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Abstract: This study involves a computational analysis of the flow of iron ore (with a mean particle diameter of 55
microns) slurry flow through a pipeline of 2-inch diameter. The analysis covers a flow velocity range of 1 to 3.5 m/s at
high concentrations ranging from 60 to 72 % w/w without and with additive (Sodium-hexametaphosphate) at different
dosages from 0.1 to 1.5% w/w of solids. A three-dimensional Computational Fluid Dynamics (3D CFD) model is
developed and validated using experimental data collected in our previous studies (Part I). The Eulerian multiphase model
is used with K-epsilon turbulence settings to simulate the flow. Based on comparison with experimental data, it is observed
that the 3D CFD model can predict the pressure drop with an error band of +30%. However, the 3D CFD model predicts
the pressure drop very accurately for the velocity range of 2 to 3m/s for the entire range of solids concentrations considered
in the present study. Distributions of concentration, velocity, and slip velocity along with granular pressure and granular
viscosity are also computed and presented using the 3D CFD model developed in the present study for the entire ranges of
solids concentration and flow velocity covered in the present study.
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1 INTRODUCTION

Pipeline transportation of industrial powder/granular
materials have long been used over the decades and is mostly
used in thermal power, pharmaceuticals industry, mineral
industry, and others. It is one of the most economical and
environmentally friendly transportation. Slurry pipelines are
recognized for their minimal maintenance needs, which vary
based on usage, year-round availability, and environmental
considerations. As closed conduits, slurry pipelines are regarded
by numerous industries as a vital method for transporting solids
both within and outside of production facilities. In thermal power
plants, slurry pipelines are employed for the transportation of
iron ore, fly ash, and bed ash for various applications, as well as
to convey tailings to mine dumps.

Research on multi-sized particle slurries has primarily
concentrated on the transport properties and interactions among
particles of different sizes, which significantly influence
pressure drops during pipeline conveyance. Below a certain
velocity, the particles may settle, causing the slurry to behave
either as a Newtonian or non-Newtonian fluid. The corrosiveness
and abrasiveness of the slurry can vary based on its composition.
The complex issues of predicting pressure drops and flow
patterns are largely addressed through correlations derived from
experimental data.

Since a slurry contains two mediums, i.e., water as the
primary phase and particles as the secondary phase, the
computational analysis of slurry flows is termed multiphase
modeling. When large or heavy particles are added to a slurry,
the system must then be treated as a multiphase flow system
because heavy particles tend to segregate very rapidly. In such
systems, fluidization is used to obtain good mixing and avoid
particles settling under their weight. Various factors are involved
in the in-situ operation of slurry pipeline flow and modeling them
computationally needs a lot of preciseness. Thus, it is important

to validate the ability of current models to simulate the mixing
of multiphase flow systems involving Newtonian and non-
Newtonian fluids.

Computational Fluid Dynamics evolved to be an effective
tool for complex flow modeling as multiphase flow in the
pipeline as it offers greater flexibility and ease to tackle an
unlimited number of physical and operating conditions (Singh et
al. 2024). Several studies have been conducted where CFD-
based models are used to simulate the pipeline flows. Kumar et
al (2019) considered a higher solid concentration of iron ore
slurry and conducted experimental as well as CFD analysis
having particles of the very fine size of 12 microns. Although a
wide velocity range was tested with varied concentrations,
rheological testing was missing from the work which gives an
actual idea about the behavior of slurry inside the pipeline
majorly consisting of the viscosity and yield stress properties.
Avksentiev et al. (2017) conducted a comparative examination
of various techniques employed for predicting pressure drop
based on rheological data. The computed outcomes indicated
that analytical relationships for determining pressure loss and
hydraulic resistance coefficient can be applicable in the analysis
of non-Newtonian fluids and loss determination. The models
considered encompass viscous fluids characterized by initial
shear stress as the concentration of the solid phase in the iron ore
hydraulic fluid increases, and they also incorporated the effective
dynamic viscosity as demonstrated by the Bingham-Shvedov
model. Das et al. (2020) have reported stabilizing several slurries
with their rheological behavior and CFD study for practical
pipeline transportation, notably iron ore slurry. Their work is
surrounded by the comparative analysis of different works
carried out and suggests that pipeline is a better mode for
transportation of slurry rather than roads and railways.

