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Featured Application

This study develops an advanced computational fluid dynamics (CFD)-based analysis
framework to investigate flow dynamics of the CPB and the wear conditions of the pipeline,
which considers the slip layer and shear-induced particle migration inside pipes. It provides
a robust predictive tool for optimising CPB pipeline design and operating conditions in the
mining industry.

Abstract

Cemented paste backfill (CPB) is widely used in mining operations to enhance under-
ground stope stability, production, and safety. Accurately predicting paste flow behaviours
in backfill reticulation circuits is crucial for efficient delivery control and asset longevity.
However, the predictions remain challenging due to complex rheology and flow-induced
particle heterogeneities of CPB. This study develops a computational fluid dynamics (CFD)-
based analysis framework to investigate flow dynamics of the CPB and the wear conditions
of the pipes, considering slip layer and shear-induced particle migration. Experimental
loop tests are conducted to measure pressure drops of CPB at different velocities, providing
data for validating the developed CFD model. Simulation results are in good agreement
with the measured pressure drops and wear rates of the internal pipeline wall. Further-
more, comparisons with existing models indicate that the developed model provides more
accurate predictions. Microscopical analyses reveal that shear-induced particle migration
leads to the formation of a distinct plug flow region, with particles accumulating near the
unyielded boundary. Meanwhile, a low particle concentration near the pipe wall reduces
local viscosity and pressure drop. Parametric studies reveal that increased flow velocity
and reduced pipe diameter significantly elevate both pressure drop and wear rate, while
higher solid concentrations induce nonlinear rheological effects.

Keywords: cemented paste backfill (CPB); computational fluid dynamics (CFD); reticulation
system; shear-induced particle migration; pressure drop analysis; pipe wear

1. Introduction

Backfilling in underground mining involves filling excavated voids or stopes to en-
hance ground stability and minimise surface subsidence. It also mitigates environmental
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risks by reducing land disturbance and preventing the spread of contaminants into sur-
rounding ecosystems. Commonly used backfill materials include waste rocks, tailings, or
cement-based binders, which provide mechanical support to surrounding rock masses.
Efficient delivery of backfill to underground operations is facilitated through a system of
reticulation circuits, transporting materials from surface processing facilities or storage
locations to target areas [1]. The design of these delivery systems requires careful consider-
ations of material properties, flow conditions, and operational efficiency to minimise costs,
ensure safety, and support sustainable mining practices.

Effective management of the cemented paste backfill (CPB) flow in pipelines is the
most critical concern, as it directly impacts the durability and efficiency of backfill delivery
systems. CPB circuits often involve significant elevation changes. The CPB would descend
at high velocity and affect the vertical casing intensively [1,2]. The abrasive components in
CPB, such as fine particles, waste rock, or tailings, accelerate pipeline wear over time [3-6].
To mitigate this issue, operators adjust the head height of the pastefill line to minimise
freefall and uncontrolled velocity while still generating a controlled vacuum at the borehole
top to facilitate CPB intake when direct pumping is unavailable. Achieving this balance
requires precise control of rheology, flow velocity, and pressure. Therefore, accurately
predicting CPB flow behaviour and pipe wear conditions is essential for enhancing the
safety, reliability, and operational efficiency of CPB delivery systems.

To efficiently estimate the CPB flow behaviours in pipelines, various empirical and
analytical models have been developed in the literature [7-9]. These models rely heavily
on the accurate measurement of key rheological parameters, such as viscosity and yield
stress, which are typically obtained using a rotational viscometer. However, due to its
complex composition, CPB exhibits different rheological behaviour when flowing through
pipelines compared to when sheared in viscometers [10]. This often leads to significant
deviations when viscometer-measured parameters are used to predict pipeline pressure
drops [9]. Therefore, loop tests are commonly performed to directly measure rheological
parameters under pipeline-like conditions, providing more accurate data for analytical
models [8]. These tests typically involve a closed-circuit pipeline system equipped with
pumps, flow meters, and pressure sensors to assess flow behaviour. Advanced loop system
features industry-scale pipe diameters (exceeding 100 mm), slopes, and bends, which
better simulate the real delivery conditions at mine sites [11]. However, loop tests are
labour-intensive and require large quantities of raw materials, which significantly increases
their complexity and cost.

