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ABSTRACT 

Slurries in mineral processing are often handled in-plant in circuits at low solids concentrations due to  
the processing requirement. Site specific conditions sometimes also mean that large amounts of water 
are circulated a long way around the area where the tailings solids are deposited.These types of slurries 
tend to behave as “equivalent fluids” over a span of velocities of practical interest when transported at 
low to moderate solids concentrations by mass of up to about 35% corresponding to volumetric 
concentrations of about 15%.This means that the slurry behaves like a liquid with the slurry density 
and otherwise with the properties of water.The outcome is that the energy requirement per mass unit 
of  solids to overcome pipeline friction decreases inversely with an increase in the solids concentration 
by mass for a given pipeline diameter and flow rate, in addition to an increased capacity. A calculation 
scheme is discussed as part of a schematic example for a constant capacity. The effectiveness of using 
less water in the transportation of the considered slurries in terms of energy savings, heat recovery and 
environmental benefits is a balance of consequences on the process water and product quality and 
possible need of water treatment. 
 
1   Introduction 

Water shortage is a pressing problem in many mining areas around the world. However, the mining 
areas in Sweden are characterized by a humid climate with a surplus of water and net surface water 
runoff. Water consumption is a central issue when designing or modifying ore concentrator flow 
sheets and tailings handling systems. The goal is to reuse as much process water as possible in-plant 
and from tailings facilities and at the same time save energy, recover heat and limit discharge of water 
and water born substances. 

In-plant or tailings flow circuits with conventional thickeners normally means a maximum solids 
concentration by mass, Cw, of  about 35% on a yearly basis. 

                                                   Cw = Ms/(M0+Ms)                                                         1 

where Ms and M0 are the solids and water flow rates, respectively. A key water use parameter is M0/Ms 

,for example expressed in  tonne or m3 of water per tonne of dry solids.  M0/Ms  is  non-linear  in terms 
of Cw, a doubling of Cw from 25 to 50%  decreases M0/Ms from 3 to 1 m3 of water per tonne of solids. 

Slurries in mineral processing typically have average particles sizes of 20 to 100µm with maximum 
sizes of up to 500 to 1000µm.A tailings handling system may schematically represent a flow circuit in 
the concentration of ores, see Figure 1. The dashed box represents schematically the possibility of 
water treatment. 



                                             

 Figure 1.Schematic representation of water circulation in tailings handling. 

The degree of direct circulation in any circuit is often limited by water quality requirement in the 
process. It can be a complex situation where it may take a long time until possible accumulation 
effects show up. A simple simulation scheme for the accumulation of a substance in the process for 
different degrees of direct circulation is schematically shown in Figure 2. 
 

                              

Figure 2.A schematic simulation scheme for various degrees of circulation including 
dissipation/dilution effects for  a substance mo formed or added to process water in point A. From 
Sellgren (1986). 

The scheme in Figure 2 may represent the situation in Figure 1 for studying accumulation of a 
substance m0 where direct circulation of process water at the plant and around the disposal area is 
simulated by an inner and outer loop with circulation time T1 and T2, respectively. 

The following will be focused on the technical-economical effectiveness of using less water in the 
transportation of slurries normally occurring in mineral processing flow circuits assuming that 
consequences on the process water quality are addressed accordingly. 

With a tailings handling system that includes a type of thickener that produces a highly concentrated 
slurry (Cw about 70%), only a fraction of the water reaches the disposal area. In a way, water treatment 
of about 90% of the water is then integrated with the thickening process (Figure 1) forming a 
practically “clear” water to be circulated directly to the process. As will be shown in the subsequent 
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Discussion-section, a thickened tailings system may also include considerable transportation of 
slurries with equivalent fluid behaviour, which will be defined in details in the following. 