Even though the experimental and rheological studies give us
a ground reality of pipeline slurry transportation, the
coputational analysis by modeling the flow helps us in predicting
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the pressure drop without wasting much of the material and
resources by conducting experiments for each and every case
consideration. Kumar et al. (2017) did a study on the horizontal
slurry flow (water-glass beads) of smaller particles via a pipeline
and computationally simulated it in their research. Through a
54.9 mm diameter pipe, a slurry consisting of glass beads with
water having 125 pm mean diameter particles is examined at
concentrations up to 50% while running at varied flow velocities
up to 5 m/s and investigated the monodispersed glass bead
particles with a density of 2470 kg/m3 using an Eulerian model
with RNG k-turbulence model.

Hernandez et al. (2008) focused on using the Eulerian-
Eulerian method to describe the movement of sand particles and
water in a horizontal conduit. They have addressed both
heterogeneous and homogeneous flow patterns. The turbulent
effects were modeled using the k epsilon model. Solid-phase
stress description is also very important for the completion of
solid-phase momentum equations. The results demonstrate that
the pseudo-viscosity and restitution coefficient of the solid phase
have a significant impact on flow predictions. Additionally,
compared to findings produced using other computational
models, these simulated results were more similar to
experimental data giving an affirmation that CFD results can
give closer findings to the experimental data. Kumar et al. (2019)
made an effort to experimentally investigate and create a CFD-
based model for a highly concentrated iron ore slurry through a
105mm diameter pipeline. The mean particle size was 12 pm
with an efflux concentration range of 2.63 — 31%. The simulated
results were quite encouraging when compared with the pipe
loop tests, however effect of additive or change in vyield
stress/viscous properties was yet to be seen in the CFD results.

After going through the literature already done in the past, it
has been found that there is an insufficient study about the high
concentration of iron ore slurry for a 3D CFD-based model. To
reduce the material and resource usage for conducting
experiments in each case, the development of a computational
model for the same slurry becomes essential to predict the
pressure drop across the pipeline at various concentrations and
velocities. So, in this study, CFD simulations and their results
are discussed thoroughly for iron ore slurry in a pipeline, with
and without chemical additive. The rheological model and
experimental studies already done by Mishra and Kaushal (2025)
in the Part | studies are taken as initial points for simulating the
CFD model. A 3D CFD-bhased model has been created and
verified using the outcomes of the pipe loop experiments for
pressure drop. Furthermore, slip velocity is of utmost importance
for determining the slurry’s stability, hence in this study, the slip
velocity of iron ore slurry is also studied thoroughly in the
vertical as well as horizontal direction of the pipeline using the
3D CFD-based model.

2 METHODOLOGY
2.1 3D CFD-based model

FLUENT describes the flow behaviour of a fluid-solid com-
bination using a multi—fluid granular model. The solid-phase
stresses are determined by making a comparison between the
random particle motion caused by particle-particle collisions.
Ansys Fluent 2021 is used to simulate the flow. Here, the liquid
and solid phases are both seen as being in a continuum according
to the Eulerian-Eulerian two-fluid paradigm. By solving the mo-
mentum and continuity equations for each phase, this method
makes it possible to identify the specific flow field solutions. The
most intricate and computationally demanding of the multiphase
models is the Eulerian model. It resolves a set of momentum and

continuity equations for "n" numbers for every phase. A pres-
sure-interphase exchange coefficient relationship is seen. Appli-
cation of the kinetic theory yields the characteristics of granular
flows. The particulars of the sole model that yielded the con-
verged outcomes are presented hereafter.

Various forces are exerted on an individual particle within a

fluid. (Kaushal et al., 2012):

1. Static pressure gradient, VP.

2. The gradient in solid pressure, alternatively referred to
as the inertial force arising from particle interactions.,
VP,.

3. The drag force induced by disparities in velocity be-
tween two phases, K;(V; — Ty), where, K is the in-
ter-phase drag coefficient, ¥ and v, are velocity of the
solid and fluid phase.

