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ABSTRACT: A slurry pipeline is a specially designed pipeline used to transport the mining tailings
and waste of ores like iron or coal over long distances. A commercially tested solution for the
transport of iron ore slurry over the farthest distances in a pipeline includes various parametric
checks. For the slurry to move, consuming optimal power in the pipe while maintaining the required
velocity, it is important to keep some parameters within the desired limits, the most important of
which is the pressure drop in the slurry pipeline. Pilot plant loop tests were conducted with iron ore
slurry at high concentration (72% by weight or 32.7% by volume). The flow velocities were set in
the range of 1.5 m/s to 4 m/s and the pressure drop per unit length was measured for each flow
velocity using the U-tube differential manometer installed in the setup. The pressure drop values
were also calculated using standard equations available in the literature and deviations up to 221%
from experimental values were observed. Alternatively, a CFD model was developed using Ansys
Fluent© and validated using the experimental results. This was a first attempt to predict such flows,
and further tests are needed to confirm the initial results.
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1. INTRODUCTION

Fine iron ore slurry with a high solids concentration can be transported via pipeline
from the mine to the location where it will be used, with both technological and financial
ramifications. Transporting iron ore slurry with a high solids concentration could be a
creative way to lower the amount of water needed to produce each ton of ore slurry. For a
long time, several businesses and power plants have been using slurry transportation. Many
organizations prefer slurry transport over lengthy pipelines because it provides a number
of advantages, including no contamination, no traffic, low power usage, and constant
delivery, among others. Industries move solids, including rock, coal ash, iron ore, copper,
zine tailing, and concrete material, as slurry with water to the best transportation location.

Despite significant research, the prediction of pressure drop in slurry pipelines is still a
problematic issue for design engineers. The design of slurry pipelines depends on the
experimental and empirical correlations obtained. Although the empirical formula and
relations have been developed with high precision, but when the local solid concentration
is high, the error in the predictions starts increasing. Considering this, the development of
computational models becomes most useful, which allows a prior estimation of pressure
drop, velocity profile and solid concentration over the entire pipeline’s length and cross-
section. Solving problems involving fluid flow, heat and mass transfer, chemical processes,
and other phenomena has made CFD a potent tool in recent years.

There have been very limited studies on the experimental and numerical studies of high
concentration iron ore slurry due to several complexities, such as the high specific gravity
of the material, and the high concentration leading to difficulty in pressure drop
measurement, among which the most common is choking of the pipeline. Mishra et al.
(2023) did a CFD analysis of the pressure variation inside the iron ore slurry pipelines.
Their work focused on the determination of pressure drop at the ends of a pipeline,
concluding that higher values of radius of curvature and lower values of inlet velocity are
the most optimal flow conditions for the slurry in a pipeline. Kumar et al. (2019) generated
a detailed dataset of experimental results from the pilot plant test using a 4 inches (101 mm
mean diameter) slurry pipeline for iron ore slurries. Furthermore, the results were validated
using a CFD based model. Their study showed a thorough investigation of the slurry over
a wide concentration range, up to 31% by volume. Avksentiev et al. (2017) developed a
methodology to calculate the head losses and hydraulic resistance coefficient on the basis
of the rheological behavior of iron ore slurry for the design purposes of the pipelines. Their
work focused on the correlation of various factors, such as initial shear stress, and dynamic
viscosity, for the development of the Bingham-Shvedov model. Yang et al. (2020) studied
iron ore fine tailing for its shear dependent yield stress behavior using a two-step
flocculation process. Primary and secondary phases in flocculation helped in predicting the
shear resistance of the iron ore slurry.