2   Objective 

The objective is to schematically demonstrate the effectiveness of transporting low solids content 
slurries of the type discussed above at higher concentrations of up to about 35%. These moderate 
concentrations correspond to volumetric solids contents of about 15% and the slurries tend to behave 
as “equivalent fluids” over a span of velocities of practical interest. This means that the slurry behaves 
like   a liquid with the slurry density and otherwise like water. The outcome is that the energy 
consumption for example expressed in kWh/tonne decreases inversely with an increase in the solids 
concentration by mass.  

 3   Characterization 

 3.1  Fluid flow resistance 

The mechanical energy balance for a flowing fluid with density, ρ, is known as the ‘Bernoulli's 
equation' when expressed in terms of energy per unit mass (J/kg),   

                                                       zg + p + 
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where, V, is velocity, p pressure ρ  fluid density, g, acceleration due to gravity and ,z, a reference 
elevation. V2/2 is related to the kinetic energy, p/ρ,  the flow or pressure work of flowing fluid and ,gz 
, the potential energy.    
 
When the energy balance expressed in eq.2 is applied in practice to a fluid with density, ρ, flowing in a 
straight constant diameter horizontal pipeline the only term which varies along the pipeline flow is the 
pressure required to counterbalance the pipe wall friction. The friction is here introduced in eq.2 with 
the Darcy-Weisbach friction factor, f , concept,  
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where D is the pipeline inner diameter and the required pressure to generate a flow with velocity V 
along the flow direction, x, is defined as the gradient (dp/dx). 

In most engineering disciplines the terms in eq.2 are divided by the acceleration due to gravity giving 
the terms the unit length (m) or “head” as a measure of energy per unit mass. It indicates the height by 
which the fluid would rise if the energy were converted to potential energy.With this adopted to eq. 3 
defining  the hydraulic gradient,i , i.e. the head in metre of fluid with density,ρ,per unit length of 
pipeline. 
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The hydraulic gradient can be illustrated by imaging  “sight glasses”   attached to the pipe where the 
height to which the fluid rises shows the head of fluid along the pipeline,Figure 3 



                                    
 
Figure 3. Definition and schematic descripion of hydraulic gradient.From Wilson et al.(2006)    
                                  
It follows from eqs.3 and 4 that the hydraulic gradient can be expressed as follows which is the 
common formulation of the Darcy-Weisbach pipe wall friction loss relationship. 
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Eq.5 is uniquely defined for single-phase Newtonian fluids of arbitrary densities and viscosities, for 
example water, air and most oils. Newtonian means here that the viscosity  is defined by a single 
parameter. The relationship is dimensionally consistent in terms of the friction factor, f , and based on 
t boundary layer theory, see for example Bird et al.(1960). 
                                                 
 The friction factor  in Eq.5 depends on a pipeline Reynolds number 

                                                                 VD = Re
µ

ρ
                                                                 6.1 

and a relative roughness      

                                                               k/D                                                                     6.2 

where µ is the dynamic viscosity (Pas) and k is the pipe wall roughness (m). The friction factor can be 
obtained graphically through a Moody diagram with Re and k/D, see the Appendix. The Darcy-
Weisbach procedure is normally available in engineering textbooks which to some extent cover flow 
of fluids.  For turbulent conditions with Re> 4000 the formula by Swamee &Jain (1976) allows direct 
calculations of ,f ,without iterations.    

                                                   f =  
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3.2 Slurries            

Slurries dominated by particles larger than 40µm with maximum particles from a few hundred µm to 
solid particles up to very large sizes can be defined as settling, where  large particles may slide along 
the bottom of the pipe. The velocity that must be exceeded to avoid particle accumulation is termed 
the deposition velocity, VD. An approximate relationship for the maximum deposition velocity for 
truly settling slurries can be approximately expressed as follows, Wilson et al.(2006), 

                                                                 VDmax = (2gD(Ss-1))0.5                                                  8 

which corresponds to slurries dominated by particles with sizes larger than about  0.4 mm where Ss = 
ρs/ρw , and ρs  and ρw  are the density of solids and water, respectively.                            



Truly non-settling slurries can be treated as homogeneous fluids for clay-sized particles, i.e. less than a 
few microns in diameter.  The suspension may have Newtonian viscous properties or, especially at 
high solids concentrations non-Newtonian rheological properties, normally also including a yield 
stress. 

