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El problema hidro-energético

Ciclo de agua en plantas concentradoras

From the product perspective, a transport cost function for the
ore concentrate can be written as (Ihle, 2013):

U ¼ QWCqW þ PqE; (1)

where the units of U are currency/time, QWC is the water flow
component in the concentrate (in volume of water/time), P is the
pumping power (energy/time) and the unit cost variables are qW
and qE for the water cost (currency/water volume, e.g. USD/m3) and
the energy cost (currency/energy, e.g. USD/MWh). The energy unit
cost, qE, is a constant of the problem. In contrast, thewater unit cost
requires a more diverse origin. In particular, the water cost comes
from:

1. Makeup ðqWMÞ, including:
(a) Desalination, when present
(b) Transport from the filter plant or the desalination plant area

to the mineral processing plant
(c) The potential recovery of filtered water using the pumping

capacity of the desalination plant and the pipeline
2. Water reclamation from or near the plant area

(a) Thickeners (both concentrate and tailings)
(b) TSF (total, including water pond and contour channel

reclamation).

Among the most important environmental problems related to
water management in mineral processing operations is precisely
the amount of makeup required, which gives a measure of the lack
of closure of the mass balance in the system. In the following sec-
tion, the water balance for the proposed system is described and
the various terms are interpreted in light of a cost item to even-
tually configure the water cost, qW.

3. Results and discussion

3.1. Mass balance

Centering a water mass balance in the mineral processing plant,
the following relation holds:

QWM % Qcons % Qloss ¼ 0; (2)

where Qcons and Qloss are the water flows corresponding to con-
sumption and water losses, respectively. The term consumption
points to the use of water that ships with the ore concentrate (Wills
and Napier-Munn, 2011) and does not return to the cycle, and thus
needs to be supplied externally, as part of the makeup. On the other
hand,Qloss corresponds to seepage and evaporation losses, which in
principle can be minimized (Boger, 2009) but hardly completely
eliminated (some figures on evaporation rates may be found in
Bleiwas, 2012). In ore concentrate plants, evaporation losses occur
mainly at the TSF and the surface of the thickeners. However, in
most Chilean mineral processing plants it is easy to verify using
satellite imaging that evaporation areas in thickeners are, in most
cases, between 1% and 3% of the effective evaporation areas at TSF's,
potentially reaching hundreds of hectares in plants processing
more than 100000tons/day, as can be directly inferred from
Gunson et al. (2012), and also observed from satellite images.

Considering steady-state operation, the water balance in the
concentrator plant is given by the relation

QWM þ QTDR % QCTU % QTTU % Qother ¼ 0; (3)

where the subscripts denote water makeup (WM), water reclama-
tion from the TSF (TDR), concentrate thickener underflow (CTU),
tailing thickener underflow (TTU) and other losses, such as evapo-
ration from thickeners (other). The water flow recovered from the

Fig. 1. Plant schematic. Water losses from the ore concentrator plant have been omitted. Both the water makeup supply and the water losses from the TSF have been highlighted in
gray.
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El problema hidro-energético

Características generales

Suministro remoto de agua (makeup)
Sistemas de transporte hidráulico de sólidos
Sistemas de retorno de agua desde depósitos de relaves
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Relaciones generales de balance de masa

Definiciones

Concentración en peso (Cp):

Cp =
masa de sólido
masa total

(1)

Concentración en volumen (CV ):

CV =
volumen de sólido
volumen total

(2)

Tonelaje o throughput (G):

G =
masa de sólido

tiempo
(3)

Caudal (Q):

Q =
volumen
tiempo

(4)

Gravedad específica de sólidos (S):

S =
densidad de sólidos

densidad el agua (referencia)
(5)

Índice de vacíos en relaves
descargados en depósito (e):

e =
volumen de huecos
volumen de sólidos

(6)

=
1

C∗
V

− 1

(C∗
V es la concentración en volumen

sólo en la zona de sedimento)
Relación entre CV y Cp:

CV =
Cp

Cp + S(1− Cp)
(7)
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Relaciones generales de balance de masa

Relaciones derivadas

Relación entre flujo y tonelaje:

G = ρsQCV (8)
= ρQCp (9)

(ρs = densidad de sólidos)
Capacidad de un sistema de
transporte de sólidos:

Gc = Gλ, (10)

donde λ es el factor de utilización.

Densidad de la mezcla:

ρ = ρs

(
CV +

1− CV

S

)
(11)

=
ρs

Cp + S(1− Cp)
(12)

Porción de agua en el flujo de
relave (Qw):

Qw = (1− CV )Q (13)

=

(
1

CV
− 1

)
G

ρs
(14)
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Sistemas gravitacionales

Elementos distintivos de sistemas gravitacionales

En general bajas
pendientes
No son aptos para
transporte de mezclas a
altas concentraciones
No requieren sistemas de
impulsión
Compatibles con largas
distancias (al igual que en
el caso de sistemas
presurizados)
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Sistemas presurizados Características generales

Elementos distintivos de sistemas presurizados

Agua o partículas
Compatibles con pendientes
positivas o negativas
En general requieren sistemas de
impulsión
Compatibles con largas
distancias
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Sistemas presurizados Balance de energía

Energía

B = z +
p

γ
+

v2

2g
, (15)

Λk = k
v2

2g
(pérdidas singulares) (16)

Λf =
fL

D

v2

2g
(pérdidas regulares), (17)
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Sistemas presurizados Balance de energía

Bombas y turbinas

Pb =
γQ∆h

ηb
, (18)

Pt = ηtγQ∆h, (19)

B2 = B1 +
ηbPb

γQ
− Pt

ηtγQ
−
∑
j

Λj . (20)
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Sistemas presurizados Balance de energía

Gradiente hidráulico (HG)

1 Pérdidas
singulares
despreciables

2 Altura de
velocidad
despreciable

HG =
B1 −B2

L
≈ fL

D

v2

2g
(21)

En este caso se tiene
que f = F (Re,He).

Viscosidad plástica

In the absence of accurate, quantitative models for the identifica-
tion of maximum idle times or optimal pipeline routes, a common
workaround to avoid the question of safe shutdown times is to push
the concentrate out of the line by refilling it with water.1 While this
kind of operation would avoid the potential problem of dealing with
unacceptably large amounts of solids settled at low points, it needs
to be a carefully assessed procedure: it requires spending thousands
of cubic meters of water per operation and, depending on the avail-
able facilities to accumulate material while the system is stopped,
this kind of intermediate solution might or might not be feasible.
This argument suggests that not only energy and water, but also in-
frastructure costs, including extensions of traditional holding capaci-
ties, should be put together with water batching (economical and
environmental) and their corresponding carbon and water footprints
(Ihle, in press). Despite probably 10 or 15 years ago this approach
would have been deemed unfeasible from the capital cost point of
view, now that energy and water availability, along with their costs,
are becoming decision drivers in several present large scale mining
projects, the consideration of a broader range of operational scenarios
becomes necessary and may mark the difference between a doable
and an unfeasible project, not only in an economical sense, but also
concerning the fulfillment of environmental and social demands.

7. Conclusions

In the present work, an optimization problem to find best opera-
tional conditions from the energy and water consumption stand-
points has been implemented as a proof of concept of the relevance
of such variables, not only from the economical point of view, but
also as a means of assessing other, more subjective factors, such as
water scarcity and possible instabilities on the energy support. In
the example referred herein, resembling some aspects of real sys-
tems, two distinct regimes, namely low- and high-water cost ones
have been found depending on the reference cost of the process
water required for hydraulic transport. A comparison with typical,
sub-optimal values appear to yield costs between about 16% and
28% higher than in the optimized cases. Given the increasingly higher
price of oil and gas and the recurrent necessity to deliver desalinated

seawater through several hundred kilometers, sub-optimal costs
might significantly enhance the gap with optimal ones in the fu-
ture, and possibly imply a multi-million dollar yearly additional
operational cost, depending on the size of the slurry transport
system.

The optimal output found here require, in general, operations at
higher concentrations than in typical pipeline designs. Given the
goal throughput conditions, they may also require to operate a signif-
icantly smaller part of the available time, which would also require a
different operational logic and engineering criteria in terms of con-
centrate holding and transport infrastructure.