Studies on different materials have been done for pressure drop analysis. Developing
an accurate and precise computational model is very important to predict the future
pressure losses and concentration profiles in a pipeline. Nagar et al. (2021) measured the
pressure drop and concentration profiles caused by 25 mm fly ash particles combined with
water to form a solid-liquid slurry in a 50 mm conduit, CFD simulations were performed.
To study the flow patterns of solid-liquid flow, pressure drop and concentration profiles
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were predicted and assessed in relation to actual flow parameters. The design of a slurry
pipeline will benefit from this study as well. Messa et al. (2021) did a thorough review of
the CFD models for solid-liquid flows in a pipeline, focusing on the challenges one can
encounter during the CFD approach and the uncertainty of the CFD models for their
predictive capacity. Kumar N. et al., (2019) did a CFD analysis for fly ash slurry of 21pum
in a 50 mm pipeline using a two phase Eulerian-Eulerian model. They also measured the
concentration and velocity profiles efficiently using Ansys software. For particle laden
flow, CFD-DEM models appeared to be a suitable approach, and the eulerian-eulerian
model was found to result in the best fit to simulate slurry flow in pipelines. Since the
rheological characteristics of iron ore slurry play a pivotal role in predicting the flow
behavior of slurry inside the pipeline, Das et al., (2020) conducted an important study on
the stabilization of iron ore slurry for its economic transportation. Their surface chemistry
and characteristics are broadly studied to see the changes in iron ore slurry during its
transportation. Prakash et al., (2019) carried out a detailed comparative analysis of pressure
drop estimation in a horizontal and vertical pipeline, and glass bead slurry was chosen as
a secondary phase. The results of velocity contours, solid concentration profiles and
pressure drops were predicted.

In view of the experimental and CFD based modelling available in literature for iron
ore slurry concentrations only up to 31% by volume, the present study is carried out to
study flow behavior and its CFD based modelling at a higher concentration of 32.7% by
volume (72% by weight).

2. METHODOLOGY

The goal of this investigation was to find the most accurate method to validate the
experimental results of pressure drop. Iron ore fines were collected from a mining site in
Chattisgarh, India. A particle size distribution test was done, which comprised sieve
analysis (for particles >75 pm) and hydrometer test (for particles <75um) after which the
d50 of the particles was found to be 55 pm. The specific gravity of iron ore measured using
the gravitational method was 5.3. The maximum packing concentration was measured at
36% by volume.

2.1. EXPERIMENTAL METHOD

Fresh slurry was made with a 72% w/w iron ore sample and poured into the pipe-loop
setup, which consists of a 2-inch (50.8mm mean diameter) pipe. Pressure drop was
measured using a U-tube manometer with pressure points placed at a distance greater than
50D from the inlet to get the full flow development. The setup was run at different
velocities which were measured using an EMF (electro-magnetic flowmeter) where the
speed of the slurry pump was connected to a controller. Pressure drop was measured at
each velocity and converted into the desired unit (kPa/m).
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2.2. THEORETICAL METHOD

For the determination of the pressure drop in a pipeline, it is important to know the
properties of the slurry and the type of flow. The rheological properties of the flow were
calculated using the ANTONpar RheoLab QC. The shear rate was varied from 300 to
30 rpm, and shear stress was found out for the provided shear rate. With the help of the
obtained shear stress - shear rate graph, the best fit was found to be for Bingham plastic,
since the curve followed a straight line with a positive intercept on the y-axis. The standard
equation is given by equation (1).

T =T+ Uy (1

The absolute viscosity and yield stress were calculated using the slope and intercept of
the bingham shear stress-shear rate curve and further used to calculate the Hedstrom
number and Bingham Reynolds number for the flow using equations (4) and (2),
respectively.

Two standard methods were used to calculate the pressure drop for iron ore slurry in a
pipeline.

For the Chhabra and Richardson (2011) method, the Hedstrom number and Bingham’s
Reynolds number are used to determine the friction factor from Figure (1), which is used
to calculate the pressure drop from equation (3).
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Figure 1 Graph representing friction factor as a function of Reynolds and Hedstrom numbers [2]



Experimental and numerical analysis of iron ore slurry flow through pipeline... 235

For the Darby and Melson (1981) method, the Hedstrom number and Bingham
Reynolds number is calculated as above in equations (2) and (4). To get a single explicit
friction factor equation valid for all the flow regimes, they have developed the following
equation.

