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a b s t r a c t

Modern long distance ore pipeline systems are subject to strong costs, both from the economic and
environmental standpoints. The task of assessing the relative importance of energy and water con-
sumption without a detailed engineering analysis is often not obvious. In the present paper, the relative
importance of water and energy unit costs is assessed by a novel dimensionless formulation accounting
for the essential hydraulic and cost elements that conform the slurry transport. It is found that, for
conditions resembling those of copper and iron concentrate pipelines, the ratio between energy and
water costs has a wide range, depending on the particular transport conditions and unit cost scenarios.
Although operating at similar volume fractions, results indicate that energy/water cost relations may
differ between copper and iron concentrate pipelines and local conditions, thus suggesting the need to
explicitly include energy and water cost in the design strategy.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The new challenges that modern slurry engineering faces
include the need not only to take into account environmental var-
iables such as carbon footprint at project and operation phases
(Norgate and Haque, 2010; Ihle, 2014), but also to apply design
criteria according to the local economical, environmental and
resource reality. In particular, water scarcity adds an additional
variable to the complex problem of project infrastructure and/or
subsequent operation decision: should an optimal combination of
design and/or operational parameters be influenced by water and
energy costs? The answer seems to be affirmative, not only due to
the economic implications it has, but also due to the effect of
location and community responses, which may have a strong local
influence (see, e.g., Murguía and Böhling, 2013; for the case of
Minera Alumbrera, Argentina, which features a 300 km-long cop-
per concentrate pipeline). The presence of stakeholders (Jenkins,
Engineering, Universidad de
þ56 2 29784503.

All rights reserved.
2004; Jenkins and Yakovleva, 2006; Newbold, 2006) in the form
of geography, demography, alternative resource users, the regula-
tory framework (Oyarzún and Oyarzún, 2011) and the idiosyncrasy
of communities located in different regions of different countries
might then, ceteris paribus, suggest different infrastructure
solutions.

Despite the need, as in any other industrial process, to minimize
both water and energy consumption in the mining sector, the hy-
draulic transport of ore concentrates faces a new dilemma. At equal
dry tonnages, reducing the amount of water causes an increase on
the slurry concentration, with a subsequent increase of the energy
requirement, and potential water/energy consumption scenarios
may be seen as the result of the competition energy andwater costs
(Ihle, 2013). The task of putting together the costs of water and
energy needs to be completed with some means of hydraulic ex-
pected behavior. At this point, it is the system hydraulics dwhose
key elements are referred hereind that which gives completeness
to a water vs. energy cost balance, thus departing from a more
simplistic but incomplete unit cost ratio approach. Such a (non-
dimensional) ratio is given in Section 2.1. The pursued outcome is to
be able to give an ex-ante assessment of the relative impact of water
and energy in a prospective system. The main intent is to seek for
engineering strategies or design approaches that might be biased
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towards greater energy or water savings depending on variables
like the required system capacity, system length and diameter, and
slurry properties. The present approach is therefore seen as a first
step in an environmental management (Hilson and Nayee, 2002)
and a cleaner production framework (Hilson, 2003) through the
effective integration of process, environmental and social aspects.

In slurry transport, water acts as a mere vehicle for the granular
matter containing the mineral; is required in considerable quanti-
ties and is obtained from diverse sources, including aquifers and
the sea. Disregarding additional social or environmental compo-
nents, the cost of water, depending on whether it comes from
aquifer or a desalinated plant, may fluctuate depending on their
origin and potential pre-treatment requirements (Ihle, 2013). On
the other hand, energy costs may significantly vary according to
local and global aspects. In particular, the Chilean energy costs are
different than those in Brazil, Perú and Argentina (Del Campo,
2012).