4. Viscous forces, V - T, where, T is the stress tensor for
fluid.

5. Body forces, pg where p is the density and g is the ac-
celeration due to gravity.

6. Virtual mass force, Cp,asp;(Vy- V¥, — ;- V) ,
where, C,,, is the coefficient of virtual mass force.

7. Lift force, where, Cpa,ps(D;—7Ts) x (VX T)
where, C; is the lift coefficient.

2.1.1 Governing equations
The solution to the continuity equation for the volume fraction
of one (or more) of the phases enables the monitoring of the in-
terface(s) between the phases and is expressed as follows:
V: (apv) =0 1)
where the t represents solid(s) or fluid (f).
Momentum equations for the fluid phase:
(Vxvp) 2
For the solid phase:

V- (aspsVs¥s) = —a,VP — VP, + VT, + a,ppg +
Crasps(Vs — ;) x (Vx V) (3)

where, ‘T'f is the fluid’s stress tensor and T, is the solid’s stress
tensor, which is written as:

= — — t
Tp=aspus (Vo + Vo, ) @)

and

— tr

= — 2 — =
Ts = as”s(vvs + Vvs ) + as(}'s - ;#s)V ’ 1751 (5)

where the superscript ‘tr” over the velocity vector indicates trans-
pose. T is the identity tensor. A, is the bulk viscosity of the solids

as given by:

4 0,1
ls = ;aspsdsgo,ss(l + ess)(:)z (6)
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where the diameter of the particle is dg as 55um. gg s is the
function of radial distribution, construed as the likelihood of a
particle contacting the other particle, is expressed as:

1 -1
Foss = [1 - (T)] )

O max 1 the experimentally measured iron ore slurry’s static set-
tled concentration as 0.36. ®s represents the granular tempera-
ture, a quantity directly proportional to the kinetic energy asso-
ciated with the fluctuating movement of particles. ess denotes the
restitution coefficient, assigned a value of 0.9 for iron ore parti-
cles. uf'stands for the shear viscosity of the fluid, while us corre-
sponds to the shear viscosity of the solid and is expressed as:

Hs = Hscor T Msin + s pr 8

where, pg o, is the collisional viscosity, p g, is the frictional
viscosity, and p x;,, is the Kinetic viscosity. The following equa-
tions is used to calculate them.

4 0,1
”s,cal = Easpsds.go,ss(l + ess)(;)z (9)
__ Pssing
Hsfr =3 /00 (10)
and
asdsPS\/@_s"

Hs kin = [1 + E (1 + ess)(Sess - l)asgo,ss] (11)

6(3—ess)

I,p, the solid phase’s deviatoric strain rate tensor in its second
invariant. The solid pressure (Ps) is given by:

P, =a,p,0,+2p,(1+ ess)aszgo,ss@s (12)

¢ is the angle of internal friction taken as 30°. K¢ (=Ksf), the in-
terphase coefficient of momentum exchange represented by:

3asarp Reg\ — —
Ky =Kps =1 vfsfdsf Co (i) Vs =yl 13)
: : 2
Drag coefficient €, = [0. 63 +4.8 (?) 2] (14)

Re;s is the relative Reynolds number between phases ‘f” and ‘s’
given by:

Res — psds|Vs—vr| (15)
Hr

V.5 is the terminal velocity correlation for the phase of solid
given by:

V,s=0.5(4—0.06Re +

J(Re)Z +0.12Re,(2B — A) + AZ) (16)
with
A=af'*; B = a}*® for a; < 0.85, 17)
and
A=a}'; B = a%® fora; > 0.85 (18)

Utilizing the conventional K—& model involves generating
forecasts for the turbulent characteristics within the fluid phase,
incorporating supplementary terms to accommodate the transfer
of turbulent momentum across interfaces.

The fluid phase’s Reynolds stress tensor ‘f” is

= 2 — N7 — — T
where, p,  is the turbulent viscosity given by:

2
pep = pfcn’s‘_; with €,=0.09 (20)

The prediction of turbulent Kinetic energy kg and its dissipa-
tion rate &, are obtained from the following transport equations:

V- (arpUsks) = V- (“f%kaf) + Gy — apprgp +
applly, (21)

— &
V- (arpsUsks) = V- (af%fvgf) +ay (CreGy
Ciepss) + appsll g (22)

where IT,¢ and I1f represent phase of solid ‘s’ influence onto
the phase of fluid ‘f” expressed as

_ ﬁ _ —
Iy = P (ks — 2k + V5 vg,) (23)
Hsf = C3£Z—;ka (24)

Uy, is the drift velocity given as:

Vg =( s yq, — i Vaf) (25)

Asfls Asfls

Ve, in above Eq. (25) considers the fluctuation in concentra-
tions. Uy is the slip-velocity, the relative velocity between the
phase of fluid and phase of solid given by:

D = solid sections’s eddy viscosity, @ = constant (0.75), k¢
is the average product of the variation in the solid and fluid
phase’s respective velocities, and it is defined as the covariance
of their velocities. The rate at which kinetic energy is extracted
from the mean and organized movements by the Reynolds
stresses, or Gk, is the creation of flow’s turbulent kinetic energy
expressed as follows:

The different equations constant parameters are written as:
Ci,=144,C,, =1.92,C3,=1.2,0,=1.0,0, = 1.3 (28)
Tchen's theory, as described by Lun et al. in 1984, is em-
ployed to forecast turbulence within the solid phase. This theory
addresses inhomogeneous and steady turbulent flow for the dis-

persion of discrete particles. The representation of turbulent ki-
netic energy, dispersion coefficients, and correlation functions
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within the solid phase is contingent upon the essential character-
istics of the continuous turbulent motion's time scale in the fluid
phase and the characteristic time.

Trsf = aspr;fl (Z_; + Cvm) (29)

The characteristic time of the interaction between eddies and
particles:

1
Tt,sf = Tt,f[l + Cﬁfz]z (30)

_ Vel
= % (31)

3

The energetic, turbulent eddies characteristic time:

3¢k
T2 uEf

Tt,f (32)

|7,| =V - Vgy |V,| being the local relative velocity’s average
value between particle and fluid known as drift and slip velocity.

Cs = 1.8 —1.35c0s*6 (33)

0 is the particle’s mean velocity and mean relative velocity mid-
angle and 7 is two characteristic time ratios given as:

My = L (34)

The solid phase’s turbulent kinetic energy,

2
kg = k; (’”ﬂ) (35)

1+1]sf

Eddy viscosity for the solid phase,
2 1
D, =Dyoy+ (2ky = b ko) Tros (36)
Binary turbulent diffusion coefficient,

1
Dt,sf =3 ksTt,sf (37)

-1
where, b= (1+Cy,,) (? + CV,,,>
f

The Kinetic energy of solid particles undergoing random mo-
tion is elucidated by the granular temperature within the solid
phase. The governing transport equation, as derived from the ki-
netic theory proposed by Gidaspow et al. (1992), is expressed as
follows:

2V (@,ps¥,0,) = (=PI +Ts): Vi, + V- (ko,VO,) —
Yo, + @5 (38)
Here, the development of energy from the solid stress tensor

is defined by (—P,I + Ts): V,. ke, being the diffusion coeffi-
cient given as:

_ 15dspsasOsm E 2 _ i _
ko, = Rt [1 4 22 (40 — 3)asGoss + 1o (41

33n)nasgo,ss] (39)

ko VO is the granular energy’s diffusive flux.

n=2(1+ey) (40)
Collisional dissipation energy,

12(1-ess2)goss 3
Yo, = Tﬂ"psaszasz (41)

@ is the kinetic energy’s transfer due to an unsystematic mo-

tion in the velocity of particle from the phase of solid to the phase
of fluid and is expressed as:

@ps = —3K;0; (42)
2.1.2 Mesh

Meshing constitutes a crucial aspect of computational model-
ing. The model domain, measuring 4.5 meters in length and pos-
sessing an internal diameter of 50.8 mm, was generated using the
meshing tool in Ansys Fluent 2021. It comprises 2,347,500 ele-
ments and 2,431,620 nodes, a determination confirmed through
a mesh independency check. The length of the pipeline closely
aligns with that of the original experimental setup to ensure com-
prehensive flow development. The inflation layers exhibit a
seamless transition with six layers, aimed at accurately repre-
senting the boundary flow. Employing multi-zone meshing with
an element order size of 3 x 10°m and a skewness of 0.90, the
mesh was verified to be compatible with the turbulence model,
yielding reproducible and converged results.

Figure 1 illustrates the specifics of meshing within the cross-
sectional region of the pipeline. Inflation layers have been incor-
porated to enhance the resolution of the boundary layer and ef-
fectively capture wall gradients. Figure 2 provides a depiction of
three-dimensional meshing details for the pipeline. Table 1 pre-
sents the particulars of the model setup employed in the investi-
gation to simulate the flow of slurry within the pipeline.

Table 1. Model setup details.