[ =1+ )
where, m = 1.7 + 42:20

Friction factor for laminar pipe flow, f; = % [1+ 6;’; — % <%)] (6)
Friction factor for turbulent flow, f; = 104Re %193 7

where a = —1.47[1 + 0-1468_2'9*10_5HE]

2.3 NUMERICAL METHOD

The flow behaviour of a fluid-solid mixture is described by FLUENT using a multi-
fluid granular model. By drawing an analogy between the random particle motion brought
on by particle-particle collisions, the solid-phase stresses are obtained. Ansys Fluent 2021
was used. Here, the Eulerian-Eulerian two-fluid model is used, in which the solid and
liquid phases are both considered to be in continuum. This method allows for the finding
of distinct flow field solutions because the continuity and momentum equations are solved
for each phase. Among the multiphase models, the Eulerian model is the most intricate and
computationally demanding. For each phase, it resolves a group of "n" number of
momentum and continuity equations. The pressure and interphase exchange coefficients
are coupled to each other. Application of the kinetic theory yields the properties for
granular flows.

Different forces are acting on a single particle of fluid [Kaushal et al. 2012]:

1. Static pressure gradient, VP.

2. Solid pressure gradient or the inertial force due to particle interactions, VF.

3. Drag force caused by the velocity differences between two phases, K¢ (175 - ﬁf),
where, K, is the inter-phase drag coefficient, ¥ and ¥y are the velocity of solid
and fluid phase.

4. Viscous forces, V - ?f, where, ‘?f is the stress tensor for fluid.

Body forces, pg where, p is the density and g is acceleration due to gravity.

6. Virtual mass force, Cpaspp (V5 - VUp — Us * Vi), where, C,y, is the coefficient of
virtual mass force.

7. Lift force, where, C aspr (ﬁf —7) X (VX ) where, C, is the lift coefficient.

hd
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2.3.1 Governing equations
2.3.1.1 Continuity equation.

The solution of a continuity equation for the volume fraction of one (or more) of the
phases allows for the tracking of the interface(s) between the phases is given as;

V- (apeve) =0 (3)
where, t is either solid(s) or fluid(f).

2.3.1.2 Momentum equations.

For fluid phase:

V- (arpsirVs) = —apVP + V- Tr + apprd + Kof (U5 — V) + Comaspp (Vs - Vs —
Uy - V) + Crasps (U — Us) X (V X ) 9)

For solid phase:

V- (aspsVs¥s) = —a;VP — VP + V- T + asprg + Kps (U — ) + Comasps (5 -
VD — B - Vi) + Cragps (B — ¥7) % (V x ) (10)

where, ‘L='f and T, are the stress tensors for fluid and solid, which are expressed as;

Tr=apuy (Vi + Vi) (11)
and

= N > tr 2 > =

Ts = asﬂs(vvs + Vg ) + as(4s — g.us)v Vsl (12)

where the superscript ‘tr’ over velocity vector indicating transpose. I is the identity
tensor. Ay is the bulk viscosity of the solids as given by:

4 05 L
As = Easpsdsgo,ss(l + ess)(?)z (13)

where d; is the particle diameter as 55um. go g is the radial distribution function,
which is interpreted as the probability of particle touching another particle is given as:

l _1
= [1- (2|

Qs max 18 the static-settled concentration measured experimentally as 0.36 for the iron
ore used in this work. O is the granular temperature, which is proportional to the kinetic
energy of the fluctuating particle motion. ey is the restitution coefficient, taken as 0.9 for
iron ore particles. uris the shear viscosity of fluid, u,is the shear viscosity of solids
defined as
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Us = :us,col + Hs,kin + Hs,fr (15)

where, Us cor 5 Us,fr and U in are collisional, frictional and kinetic viscosity. They are
calculated using the following expressions:

Hscot = S aopidgoss (1 + ee) (222 (16)
Hor = s (a7)
and

Hoin = T4 421 4 ) Bes — 1o (18)

I,p is the second invariant of the deviatoric strain rate tensor for solid phase. Ps is the
solid pressure as given by:

Ps = aspses + Zps(l + ess)aszgo,sses (19)

¢ is is the internal friction angle taken as 30° in the present computations. K(=Kg) is
the interphasial momentum exchange coefficient given by

3asafp Reg - -
Ko = Krs = i Co (v_> K 20
_17?
Drag coefficient, C, = [0.63 + 4.8 <%) Zl (21

Re; is the relative Reynolds number between phases ‘f” and ‘s’ given by:
Re. = Psds|ﬁs"7f|
ey = ————

. (22)
V;. s is the terminal velocity correlation for solid phase given by:

Vs = 0.5(A — 0.06Re + /(Res)? + 0.12Re; (2B — A) + A?) (23)
with

A=af'; B = /}'28 for ay < 0.85, (24)
and

A=a}'; B = a}® for ay > 0.85 (25)
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2.3.2 Turbulence closure for the fluid phase

Using the standard k-& model, predictions for turbulent quantities for the fluid phase
are made, supplemented by additional terms that account for the transport of turbulent
momentum transfer across interfaces.

The Reynolds stress tensor for the fluid phase ‘f” is

= 2 > \NT - -
Tt,f = —E(pfkf + ut,fVUf)I + I’lt,f(vvf + VUftT) (26)

where, p, f is the turbulent viscosity given by:
2

ke .
pes = psC, é with C,=0.09 27)

For the prediction of turbulent kinetic energy kf and its rate of dissipation &, they are
obtained from the following transport equations:

P u

- u £
V- (asppUpks) = V- (ap 2L vey) + 0L (Crcies = Cuapyy) + aypplley  (29)
where T, ¢ and [T, represents the influence of the solid phase ‘s’ on the fluid phase ‘f’
given by

ks - -
ka = af;f (ksf - Zkf + vsf.vdr) (30)
&
Hef = C3géﬂkf (31)
Vg, is the drift velocity given as:
S Dg _ By
Var = (asfas Vo P Vaf) (32)

Va, in above Eq. (32) takes into account the concentration fluctuations. ﬁsf. is the slip-
velocity, the relative velocity between fluid phase and solid phase given by:

D, = eddy viscosity for solid section,

asp = constant (0.75),

ks is the co-variance of the velocity of fluid phase and solid phase defined as the
average of product of fluid and solid velocity fluctuations. Gy s is the production of the

turbulent kinetic energy in the flow defined as the rate of kinetic energy removed from the
mean and organized motions by the Reynolds stresses is given by:

The constant parameters used in different equations are taken as:
Cie =144,C,, =1.92,C3, = 12,0, = 10,0, = 1.3.



Experimental and numerical analysis of iron ore slurry flow through pipeline... 239

2.3.3 Turbulence in the solid phase

For the prediction of turbulence in solid phase, Tchen’s theory (Lun et al. 1984) in
homogeneous and steady turbulent flow for the dispersion of discrete particle is used. The
representation of dispersion coefficients, turbulent kinetic energy and correlation functions
of solid phase is based on the characteristics of continuous turbulent motion of fluid phase
timescale and characteristics time.

Trsf = afsprs;‘1 (Z_; + Cvm) (35)
The characteristics time of eddy particle interaction time:
1
Tesy = Tep|1+ Cpé2)? (36)
V|
$ =% (37

3

The characteristic time of energetic turbulent eddies:
3,k

Ty =-Cut (38)

|I7r| =g - Ugr » |I7r| being the average value of the local relative velocity between fluid
and particle defined as slip and drift velocity.