Pumping ore slurries through long distances, which commonly
exceed 100 km, requires electrical powers that may exceed several
megawatts during steady operation. The inherently nonlinear na-
ture of transport often makes an a priori assessment of the relative
importance of water and energy a non trivial task. Assuming that
water and energy unit costs (cW and cE) have units of currency over
energy and currency over water volume, respectively, the resulting
ratio has units of volume over energy, which is conditioned by
factors such as the slurry mean flow, solids volume fraction,
diameter and length. In this paper, a set of order of magnitude re-
lations grasping the essential features of the hydraulic behavior of
long distance ore transport systems are obtained from the literature
and cast into a dimensionless number accounting for the relative
effect of water and energy costs, with regard to the specific case of
iron and copper concentrates.
2. Dimensionless number formulation

2.1. General form of the dimensionless number P

Consider the water and energy required to transport a given
amount of dry concentrate per unit time, _m, over a distance L. The
total combined cost of water and energy may be simply expressed
as:

U ¼ cEE þ cWW; (1)

where cE, cW, E andW are the energy and water unit costs, the total
energy and water spent, respectively. U is therefore expressed as
currency units per period, whereas E andW are given as energy and
water volume spent per period. Unit costs need to be consistent
with those of energy and water costs. The energy consumption, E, is
computed from the pipeline characteristics and route, including the
topography. In particular, an energy balance between points 1 and 2
of a turbulent flow stream across the pipeline is given by:

p1
rmg

þ z1 ¼ p2
rmg

þ z2 þ JL12; (2)

with J ¼ f/DU2/2g the hydraulic gradient. Here pi and zi¼z(x¼xi) are
the line pressure and altitude at the route point xi, assuming the
flow going from point x1 to x2, distant by a tube length L12, and g is
the magnitude of the gravity acceleration vector. The last term of
the right hand side of (2) represent the frictional pressure losses,
which control the energy balance. There, the Darcy friction factor, f,
is defined as f ¼ 8sw/rmU2, with sw, rm and U the wall shear stress,
slurry density and mean flow velocity, respectively, and D the
pipeline internal diameter. Assuming that the pump station
delivers the slurry at a pressure p1, that the pipeline has a constant
internal diameter and that the corresponding pressure is consistent
with restrictions including the pipeline pressure rating and
possibly the need to operate above the vapor pressure at all times,
the required pumping powermay be expressed in terms of the flow
rate (Q) as p1Q/εp, with εp the pumping efficiency. Provided an
operation at constant flow rate, it may be integrated over a period
lT (l<1), to obtain the total energy consumption over a period T,
with a system utilization l, as E ¼ p1Q/εplT, where the flow rate (Q)
is possibly a function of the solids volume fraction, f. This implies
that the pipeline is idle a total amount of (1�l)T seconds per period,
where the rest of the time it delivers concentrate at mean flow rate,
with a total amount of dry solids delivered equal to _mT . Here, for
the sake of a clear analytical interpretation of the various terms
including the energy balance and water consumption, the simple
geometry of a constant internal diameter horizontal tube will be
considered. However, the inclusion of local topographic effects or
multiple diameters is straightforward from the energy balance
perspective, as described. The corresponding energy requirement is
expressed as (Ihle, 2013):

E ¼ lTrmQ
εp

�
pðx ¼ LÞ

rm
þ 8fLQ2

D5p2

�
; (3)

where L is the overall pipeline length. The first term in the brackets
is the pressure near the delivery point (x¼L), which may be that of
atmosphere or a higher value if dissipation, characterized by an
energy dissipation coefficient, K, is imposed to avoid slack flow
(pa0) due to topography: p(x¼L)z8rmKQ2/p2D2. When energy
generation is chosen instead of energy dissipation, K becomes a
characteristic of the hydraulic power amenable to be obtained by
the corresponding turbine. The present analysis will be rather
centered in the effects of friction, which commonly dominate in
long distance slurry pipelines, and therefore K¼0di.e. p(x¼L)¼
0d is assumed herein.

The amount of consumed water may be obtained by virtue of
mass conservation (Ihle and Tamburrino, 2012c; Ihle, 2013):

_m ¼ lQfSrW (4a)

W ¼ _mT
SrW

�
1
f
� 1

�
; (4b)

where _m is the dry solids transport rate (also referred to as
throughput), S is the specific gravity of solids and rW is the density
of the carrier fluid, typically clear process water.