List of symbols
cE unit cost of energy, in currency/J
Cp solids fraction by weight
cW unit cost of water, in currency/m3

dRR Rosin–Rammler size parameter (Eq. (1))
D pipeline diameter
E energy required for solids hydraulic transport
fD Darcy friction factor
g magnitude of the gravity acceleration vector
H piezometric head
J hydraulic gradient (Eq. (8))
L pipeline length
_m slurry throughput (dry solids mass flow)
n penalty factor for minimum velocity (Eq. (10))
p pressure
Q slurry (volumetric) flow rate
SEC specific energy consumption, as in (Wu et al., 2010)
T time period over which the optimization will be run
u horizontal component of velocity
Qmin slurry volumetric flow rate corresponding to minimum

velocity
Umin minimum velocity (Eq. (10))
∀ water volume required for solids hydraulic transport
x input parameter for Rosin–Rammler distribution (Eq. (1))

and position along tubelength
z coordinate normal to the pipe wall

Greek symbols
!p overall efficiency of the pumping system
λ pipeline utilization fraction
λmax maximum attainable pipeline utilization fraction
μ dynamic viscosity of water
η slurry dynamic viscosity
ϕ solids volume fraction (expressed as a percentage in Figs. 1

and 2)
ϕm loose packing volume fraction
ρm slurry density
ρs solids density
τ shear stress
τw wall shear stress
τy yield stress
Ω objective (cost) function (Eq. (4))
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1 Dry shutdowns in lined tubes may also drive to blockages due to the presence of
remaining material. They also require complex and lengthy starting up operations
and thus are often discouraged.
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(a) Escondida, Chile (copper)
(b) Samarco, Brazil (iron)
(c) Galeno, Peru (copper)
(d) Las Bambas, Peru (copper)
(e) Undisclosed mine, Brazil (iron)
(f) Antamina, Peru (copper)
Maron and Pierce, φm = 0.465
Maron and Pierce, φm = 0.45
Maron and Pierce, φm = 0.48

Fig. C.8. Available viscosity data, η/μ, with μ the liquid viscosity, for copper and iron
concentrates, in light of the Maron and Pierce (1956) model (3). Sources: (a) Betinol
and Jaime (2004), (b) Correa et al. (2011), (c) and (d) Gaitán (2010), (e) Vidal et al.
(2011), (f) Welp and Ray (2011).
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Sistemas presurizados Balance de energía

Tendencia general (reología)
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Sistemas presurizados Balance de energía

Topografía

Rio Pipeline Conference & Exposition 2011 

 4 

The two Samarco pipelines are the longest iron ore slurry pipelines in the world. Linking the Germano unit to the Ponta 
Ubu unit, one is 396 km long, and the other 398 km long.  
 
 
 
 
 
 
 
 
 
 
 
 
The slurry travels at an average speed of 6 km per hour (1,7 m/s) and takes about 66 hours to cover this distance. 
Pumping stations help the slurry flow overcome obstacles, such as the Caparaó Range, at 1180 m above sea level, and 
on downhill stretches the flow is controlled by a valve system.  2 
The density of the slurry is about 2200 kg/m3 with an iron/water ratio of about 70%.  
 

 
 
 
 
 
The main characteristics of the pipeline 1 are: 
 
• Length 396 km with diameters of 180 and 200 mm • Nominal Capacity  12 Million DMT/Year  
• Wall thickness, 8 – 21 mm  • Actual Capacity      15 Million DMT/Year 
• Material: Steel API 5L – X60  • % Solids      70  
• Design Life: 20 years  • Max particle size      74 Microns 
 Reference 3 
 
The transportation of slurry, as opposed to hydrocarbon products, has a grinding effect on the internal pipe wall, leading 
to an ovaling of the circumferential shape of the pipe wall.  Over years this thinning effect obviously will reduce the 
pipeline’s ability to sustain the internal pressure, risking leaks and bursts. Even though iron slurry is not toxic or 
flammable, iron slurry pollution could be severe to the environment and costly to clean. Coupled with corrosion the risk 
for unwanted pumping of slurry to the environment increases and Samarco’s objective is obviously to keep these risks 
under control, at the same time establish a reliable risk based prediction function for when and where eventual pipeline 
replacements have to take place within a foreseeable future.  
 
The proactive approach Samarco has taken is based on an active intelligent pigging program, utilizing combined MFL 
and UT pigs as well as regular GEO pigging. In addition to the pigging program a range of wall thickness UT measuring 
devices are installed along the pipeline measuring the wall thickness at 0 , 90, 180 and 270 degrees.   
 

Figure 3. Pipeline Elevation Profile and main stations 

Figure 2. Samarco Pipelines Route  
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Sistemas presurizados Balance de energía

Restricciones en sistemas de larga distancia

Puntos altos Evitar que
presión de línea
llegue a la de
vapor
(≈ 2,9 kPa)

Máximas presiones en bombas
Requiere instalar
sistemas de
impulsión en
serie

related to the slurry transport system, as denoted by the subscript
sl. It is noted that (27) can be further reduced and expressed in
terms of the plant throughput noting that, by solid mass
conservation,

YGF ¼ rsfQsl; (28)

where rs is the solids density. Thus,

~EOCP ¼
1

fεsl

"

gðzHP # zPSÞsl þ
8
p2

lHPfslLslQ2
sl

D5
sl

#

: (29)

It is noted that the presence of a high point in the pipeline often
requires the definition of some degree of point energy dissipation
in the line, which is commonly achieved using a dissipation station.
Alternatively, an energy generation station can be used. In either
case, it is required that the energy line must be above the topog-
raphy and as close as possible to the highest point (Ihle, 2016).

If the stream of interest is water and the delivery point is above
the pump station, (24) can be expressed, using the high point
location instead of the delivery point, as:

bEw ¼
1
εW

"

gðzHP # zPSÞW þ
8
p2

lHPfWLWQ2
W

D5
W

#

; (30)

Fig. 10b shows a schematic with the axes definition used for this
case, with two pumps stations (the number of pumps connected in

series is irrelevant in steady state and if pipeline has a constant
internal diameter). The details of the hydraulic design assumptions
for the computation of (27) in the present case, are given in
Appendix A.

Fig. 11 shows the resulting specific energy obtained from
computation algorithm utilized herein. It is noted that, as a
consequence of the relatively stronger impact of the volume flow in
comparison with the slurry concentration on the specific energy
(Eq. (27)), the system requires lower transport energies per unit
solids (everything else kept constant), for lower flow rates, (i.e. for
higher concentrations) the specific energies are lower. On the other
hand, Fig. 11 shows that increasing the throughput causes an in-
crease on ~EOCP, thus causing that, at equal solid transport concen-
trations and a single pipeline used for the transport, large scale
plants have higher energy requirements that small scale ones. This
unavoidable effect is a consequence of both the nonlinear depen-
dence of the consumed hydraulic power with the slurry flow (Eq.
(27)), and the linear dependence of the concentrate solid flowwith
the slurry flow, Qsl, as seen in (28). In this Figure, the value YGF is
kept constant, but fluctuations on feed ore grade cause fluctuations
on the concentrate throughput, and consequently on the tailing
flow. For instance, given a reference value for grades of fg ¼ 0:8%,
tg ¼ 0:1% and cg ¼ 28%, a 10% fluctuation of the ore feed grade
would propagate to fluctuations of 11% in Y.

3.4. Effect on costs

The relations (16) and (19) are proportional to the unit cost of
energy, qE. This means, in light of (1), that under the present set of
hypotheses, the cost function for ore concentrate transport may be
expressed as to be proportional to the unit cost of energy, thus
reducing in one degree of freedom the problem. This approach
effectively implies a difference with the slightly more general
approach adopted in Ihle (2013) and Ihle et al. (2013a), where qE
and qW are treated as independent variables. It is thus convenient
to express the corresponding cost results normalised by the unit
cost of energy. In particular, the normalised transport costU=qE, has
units of power (energy per unit time). On the other hand, the ratio
of water to energy costs has units of energy per volume.

Fig. 10. Schematic of the topography and energy components considered in the spe-
cific energy calculation for single diameter pipeline with the energy line with virtually
zero relative pressure at the high point, located at xHP ¼ lHPL. (a) Ore concentrate
pipeline, (b) Water pipeline. In (b), the facility has been shown with two pump sta-
tions. This has no influence on the specific energy analysis result during steady state
when all the pipeline segments have constant diameter.

Fig. 11. Specific energy consumption in the ore concentrate pipeline, ~EOCP, as a func-
tion of the solids volume fraction.