Cp = 1.8 — 1.35c0520 (39)

0 is the angle between the mean particle velocity and mean relative velocity and 7f
being the ratio between the two characteristic time given as:

Tt,s
Moy = oper (40)
2
Turbulent kinetic energy of the solid phase, ks = k¢ (b1++nnsf ) (41)
sf
Eddy viscosity for the solid phase, Dy = D, sf + (g ks—Db % ksf) Tpsr (42)
Binary turbulent diffusion coefficient, D, ¢ = iks‘[t‘s 5 (43)

-1
where, b= (1+Cyr,) (Z—f + ch)

2.3.4 Transport equation for granular temperature 0
The kinetic energy of random motion of solid particles is described by the granular

temperature for the solid phase. The transport equation taken by the kinetic theory
(Gidaspow et al. 1992) is in the following form:

2V - (asps¥;05) = (—PI +T5): Vi + V- (ko, V) — ¥o, + 05 (44)
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Here, the generation of energy by the solid stress tensor is defined by (—PSI= + ‘?s): V..
ko being the diffusion coefficient given as:

15 gpss./OsT 12 16
k@s = W [1 + ?772(477 - 3)“590,55 + 5(41 - 3377)nasgo,ss] (45)

ke VO, is diffusive flux of granular energy.
n=-(1+e) (46)

Collisional dissipation energy,

2
_ 12(1-ess”)Jo,ss

3
Yo, T Psas”Og (47)

@5 is transfer of kinetic energy due to a random fluctuation in the particle’s velocity
from solid phase to fluid phase and is given by:

Prs = _3Kfs O (48)
2.3.5 Mesh
Meshing is an important part of the numerical modelling. Multi-zone meshing with the

element order size 3 x 10°m and skewness of 0.90 was adopted. The mesh was found to
be compatible with the turbulence model and resulted in repeatable converged results.

0.000 0.050 D.“ﬂ)(m)

0025 0,075

Figure 2: Mesh details of the pipeline in the cross-section

Figure 2 Shows the details of the meshing in the cross-sectional area of the pipeline. Inflation
layers have been given to resolve the boundary layer better and to capture the gradient on walls
efficiently.
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Table 1

Details about the numerical setup

Turbulence model

K- epsilon

Time step chosen

Steady state

Number of time step

Steady state

Volume fraction formulation

Implicit

Phase interaction Water iron-ore: drag coefticient schiller-

Nuamann

Table 1 shows the details of the numerical scheme used in the study to simulate the
flow of slurry through the pipeline.

3. RESULTS AND DISCUSSIONS

Figure 3 shows a comparative analysis between the pressure drop finding from the pipe-
loop testing method (experimental) and the theoretical methods for different velocities.
Initially, for lower velocity, the pressure loss comes almost equal from both experimental
and theoretical method Chhabra and Richardson (2011). As the velocity increases, there is
a significant difference between the theoretical pressure drop and the experimental data for
pressure drop. The theoretical pressure drop obtained by Darby and Melson method is
overpredicting and lies nowhere close to the experimental findings. Although the empirical
equations are made with high precision taking account of major properties (such as
absolute viscosity and yield stress for the given data set) but the losses occurring in the
slurry pipeline operation possibly creates a huge gap between the actual pressure drop and
the calculated pressure drop by the major methods and formulas available in the literature.
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Figure 3 Experimental and theoretical pressure drop (based on methods available in literature) vs
flow velocity plot at a concentration of 72% by weight (32.7% by volume)
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Figure 4 Experimental and numerical pressure drop (based on CFD modelling) vs velocity plot at
a concentration of 72% by weight (32.7% by volume)

Figure 4 shows a comparative analysis between the experimental results and numerical
results for pressure drop. Initially for the lesser velocity, the numerical results show some
deviation from the experimental results but as the velocity increases, the results almost
become equal in magnitude and further with increase in velocity it starts deviating again
but with lesser degree of error.
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Figure 5: Experimental pressure drop vs velocity plot with error bars.