In recent years, numerical modelling has been employed as a more efficient alternative
to loop tests for predicting CPB flow behaviour [12,13]. However, the inherent complexity
of CPB rheology presents significant challenges in achieving accurate predictions. To
fulfil strength and load-bearing capacity requirements [14,15], CPB is typically formulated
with a high solid mass concentration (exceeding 70%). This high concentration results in
characteristic features of dense solid dispersions, such as high yield stress, shear-thinning,
and thixotropy [16-18]. In some cases, plasticisers are added to ensure sufficient flowability
without compromising the targeted cured strength, further complicating CPB’s rheological
properties. The rheological behaviour of CPB can be incorporated into numerical models
by introducing rheological models to describe its shear response, such as the Herschel-
Bulkley (H-B) and the thixotropic models [19]. Some advanced models also account for
temperature-dependent rheology properties to achieve more accurate predictions [20].
These models allow for an accurate representation of the relationship between shear stress
and shear rate, enabling the model to capture the complex flow behaviour of CPB under
varying conditions.
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A key limitation of existing models is the assumption that CPB behaves as a ho-
mogeneous medium during pipeline transport. In practice, the particle distribution and
rheological properties of CPB within the pipe cross-section are highly heterogeneous. These
heterogeneities arise from shear-induced particle migration and wall effects under confined
flow conditions, which lead to non-uniform particle concentrations and spatially varying
rheology. Shear-induced particle migration drives particles away from the pipe wall to the
pipe centre [21,22], while the presence of the wall inhibits particle accumulation, leading
to lower packing density near the wall compared to bulk material [23]. These factors
contribute to the formation of a distinct slip layer at the interface between the pipe wall
and the main CPB flow. Particle Image Velocimetry (PIV) measurements of CPB flow in
transparent pipes revealed that the presence of a slip layer leads to an abrupt increase in
flow velocity near the pipe wall [24]. Recent studies show that incorporating the wall slip
effects into numerical models has significantly improved the accuracy of pressure drop
predictions [25]. In addition to the slip layer, shear-induced particle migration also affects
particle distribution within the bulk material, leading to variations in local rheology across
the pipe cross-section [26]. These particle heterogeneities introduce additional complexity
in modelling the flow behaviour of CPB, a challenge that has not yet been addressed thor-
oughly. Overcoming this requires the development of more robust numerical models that
incorporate particulate flow dynamics and other complex interactions within CPB systems.

In this study, a novel advanced computational fluid dynamics (CFD)-based numerical
analysis framework is developed to predict the flow behaviours of CPB in pipelines,
accounting for both wall slip layer and particle heterogeneities resulting from shear-induced
particle migration. The predicted flow field is then used to estimate the pressure-flow rate
relationship and pipe wear rate, both critical factors in industrial operations. Experimental
loop tests are conducted to examine the pressure drop—flow velocity relationship of CPB
with varying solid concentrations. The developed numerical model is then validated
using the loop test results and existing literature data. Subsequently, particulate flow
dynamics in CPB pipelines are explored, and parametric studies are conducted to provide
practical guidelines for optimising CPB delivery operations. The paper is outlined with
five main sections. Sections 2 and 3 present details of numerical and experimental methods,
respectively. In the numerical methods, an advanced CFD model is developed, which
considers particle migration and wall slip to accurately predict flow behaviour, pressure
drop, and pipe wear under various operating conditions. In the experimental methods, both
rheology tests and loop tests are used to determine the rheological and flow behaviours of
CPB mixtures. Section 4 validates the developed CFD models by comparing the numerical
results to the experimental data obtained. A parametric study is conducted in Section 5
to correlate the key factors and flow behaviours for design optimisation. In Section 6,
conclusions are drawn based on the research findings and outcomes.

2. Numerical Modelling Method

This section outlines the numerical framework developed to simulate CPB flow be-
haviour in pipelines. The model integrates fluid dynamics, particle migration, and wall slip
effects to accurately predict flow behaviour, pressure drop, and pipe wear under various
operating conditions.

2.1. Fluid Dynamics

In this numerical framework, the backfill is considered as a continuous suspension. Its
fluid dynamic follows the continuity equation,

V-u=0, )
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and the momentum conservation equation,
Ju
Y E—l—qu =-Vp+V. -1t+pg, )

where u is the fluid velocity, p is the fluid density, p is the pressure, T is the stress tensor,
and g is the body force, respectively.
The Bingham model [27] is adopted to describe the flow behaviour of the backfill:

0
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where 1, is the plastic viscosity, Ty is the yield stress threshold, 1 is the yield stress, T is
the stress tensor, and D is the rate of deformation tensor, respectively. The shear rate 7 can

be represented as the magnitude of the rate of deformation tensor, 7 = 4/3(D : D).
Considering the inhomogeneous distribution of the particle concentration, the rheol-
ogy of the suspension is described using the Krieger model [28]:

U= ,uO( — gbi)*[ﬂ](l’m, (4)

m

where ¢, is the maximum packing density of the particles, uj is the viscosity of the
pure solvent (suspending medium), and [#] is the intrinsic viscosity, which indicates how
individual particles affect the viscosity of the suspension. The yield stress of CPB is related
to the concentration of the solid particles by using the Chateau-Ovarlez-Trung model [29]:

®)

where 1 is the yield stress of suspending fluid, and [ 7] is the coefficient similar to intrinsic
viscosity. Both the Krieger model and the Chateau-Ovarlez-Trung model have been widely
applied to predict the viscosity and yield stress in suspensions with high particle concentrations.