 An industrial slurry cannot generally be characterized as either non-settling or settling. The fine 
particle fraction (less than about 40µm) and the liquid may form a nearly homogeneous “carrier fluid” 
slurry with non-settling behaviour. Slurries in mineral processing typically have average particles sizes 
of 20 to 100µm with maximum sizes of up to 500 to 1000µm. Coarser tailings products may have 
average sizes of 50 to 100 µm. For high solids contents with volumetric concentrations of up to and 
over 45% (Cw about 70%) the corresponding slurries are often termed complex because they cover an 
intermediate area between homogeneously and heterogeneously flows or ”non-settling” and “settling” 
types of mixtures, respectively.  

However, for the low to moderate concentrations focused on here these intermediate type of slurries 
simply often behave as equivalent fluids as introduced earlier provided the velocity is well above the 
deposition limit. 

A modification of eq. 8 to the particle size distributions discussed above with contributions from 
Thomas (1979) and Sanders et al. (2004) may result in the following approximate expression based on 
a characteristic average particle size of 0.1mm for Ss= 2.65. 

                                                     VD = constant.(D/0.1)0.35(Ss-1)0.5                                                             9 

where the constant is about 1.15 including a safety factor of 0.3-0.5m/s for pipeline diameters of 0.1-
0.6m,respectively, for VD and  where 0.1 is a reference pipeline diameter. For a pipeline diameter of 
for example 0.6m, eq.9 gives about 2.9 m/s while eq.8 corresponding to considerably larger particle 
sizes gives 4.5 m/s without a safety factor. 

3.3   Equivalent fluid behaviour-definition 

Equivalent fluid behaviour of a slurry can be identified through measurements of pressure gradient, 
flow rate and slurry density and corresponding observations for water in a straight horizontal pipeline, 
see Figure 4, for a slurry at two concentrations, Cw =10 and 30%.Observed deposition velocity about 2 
m/s.     

                                      Pressure gradient ,dp/dx                                                 

                                                                                                   Density meter                Flow meter 

 



                    

 

Figure 4. Evaluated slurry hydraulic gradients in m of slurry per m of pipe, j, which approximately 
follow the water curve with the hydraulic gradient for water, iw, in m of water per m of pipe. The 
coincidence defines “equivalent fluid” behaviour for the two slurries from 2.5 to 5 m/s. 

             

The water hydraulic or friction loss gradient in Figure 4 ,iw , is established through measurements with 
water only and evaluated with the water density, ρw, in eq.4, 
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 and related to the velocity calculated from the measured flow rate, Q. 

                                                                    = D4 Q / = V 2π                                                            10 

The velocity and water gradient is then identified with the Darcy-Weisbach equation ( eq.5) 
establishing f-values and the typical water curve seen in Figure 4.It follows from the resulting  
evaluations shown in the figure that the hydraulic gradient for slurry flow denoted, j , can be well 
approximated by the water curve for the considered velocity interval from 2.5 to 5 m/s, i.e.                                            

                                                    w  i  j     ≈                                                                       11 

This means that the slurry behaves like a liquid with the density of the slurry and otherwise has the 
properties of water, an “equivalent fluid”. The slurry friction losses or hydraulic gradient in m of 
slurry per m of pipe can thus be expressed by the Darcy-Weisbach equation,eq.5 

                                                            
2gD
V f =j

2

                                                      12 

4    Results-calculation scheme 
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Using that mass equals volume times density here applied for volumetric slurry flow rate, Q, and mass 
flow rate, Ms,  then                                                                                                                                                                                                                                                      

                                                             Ms = Q.C.ρs                                                        13 

where C is the volumetric solids concentration and, ρs ,solids density. The slurry density, ρm , is 
defined by,  

                                                           ρm = ρw(1-C) + Cρs                                             14 

which after rearrangement can be expressed as follows for the  relative slurry density, Sm                                                                                                                                                                   