Turbulence model K-epsilon

Time step chosen Steady-state
Number of time step

Volume fraction for-
mulation

Steady-state
Implicit

Water iron—ore:
drag coefficient schiller-Nau-
mann

Phase interaction

2.1.3 Inclusion of Rheological properties into the 3D CFD-based
model

The rheological properties of the slurry play a pivotal role in
deciding the type of model needed to define the type of viscous
flow. For the primary phase, i.e. water, the viscosity of water is
already predefined and taken as 0.001 kg/(m s) but for the sec-
ondary phase, i.e. iron ore particles, the exact calculation and
representation of viscous effect is of utmost importance to get
the most accurate results. Since the slurry behaves as Bingham
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plastic as seen in Part 1 studies of Mishra and Kaushal (2025),
the model should be chosen as such to give inputs for yield stress
and absolute viscosity. In that case, the Herschel-Bulkley model
available in software, fits the best to provide input. Here, for sim-
ulating this, the Power-Law Index (n) is taken as 1 to treat it as a
Bingham plastic model. Additionally, to consider the material’s
flow behavior under varying shear conditions, shear rate depend-
ency has been considered. By using the Herschel-Bulkley model
using the specified parameters, it is feasible to acquire more pre-
cise and dependable inputs for simulations, hence resulting in
enhanced predictions for pressure drop across the pipeline.

0.000 0.050 0.100 (m)

0.025 0.075
Fig. 1. Details of the mesh configuration within the cross-sectional
profile of the pipeline.

oo oo €10l

Fig. 2. Three-dimensional mesh details of the pipeline.

3 RESULTS AND DISCUSSION
3.1 Pressure drop analysis

During the current investigation, CFD simulations have been
conducted utilizing the boundary conditions and mathematical
models that were discussed in previous sections. The graphing of
local solid concentration and the distribution of flow velocity
takes place at the pipe outlet, while pressure drop is measured in
the final segment of the pipeline. The pressure drop results were
compared with those obtained in the experimental analysis in the
Part | studies of Mishra and Kaushal (2024). Figure 3(a)—(e)
shows the graphs for each efflux concentration with their exper-
imental and data obtained from CFD-based model obtained. This
analysis is also a follow-up study by Mishra and Kaushal (2023)
to enhance the understanding of CFD-based models using Ansys
fluent by taking more concentrations of iron ore including the
additives range at different velocities.

The major variations in the experimental and simulated re-
sults are mostly seen at the lowest velocity and at the highest
velocity. In general, there is a notable concurrence between the

values computed through the 3D CFD-based model and the ex-
perimental results derived from the obtained graphs. The mini-
mum velocity chosen for the simulation is 1 m/s. For 1 m/s of
velocity, marginal variation in predicted pressure drop with re-
spect to the experimental data is obtained for each efflux concen-
tration. The maximum percentage deviation of predicted pres-
sure drop with respect to the experimental result at 1.5 m/s of
velocity is found to be 33.33 % at 65% efflux concentration. Fur-
ther with the increase in additive range, the variation in the plot
seems to reduce. The reason is that extremely tiny iron ore parti-
cles in the slurry flows used in the current study get equally dis-
tributed in the primary phase (water) at both very high concen-
trations and greater slurry velocities, increasing the primary
phase's density. Deviations have been seen since the CFD model
does not account for this element. Afterward, as the velocity in-
creases the deviations in the pressure drop almost get equal to 0
and around 2—-3 m/s of velocity, the CFD results coincide with
the experimental results for pressure drop for all the efflux con-
centration cases showing the validity of the 3D CFD-based
model. For the maximum additive range i.e. 1.0-1.5% w/w, there
is a sharp deviation observed for all the cases after the velocity
of 2.5 m/s. hence, this can be considered as the limitation of the
computational model, as it is over-predicting the pressure drop.

3.1.1 Comparison of 3D CFD-based model with the proposed
modified Slatter’s Method

The predicted pressure drops utilizing the proposed modified
Slatter approach in our previous studies and pressure drop pre-
dicted from 3D CFD—based model variations are depicted in Fig-
ure 4. Both the modified Slatter method and 3D CFD model ac-
curately anticipate the pressure drop in the median velocity
range. However, the modified Slatter technique predicts the pres-
sure drop well within the minimum error range. Although more
than 50% of the pressure drop data points fit into the +15% error
range, the 3D CFD-based model predicts well within the range
of +30%. Deviation of the rest of the points for pressure drop
predicted using the 3D CFD-based model is mostly for higher
velocity ranges and lower velocity as seen in Figure 4. This could
be because fluent may not be able to resolve specific particles or
the size distribution of the particles in the slurry since it assumes
continuous flow. This restriction may have an impact on how ac-
curately pressure drop predictions turn out, especially if the
slurry has a large range of particle sizes that greatly alter flow
resistance.

