترها و آزمایشگاهی یهاداده اساس بر مناسب یکشلوله ستمیس در نهایت،. گردیدند محاسبههای مختلف، و اندازه لوله

 .پیشنهاد گردید ،پمپاژ ستمیس نیاز به بدوندرصد و  01تا  01 نیب جامد درصد وزنی با انتقال پالپ  یبرا اینچ 3 با قطر داخلی لولهاساس، 

 پالپ باطله، سرعت بحرانی، طراحی لوله، مدل بینگهام، معدن کوشک. کلمات کلیدی:

 

 

 

 