2.2. Shear-Induced Particle Migration

The Diffusion Flux Model (DFM) predicts shear-induced particle migration in con-
centrated suspensions by describing particle motion due to diffusive fluxes driven by
gradients in particle concentration, shear rate, and viscosity [22,30]. As a continuum-based
modelling framework, it is particularly suitable for fine-particle slurry systems, where
particle-resolved methods are computationally impractical [31]. The total particle flux J
is expressed as the sum of contributions from particle collision-induced diffusion J, and
viscosity gradient induced diffusion Yy such that] =J, + Jy The first term J. accounts
for particle motion due to concentration gradients, and the shear-induced flux arises from
hydrodynamic interactions driven by shear rate gradients, and it can be given as follows:

Jo = —Kea? (¢2V7 + 97V ®)

where a is the particle diameter and K. is an empirical coefficient in the order of O(1).
The second term J,, represents the resistance on the particles due to the inhomogeneous
distribution of viscosity, given as the following:

: d
1, = Kyt e %

where Kj; is the empirical coefficient like K.. The Lagrangian derivative of the particle
concentration is expressed as the divergence of the total flux:
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D¢
Dr= VI (8)
This model provides a robust framework for predicting non-uniform particle dis-
tributions in flow fields and has been widely applied in processes such as extrusion,
microfluidics, and suspension-based manufacturing [32,33]. It should be noted that the
above model was first developed to predict the particle migration behaviour in a Newto-
nian fluid. While several studies extended its application to yield stress materials [26,34],
further experimental justifications of the assumption are needed in future work.

2.3. Wall Slip Effect

In addition to the shear-induced particle migration, the wall effects also change the
particle distribution, especially in the near wall area. The influence area is related to the
particle size and particle concentration, and the thickness of the slip layer J is expressed as
the following [35]:

S Poun
D, m

where ¢y,x is the cross-section-averaged solid concentration and D), is the harmonic mean

©)

diameter of the suspended particles calculated from the particle size distribution (PSD)

-1
D, = (2 g) (10)

where d; and f; denote the particle diameter and its corresponding volume fraction, respec-

as follows:

tively. The slip layer is assumed to be the binder fluid containing a few particles, which
exhibit much higher flowability than the bulk suspension. Due to the low viscosity and
yield stress of the slip layer, the local velocity increases abruptly over a limited distance
from the wall. This so-called “apparent slip” phenomena can be simplified as a slip velocity
s at the confining walls, which can be expressed as follows [36]:

vs = 0 (11)

Nslip

where Ty, is the wall shear stress, and 7, is the viscosity of the slip layer. Despite this
simplification, it is important to distinguish the wall slip effect in CPB from the true slip
phenomena, where the fluid physically slips at the boundary of a solid surface [37]. The
slip velocity formulation adopted in Equation (11) corresponds to a Navier-type slip model.
It has been used in both laboratory-scale and full-scale CPB pipeline studies and has been
shown to provide reliable predictions without requiring recalibration when pipe diameter
changes [7,38]. Therefore, the present formulation was considered suitable for application
across different pipe scales.

2.4. Wear Prediction

The wear of the pipeline surface caused by particulate flow in the backfill delivery
systems is a complex phenomenon. In laminar pipe flow, sliding abrasion is the primary
mechanism of material loss, while particle impact erosion can be neglected due to the flow
characteristics and particle behaviour. In this regime, fluid motion is smooth and orderly,
causing particles to follow streamlines closely and slide along the pipe wall rather than
impacting at high angles. Surface material removal is driven by the abrasive action of
particles under shear flow conditions, with the abrasive wear rate Ej,4si. dependent on
the wall shear stress, particle sliding velocity, and the mechanical properties of both the
abrasive particles and the wearing surface [39]:
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Vs,
Eabmsive = sz¢w (12)
sp

where Ty, is the wall shear stress, V; is the sliding velocity of particles, ¢, is the particle
concentration around the wall, and Es), is the empirically determined specific energy of the
material, representing its resistance to erosion.

2.5. Model Implementation for CPB Pipe Flow

For fully developed CPB flow in the pipeline, the momentum conservation and DFM
equations in cylindrical coordinates are expressed as follows:

dp 1d _
E_;drUTrz) =0, (13)
and d ¥ .9 9
9 _ o 2p (6227 502 L 2K g2 10N 99
o = VRN T ) TR Sy | (14

The particle flow is subjected to the boundary condition at the wall, the particle flux
through the wall is zero, and the flow velocity at the wall equals the slip velocity:

Jn=0and u=vs; at r = R. (15)

The gradient of velocity is zero due to the symmetry:

Z—::Oatr:& (16)
To determine the slip velocity vs using Equation (11), the slip layer is considered as
the binder fluid, i.e., water, which has a viscosity 775;, = 0.001 Pa-s. At the initial state, the

particle distribution is assumed to be homogenous across the pipe section, i.e.,

(p:(poforOgrgRatt:OandZ—l:zoatr:O (17)

where ¢ is the initial particle concentration. As shown in Figure 1, by discretising the pipe
spatially in the radial direction, the integral form of Equation (14) at time step ¢ can be
written as follows:

e T Y A 200 BT D

j 1
2 2

¢, 1) @(r,t + Ar)

4
Integral’ |

region L'

To

to

Figure 1. The schematic of the discretisation of the geometrical model of pipe flow, with the spatial
and temporal distribution of the particle concentration profile.
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Using a Crank-Nicolson finite difference scheme, Equation (18) can be finally written
in the following form:
K ¢t+At —F (19)

where K and F are matrices related to the particle concentration profile at the last step ¢*,
respectively. More information can be found in the literature [40].