                                                            Sm = 1+C(Ss-1)                                                 15  

 Eq.15  and use of the definitions of Cw and C results in the following relationships for these 
parameters.                                                                                               

                                                            C = Cw/ (SS-(SS-1)Cw)                                      16 
 
                                                            Cw= C.SS/Sm                                                                                    17 

The pressure requirement, p,  (Pa) over a pipeline length x is, 

                                                                 p= ρm
.g.j.x                                                    18 

and the power, P, (W), to overcome pipeline friction in the considered horizontal pipeline is 

                                                                  P= p.Q                                                         19 

with the slurry flow rate Q in m3/s. 

The corresponding energy consumption, e, in Ws/kg is obtained from eq. 19 divided by eq.13 with p 
from of eq.18.With use of eq.17, a resulting expression can be given in terms of a constant, j and Cw,  

                                                       e = constant. j.(C.Ss/Sm)-1= constant j/Cw                          20 

With e in kWh per tonne of dry solids and the horizontal length, x , set to 100m then the constant is 
0.273 in eq.20. 
                                                                                                     e = 0.273.j/Cw                                              21  
 
Eq.21 demonstrates how the energy consumption decreases inversely with increasing Cw for a given  
pipeline diameter and flow rate and thus a constant j (iw) for an equivalent  fluid approach. Eq. 21 can 
be used as a ground for technical-economic feasibility considerations based on a given capacity, Ms, as 
input, for example in tonnes of dry solids per hour. The energy consumption ( eq. 21)  is used for 
operating cost estimations as well as for investments related to installed power through eq.18, bearing 
in mind that a total pump efficiency should be included, say 50% in small diameter systems and 65% 
in large systems. 
 
Combining eqs. 9 and 10 gives a direct expression for the required pipeline diameter for investment 
estimations. The relationship includes a safety factor for deposition velocity following eq. 9. 

                                                  D= ( 4Q/𝜋/constant/(Ss-1))0.5) 0.425                                             22 
 
where the constant is 2.57.Eqs. 21 and 22 are presented in a graphical form in Figure 5 in an example 
with Ms= 50 tonne/h and Ss=2.85. 



      
Figure 5. Energy consumption to overcome pipeline friction in a horizontal pipeline (left) and the 
corresponding pipeline diameter (right) for Cw from 5 to 35% based on Ss=2.85.Mass flow rate 50 
tonne/h and pipeline length 100m. 
 
It follows from Figure 5 how the energy consumption decreases from 0.069 to 0.027 kWh/tonne per 
100m if Cw increases from 0.05 to 0.15. Including a pump efficiency of 50% then the saving would be 
0.084 kWh/tonne per 100m. Correspondingly, the required pipeline diameter decreases from about 
0.37 to about 0.23m.An increase in Cw from 15 to 35% reduces ,e ,by half and the diameter from about 
0.23 to 0.15m.  
 
Additional detailed operating data in the example in Figure 5 are given in Table 1. 
 
 
 
 
 
 
 
Table 1. Detailed operating data for the example given in Figure 5 for a capacity of 50 tonne/h 
with an assumed horizontal pipeline length of 100m and Cw from 0.05 to 0.35.Mo is the water 
requirement and the gradient j is expressed in m slurry per m pipeline and e in kWh/tonne and 100m. 
__________________________________________________________________________________ 
Cw 0.05 0.1 0.15 0.2 0.25 0.3 0.35 
M0,m3/h 950 450 283 200 150 117 93 
C 0.018 0.038 0.058 0.081 0.105 0.131 0.159 
Q,m3/h 968 468 301 218 168 134 110 
D,m 0.372 0.273 0.226 0.197 0.176 0.161 0.148 
V,m/s 2.473 2.219 2.078 1.980 1.905 1.843 1.790 
j 1.258 1.380 1.460 1.522 1.574 1.619 1.660 
p,kPa/100m 12.8 14.5 15.9 17.2 18.4 19.7 21.1 
P,kW/100m 3.43 1.88 1.33 1.04 0.86 0.74 0.65 
e 0.069 0.038 0.027 0.021 0.017 0.015 0.013 
        