C.F. Ihle, W. Kracht / Journal of Cleaner Production 177 (2018) 34e51 45
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Sistemas presurizados Balance de energía

Consumo de energía

Rio Pipeline Conference and Exposition 2009 

 3

 

 
 

Figure 1. First Line flow sheet and station pressures 
 

The figure 2 shows the ground profile with the Y axis measured on meters above the sea level (masl) and the X axis 
measured on kilometers. The figure 2 also shows the Hydraulic Gradient Line (HGL), the Maximum Allowable Operational 
Pressure at steady state (MAOP steady) and the Maximum Allowable Operational Pressure at transient state (MAOP trans) 
 

 
 

Figure 2. First Line ground profile 
 

Due to several improvements implemented over the years, the capacity of the Pipeline #1 achieved a current capacity 
of 16.5 MDMT/year. The main reasons to reach this figure were: the increase of slurry solids concentration obtained in the 
Concentrator #1 thickeners; the increase of the main pumps speed; the achievement of the high values of system availability at 
PS#1 and PS#2; and the increase of operational pressure at PS#2. These improvements increased the pumped tonnage of the 
Pipeline #1, as showed in the figure 3. 
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Sistemas presurizados Balance de energía

¿Cuáles son las presiones que debe resistir el sistema detenido?

Rio Pipeline Conference & Exposition 

 4 

x Washing and Dilution System: when the slurry needs to be evacuated from the line and 
replaced by water and when required to lower the concentration of solids in the slurry 
transported. 
 

x Drainage System: when either security or maintenance procedures of MSTS, without the 
possibility of using the normal system downloads. 
 

x Monitoring and Control System: for the assessment, remote control and command of 
transport operations of slurry.cathodic protection system, to mitigate effects of corrosion on 
the ground where the line is buried. 

 
1.3. Life 
 
MSTS life represents a safe operating time, during which maintains the integrity of the 
transportation line in service, required to meet production commitments in accordance with the 
commitments made to the governing bodies of local authority. 

 
Figure 2. Profile of Concentrate Pipeline Hydraulic of Collahuasi (Chile) 

 
The MSTS is designed for a lifespan between 10 and 20 years. But there are those that are in 
operation times higher, even beyond the horizon of the design. However, any standard of life of the 
project, it is necessary first to define a possible replacement plan, partial or total, and establish a 
methodology and technology to assess its integrity during the required service life. 
 
2. Successful MSTS Project Indicators 
 
Every project needs to meet certain stages, and all conditions necessary to carry out. At least they 
are easily identified five stages that all MSTS should consider: 
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Sistemas presurizados Impulsión

Bombas

Cuando las condiciones topográficas no son adecuadas (pendientes en
contra del flujo, distancias muy grandes, etc.), se requiere mover la pulpa con
un sistema de bombeo.

1 Bombas centrífugas
2 Bombas de desplazamiento

positivo
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Sistemas presurizados Impulsión

Potencia y eficiencia

P =
ρgQ∆h

η
, (22)

con
η = ηmηHY ηv. (23)

ηm (eficiencia mecánica): Razón entre potencia al eje y potencia mecánica
teórica (diferencias por rozamiento entre componentes
mecánicos).

ηHY (eficiencia hidráulica): Razón entre altura de descarga real y altura que
debe elevar (diferencias por pérdidas de presión en
componentes).

ηv (eficiencia volumétrica): Razón entre volumen real desplazado y volumen
máximo posible (diferencias por fugas).
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Sistemas presurizados Impulsión

Tipos de impulsión

Tipo Presión Caudal Costo

Centrífuga baja alto bajo
Desp. positivo alta bajo alto
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Sistemas presurizados Bombas centrífugas

Chapter 1 

Figure LI. Testing a dredge pump at the GIW Hydraulic Laboratory 

Figure 1.2. Impeller for large dredge pump 
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Sistemas presurizados Bombas centrífugas
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Sistemas presurizados Bombas centrífugas

Curvas características de bombas

2.1 CENTRIFUGAL PUMP THEORY 2.57

FIGURE 24A and B Pump-system stability

rate oscillates and can even be alternately positive and negative through the pump54. This
is characteristic of “soft” systems that contain vessels with free surfaces and, therefore,
appreciable capacitance. Two-phase flow increases the capacitance of a system and can
cause dynamic instability. For example, fluctuating vapor volume within the propellant
pump inducers can contribute to the dynamic instability of a rocket propulsion system55.

On the other hand, a “hard” piping system with no capacitance is theoretically capable
of accommodating a pump that has a flat or drooping head curve and that operates on that
flat or drooping section of the curve. Low-specific-speed pumps can have drooping curves
(Figure 22b), especially if designed with a high head coefficient c at the BEP. Figures 5
and 7 of Section 2.3.1 depict flat and drooping curves of low-!s radial-bladed pumps, a type
that is widely used in low-cost, small sizes. If properly applied, such machines will oper-
ate with stability. On the other hand, a conservative approach that guarantees both static

10. Effect of Solids on Pump Performance 245 

For this water head, and the discharge of 62.5 L/s, the pump 
characteristics shown on Fig. 10.10 indicate that the pump must run at 1500 
rpm, and that the clear water efficiency r|w will be 75%. 

< 

LITRES PER SECOND Discharge Diameter: 100 mm 
Suction Diameter: 150 mm 
Spliere (IVIaximum): 38 mm 

Figure 10.10. Pump characteristic curves for Example 10.4 

With Rî  assumed to be equal to RH, then 

rj, = l-R, = 0.95 = ^ 
7w 

Thus 
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Sistemas presurizados Bombas centrífugas

NPSH: Net Positive Suction Head
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Sistemas presurizados Bombas centrífugas

NPSH

NPSHr Corresponde a la presión requerida por la bomba justo antes
de su entrada. Este valor es propio de cada bomba a
condiciones de operación dadas.

NPSHa Corresponde a la presión disponible justo antes de la entrada a
la bomba. Esto es, la presión que se le puede quitar al líquido
transportado sin que se produzca cavitación. Este valor se
calcula y depende de la posición de la bomba en el sistema de
transporte.

Se requiere:
NPSHr < NPSHa (24)
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Sistemas presurizados Bombas de desplazamiento positivo

Bombas de desplazamiento positivo
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Sistemas presurizados Bombas de desplazamiento positivo

DIMIN-UCH Unidad 3 — Clases 2 y 3 26 / 59



Sistemas presurizados Bombas de desplazamiento positivo

1 Permiten imponer el caudal
2 Funcionan como válvulas

(desconectan succión de
descarga)

3 Pueden levantar más presión
(pero mucho menos caudal) que
las bombas centrífugas

4 Pueden impulsar fluidos con
altos esfuerzos de fluencia

5 Su operación suele ser pulsátil
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Sistemas presurizados Flujos transientes

Flujos transientes

Los flujos transientes se producen cuando hay variaciones de caudal debido
al accionamiento de algún mecanismo de regulación (válvulas, bombas,
turbinas).
Los flujos transientes ocasionan:

1 Cambios de presión a lo largo del sistema de transporte que podrían
hacer colapsar la tubería

2 Problemas de ruidos excesivo, fatiga de los materiales, etc.
3 En el caso de canales pueden producir cambios en la velocidad y altura

de escurrimiento (ej. olas y ondas rodantes)
Golpe de ariete:

En el caso de tuberías, los flujos transientes tienen el nombre genérico de
golpe de ariete, estos pueden provocar cambios de presiones muy altos.
Según la operación pueden ocurrir sobrepresiones o subpresiones.
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Flujos de pulpas Características generales

Características generales

En general, segregan
Mayor viscosidad aparente que el
agua
Imponen restricciones a sistemas
de impulsión (bombas y tuberías)
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Relación lodo-condición de transporte

The variation shown in Figure 2 is not necessarily the
true reduction in water used per dry ton of tailings, but is the
change in volume of water transported per dry ton. As an
example, by increasing the solids content from 32% (a
common value for conventional tailings) to 60% (noting that
values in excess of 70% have been achieved, (McPhail et al.,
2004)), 1.35 m3 less water per dry ton is transported to the
TSF. This additional water is recovered during the thickening
process and is potentially available for re-use. Upon
deposition at the TSF, very little bleed water is usually
released, unlike conventional tailings, where some of the
additional water transported to the TSF is potentially
recoverable from the TSF. There is no agreement on whether
these potential water savings are real or not; indeed, Lyell et
al. (2008) argued that, as long as the TSF is operated at a
high rate of rise, it acts like a very large gravity thickener and
just as much water can be recovered as is possible with in-
plant thickeners. However, data emerging from field
implementation of TT, as discussed later, contradicts this
view and shows that water savings are very real.