Figure 2 provides an overview of the numerical framework. The model inputs include
particle concentration, particle size, maximum particle packing density, rheological coef-
ficients, and flow conditions such as flow velocity and pipe diameter. At each timestep,
the spatial distributions of particle concentration, viscosity, and shear rate are updated
iteratively until the fluxes J. and J,, achieve equilibrium. Once particle migration reaches a
steady state, the flow velocity profile is computed to generate the pressure-flow rate (P-Q)
curve. Finally, the shear stress, particle velocity, and particle concentration at the wall are
acquired to estimate the pipe wall abrasion rate based on Equation (12).

Input: particle information ¢g, @, Ppax . Dy
slurry information [n], o, [], To
flow boundary condition O, R

particle concentration ¢ (r+A4¢)
update

I

Rheology p(r;, t+A4r) update

)

Pressure P(t+4¢) update

P converged ?

Output: particle concentration ¢(r), flow
velocity profile V(r), pressure P

P-Q curve prediction Pipe wear prediction
ﬁ: low rates \ Extraction of near
wall flow field

!

[ Eabrasive = Espvsrw(.bw

>

\ Pressure /

Figure 2. The flowchart for the numerical framework, including the input parameters, iteration

algorithm, and outputs of the model.
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3. Experimental Method

This section describes the experimental methods and setups used to investigate the
rheological and flow behaviours of CPB. Rheology measurements and loop tests provide
critical data for validating the numerical model and understanding the CPB rheology and
pipeline flow dynamics.

3.1. Raw Materials and CPB Preparation

The tailings used in this work were sourced from a mining site in Australia, which are
zinc tailings from the cyclone underflow of the flotation process. The solid specific gravity of
the underflow tailings was measured to be 4.06 g/cm?. The particle size distribution of the
tailings is shown in Figure 3, characterised by Dgg = 38 um, D5p = 16.8 pm, and Dyp = 5 pm,
indicating a fine-grained material composition. The mean diameter and harmonic mean
diameter were calculated to be 22.44 pm and 8.97 um, respectively.

100 —
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S 80d
(0]

(®)]

@

8
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()]

o

(0]

=
540—
>

€

-

O 4.
o—— 7777
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Particle size (um)

Figure 3. Particle sizing distribution for the underflow of Stockman zinc tailings.

CPB was prepared with solid contents of 66.3%, 74.8%, 77.6%, and 80.8%, correspond-
ing to particle concentrations of 0.326, 0.422, 0.46, and 0.509, respectively. Solid contents
above 80.8% were not considered, as the CPB becomes excessively stiff with very poor
flowability, making stable pipeline transport impractical. In all cases, 4 wt.% of the to-
tal solid content was substituted with Ordinary Portland Cement (OPC) to serve as the
binder addition.

3.2. Loop Test

The experimental loop test was conducted using a laboratory-scale pipeline with an
internal diameter of 10.8 mm. The system consisted of a variable-speed metering pump,
HDPE (high-density polyethylene) pipelines, and precision pressure transducers. The
tailings were mixed with water to form an initial slurry for testing at the lower range
of the designed solid contents. After each test, additional tailings were incrementally
added to increase the solid contents up to 80.8%. Once loaded into the loop, the sample
was pumped for five minutes to ensure homogeneous mixing. Pressure loss measure-
ments were recorded for each sample at flow velocities ranging from 0.2 to 1.1 m/s,

https:/ /doi.org/10.3390/app16031217
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providing data to analyse the relationship between pressure loss and the flow velocity for
different slurries.

3.3. Rheology Test

In this study, the rheological properties of the CPB were evaluated using a Brookfield
R/S+ Rheometer. The viscometer was operated at a controlled temperature of 28 °C. The
shear procedure involved a pre-shear phase followed by a down-ramp phase. In the
pre-share phase, the sample was subjected to a stepwise increase in shear rate, reaching
100 s~! within 30 s, to disrupt particle agglomerates and ensure a homogeneous dispersion.
After pre-shearing, in the down-ramp phase, the shear rate was gradually decreased from
100 s~ to 0.1 s7! over a period of 30 s. During the down-ramp phase, the torque required
to rotate the vane was continuously measured, and the corresponding shear stress and
shear rate were calculated. A linear regression was performed on the shear stress versus
shear rate curve. The slope of the resulting line corresponds to the plastic viscosity, and the
y-intercept represents the yield stress.