Using (3) and (4), a general relation in terms of the friction
factor, with the aforementioned set of hypotheses, is expressed as:

P0 ¼ cEE
cWW

¼ 8f rmQ2LcE
εpD5p2ð1� fÞcW

: (5)

This dimensionless number is fairly general and requires, in
particular, the knowledge of the flow rate, Q, which is strongly
dependent on the throughput ( _m), the pipeline diameter and a way
to characterize the Darcy friction factor f. Unless a preliminary
pipeline calculation has been done, an estimation of P0 in pro-
spective systems is not straightforward. However, it is possible to
parameterize it for a more intuitive applicability by imposing two
key conditions for the flow. First, it is often required that transport
needs to be in turbulent flow, with the mean flow velocity above
the laminar-turbulent transition. On the other hand, particles are
required to be kept in suspension, and therefore, the flow velocity
must exceed the deposit limit.



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.
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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� fssÞby

; (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� 1Þp

, 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
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proportional to Re�0.193. Such exponent clearly resembles the value
of 0.25 of the Blasius power law for smooth turbulence regime.
Similarly, Chilton and Stainsby (1998) proposed a modification of
the Reynolds number, directly keeping the parameters in the Bla-
sius relation: f¼ 4,0.079,(1�sy/sw)Re�0.25. For amean flow velocity
of 1.5m/s and a yield stress close to 0.3 Pa, thewall shear stress sw is
on the order of 10 Pa, and sy/swz0.03. Fig. 1 shows some results of
friction factors obtained for yield stresses between 0.6 Pa and 1.8 Pa
and Reynolds numbers between 104 and 2 � 105, representing the
typical range for copper and iron concentrates. Power law corre-
lations are compared with the Wilson-Thomas model (Wilson and
Thomas, 1985; Thomas and Wilson, 1987), consisting of an exten-
sion of the logarithmic velocity profile to yield pseudoplastic fluids.
For the purposes of the present order of magnitude analysis, the
Darcy friction may be therefore estimated using a power law as in
(11), as shown in Fig. 1. Here, the Blasius power law
(af,bf)¼(0.316,0.25) will be considered.

To have a rough estimation of the relative importance of the
energy and water costs, the dimensionless relation (5) may be
evaluated without a detailed knowledge of the system hydraulic
behavior, by means of (7), (8), (9) and (10), with proper assump-
tions of the model parameter coefficients bh, by, at, bt, ad, bd, af, bf, kd
and kt.
2.4. Critical concentration for the minimum velocity form

The relations presented in the previous section are strongly
dependent on the solids concentration, f, and the specific gravity of
solids, S. Although the dimensionless number P0 has a relatively
general use, its dependence on such variables is not evident.
However, given the slurry and pipeline properties, the minimum
velocity, Umin, is controlled by the deposit velocity and the laminar-
turbulent transition for concentrations below and above a critical
value (Ihle and Tamburrino, 2012b), where the former is a mono-
tonically decreasing function of concentration and the latter a
monotonically increasing one. Equating ktUt, with Ut from (9)
(laminar-turbulent transition) and kdUd, with Ud from (10) (solids
deposition mechanism), and noting that rm/rW ¼ S4þ1�4, an
equation for the concentration 4*, corresponding to the absolute
minimum of the Umin(4) envelope, is found:
Fig. 2. Critical value of the solids volume concentration, 4*, for which the deposit
velocity (augmented by a factor kd ¼ 2) equals the laminar-turbulent transition velocity
(Eq. (13)), multiplied by kt ¼ 2, for S ¼ 4.2 4ss, in terms of the dimensionless number
P (15). The model parameters are defined as bh ¼ 2, by ¼ 2, at ¼ 26, bt ¼ 1/2, ad ¼ 0.59,
and bd ¼ 0.15.
ðSf� þ 1� f�Þa1� ðS� 1Þa2� � Pðfss � f�Þa3� ¼ 0; (13)
with:

a1� ¼ 1þ 2bd � bt (14a)

a2� ¼ bd þ
1
2

(14b)

a3� ¼ bh½2ðbt � bdÞ � 1� � bybt ; (14c)

and the dimensionless number P defined as:

P ¼ 1
Abd

ktat
kdad

�bsrWD2

m2

�bh� m

rWg1=2D3=2

�
1

f
bh½2ðbt�bdÞ�1�
ss

: (15)

Here, A ¼ 4=3gd350ðrW=mÞ2, obtained from rewriting the Archi-
medes number introduced in (10). Fig. 2 shows a set of solutions for
typical parameter values.
2.5. Simplified expressions for P0

The value obtained in (13) defines two alternative ways to write
the dimensionless number (5), depending whether it is the deposit
velocity or the laminar-turbulent transition velocity that which
needs to be considered. In either case, the new dimensionless
number P has the general form:

PzgJðf; SÞLbf G; (16)

where the form of the dimensionless function gJ and the
dimensionless numbers L and G depend on whether f is greater
than 4*. When 4<4* the minimum velocity is controlled by the
deposit velocity criterion (10), whence the dimensionless constant
g¼gd, J ¼ Jd, L ¼ Ld and G ¼ Gd with:

gd ¼ g0ðkdadÞ2�bf (17a)

Jdðf; SÞ ¼ ðSfþ 1� fÞa1d
1� f

�
fss

fss � f

�a2d
ðS� 1Þa3d (17b)

Ld ¼ 1
Abd

m

rWg1=2D3=2 (17c)

Gd ¼ A2bdgrW
cE
cW

L (17d)

with the exponents a1d, a2d and a3d defined as:

a1d ¼ 1� bf þ 2bd
	
2� bf



(18a)

a2d ¼ bh

h
bf � 2bd

	
2� bf


i
(18b)

a3d ¼
	
2� bf


�
bd þ

1
2

�
(18c)

and

g0 ¼ af
2εp

(19)



Fig. 3. The functions Jd (17b) and Jt (20b) in terms of the solids volume fraction, f,
assuming bh ¼ 2, by ¼ 2, at ¼ 26, bt ¼ 1/2, ad ¼ 0.59, and bd ¼ 0.15.

Fig. 4. Dependence of the dimensionless number P on the concentration (f) for
conditions resembling a L ¼ 200 km copper concentrate line (S ¼ 4.2, computed using
a 6-inch nominal diameter) and an iron concentrate pipeline (S ¼ 5, computed using a
18-inch nominal diameter) of the same length, with 4ss ¼ 0.47. (a) cE ¼ 50 USD/MWh
and cW ¼ 4 USD/m3; (b) cE ¼ 150 USD/MWh and cW ¼ 4 USD/m3; (c) cE ¼ 50 USD/MWh
and cW ¼ 0.5 USD/m3 and (d) cE ¼ 150 USD/MWh and cW ¼ 0.5 USD/m3. The model
parameters are defined as bh ¼ 2, by ¼ 2, at ¼ 26, bt ¼ 1/2, ad ¼ 0.59, bd ¼ 0.15, εp ¼ 0.7,
and kt ¼ kd ¼ 2.
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On the other hand, when the minimum velocity is controlled by
the laminar-turbulent transition (4�4*), the components of (16)
take the form:

gt ¼ g0ðktatÞ2�bf (20a)

Jtðf; SÞ ¼ ðSfþ 1� fÞa1tfa2t
ss

ð1� fÞðfss � fÞa3t (20b)

Lt ¼
 

m2

r2WD2bs
!bt

(20c)

Gt ¼
�
rWD2bs
m2

�2bt m2L
rWD3

cE
cW

; (20d)

with g0 given by (19) and

a1t ¼ bt

	
2� bf



� 1 (21a)

a2t ¼ 2
h
1� bt

	
2� bf


i
(21b)

a3t ¼ bybt

	
2� bf



: (21c)

In summary, the dimensionless numberP, given by (16) may be
roughly estimated following the steps as below:

1. Identify proper values of D, L, S, f, cE, cW, d50, bs, 4ss, and the
dimensionless model parameters bh, by, at, bt, ad, bd, and εp.