Have the promises of P&TT been realized?
Williams et al. (2008) provided a review of over 30
operations around the world using TT, and since that time
more TT operations have come on stream. There is thus a
reasonable amount of information now available from which
it is possible to draw comparisons between TT and conven-
tional systems. The topics are dealt with chronologically,
although some of them very superficially, due to the limited
amount of relevant information available in the literature.

Similar capital and reduced operating cost to wet
disposal

We immediately encounter a snag when attempting to

evaluate this criterion. Published cost comparisons are not all
based on the same battery limits. For example, van der Walt
et al. (2009) provide (predicted) cost comparisons between a
conventional approach and three different TT systems. They
concluded that the conventional approach was cheaper than
all of the TT systems in terms of both capital expenditure
(capex) and operating expenditure (opex). However, their
evaluation considered only components up to, but excluding,
the TSF, which is inappropriate. Significant construction
savings (both initial, and during operations) are possible
with TT operations, as discussed later.

Alcoa introduced a form of TT, called ‘dry stacking’, in
1985 which, according to Cooling (2002), cost more than
A$150 million to implement. Alcoa deposits around 39 kt/d
of bauxite residue at three facilities in Western Australia.
Payback time on the initial cost was estimated at 7–8 years.
The company found operating costs to be about 70% of the

Perceived and realized benefits of paste and thickened tailings for surface deposition

921The Journal of The Southern African Institute of Mining and Metallurgy VOLUME 112                                       NOVEMBER  2012 !

Figure 1—Illustration of terminology used in description of ‘Paste and Thickened Tailings’, after Jewell and Fourie (2006)

Figure 2—Variation of transported water volume with tailings
percentage solids (for specific gravity = 2.7)
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Práctica común

Similar al caso homogéneo
En sistemas de larga distancia sólo se considera la cota piezométrica
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Pérdidas de energía (factor de fricción f , régimen turbulento)
Dos aproximaciones

Fluido homogéneo (no newtoniano) Cálculo
iterativo. Ejemplos: Wilson
and Thomas (1985), Thomas
and Wilson (1987), Chilton
and Stainsby (1998), Darby
(2001), etc.

Sistema heterogéneo Cama + vehículo (Wasp
et al., 1977; Kaushal and
Tomita, 2002; Vivero, 2016)
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Tabla 2: Otros autores para estimación de pérdida de carga entre 1950 y 1970 (Yu 1986) 

Año Autor Ecuación Condición Regimen de flujo 

1954 Durand, 
Condolios ׎ ��ȥ-1,5 

Arena, carbón, 
40<D<580 mm, 
0,2<d<25 mm, 

Cv<20% 

V>Vdepósito, saltación y 
régimen heterogéneo 

1963 Condolios, 
Chapus ׎ ��ȥ-1,5 " " 

1961 Bonington ׎ ��ȥ-1,5 " " 

1962 Chaskelberg E. 
Karlin ׎ ��ȥ-1,5 

Arena, carbón, 
400<D<700 

mm, 0,5<d<2 
mm, Cv<20% 

V>Vdepósito 

1967 Kazanskij ׎ ���ȥ-1,4 

Arena, 
0,23<d<1,48 
mm, D = 100 

mm 

Heterogéneo, saltación 

1966 Jufin, A.P., 
Lopatin 3300=׎Fr-3d/D 

Arena, D<400 
mm ; d> 1 mm / 

D>410 mm ; 
d<2 mm 

Heterogéneo 

1962 Silin, N.A., 
Kobernik, S.G. ׎=Fr-3 +0,5 

Arena, 
0,1<d<0,5 mm; 
400<D<900 mm 

Heterogéneo 

1970 Charles ׎ ���ȥ-1,5 +s-1 
Arena, Nickel, 
D=25,4 mm ; 

Cp = 20% 
Heterogéneo, saltación 

1959 Korzajev JM = JW ��.�ȡM-ȡL); K: Cte. Experimental 
Arena, 15D<200 

mm ; D=500,, 
700 mm 

Heterogéneo 

1977 Turian y Yuan fM - fW = 0,5513C0,8687fW1,2CD-

0,1677[V2/(gD(s-1))]J-0,6938 - - 

Desde el año 1970, Wasp realiza mediciones con mezclas de agua con carbón, para luego presentar 
un modelo aplicable a mezclas donde los sólidos no tienen un tamaño uniforme, incluyendo la 
distribución granulométrica como característica a considerar en la estimación de la pérdida de 
carga.  

Wasp et al. plantea un método semi-empírico en 1977, donde propone modelar este tipo de mezclas 
bifásicas como la superposición lineal de una fracción homogénea (vehículo), correspondiente a 
líquido con partículas sólidas finas en suspensión, con otra heterogénea (lecho o la cama de 
sedimentos). 

 
Figura 14.- Esquema propuesto por Wasp 

Vehículo

Cama de sedimentos
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2.2. Minimum velocity characterization

2.2.1. Rheology
It is instructive to parameterize it in terms of a particular slurry

rheology and a frictional law. It is assumed that the slurry is well-
described using the Bingham model (Chhabra and Richardson,
2008):

h
vu
vz

¼

(
0 if jsj < sy
s" sysgn

!
vu
vz
"

if jsj # sy;
(6)

where u, h, s and sy are the component of velocity along the pipe
axis, Bingham (dynamic) plastic viscosity, shear and yield stress,
respectively. The function sgn is defined as sgn(x)¼x/jxj if xs0 and
0 otherwise. Both the plastic viscosity and yield stress depend on
the solids volume concentration f. The former is commonly
expressed by the simple relation (Barnes, 2000):

h
m

¼
#
1"

f
fss

$"bh

; (7)

where m is the liquid viscosity, bh is a constant and 4ss is the loose
packing concentration. In particular, (bh,4ss)¼(2,0.47) give a
reasonable approximation of the viscosity of many copper and iron
ore concentrates at concentrations not very close to 4ss (Ihle, 2013).
The identification of the yield stress has a related origin, and thus is
often expressed similarly as (Heymann et al., 2002; Barnes, 2000):

sy ¼
bs

ðf" fssÞ
by
; (8)

where bs and by are empirical parameters, with the former having
dimensions of shear stress and the latter being dimensionless. For
the purposes of obtaining numerical values on the order of those of
copper and iron concentrates, the empirical parameters
ðby;bsÞ ¼ ð2;0:038Þ, similar to those used in Ihle and Tamburrino
(2012c), will be considered herein.

2.2.2. Laminar-turbulent transition
The small, albeit non-negligible yield stress (typically below 1 Pa

in iron and copper concentrate slurries at common transport con-
centrations) is mostly relevant to characterize the laminar-
turbulent transition, via the Bingham and Reynolds numbers,
B¼syD/Uh and Re¼rmUD/h, representing the ratios of yield to
viscous stresses and inertial to viscous forces, respectively. For
various values of the Bingham number, the laminar-turbulent
transition may be characterized as different power laws for B
(Nouar and Frigaard, 2001). Equivalently, in terms of the Heström
number, He¼ReB¼rmsyD2/h2, the laminar-turbulent transition may
be scaled as

ReczatHebt ; (9)

where for Hedström numbers exceeding 1.5 & 105, corresponding
to typical copper and iron ore concentrate transport lines (with
larger values in the latter case), the empirical fit at z 26 and bt ¼ 1/
2 (Slatter and Wasp, 2000). The corresponding transition velocity,
defined as Ut, is given by Ut¼Rech/rmD.

2.2.3. Deposition velocity
A condition for the critical depositional velocity, Ud, may be

expressed using scaling arguments as a functional relation between
a Froude number, Fr ¼ Ud=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gDðS" 1Þ

p
, representing a balance

between inertial forces and gravity, and an Archimedes number,

standing for a balance between particle buoyancy and viscous
forces dAr ¼ 4/3gd50(S"1)rm/h2, with d50 the median particle
diameter and g the acceleration of gravityd, as FrzadAr

bd (Shook
et al., 2002) or, equivalently,

Ud ¼ ad½gDðS" 1Þ(1=2Arbd : (10)

For the particle size range of copper and iron concentrates, the
depositional velocity has been successfully correlated by Poloski
et al. (2010) using (10) with ad ¼ 0.59 and bd ¼ 0.15.