S

-
)

-
=)

o

« Modified slatter method
+ 3D CFD-based model
——45 degree line
+15% error
-15% error
- = +30% error
-30% error

Predicted Pressure drop (kPa/m)
o

IS

0 2 4 6 8 10 12
Experimental Pressure drop (kPa/m)

Fig. 4. Comparison of predicted pressure drop using proposed modi-

fied Slatter's method and 3D—-CFD based model.
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Fig. 3. Variation of Experimental pressure drop and Predicted pressure drop using 3D CFD—based model.

3.2 Velocity distribution

From Figure 5(a)—(e), velocity contours have been shown for
a distance of 1 meter before the outlet to show the actual velocity
variation inside the pipeline in its cross-sectional area. It can be
seen that at the walls, the velocity of the slurry remains zero and
it starts increasing while moving toward the center. It can be
concluded that the solid particles travel at a much faster rate at
the center pipeline’s center for the different solid concentrations
in all velocity ranges. Additionally, the contours of velocity are

symmetric about the pipeline’s mid-cross section (center) for all
the shown mean velocities of flow. The interchange of
momentum among the solid particles increases along with
increases in velocity and solid concentration, which is why the
velocity contours are symmetrical. The flow inside the pipeline
becomes turbulent because of the interaction between solids and
solid walls. Because of the viscous effect, solid particles along
the pipe wall exhibit reduced velocity, whereas in the central
region of the pipe, solid particles exhibit the highest velocity.
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V=35 mis, Ov=32.70% V=3 s, Cv=32.705% V-25mis, Cv-3270%

V= 1.5mvs, Ov=32.70%
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Fig. 5 (a)—(e). Velocity distribution profile at different efflux concentratlons and different inlet velocities.

3.3 Slip velocity and vertical velocity distribution

Figure 6 and Figure 7 show the slip velocity variation along
the longitudinal and transverse directions of the pipeline. The
slip velocity is the difference between the mean particle velocity
and the mean liquid velocity, which leads to the occurrence of a
drag force. Considering the slip velocity along the longitudinal
direction of the pipeline from the inlet to the outlet in Figure
6(a)—(e) (see appendices), it can be seen that the slip velocity first
reduces to a maximum extent at the inlet and further stabilizes as
the flow progresses to fully developed and moving towards the
outlet. Three different additive ranges are taken, and their slip
velocity is plotted in both Figure 6 and Figure 7 based on the
results obtained in the above work for the optimum additive
percentage from the rheological testing, and the maximum %
additive range i.e., 1.5% for each case. Along the longitudinal
axis, there is a marginal improvement in the slip velocity across
all the optimum % additive ranges when compared with the plain
slurry flow. This can be because the viscosity obtained is also
much less for the optimum additive range which is taken as an
input during the modelling.

In Figure 7(a)—(e) (see appendices), slip velocity along the
transverse direction is taken at the mid-length of the pipeline for
different additive ranges at different flow velocities. The figure
also depicts the vertical velocity distribution in the pipeline when
the additive range changes. It is observed that velocity is
negative at the bottom section of the pipeline and stays in the
negative range till it reaches the top of the pipeline as also seen
in Kaushal et al (2012) for the slip velocity analysis. It can be
because the particles in the bottom section of the pipe exhibit an
inclination to travel in an upward direction. Vertical velocity
distribution is shown in Figure 8(a)—(e) for iron ore. Particles in
the top section of the pipe exhibit a downward motion because
of gravitational force. The upward velocities of particles near the
pipe wall cause the maximum concentration sites to move farther
from the bottom of the pipe, as found experimentally at
increasing concentrations and velocities. This phenomenon can
be attributed to the high concentration of particles in the lower
section of the pipe's cross-section, coupled with a negative slip
velocity. This negative slip velocity indicates that energy is being
transferred from the water to the particles. Consequently, this
energy is then transferred to the upper section of the pipe,
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causing the particles to accelerate to a higher velocity than the
water in the upper section.