2. Solve (13) for 4* using (15), which may be evaluated with the
aforementioned input data.

3. If 4 < 4*, then evaluate P using (17), (18) and (19). If 4 � 4*,
evaluate P using (19), (20), and (21).

The dimensionless model parameters referred in the numeral 1
may be obtained either from the literature or from direct experi-
mental measurements when possible. Although the combined ef-
fect of inaccuracies in their identification may be a significant
source of uncertainty in the cost terms (Ihle et al., 2013), for very
large or small values of P, small uncertainties in them should not
lead to misleading results. This is not, however, the case for order 1
values of P, where errors on in the determination of input pa-
rameters might drive to erroneous conclusions.

3. Discussion

It is seen from the structure of (16), (17) and (20) that both
Ld and Lt depend in the same way on the frictional law, bf, but at
either regime the dimensionless number G depends only on the
form of the applicable minimum velocity criterion but not on the
pressure loss model parameters. While in Gd there is no diameter
term, i.e., the effect of particle deposition is only apparent when
coupled to the pressure loss model, in Gt there is a part of such
number which is independent of bf but dependent on the laminar-
turbulent transition parameter, bt. Choosing a reference number
bt ¼ 1/2, Gt becomes inversely proportional to the diameter.

Fig. 3 shows the structure ofJd andJt for the same parameters
used in the example depicted in Fig. 2. In Jd, where the deposit
velocity condition dominates, a local maximum is observed. This is
explained by the relative importance of the specific gravity of the
slurry, rm/rW ¼ S4þ1�4, and the slurry relative viscosity,
h=m ¼ ðfss=fss � fÞbh , where the growth rate of the former, drm/
rm¼ S�1/4(S�1)þ1 is positive but decreaseswith concentration to a
minimum value equal to S�1/4ss(S�1)þ1. In contrast, the negative
growth rate of the relative viscosity in terms of the concentration,
dh=h ¼ �1=ðfss � fÞbh , is small for small concentrations but be-
comes asymptotically large when f approaches 4ss. Differently, the
function Jt, which applies when the laminar-turbulent transition
controls the minimum velocity, is strongly controlled by the con-
centration through the viscosity, as UtwðSfþ 1� fÞðbt�1Þ=
ðfss � fÞbybtþð1�2btÞbhz1=ðSfþ 1� fÞ1=2ðfss � fÞ, the last relation
applying using typical parameters for the transition velocity, yield
stress and viscosity. For concentrations approaching 4ss, Jt grows
unboundedly. On the other hand, S, causing a decrease on Jt, have
slight effect on the resulting function. The structure of the functions
Jd and Jt has two key implications: for 4 < 4*, J has a moderate
dependence on the specific gravity of solids and is relatively insen-
sitive to concentration, whereas for 4 > 4* it is the volume fraction
that which mostly controls J.

The overall effect of concentration and energy-water unit costs
on the energy-water cost ratioPmay be exemplified for conditions
typical to copper and iron concentrates. Fig. 4 shows the effect of



Table 1
Example of the effect of local conditions on values of the dimensionless parameterP
for conditions resembling typical Chilean (copper) and Brazilian (iron) concentrate
pipelines. The ranges for the energy costs for Chile and Brazil are obtained from
Sofofa (2013) and ANEEL (2013), respectively. Likewise, for water costs, Ihle (2013,
and references therein) and Asad (1999) have been considered. The parameters 4ss,
bt, ad, bd, εp, kt and kd are those referred in Fig. 5.