The minimum transport velocity may be estimated as that
which exceeds both the laminar-turbulent transitional threshold
and depositional value. Considering the design factors kt and kd for
each of them, respectively, a measure of the minimumvelocity may
be therefore expressed as Umin ¼ max[ktUt,kdUd].

2.3. Friction factor

To obtain order of magnitude figures for the case of copper and
iron concentrate flows, whose most typical dynamical regime is
that of smooth wall friction, the friction factor may be expressed as
a strong function of the Reynolds number and perhaps a weak
function of the non-Newtonian characteristic of the slurry. In most
copper and iron concentrates, the yield stress is small compared to
the wall shear stress and thus, at moderate Reynolds numbers and
flow rates above the minimum value, the slurry effectively flows
similarly as a Newtonian one with little effect of the stratification
due to the presence of solids, as discussed elsewhere (Ihle and
Tamburrino, 2012b). It is thus a valid approximation for many ap-
plications to assume that the friction factor is given by a simple
power law:

fzafRe
"bf : (11)

For turbulent flow of Bingham fluids with Rea104, Darby
(2001) proposed a combination of a laminar (flam) and a turbulent
(fturb) friction factor through the metric

f ¼ 4
&
f 1=elam þ f 1=eturb

'e
; (12)

with e an empirical parameter, flam obtained from the solution of
the Buckingham equation (Ihle and Tamburrino, 2012a) and fturb

Fig. 1. Comparison between power law models for Darcy friction factor calculations (f)
and the Wilson-Thomas model, based on the logarithmic velocity profile (Wilson and
Thomas, 1985), in terms of the Reynolds number, Re ¼ rmUD/h. The symbols represent
several calculation instances, with Hedström numbers, He ¼ rmsyD2/h2, ranging from
105 to 4.5 & 106, whereas the lines stand for constant Hedström numbers, indicated in
the legend.

C.F. Ihle et al. / Journal of Cleaner Production 84 (2014) 589e596 591
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Flujos de pulpas Impulsión

Corrección de altura de impulsión (derrateo)

Los catálogos de bombas de pulpa presentan las curvas de funcionamiento
para agua pura por lo cual la altura de pulpa debe ser expresada en su
equivalente de agua. Para las bombas centrífugas se considera lo siguiente:

Hw =
Hp

HR
(29)

=
HT

HR × Cs
(30)

Para determinar HR se pueden utilizar diversos métodos empíricos. Además:
HT = altura de impulsión en m.c.p (metros columna de pulpa)
HR = factor de corrección por efecto de sólidos en la pulpa
Cs = coeficiente de seguridad (0.9 y 0.7, sin/con espuma)
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Flujos de pulpas Impulsión

Ejemplo: Mac Elvain & Cave (Wilson et al., 2006)

K S 

d50 (mm) 

HR = 1− KCV

20
. (31)
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Flujos de pulpas Tipos de flujo según lecho

Formación de lecho (Turian and Yuan, 1977)

HETEROGENEOUS FLOW- - 
SALTATION FLOW - F! n 

Q 

- 0" FLOW WITH A 
STATIONARY BED 

I - 
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.; .: . . . . . . .  
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Fig. 1. Representative plot of pressure drop for slurry flow. 

providing at least a coarse representation of the actual situ- 
ation, the nature of the data in slurry transport is usually 
inconsistent with any greater refinement than this. It is 
evident, however, that the various forces affecting the flow 
must play different roles in the different flow regimes. 
Consequently, it is expedient to develop a separate corre- 
lation for each of the four flow regimes and to use them 
to delineate the various flow regimes. We devote the re- 
mainder of this section to a description of the process we 
used in establishing our correlations. 

In a previous article (Turian et a]., 1971), using a 
somewhat limited data base, we found that the empirical 
form given by 

r .,2 

could be used to provide satisfactory correlation of slurry 
flow data. The constants K ,  a, /3, y, and S are determined 
for each flow regime by fitting the experimental data for 
the particular regime, In Equation (15), f and fw  are 
the friction factors for the slurry and for water at the 
same mean velocity and are defined by the equation 

The form in Equation (15) is empirical, but the choice 
of the various groups is motivated by dimensional analy- 
sis as described in detail by Turian et al. (1971) and 
also by Yuan (1972). Thus, dimensional analysis sug- 
gests that the Reynolds numbers based on pipe velocity 
and diameter, as well as the one based on particle settling 
velocity and diameter, are pertinent variables. Accord- 
ingly, these are accounted for through introduction of the 

friction coefficients fw and C D ,  which are obviously fully 
defined by the respective Reynolds numbers, and which 
moreover seem the more appropriate in view of the fact 
that what is being correlated is itself a friction coefficient. 
The use of the difference form ( f  - f w )  and the intro- 
duction of the concentration C help to insure that the 
proper limiting behavior is attained when C approaches 
zero. The dimensionless group [ V z / D g ( s  - l)]  g' ives a 
relative measure of inertial to gravitational forces pre- 
vailing in the flow. This is clearly one of the most im- 
portant variables in this sort of flow, also recognized by 
virtually all other researchers. As an empirical equation, 
however, the efficacy and range of the correlation which 
is ultimately established will depend upon nature and the 
range of the data base used. In this rather complex flow, 
the number of variables is so large that identification of 
the optimum number of variables needed to enforce a 
reasonable correlation is a valid subject of enquiry in it- 
self. One essential distinction of our work derives from the 
fact that we assign a separate adjustable exponent for 
each dimensionless group instead of lumping the variables 
together as others have done. The nature of the process 
under consideration here is such that the data are subject 
to enormous variability, and this has been adequately 
demonstrated by Zandi and Govatos (1967). The uncer- 
tain, and possibly diminishing, returns in improvement 
in correlation deriving from this, and also the uncertain- 
ties regarding the identification of all critically pertinent 
variables, would seem to discourage consideration of more 
elaborate forms than Equation (15) at the present time. 

In order to derive criteria for ascertaining flow regimes, 
we proceed as follows. Suppose that the correlations for 
two contiguous flow regimes a and b are given by Equa- 
tion (15),  with the corresponding adjustable constants K ,  
a, ,f3, y, and S labeled with subscripts a and b, respectively. 
Since the two regimes are contiguous, the values of ( f  - 
f w )  from the two correlations are equal at the boundary 
between them, and at the transition point then 

..2 

The transition point between flow regimes a and b is 
given by &b = 1. Moreover, since as o increases the 
change in f w  is relatively small in the turbulent flow re- 
gion, it can further be inferred that R,b > 1 corresponds 
to the faster flow regime, while Rab < 1 corresponds to 
the slower flow regime. It will be shown later that the 
regime number defined above can be used in a unified 
method for delineating flow regimes. 

In order to develop individual correlations for each 
of the flow regimes, the data must be grouped according 
to flow regime. Available data in the literature are not 
usually identified on this basis. The grouping must be 
accomplished according to some sort of criterion. As a 
first attempt, Newitt's criteria, Equations (3) to ( 5 ) ,  and 
Durand's critical velocity correlation, Equation ( 12), 
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TABLE 6. CRITERIA FOR FLOW REGIME DELINEATION 

Configuration 

C 

D 

Page 240 

Ro1-1 

+ + + 
* 

May, 1977 

The corresponding transition conditions are given by 

The status of the confused areas in the d-u space is thus 
resolved by the scheme just described and illustrated in 
Figures 6 and 7. These two figures were drawn quali- 
tatively for convenience, A quantitative illustration of the 
d-u plot is provided in Figure 8 for a slurry system with 
ps  = 2.977 g/cm3, C = 5 %  by volume in a 2.54 cm 
PVC pipe at T = 22.5"C. The variation of flow charac- 
teristics with d, as well as u, is calculated by the various 
transition equations as indicated in the plot. In Figure 9, 
the effect of pipe size on flow regime transitions is illus- 
trated by comparing the curves for 5.08 and 2.54 cm 
pipes. The rules in our delineation procedure are con- 
veniently summarized in Table 6. 

CALCULATION OF PRESSURE DROP 

The estimation of pressure drop using the correlations 
in this work is rather straightforward. It entails deter- 
mination of the flow regime prevailing and the selection 
of the corresponding correlation for computing the friction 
factor f .  1 he pressure &op is then calculated from 

The determination of the flow regime is made by caI- 
culating the regime numbers Rol, R12, and R23, using 
Equations (27),  (28), and (29) .  The flow regime is then 
ascertained by comparison of the resulting configuration 
with the pattern shown in Table 6. If, at this stage, it is 
discovered that the configuration is odd, then the regime 
numbers RI3,  RO2, and RO3 are also calculated using Equa- 
tions (30 ) ,  (32), and (33), and the regime is again 
ascertained by comparison with the pattern in Table 6. 