4. Validation of the Developed CFD Model

This section presents the measured critical rheological parameters, which serve as
inputs for the model, and validate the numerical model by comparing the simulated results
with experimental data and existing models. The validation process highlights the model’s
ability to capture complex rheological behaviour and flow dynamics of CPB, ensuring
reliable pressure drop and wear rate estimations.

4.1. Determination of Input Rheological Parameters

The measured viscosity and yield stress of the slurry mixtures are presented in
Figure 4a,b. The results focus on slurries with particle concentrations ranging from
0.326 to 0.46, as higher concentrations (i.e., 0.509) exceed the measurement capabilities of
the rheometer. Both viscosity and yield stress exhibit significant increases with higher ag-
gregate volume fractions. This trend is attributed to the higher probability of inter-particle
collisions and interactions as particle concentration rises. These interactions promote the
formation of particle clusters, which restrict fluid movement and increase the viscosity of
the suspension.

The viscosity and yield stress variations in CPB were analysed using two established
rheological models: the Krieger model for viscosity and the Chateau-Ovarlez-Trung model
for yield stress. The strong agreement between the experimental data and model predictions
demonstrates these models’ effectiveness in describing the relationship between particle
concentration and the rheological behaviour of CPB. Despite the absence of one data point,
the curve fitting reliably determines the critical parameters in Equation (4), which will
serve as input for the numerical framework.

4.2. Mesh Convergence Test

A mesh sensitivity study was conducted to determine the optimal grid resolution for
numerical simulations. The numerical simulation was configured based on the experimen-
tal setup materials used in the loop test, with a particle concentration of 46% and a flow
velocity of 1 m/s. The fully developed velocity profile of the slurry flow was modelled
using three different mesh configurations, varying the number of computational elements
from 500 to 1500. As shown in Figure 5, the numerical velocity profiles for the three cases
demonstrate close agreement, with the variation in the maximum velocity remaining below
0.2%. The pressure drop was also found to converge at 1000 intervals. Therefore, the mesh
with 1000 intervals was adopted for all subsequent simulations.
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Figure 4. (a) The measured viscosity of CPBs with different particle concentrations and fitting curve
by the Krieger model, and (b) the measured yield stress of CPBs with different particle concentrations
and fitting curve by the Chateau-Ovarlez-Trung model.
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Figure 5. Velocity profiles of CPB flow with a particle concentration of 46% and a flow velocity of
1 m/s for CFD mesh resolutions ranging from 500 to 1500 intervals.

4.3. Pressure Prediction

Figure 6 illustrates the comparison between the experimental and numerical pressure
drops of slurries at different flow velocities. The mean relative deviation was calculated
by averaging the absolute percentage differences between experimental measurements
and numerical predictions for each slurry, ranging from 7% to 17%. Notably, although
the rheological parameters for the slurry with ¢ = 50.9% exceed the measurement limits
of the viscometer, making them unavailable as direct model inputs, its pressure-velocity
relationship was still captured with a high degree of accuracy. This is attributed to the
incorporation of the Krieger model into the numerical framework, which allows reliable
extrapolation of flow behaviours across a wide range of solid concentrations based on
rheological measurements from a limited set of calibration cases. The accuracy of the
pressure prediction can be further improved by incorporating additional experimental
data at different solid concentrations to construct a more accurate rheological curve for the
inputs of the numerical model.

To further evaluate the performance of the proposed model, it was compared with the
wall slip model introduced in [7,38]. These two studies provide both full-scale experimental
measurements and corresponding predictions obtained using a wall slip formulation. The
experimental configurations adopted in the full-scale tests are summarised in Table 1. The
wall slip model, developed based on the Buckingham model, incorporates a correction
parameter associated with the properties of the slip layer. Figure 7a and Figure 7b illustrate
the pressure predictions from different models, using iron tailings slurry data from Wang
etal. [7] and cemented copper tailings slurry data from Liu [38], respectively. The prediction
of the wall slip model, as shown in Figure 7, may differ from the numerical results in [7,38]
due to variations in the estimation of slip layer thickness. While studies in [7,38] used
the mean particle diameter in their calculations of Equation (9), this study employed the
harmonic mean diameter, which follows the definition of the original formulation in [35].
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Figure 6. The comparison between the numerical and experimental pressure drops of slurries under
different flow velocities.

Table 1. The experimental setup in the full-scale test from the literature [7,38].

Material Pipe ID (mm) Volume Fraction (%) Velocity (m/s)
Iron Tailings Paste [7] 100 47.7,50.3, 53.2 0.7-1.3
Cemented CopperTailings Paste [38] 150 46.2,47.6,48.8 0.4-1.0

The results demonstrate that the wall slip model tends to overpredict the pressure
drop, indicating its limitation in fully capturing the flow behaviour of CPB pipelines. In
contrast, the proposed model, which accounts for both wall slip and shear-induced particle
heterogeneities, provides more accurate predictions when compared to experimental data.
Compared to the wall slip model, the proposed model reduces the average prediction errors
from 15% to 10% for iron tailings slurry [7] and from 24.3% to 5.3% for cemented copper
tailings slurry [38]. This good agreement with the full-scale test confirms the applicability
of the present model to industrial-scale CPB pipeline systems.