Case Copper concentrate pipeline Iron concentrate pipeline

S ¼ 4.2, D ¼ 8 in, L ¼ 100 km S ¼ 5, D ¼ 20 in, L ¼ 300 km

cE cW P cE cW P

(USD/MWh) (USD/m3) e (USD/MWh) (USD/m3) e

1 110 1 2.4 80 0.5 10.3
2 150 1 3.3 120 0.5 15.4
3 110 2 1.2 80 0.75 6.9
4 150 2 1.7 120 0.75 10.3
5 110 4 0.6 80 1.0 5.1
6 150 4 0.8 120 1.0 7.7
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four different combinations of cE and cW. The present model shows
that for the copper concentrate line and volume fractions close to
0.35, P is mostly controlled by the laminar-turbulent transition
value, corresponding to that at the right of the abrupt change on the
curve. Differently, around the same concentration the values of P
for iron concentrate are rather controlled by the deposit velocity
values.

Fig. 4 suggests that the effect of the different combinations of
energy and water unit costs might cause widely different trends
regarding whether it is water (set of curves (a), low to moderate
concentrations) or energy (set of curves (d)) that which controls the
cost relationP. A sort of intermediate situation is found when both
components are similarly important, depending on the concen-
tration and the value of S, as depicted in curves (a) and (b). Even
narrowing the concentration range to represent typical operational
conditions, the result is similar. This is shown in Fig. 5, where both
for copper and iron concentrate lines very low and high values ofP,
corresponding to the prevalence of water and energy costs,
respectively, were found.

The results shown in Fig. 5, although do not replace an in-depth
optimization analysis to seek for best operational scenarios and/or
infrastructure in terms of water and energy costs, give valuable
insight to map cost drivers in different locations with distinct re-
alities and operational requirements. Consider as an example the
evaluation of two concentrate pipeline projects in two different
location, say Chile (copper, with S z 4.2) and Brazil (iron, with
S z 5). Even assuming similarities in transport characteristics (e.g
4 ¼ 0.29, a close-to-typical value for solids volume fraction and
similar slurry parameters), tonnages dand thus diametersd, and
total lengths differ. While Chilean concentrate pipelines commonly
cross the country (i.e. span lengths between 100 and 200 km
depending on the location) with nominal diameters between 6 and
9 inches, Brazilian ones may exceed 300 km with nominal di-
ameters above 20 inches (see, e.g., the recent expansion of the
300 km Samarco pipeline and the 525 km long Minas Rio transport
system; Jacobs, 1991; Betinol and Jaime, 2004; Silva et al., 2009;
Correa et al., 2011). On the other hand, water and energy costs
differ between both countries. While in Chile the mining sector
faces the need to produce copper with high energy costs, a fact that
Fig. 5. Dependence of the dimensionless number P on the dimensionless group Lbf G,
built upon various operational and geometric conditions. The squares represent a
typical copper concentrate situation (S ¼ 4.2), whereas the circles, an iron concentrate
(S ¼ 5), with 4ss ¼ 0.47. All possible combinations of the following input parameters
have been considered: 4 ¼ 0.28, 0.3 and 0.32; cE ¼ 30, 75 and 150 USD/MWh; cW ¼ 0.5,
2 and 4 USD/m3; L ¼ 10, 100 and 300 km; Dcopper conc. ¼ 6, 8 and 10 inches (nominal),
and Diron conc. ¼ 16, 18 and 20 inches (nominal). The model parameters are defined as
bh ¼ 2, by ¼ 2, at ¼ 26, bt ¼ 1/2, ad ¼ 0.59, bd ¼ 0.15, εp ¼ 0.7, and kt ¼ kd ¼ 2.
partially affects the cost of water through the requirement of
desalination and transportation from sea level to the Andes
Mountains where the plants are commonly located, Brazil has
lower water costs. Assuming the slurry properties dexcept the
specific gravity of solids, pipeline lengths and diametersd and the
model parameters used in Fig. 5, Table 1 shows the result of the
application of the present methodology to assess the water/energy
cost ratio as indicated earlier. Although present Chilean and Bra-
zilian energy costs are not substantially different, Brazilian water is
significantly less expensive. It is observed that the combined effect
of larger tube lengths in iron ore lines and a more accessible water
resource than in Chile makes comparatively more important the
contribution of energy in light of the present results. In particular,
the resulting value ofP in the Brazilian context appears to be on the
order of 10, thus suggesting that it is energy rather than water
consumption the main cost driver. On the other hand, in Chile,P is
rather close to 1, therefore implying that water and energy have a
somewhat similar weight. Given the present data sources, this is
not surprising when noting that an important part of the structure
of the water cost is the cost of the energy required both for
pumping and filteringdat least when the unit cost raise towards 4
USD/m3d. An outcome of the present result is that optimal oper-
ational conditions in the Chilean example needs to be computed
out of a formulation involving the cost of water, whereas in the
Brazilian case if unit costs were well-defined da thing that is not
necessarily trued an energy efficiency approach disregarding wa-
ter costs (Wu et al., 2010; Ihle and Tamburrino, 2012c) might give a
good picture of the best choice of the flow rate, the solids con-
centration and the pipeline utilization ratio, given the plant
throughput objective.