Figure 5 shows the pressure drop results found from the pipeloop test with corresponding error
bars.

Table 2
Error values in theoretical and numerical pressure drops at different flow velocities for flow of
iron ore slurry at a at a concentration of 72% by weight (32.7% by volume)

S.no Velocity Error in Error in Error in
(m/s) theoretical results theoretical results numerical
[Chhabra and [Darby and Melson] results
Richardson] (%) (%)
(%)

1 1.5 6.06 221.59 233

2 2 7.42 171.63 9.2

3 2.5 25.78 153.94 0.8

4 3 49.05 145.37 2.9

5 3.5 72.1 137.07 8.5

6 4 91.8 126.47 17.11

Table 2 shows the error in theoretical and numerical results w.r.t. the pipe loop
(experimental) pressure drops results. For theoretical pressure drop by Chhabra and
Richardson, the error percentage keeps on increasing with the increase in velocity and
reaches up to 91.8% for the theoretical pressure drop and for the theoretical pressure drop
by Darby and Melson method, the error begins from 221% and reaches 126% for velocity
of 4 m/s. Whereas in the CFD results, we can see the maximum error is 23.3% for the
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lowest velocity. For the velocity of 2.5m/s the error in numerical results is just 0.8%, which
shows how accurately CFD is predicting the pressure drop for iron ore slurry for the given
data set.

The contours of different flow variable of iron ore slurry in a pipe can be affected by
various factors, including the slurry's velocity, density, viscosity, and the pipe's geometry
and surface roughness. Understanding these contours is essential for optimizing the
transportation of iron ore slurry through pipelines. When iron ore slurry flows through a
pipe, it tends to exhibit a specific flow profile.

The velocity profile with 0 velocity at the walls and increasing towards the centre are
obtained for each case. Figure 6 shows the velocity profile for iron ore particles at the mid-
length cross-section of the pipe for different velocities taken in the study. For the specified
solid concentration, it has been discovered that the solids move at their fastest rate at the
pipeline's centre in all velocity ranges. Furthermore, at all mean flow velocities shown, the
velocity contours are symmetric about the pipeline's centre. The symmetry of the velocity
contours is caused by the fact that when velocity and solid concentration rise, the
momentum exchange between the solid particles also rises. This interaction between solids
and solid walls generates turbulence in the pipeline slurry flow. As a result, solid particles
in the middle of the pipe exhibit the highest velocity, while solid particulates close to the
pipe wall exhibit lower velocity as a result of the viscous effect.

contour-2

Velocity Magnitude (ir...
4.57e+00
4.11e+00

(i) 2 m/s
3.66e+00

‘ 3.20e+00

2.74e+00
(iii) 2.5 m/s (iv) 3 m/s

1) 1.5m/s

2.29e+00
1.83e+00
1.37e+00
9.14e-01
4.57e-01
0.00e+00

[m/s]

(v)3.5m/s

(vi) 4 m/s

Figure 6 Velocity contours of iron ore particles at a concentration of 72% by weight (32.7% by
volume) at different flow velocities
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4. CONCLUSIONS
This study explored the potential of computational fluid dynamics (CFD) and

theoretical methods to predict the pressure drop in the iron ore slurry pipeline.
Comparisons were made with measurements taken from pipe loop test conducted in the
laboratory of IIT Delhi. The velocity range was taken as 1.5m/s-4m/s. In the theoretical
analysis, for with increasing velocity, the inaccuracy percentage w.r.t. the experimental
results keep rising until it reaches 91.8% for 4m/s of velocity for Chhabra and Richardson
method and maximum error of 221% for 1.5 m/s was found for Darby and Melson method.
In contrast, the CFD results show that for lower velocities, the highest inaccuracy is 23.3%.
The numerical findings’ error for a velocity of 2.5 m/s are only 0.8%. This was a first
attempt to predict such flows, and further tests are needed to confirm initial results.
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