To ensure a consistent basis for comparison, the same wall slip parameters were used
in both models to ensure a consistent basis for comparison, such that the observed improve-
ment can be attributed to the inclusion of shear-induced particle migration. In the present
study, a constant empirical value of K./Kj; = 0.66 was adopted for all cases, which provides
good agreement with the available experimental data. This ratio governs the extension
of shear-induced particle migration, with larger values corresponding to more efficient
migration and a greater reduction in pressure loss. While this value provided a reasonable
representation for the CPB system considered here, slight variations in K./ Kj; may existed
among different particulate suspensions due to differences in particle properties and inter-
action mechanisms. This parameter can be further refined for a specific material to improve
the predictive accuracy of the devised numerical model.
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models for (a) iron tailings slurry [7] and (b) cemented copper tailings slurry [38].

4.4. Wear Prediction

The validation in Sections 4.2 and 4.3 demonstrates that the proposed model outper-

Figure 7. Comparison of experimental data with predictions using the current and the wall slip

forms the existing model, providing a more reliable prediction of pressure drop in the
pipeline. In this section, the accuracy of the model’s wear prediction is validated against
the experimental study conducted by Steward and Spearing [41], which investigates the
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wear of steel pipelines under varying conditions of slurry relative density p,, pipe diameter
D, and flow velocity v. It is important to note that the rheological parameters were not
provided in Steward’s study [41]. Therefore, the input rheological parameters, such as
[7] and po, were determined using an optimisation algorithm to best fit the experimental
pressure—velocity relationship across all test scenarios in [41]. This approach is supported
by the validated pressure predictions, which have been confirmed through loop test experi-
ments and existing literature data. As shown in Equation (12), the key parameter in the
wear model is the specific energy Es,, which is strongly linked to material properties and
wear conditions. Based on relevant studies on slurry erosion in steel pipes [42], E, is set to
2 x 1011 J/m3.

Figure 8 presents a comparison between the experimental and numerical wear rates
of the pipeline under different conditions of relative density, pipe diameter, and flow
velocity. The results from [41] are presented in a unit of um/t, representing micrometre
loss per ton of solid mass flow through the pipe. For consistency with the unit of the
Eprasive in Equation (12), these values are converted to units of m/s, which indicate the
loss of meter thickness of the pipe wall per second of flow. The comparison reveals a
strong agreement between experimental results and numerical predictions, except for a few
cases with low relative density and high flow velocity. This deviation is attributed to the
transition from laminar to turbulent flow in the pipe, which occurs at high velocity and low
solid particle content. In turbulent flow, random particle impingement on the pipe wall
becomes significant, exceeding the basic assumption of the model that particles slide along
the wall. Despite the deviations observed in these specific cases, the prediction of wear rate
by this model remains reliable.

%107
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Figure 8. The comparison between the numerical wear rates and Steward’s experimental results [41]
for the pipeline under varying conditions of relative density, pipe diameter, and flow velocity.

5. Parametric Study
5.1. Flow Characteristics

After validating the model, a full-scale simulation of pipe flow was conducted to in-
vestigate how flow heterogeneities influence the dynamic behaviour of CPB in an industrial
pipeline system. The pipe flow of CPB with a 48% solid particle concentration from Liu’s
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work [38] is analysed numerically based on the full-scale validation presented in Section 4.3.
The modelled pipeline has a diameter of 150 mm and a flow velocity of 2 m/s. Figure 9a
shows the evolution of the particle concentration profile along the pipe radius. Initially,

the CPB enters the pipe as a homogeneous mixture, with a uniform particle concentration

across the cross-section. As the flow develops, particles begin to migrate from the pipe

wall toward the centre. However, due to the high yield stress of CPB, a plug flow forms

near the pipe centre, where the material flows as an unyielded solid. This unyielded zone

inhibits further particle migration, leading to particle accumulation at the boundary of the

unyielded region.
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Figure 9. The evolution of (a) particle concentration profiles and (b) viscosity profiles along the pipe

radius with the flow time.
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Pressure

The local rheology of CPB is significantly affected by particle heterogeneities, as
viscosity is strongly correlated with particle concentration. As shown in Figure 9b, the local
viscosity near the pipe wall decreases, while the viscosity near the unyielded boundary
increases. Given that the shear stress near the pipe wall is much higher than in the unyielded
boundary region, this change in the viscosity profile reduces the pressure drop required to
maintain the same flow rate. The reduced pressure drop then causes the unyielded zone to
expand, as the radius of the unyielded zone is linearly related to the pressure drop. This
explains the observed drift of the unyielded boundary toward the pipe wall on Figure 9a.
As particle migration progresses, the particle concentration at the unyielded boundary
gradually approaches the maximum packing density, ¢m. Once the flux driven by the shear
gradient, ], balances with the flux caused by viscosity inhomogeneities, J;, the system
reaches a steady state. At this point, both the particle concentration and viscosity profiles
stabilise, and no further changes in the flow behaviour are observed. A schematic of the
particle migration process and evolution of the particle concentration and viscosity profile
along the flow direction is given in Figure 10.