The value of the drag coefficient CD is needed in the 
slurry flow correlations. To avoid the need for a trial-and- 
error procedure, resulting from the fact that u, is un- 
known, we use the correlation described in our previous 
article (Turian et al., 1971). These equations are 
loglo N R ~  = -1.38 + 1.94 logloh 

-8.60 X ( logloh)2 - 2.52 X lo-' (10g~oA)~ 

+9.19 x 10-4 ( l ~ g ~ ~ n ) ~  + 5.35 x 10-4 (loglon)5 (37) 

in which 

Corresponding 
R13-1 flow regime 

0 

0 
3 
0 
3 
0 
2 
1 + 3 

- 
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Flujos de pulpas Tipos de flujo según lecho

Implicancias en las pérdidas de carga

1.18 CHAPTER ONE

TABLE 1-8 Sinking Velocity of Soil Particles (after Sulzer Pumps, 1998, with
permission of Elsevier)

Particle 
Soil grain size identification

diameter, Mesh size, Sinking Sinking Grain size 
micrometers US fine velocity, m/s velocity, ft/s by ASTM Grain size, international 

0.2 3 � 10–8 Clay Fine clay
0.6 2.8 � 10–7 Coarse clay
1 7 � 10–6

2 9.2 � 10–6

5 17 � 10–6 Silt Fine silt
6 25 � 10–6

20 28 � 10–5 Coarse silt
50 270 17 � 10–4 Fine sand Intermediate silt to sand
60 230 25 � 10–4

100 150 0.07 Fine sand
200 70 0.021 Medium coarse sand
250 60 0.026 Coarse sand
300 0.032
500 35 0.053 Coarse sand
600 30 0.063

1000 18 0.10 Very coarse sand
2000 10 0.17
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FIGURE 1-8 Pressure drop versus velocity for water and for a slurry mixture. (After Sulzer
Pumps, 1998, with permission of Elsevier.)
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Flujos de pulpas Tipos de flujo según lecho

Ejemplo (relaves de zinc, 2m/s)

In the straight pipeline, a small length of perspex pipe was provided (designated as observation
chamber) to establish the deposition velocity of the slurry in the pipeline by observing the motion
of the particles at the bottom of the pipeline.

The static settled concentration is measured by allowing slurry of intermediate concentration to
settle in a measuring jar till the level of the settled solids becomes static.

4. Experimental results

Measured vertical solids concentration profiles are shown in Figs. 1–3, where Cvjðy0Þ is the
volumetric concentration of jth size particle at y0 from bottom of pipeline, y 0 ¼ y=D. Figs. 1–3

Fig. 1. Measured concentration profiles for different particle sizes in the flow of zinc tailings slurry through 105 mm
diameter pipe with different efflux concentrations at flow velocity 2 m/s.

1704 D.R. Kaushal, Y. Tomita / International Journal of Multiphase Flow 28 (2002) 1697–1717

In the straight pipeline, a small length of perspex pipe was provided (designated as observation
chamber) to establish the deposition velocity of the slurry in the pipeline by observing the motion
of the particles at the bottom of the pipeline.

The static settled concentration is measured by allowing slurry of intermediate concentration to
settle in a measuring jar till the level of the settled solids becomes static.

4. Experimental results

Measured vertical solids concentration profiles are shown in Figs. 1–3, where Cvjðy0Þ is the
volumetric concentration of jth size particle at y0 from bottom of pipeline, y 0 ¼ y=D. Figs. 1–3

Fig. 1. Measured concentration profiles for different particle sizes in the flow of zinc tailings slurry through 105 mm
diameter pipe with different efflux concentrations at flow velocity 2 m/s.

1704 D.R. Kaushal, Y. Tomita / International Journal of Multiphase Flow 28 (2002) 1697–1717
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Flujos de pulpas Tipos de flujo según lecho

El concepto de velocidad de depósito

(Durand, 1953)

vc ∼

√
2gD

(
ρs
ρl

− 1

)

≈ FL

√
2gD

(
ρs
ρl

− 1

)
Más una serie de variaciones empíricas. No tiene en cuenta el efecto de la
concentración. Por ejemplo (Poloski et al. 2010):

vc = 0.59
√

gD(S − 1)Ar0.15; Ar =
4

3

gd350(S − 1)ρ2m
µ2
f

, (32)

con ρm, densidad media de la pulpa y µf la viscosidad de la misma.

DIMIN-UCH Unidad 3 — Clases 2 y 3 38 / 59



Flujos de pulpas Tipos de flujo según lecho

FL (principalmente partículas gruesas)

S = ratio of density of solids to density of liquid 
Cvb = volume fraction solids in the bed

(When USCS units are used, express density in slugs/ft3 rather than lbm/ft3).
For 0.7 mm (mesh 24) sand with water in a 90 mm (3.5 in) pipe, Wilson measured ! =

0.35 and concluded that the assumptions of hydrostatic distribution of the granular pres-
sure were correct.

4-3-2 The Transitional Velocity V3 or Speed for Minimum
Pressure Gradient

The transitional velocity V3 is extremely important because it is the speed at which the
pressure gradient is at a minimum. Although there is evidence that solids start to settle at
slower speeds in complex mixtures, operators and engineers often referred to transitional
velocity as the speed of deposition. 

Durand and Condolios (1952) derived the following equation for uniformly sized sand
and gravel:

VD = V3 = FL{2 · g · Di[("s – "L)/"L]}1/2 (4-2)

where
FL = is the Durand factor based on grain size and volume concentration
V3 = the critical transition velocity between flow with a stationary bed and a heteroge-

neous flow
Di = pipe inner diameter (in m)
g = acceleration due to gravity (9.81 m/s)

"s = density of solids in a mixture (kg/m3)
"L = density of liquid carrier

The Durand factor FL is typically represented in a graph for single or narrow graded
particles, as in Figure 4-7 after the work of Durand (1953). However, since most slurries

4.8 CHAPTER FOUR

Particle diameter (mm)
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FL (partículas finas) (1/2)
Poloski et al. (2010)

static fluid. However, the Archimedes number ranges in for critical
velocity (see Eq. 1) are based upon a deposition of particles in
a turbulent flow field. Previous studies (Magelli et al., 1986;
Nocentini and Magelli, 1991; Brucato et al., 1998) have shown that
the ratio of a drag coefficient in a turbulent field to that in a static
fluid is always greater than unity due to a slower settling velocity
of particle under a turbulent flow field, and it depends on the ratio
of particle size to the Kolmogorov length scale. Consequently, the
Archimedes number range for the drag coefficient needs careful
consideration for turbulent pipe flows.

EXPERIMENTS
Details of the experiments have been documented in a Pacific
Northwest National Laboratory (PNNL) report (Poloski et al.,
2009). The report contains detailed information on several topics
including materials tested, test apparatus, instrumentation, and
testing procedures. A summary of the information in the report is
contained in this section.

Materials
Glass (Spheriglass® A-glass 5000 & 2227; Potters Industries,
Malvern, PA), alumina (Duralum® 220 grit; Washington Mills,
Tonawanda, NY), and 316 stainless steel (P316L 10 M &
−100 + 170; Ametek, Eighty Four, PA) were selected as the slurry
particles in our experiments. These materials have a nominal
density of 2.5, 4.0, and 8.0 g/cm3 respectively, and satisfy “Low,”
“Medium,” and “High” particle-density selections for a three-level
experimental test matrix. For stainless steel and glass, 10 and
100 !m particle powders were procured for each material to satisfy

“Low” and “High” size conditions. A 50 !m alumina powder was
purchased to satisfy a “Medium” size selection. Water was used
as the carrier fluid. The physical properties of the resulting test
slurries are summarised in Table 1.

The PSD in each of the tests was measured using laser
diffraction technology. A Microtrac S3000 Particle Size Analyser
was used for these measurements. Software for the particle-size
analyser calculates the PSD from the light-scattering patterns
using Mie scattering theory. A National Institute of Standards and
Technology (NIST)-traceable particle-size standard was measured
before measuring the distribution of these test materials. Scanning
electron microscope images revealed that particles of the glass-
bead medium are spherical, the alumina particles are fractured
and angular, and the stainless steel particles are irregular
spheroids.