Improvement in the slip velocity is also seen in all the cases
at different additive ranges and extreme variation of slip velocity
is not found for the optimum doses as compared to that of plain

V=3m/s, Cvm32.70% V2.5 mvs, Cu=32.70%

V=3.5ms, O 32.70%

Ve 1 v, Cve 32.70%
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slurry. This improvement in the slip velocity ultimately leads to
a more stable slurry flow in the pipeline. Hence, the addition of
an additive (Sodium—Hexametaphosphate) makes the slurry less
viscous and more stable.
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Im
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Fig. 8(a) — (e). Vertical velocity distribution profiles at different efflux concentrations and different inlet velocities.

3.4 Concentration profiles

In Figure 9(a)—(f), a solid concentration of iron ore slurry
considering various efflux concentrations at the pipe outlet along
with varied velocities is shown. For the highest concentration of
slurry i.e., 72 % wiw (Cys = 32.70%), the contours exhibit the
highest concentration all over the cross section at every velocity.
As the efflux concentration decreases the contours also exhibit
very light mixing of the particles in the cross section. It is noted
that the bottom portion of the pipe exhibits a modest deposition
of solid particles for nearly all concentration profiles, which may
be the result of the moving bed development. The heterogeneous
flow regime is still present in the pipe's upper part.

3.5 Granular pressure and granular viscosity distribution

Figures 10 and 11 show the granular pressure Ps (x, y) and
granular viscosity ps (X, y) at 3.5 m/s velocity with all the
concentrations taken in the study. It can be seen in Figure 10 that
the effect of granular pressure is restricted to the vicinity of the
pipe-bottom zone at lower concentrations because fewer
particles with lower turbulence intensities are moving there.
Moreover, regarding the granular viscosity depicted in Figure 11,
the highest value is observed at the pipe's bottom, with a slight
impact noticeable up to the upper wall of the pipe.
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5 CONCLUSIONS

This paper has presented the computational analysis using a
3D CFD-based model for iron ore (55 pm mean diameter) slurry
flows. A higher concentration (32.7% v/v — 22.02 % v/v) of
slurry has been taken for a complete range of flow velocities (3.5
m/s — 1 m/s) without and with chemical additive (Sodium-
hexametaphosphate). The following conclusions have been
[r@&ie from the study:

1. The Eulerian model has predicted the Pressure drop
accurately with k-epsilon turbulence settings for all flow
velocities.

2. The 3D CFD-based model is used for analyzing pressure
drop in the slurry pipeline which predicts Pressure drop
with almost zero error when compared with the
experimental data obtained in Mishra & Kaushal (2024),
for all efflux concentrations at velocities ranging from 2
m/s to 3 m/s. Further with the increase in additive range,
the variation in the plot seems to reduce for the rest of the
flow velocities.

3. The addition of the chemical additive also showed quite
a good improvement in the slip velocity (both in the
horizontal and vertical direction) for the optimum ranges,
majorly due to the viscosity reduction. Hence, making the
slurry flow more stable.

4. Solid particles are seen to exhibit reduced velocity near
the walls in the velocity distribution contours due to the
viscous effect, and the highest velocity is noted at the
center. The concentration of the particles also seems to
be higher at the bottom for a greater volume fraction of
slurry as observed from the concentration profile, at all
the flow velocities.

5. The granular pressure and granular viscosity increase
with the increase in the concentration of slurry at the
bottom of the pipeline.

The current study concludes that 3D CFD-based analysis
proposed in the present study will help the designers to use the
CFD model results for higher concentration for slurry
conveyance to create a pipeline system for iron ore industries,
thereby removing the necessity for time-consuming, costly, and
labor-intensive experiments to be carried out on pilot plant loop
test facilities.
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Fig. 7 (a). 3D CFD-based vertical slip velocity profiles for different flow velocities at 72% w/w (Cvf= 32.70%) efflux concentration.
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Fig. 7 (b). 3D CFD-based vertical slip velocity profiles for different flow velocities at 70% w/w (Cvf= 30.50%) efflux concentration.
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Fig. 7 (c). 3D CFD-based vertical slip velocity profiles for different flow velocities at 68% w/w (Cvf= 28.50%) efflux concentration.
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Fig. 7 (d). 3D CFD-based vertical slip velocity profiles for different flow velocities at 65% w/w (Cvf= 25.90%) efflux concentration.
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Fig. 7 (e). 3D CFD-based vertical slip velocity profiles for different flow velocities at 60% w/w (Cvf= 22.02%) efflux concentration.
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