Shear stress

Particle migration

Initial viscosity profile s Steady viscosity profile ¢

max

o

Homogeneous Shear-induced Steady state Flow direction

distribution

particle migration

Figure 10. The schematic of the particle migration process and evolution of the particle concentration
and viscosity profile along the flow direction (The contour and profile curves are illustrative and do
not represent exact values).

Figure 11a and Figure 11b illustrate the evolution of the velocity profile and pres-
sure gradient over time. As particle migration progresses, the velocity gradient near the
boundary increases. Meanwhile, the maximum velocity within the pipe decreases due to
the rise in local viscosity near the pipe centre. To satisfy the inlet boundary condition of
a constant flow rate, the integral of the velocity profile, i.e., the area under the velocity
curve across the pipe radius, remains unchanged. As local viscosity within the yielded
zone decreases, the pressure gradient continues to drop to maintain this constant flow rate.
This reduction in pressure gradient leads to an expansion of the unyielded zone. These
observations align with findings from previous studies on Newtonian suspensions [43] and
Bingham suspensions [34].
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Figure 11. (a) Evolution of the velocity profile along the pipe radius over flow time, and (b) evolution
of the pressure drop in the pipeline over flow time.

It is important to note that the above-mentioned analysis assumes an ideal, con-
stant flow rate at the inlet. However, flow conditions in real backfill pipelines are far
more complex, particularly in gravity-driven backfill operations. These complex bound-
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ary conditions can significantly alter the velocity profile and pressure distribution along
the pipeline.

5.2. Effects of Pipe Diameter, Flow Velocity, and Solid Concentration on Flow Behaviours

Based on the flow characteristics presented in the previous section, a parametric
study was conducted to evaluate the effects of pipe diameter, flow velocity, and solid
concentration on particulate flow behaviours. The simulations were performed for seven
cases in total, as given in Table 2. Case 1, designated as the reference case, featured a
pipe diameter of 150 mm, a flow velocity of 2 m/s, and a solid concentration of 48%. In
Cases 2 and 3, the flow velocity was 1 m/s and 3 m/s, respectively, while maintaining the
same pipe diameter and solid concentration as the reference. Cases 4 and 5 explored pipe
diameters of 100 mm and 200 mm, while cases 6 and 7 adjusted solid concentration to 46%
and 50%, respectively. This systematic approach facilitates a comprehensive understanding
of the individual and combined influences of these parameters on flow dynamics.

Table 2. Simulation cases with varying pipe diameters, flow velocities, and solid concentrations.

. . . . . Solid
Simulation Case Pipe Diameter D Flow Velocity v Concentration @
1 150 mm 2m/s 48%
2 150 mm 1m/s 48%
3 150 mm 3m/s 48%
4 100 mm 2m/s 48%
5 200 mm 2m/s 48%
6 150 mm 2m/s 46%
7 150 mm 2m/s 50%

Figure 12a illustrates the impacts of flow velocity, pipe diameter, and particle concen-
tration on pressure drop in backfill pipeline systems. The results show that pressure drop
increases with higher flow velocities. From v =1 m/s to 2 m/s, the pressure drops increase
by 0.495 kPa/m, and from 2 m/s to 3 m/s, it increases by 0.427 kPa/m. The results suggest
a near-linear relationship between pressure drop and flow velocity, primarily governed
by the viscosity of CPB. In Newtonian suspensions, the steady-state particle distribution
due to shear-induced migration is independent of flow velocity. However, in dense slurries
like those in this study, increased flow velocity can shrink the plug flow region, potentially
altering particle distribution. While this could introduce some nonlinearity, the current
findings indicate that its impact remains minimal.

The relationship between pipe diameter and pressure drop shows notable nonlinearity,
with pressure drop increasing significantly as the pipe diameter decreases. In smaller pipes,
the surface area in contact with the slurry increases relative to the flow cross-sectional
area. This results in higher pressure losses due to intensified frictional interactions between
the fluid and the pipe wall. Similarly, the relationship between particle concentration
and pressure drop is nonlinear, as increasing particle concentration significantly alters
the rheological properties of the mixture. This nonlinearity is governed by the power-
law relationship between rheological parameters and particle concentration, as described
in Equation (4).
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Figure 12. Effects of flow velocity, pipe diameter, and particle concentration on (a) pressure drop and
(b) wear rate. Note: The dashed line is drawn for easy comparison.