The flow curve was obtained on a TA-1000 rheometer (TA
Instruments, New Castle, DE) configured with concentric-cylinder
geometry. The shear rate was ramped from 0 to 1000 s−1 over a
5-mi period at 25◦C. Newtonian-model fits were obtained over a
shear-rate range of 0–100 s−1. The upper limit was established in
order to avoid possible Taylor vortex formation at higher shear
rates.

Test Apparatus
An experimental flow loop was constructed of approximately
100 feet of 3-in. schedule 40 piping taken from the WTP
excess yard. The flow loop components included a four-baffled,
400-gallon mixing tank with a 25-in. pitched-blade impeller.
A Georgia Iron Works slurry pump, a 150-psig, 400-gallon
pneumatic flush system, and a 1000-gallon capture tank complete
the flow loop system. The flow loop also has instrumentation

Table 1. Slurry physical properties from the deposition tests

Test configuration A B C D E

Mass per unit volume (g/L)
Particles 245 741 327 185 236
Water 901 906 912 925 969

Volume fraction (vol%)
Particles 9.8% 9.3% 8.7% 7.4% 3.0%
Water 90.2% 90.7% 91.3% 92.6% 97.0%

Mass fraction (mass%)
Particles 21.4% 45.0% 26.4% 16.6% 19.6%
Water 78.6% 55.0% 73.6% 83.4% 80.4%

Component density (kg/L)
Particles 2.50 7.95 3.77 2.50 7.95
Water 1.00 1.00 1.00 1.00 1.00
Bulk 1.15 1.65 1.24 1.11 1.21

Particle size distribution (!m)
d5 1.6 7.2 30.9 91.0 55.2
d10 2.8 8.4 38.2 97.4 68.1
d20 3.8 9.8 49.7 106.4 90.8
d30 4.6 11.2 56.7 113.1 112.0
d40 5.4 13.1 62.4 119.4 127.9
d50 6.2 15.1 67.6 125.9 140.3
d60 7.2 17.3 73.2 132.8 151.3
d70 8.9 20.4 79.9 140.6 161.9
d80 10.7 24.7 89.0 150.7 173.8
d90 12.5 31.4 107.3 167.0 190.6
d95 14.4 37.7 129.5 182.3 203.9

Measured carrier-fluid viscosity (cP) 1.0 1.0 1.0 1.0 1.0
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Poloski et al. (2010). Ver también Thomas (1979) y Parzonka et al. (1981).

for determining flow rate with inlet and outlet Micro Motion
Coriolis F-Series meters. The pressure gradient and pump inlet and
outlet pressures were measured with Rosemount 1151 differential
pressure transducers. The particle size chord-length distribution
was measured with a LasentecTM Focused Beam Reflectance
Measurement (FBRM) sensor. Furthermore, a cross-sectional
pipe tomogram of slurry conductivity was measured using a
P2000 electrical resistance tomography system manufactured by
Industrial Tomography Systems (ITS). The data used in this study
focus on the superficial flow velocity and pressure gradient.

At the start of each test, a batch of the test slurry (as defined in
Table 1) is prepared in a 400-gallon slurry mixing tank. During
testing, the slurry is transported around the flow loop through
a centrifugal pump. The slurry then passes through a Coriolis
flow meter and enters the main leg of the flow loop. The main
leg of the flow loop is a straight, horizontal section of 3-in.
schedule-40 stainless steel pipe. The pressure gradient over a
pipe length of 224.75 in. is measured with a differential pressure
transducer. The slurry then returns back to the mixing tank, and
the process is repeated. A chiller is connected to the mixing-tank
water jacket to maintain a constant temperature of approximately
25◦C throughout the tests.

RESULTS AND DISCUSSION
Tests were conducted at a relatively high initial velocity, nominally
10–12 ft/s. The flow rate was then decreased in 0.5 ft/s increments
until a rise in differential pressure was detected. This minimum-
pressure point indicates the presence of Coulombic forces
generated by a sliding bed of particles and was considered the
deposition velocity of the system. Figure 1 shows the plot of
pressure gradient versus superficial velocity for the materials
described in Table 1.

These deposition velocity data are shown in tabular form
as systems A–E in Table 2. Additional deposition velocity data

from Parzonka et al. (1981) and Thomas (1979) are shown as
systems F–N and O–U, respectively. Cumulatively, these data
represent particle sizes between 2.3 and 140 !m, particle densities
between 2.5 and 19.4 g/cm3, and pipe diameters between 18.9
and 263 mm. Note that deposition velocity is sometimes defined
by visual observation of the superficial velocity where a sliding or
static bed forms in a pipe invert. Discrepancies in the definition
of deposition velocity may lead to significant variations when
directly comparing one data set to another.

After converting the measured deposition velocities to non-
dimensional form, the plot shown in Figure 2 can be obtained. If
one assumes a transitional drag-coefficient exponent of −0.193,
then the Archimedes number exponent is set to 0.15 as shown in
Equation (17). Because of a significant difference between particle
and pipe diameters, the term (d/D)0.045 can be assumed to be a con-
stant. In addition, the Shook et al. (2002) correlations produce a
deposition Froude number of 1.14 at an Archimedes number of 80.
With this boundary value, a simple correlation can be derived as:

Fr = 0.59 Ar0.15 (18)

Note that the drag exponent of −0.193 provided by Shook et al.
(2002) applies to Archimedes numbers between 2760 and 46 100
(see Eq. 12). As discussed above, a drag coefficient in a turbulent
flow field is always larger than that in a static fluid due to a slower
particle settling velocity. Thus, the drag exponent for Ar < 80
(i.e., −0.475), although the corresponding range of Archimedes
numbers is large, may be expected to change in order to account
for an increase of the drag coefficient under a turbulent flow field.
Considering a general relationship between a drag coefficient
(CD) and particle settling velocity (us), CD = 4gd(!s − !f)/3!fu

2
s ,

it also might be understood that a decrease in particle settling
velocity due to a change from static to turbulent flow fields would
be conceptually equivalent to an increase in particle diameter,
which may result in a shift in the Archimedes number range
for the drag coefficient. In other words, one may still expect a

Table 2. Compilation of pipeline deposition velocity literature data with Archimedes numbers generally less than 80

System Dp (!m) Percentage smaller than 75 !m !s (g/cm3) D (mm) ! (g/cm3) Deposition velocity, Vc (ft/s) Fr Ar

A 6 100 2.5 77.9 1.0 1.2 0.4 0.005
B 15 100 8.0 77.9 1.0 2.5 0.4 0.5
C 68 65 3.8 77.9 1.0 3.0 0.7 12
D 126 <5 2.5 77.9 1.0 4.0 1.2 41
E 140 15 8.0 77.9 1.0 8.0 1.2 287
Fa 140 16 2.7 207 1.0 7.6 1.2 61
Ga 140 16 2.7 100 1.0 4.7 1.1 61
Ha 75 50 4.0 207 1.0 8.9 1.1 17
Ia 70 55 4.0 149 1.0 7.9 1.1 13
Ja 90 45 3.0 207 1.0 9.1 1.4 19
Ka 60 80 3.1 149 1.0 6.3 1.1 6
La 50 72 5.3 52 1.0 4.4 0.9 6
Ma 50 77 5.3 209 1.0 6.6 0.7 6
Na 50 77 5.3 263 1.0 6.9 0.6 6
Ob 55 90 7.5 25.4 0.8 4.2 0.9 11
Pb 17 100 2.7 18.9 1.0 1.4 0.8 0.1
Qb 26 100 2.7 18.9 1.0 1.5 0.8 0.4
Rb 15 100 2.8 50 1.0 1.3 0.4 0.1
Sb 3.7 100 4.5 50 1.0 1.6 0.4 0.002
Tb 2.3 100 11.3 50 1.0 2.3 0.3 0.002
Ub 4.8 100 19.4 50 1.0 3.0 0.3 0.03

a Parzonka et al. (1981).
b Thomas (1979).
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Efecto del ángulo de inclinación
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increases despite the near constancy of the frictional contribution). This effect is independent of 
the flow pattern (at U~ = 0.2 m/s there is a stationary bed at all the inclinations considered, and 
at U, = 3 m/s there is no stationary bed). 