______________________________________________________________________________ 
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 5     Discussion  
 
 5.1 Brief comments about mechanisms 
 
The use of j=iw over a limited velocity span termed “equivalent fluid” behaviour or modelling (Wilson 
et al.2006) goes historically back to Spells (1955) who used the term “equivalent true fluid”. The term 
“equivalent liquid model” (ELM) can also be seen. The Reynolds number (Re, eq. 6.1) remains 
constant together with f and thus j=iw if the ratio of ρ and µ remains constant in Re, i.e. a constant 
kinematic viscosity ν=µm/ρm =µw/ρw. Water ρw- and µw-values are about 1000 kg/m3 and 0.001 Pas, 
respectively, 20oC.The slurry density at C= 15% is1275 kg/m3 for Ss=2.85.With µm=0.001275 Pas then 
ν is constant and equal to the water value. Schematically, the increase in µm may be coupled to small 
particles to form a “carrier fluid” together with the water in the near pipe wall region. Larger particles 
may by propelled away from wall region by hydrodynamic lift, see for example Schaan et al.(2000) 
and Wilson & Sellgren (2003). 

 

5.2  System aspects-thickened tailings 

A high degree of tailings thickening to Cw-values of about 70% is a controlled process where 
sedimentation is promoted by the flocculating agent so effectively that the treated and separated water 
is clear with negligible amount of suspended particles larger than 0.004 kg/m3. 

From a systems perspective the degree of in-plant circuits with conventional thickening may be 
matched to the amount of water to be treated and separated very effectively at the thickener for Cw= 
70%. If the input slurry to this thickener is 10% over 90% of the water is directly treated and 
separated. With an input Cw of 30% then the corresponding value is about 80%. 

Site specific conditions may favour location of the thickened tailings thickener near the concentrator 
or near the disposal area. This means also in thickened tailings systems that low to moderate 
concentration equivalent fluid slurries may be transported considerable distances in a technical-
economic balance with the pumping of the highly thickened slurry from the thickener to the disposal 
area.   

Some of the system oriented factors above including recovery of heat from the separated water were  
addressed by Wennberg (2010) in a system schematically shown in Figure 6.  

  
Figure 6. Schematic sketch of a thickened tailings system with the thickener located close to the   
disposal area (Wennberg 2010).                                                               

The associated description by Wennberg (2010) provided the basis for Fernandez-Iglesias et al. (2013) 
in an adoption of life-cycle analysis (LCA) in a comparison of tailings handling and disposal 
alternatives. They found the thickened tailings technology in a systems perspective to be an 
environmentally sustainable alternative that can be evaluated using (LCA) methodology. However, 
they also pointed out a strong dependence on local conditions. 

 

6.   Conclusion 
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“Equivalent fluid” behaviour for concentrations by mass of up to about 35% means,in addition to an 
increased capacity in dry solids, that the energy consumption in kWh/tonne decreases inversely with  
an increase in the solids concentration by mass for a given pipeline diameter and flow rate. The 
presented calculation scheme expresses operating data to overcome friction in a horizontal pipeline 
with the length 100m.The pumping efficiency need to be included for the total power and  energy 
requirements.  
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7  Appendix 

The Moody-diagram for determination of the friction factor,f, in the Darcy-Weisbach  relationship, see  
eqs.5 , 6.1 and Figure A1 below. 
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   = V = R e

µ
ρ

                                                         

Figure A1.Pipeline friction factor in a Moody diagram here limited to normal operating pipeline 
operating ranges for turbulent flows. From Wilson et al. (2006). 

 

The operating conditions in the example in Table 1 correspond to Re values from 2.65.105 to 9.19.105 
where the corresponding f-values are 0.0175 to 0.0141, respectively, based on water values for density 
and viscosity at 20oC. Assumed roughness factor, k=0.05mm. A f-value of 0.015 has been used in 
Table 1. 
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