The numerical results of the pipe wear rate for all cases are given in Figure 12b. The
wear rate of all cases remains at a relatively low level, i.e., in the order of 10-8 m/s, which
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indicates the long-life service of the pipe under the laminar flow. For reference, the field
measured wear rate of a pipeline in mine is around 2 x 1078-8 x 107® m/s (solid mass
content 82%, flow velocity 2 m/s, 200 NB pipe) [44]. A higher wear rate is observed in
cases with increased flow velocity and smaller pipe diameters, which aligns with findings
in existing literature. Higher velocities result in more frequent and energetic particle-wall
interaction, which intensifies abrasive wear. For smaller pipe diameters, the increased
shear-rate gradient promotes shear-induced particle migration and tends to reduce the
near-wall particle concentration [34]. However, the accompanying increase in wall shear
stress and particle-wall interaction frequency dominates, leading to an overall increase in
the erosion rate. Figure 12b illustrates that the increased solid concentration enhances the
wear rate due to the intensified interaction between the slurry and the pipe wall. As shown
in Figure 12a, dense slurries are associated with higher pressure drops, which correspond
to increased wall shear stress. This increased stress, combined with a higher frequency of
particle-wall interactions, accelerates abrasive wear on the pipe surface. Several studies
have reported a decrease in pipe wear at higher solid concentrations, attributing this to the
restricted motion of particles in dense suspensions [3]. When particle motion is constrained,
the mean free path and impact energy are significantly reduced, leading to a transition in the
dominant wear mechanism—from erosion, characterised by high-energy particle impacts,
to abrasion, where particles slide along the pipe wall. This transition generally results in
lower wear rates under such conditions. However, the current model focuses exclusively
on abrasion wear in laminar flow conditions, without accounting for the complexities of
erosive wear mechanisms or the effects of turbulence. Therefore, future work could expand
the current model to incorporate these factors, providing a more comprehensive framework
for predicting wear in diverse flow regimes and particle concentration ranges.

While this study investigates the individual impacts of v, D, and @, the superposition
of these parameters in practical applications may induce synergistic effects. For instance,
the combination of high velocity and high concentration is expected to exacerbate wear
rates nonlinearly due to the coupled increase in particle impact frequency and kinetic
energy. Similarly, the simultaneous occurrence of high concentration and reduced pipe
diameter could lead to an exponential rise in pressure drop due to the non-Newtonian
nature of the paste. Future studies using factorial design experiments could further quantify
these cross-interaction effects.

6. Conclusions

An advanced CFD model was developed in this paper to predict the flow dynamics of
the CPB in the paste reticulation circuit. Experimental studies, including rheometer test
and loop test, were also conducted to validate the devised numerical modelling framework.
It was found that the developed CFD model exhibits excellent capacities to predict the
pressure drop as well as the pipe wear rate in the pipeline. The flow characteristics of the
CPB were analysed in terms of the particle distribution and the evolution of the velocity
profile and pressure. The parametric study was performed to investigate the effects of key
determinants, such as pipe geometry, flow velocity and particle concentration. Based on
these investigations, the conclusion can be drawn as follows:

e  The prediction of pressure drops of the particle migration-based model outperforms
the wall slip model. The prediction error is reduced from approximately 15% to 10%
for uncemented tailings slurry, and from 24.3% to 5.3% for cemented tailings slurry.

e  The prediction of pipe wear rate is in good agreement with the experimental mea-
surement in loop tests. The wear rate of the pipeline for typical backfilling operations
is determined to be in the range of 10~'° to 10~ m/s, which is consistent with field
measurements.
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e  Under constant flow conditions, particle migration from the pipe wall toward the un-
yielded boundary leads to heterogeneous particle distributions and spatially varying
rheological properties. Elevated particle concentrations near the unyielded boundary
increase the local viscosity to 10~° Pa-s, thereby extending the unyielded zone. Con-
versely, the reduction in local viscosity near the pipe wall decreases flow resistance
and reduces the overall pressure drop by up to 20%.

e  Both the pressure drop and wear rate increase in the flow with denser solids, higher
velocity and smaller pipe diameter. Compared to the velocity, the particle concentra-
tion and pipe diameter have a more pronounced or nonlinear effect on the pressure
drop and wear rate.

The applicability of the present model is constrained by the assumptions of laminar
flow and a simplified representation of wall slip, in which a uniform slip layer with the
viscosity of the binder fluid is employed. While this treatment captures the dominant
lubrication effect at the pipe wall, it does not explicitly resolve the gradual variation
in particle concentration or the possible presence of fine particles within the slip layer,
particularly under high solid concentrations or varying particle size distributions. Future
work will focus on extending the model to account for high-velocity turbulent flow, more
realistic near-wall particle dynamics, and time-dependent rheological behaviour. These
developments are expected to enhance the robustness of the framework and broaden its
applicability to a wider range of practical backfilling scenarios in industrial operations.
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