The effect of inclination on the limit deposit velocity, ULD, is shown in figure 7. As one would 
expect, the stationary bed's range of existence is larger when the upward tilt is increased. This trend 
is indicated by both the model results and the experimental data. For downflow the model 
overpredicts the limit deposit velocity. One possible explanation is that the diffusion equation [18] 
does not fully incorporate the effect of the angle of inclination on the dispersion characteristics. 
For example, when considering vertical flow, it is obvious that the diffusion equation cannot 
explain the solids distribution in the pipe cross-section. 

The minimal bed velocity, Ub~, depends on the angle of inclination, /3, both explicitly and 
implicitly through the moving bed height, yo,~ (see [7]). Intuition leads to believe that increasing 
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Consideraciones de diseño
Tubería de diámetro dado

1 Ángulo de inclinación del tubo
2 Número de Reynolds mayor que el

crítico (depende del modelo reológico)
3 Velocidad mayor que la velocidad de

depósito
4 Incluir sobrepresiones en re-partidas de

sistema
5 Presiones mayor que la presión de vapor

Figure 1.1: A sketch of two-phase flow in a vertical pipe. Reproduced with permission from
Fundamentals of Multiphase Flow, Brennen, C.E., page 169, Copyright (2005), Cambridge
University Press.
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(d) 

Figure 1.2: Flow regimes for slurry flow in a horizontal pipeline. (a) Homogeneous flow,
(b) Heterogeneous flow, (c) Flow with moving bed, and (d) Flow over a stationary bed.
Reproduced with permission from Fundamentals of Multiphase Flow, Brennen, C.E., page
170, Copyright (2005), Cambridge University Press.

Figure 1.2a occurs at low or moderate solids concentration and when the fluid phase turbu-

lence velocity scale is much larger that the settling velocity of the particles. In the presence

of large particles, concentration gradients in the vertical direction often exist leading to a

heterogeneous flow regime, e.g. Figure 1.2b. Occasionally, a limiting case where particles

form a bed in the bottom of the pipe occurs and this phenomenon is termed saltation flow.

Two scenarios can occur in saltation flow, a moving bed (Figure 1.2c), where the bulk of
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et al. (2010) have made a point showing with experimental mea-
surements using fine sands that most efficient velocities approach
deposit values and also that it is better to increase concentration
and decrease velocity than the opposite. In their work, such opti-
mal conditions are related with volume fraction only.

Pipeline throughput over a specific time horizon (day, shift,
week, etc.) is often a requirement and not a choice in operations,
and should be included, as a restriction, when assessing the best
specific energy consumption for ore transport. However, there is
room to condense operations at certain fractions of such time hori-
zon and feasible concentrations to increase energy efficiency. We
define here pipeline utilization ratio as such operating fraction of
the overall available time. In the present paper, an analysis focused
on the interplay between slurry concentration, flow, throughput
and pipeline utilization is posed as an optimization problem to
minimize specific energy consumption, defined as the energy per
unit length required to transport a unit mass of dry material, given
a set of constrains of hydrodynamic nature, including the need to
transport in turbulent flow and at velocities above the deposit for-
mation threshold. By means of a set of assumptions regarding slur-
ry properties and calculation schemes, pertinent to ore concentrate
flows, it is shown here that the problem admits non-trivial minima
of the specific energy consumption and, moreover, that the pipe-
line utilization fraction plays a central role to achieve such an opti-
mal value of energy consumption.

2. Specific energy consumption

2.1. Energy minimization problem

Wu et al. (2010) have defined the specific energy consumption
for a pipeline transporting solids as SEC = Dp/(L/qs), where Dp is
the pressure drop over a pipeline length L, / is the solids concen-
tration by volume and qs is the density of the solids. A dimension-
less version of this quantity can be expressed as E = SEC/g, with g
the gravity acceleration vector magnitude, can be expressed as:

E ¼ fF2

Cp
; ð1Þ

where f is the /-dependent Darcy–Weisbach friction factor (see
Darby, 2001; Abulnaga, 2002 and references therein), F ¼ U=

ffiffiffiffiffiffiffiffiffi
2gD

p

and Cp the solids fraction by weight. Here, U is the mean flow velocity
and D the pipe internal diameter. The solids concentration by
volume can be related to the solids concentration by weight as /
= Cp[Cp + S(1 $ Cp)]$1, where S is the specific gravity of solids. Slurries
are assumed to be of Bingham type (Bird et al., 1983; Nguyen and
Boger, 1992). The stress–strain relation in this case is given by:

g @u
@z
¼

0 if jsj < sy

s$ sy sgn @u
@z

" #
if jsjP sy;

(

ð2Þ

where u, g, s and sy are the horizontal component of velocity, Bing-
ham (dynamic) viscosity, shear and yield stress, respectively. The
function sgn is defined as sgn (x) = x/jxj if x – 0 and 0 otherwise.
Also, as in the case of ore concentrates, they will also be assumed
to have a small yield stress, even at high concentrations, thus mak-
ing it possible to reasonably obtain turbulent flow at high concen-
trations. The pertinency of using a homogeneous assumption to
characterize ore slurry flows in turbulent flows is discussed by Ihle
and Tamburrino (2012) and will be omitted here. In general, even
for non-Newtonian turbulent flows, (1) is a monotonically increas-
ing function of the mean flow velocity, U. On the other hand, the
friction factor is roughly proportional to the velocity (U) as U$a,
with a a constant between 0.19 and 0.25, the former case corre-
sponding to a homogeneous yield stress fluid in hydrodynamically
smooth turbulent flow (Darby, 2001; Abulnaga, 2002) and the latter

being a similar mixture with zero yield stress and Newtonian
behavior. In either case, E / U2$a, where 2 $ a > 0, which means
that the lower the flow velocity, the more economic the transport
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Fig. 1. Computed deposit (decreasing curves) and laminar–turbulent transition
(increasing curves) velocities for internal pipeline diameters D = 5, 6, 8, 9 and
10 inches. Insets: upper envelope of curves for equal diameters, Umin = max (UD, Ut)
(same axis labels as in main graphs). (a) S = 4, (b) S = 4.5, (c) S = 5.
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Rango de operación
Resultado de la suma de las restricciones anteriores
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Rango de operación
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Figure 1: Schematic representation of a typical operational guidelines, with φ representing the

solids volume fraction. (a) Operational range, with the shaded region denoting the allowable

operational points and (b) schematic representation of flow rate/volume fraction relation for

a constant throughput value.

the best flow rate-concentration combinations given the slurry properties and43

the throughput characteristics, but also which are the best system utilization44

fractions (λ). In this paper, this problem is analyzed in the context of an opti-45

mization problem where the relative effect of energy and water use are included46

as weighting factors in the form of unit costs. Emphasis is placed herein in the47

effect of a variable system throughput demand, thus complementing a previous48

analysis centered on the effect of variable unit costs (Ihle, 2013a), additionally49

adding a terrain constraint in the example being analyzed.50

2. Problem formulation51

Consider an operating long distance slurry transport system with known52

internal diameter (D) where the throughput (ṁ), defined as the dry solids rate,53

along with route and slurry properties are known. The total energy and water54

cost may be expressed as:55

Ω = cEE + cW W, (1)

where cE and cW represent the unit costs of energy and water, respectively.56

They not need to be economic costs only, but may also represent environmental57
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¿En qué punto es mejor operar?
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Correas transportadoras

Correas transportadoras
Características generales

Aptas para material seco
Velocidades
∼ 1,5m/s–3m/s

Altas capacidades
(> 100 ktpd si es necesario)
CAPEX alto
Problemas con humedades
altas
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Componentes
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Correas transportadoras

Ángulo de reposo (θr) y sobrecarga (θs)
Típicamente θs ≈ θr − 10π/180
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Descarga de relave en depósito

Contexto normativo

Chile: DS248
Internacional: GISTM
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Descarga de relave en depósito

Elementos principales

1 Separación (ciclonaje)

2 Descarga en muro (caso tranque)

Transporte de arena
Descarga en muro
Infiltración y captación de
agua

3 Descarga en cubeta (lamas)

Flujo gravitacional
Proceso de separación
Formación de laguna
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Descarga de relave en depósito

Descarga en muro

Arenas desde underflow de ciclones

Transporte hidráulico muro abajo

Infiltración hacia drenes
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Descarga de relave en depósito

Descarga en cubeta (convencionales)

Descarga desde muro hacia cubeta

Formación de laguna en extremo opuesto

Necesidad de re-localización de puntos de descarga
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Descarga de relave en depósito

Laguna de aguas claras
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