The hypothetical situation depicted herein shows that hydraulic
similarities do not necessarily imply that ore concentrate pipelines
in different locations will have a similar impact regarding energy
andwater consumption. A key element that may limit the uptake of
the present approach is, however, the ability to make a proper
definition of the unit costs cE and cW. We have based our cost def-
initions solely on reference market values. A next challenge would
be to find adequate values for an overall social water (McKinney,
1988) and energy cost (Viscusi et al., 1994; Söderholm and
Sundqvist, 2003; Roth and Ambs, 2004), thus giving P a broader
significance.

Another implication of the present proposed dimensionless
number is the potential to directly evaluate different water-energy
relative cost scenarios through different possibilities involving the
pipeline path dthus impacting the total tube length Ld, as shown
in (17d) and (20d).
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4. Conclusions

It has been shown that the dimensionless number P, repre-
senting the energy-water cost ratio, exposes the widely different
conditions that different locations may imply. The form of the
dimensionless number depends on whether the minimum trans-
port velocity is conditioned by the solids deposition mechanism or
by the laminar-turbulent transition. Regardless the particular
choice of the expression for the dimensionless numbers L, G and
J(4,S), it has been identified that at typical transport concentra-
tions the deposit mechanism tends to be stronger in iron concen-
trate lines whereas the laminar-turbulent transition is a stronger
conditioner for P in copper concentrate pipelines. Overall, P may
span several orders of magnitude, which somehow poses the val-
idity of the challenge to integrate economics, environmental vari-
ables and systemhydraulics for the next generation of long distance
transport systems. An adequate use of the parameter is bonded to
the need of a reasonable identification of water and energy costs.
Critical to this purpose is to assess the impact of extra-economical
variables which if were not considered, would yield to misleading
conclusions.
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List of symbols

a constant
A dimensionless number
Ar Archimedes number
c unit cost
D pipeline internal diameter
e exponent in Darby (2001) model
E energy consumption (Eq. (3))
f Darcy friction factor
Fr Froude number
k design constant for minimum velocity
K energy dissipation constant
_m dry solids flow
p pressure
Q flow rate
Re Reynolds number
P dimensionless number (Eq. (15))
S specific gravity of solids
T time per period
u horizontal component of velocity
W water consumption (volume/period)

Greek letters
a prefactor
b exponent
g constant
˛ efficiency of pumping system
l pipeline utilization fraction
m liquid dynamic viscosity
h Bingham plastic viscosity
f solids volume fraction
P dimensionless number (Eq. (16))
J dimensionless number (Eqs. (17b) and (20b))
r density
s shear stressbs yield stress prefactor (Eq. (8))
U cost function

Subscripts
0 general definition
50 median size
* transitional regime value
c critical condition
d deposit condition
E related to energy
l liquid
lam laminar flow
m slurry (solideliquid mixture)
min minimum condition
p pumping system
ss loose packing (settled solids) condition
t laminar-turbulent transition condition
turb turbulent flow
W related to water
y yield (applied to the concept of yield stress)
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