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Abstract: Erosion in multiphase flow due to the effect of solid particles is a key factor in wearing of industrial pipelines. In
recent years, industries are using Computational Fluid Dynamics to study erosion wear in pipelines. Researchers have
investigated various factors that affect the erosion of pipelines including particle size, velocity, coating material, fluid viscosity,
region of pipe (bends/fittings convex or concave), etc. This paper investigates the effect of various slurry parameters on the rate
of material erosion in the pipeline, under different sets of operation conditions. Silica sand (density= 2650 kg/m®) slurry was
considered for the simulations, mixed in water at different volumetric concentration (12%, 24% and 36%), with an inlet velocity
of 2.74 m/s and 3.56 m/s. The particle size was considered constant at 225um, 450pum and 675um, respectively. Simulations are
done in ANSYS-FLUENT software under Eulerian two-phase model with k-& approach. Results showed that the erosion rate
followed the trend of increasing with an increase in all the above mentioned varying parameters as it varied from 8.25 mm/yr to
18.93 mm/yr. It was also hinted that as particle size reduced, the influence of velocity as a contributing parameter reduced which
is explained by the fact that the mixture is leading from suspension state to colloidal state.
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L. INTRODUCTION
Flows involving a suspension of fine solid materials in a flowing fluid have now been comprehensively used by various civilizations
throughout history, more particularly by the Egyptian, Roman, and Greek empires. But the earliest evidence of solid-liquid
suspension flows in an engineering application was from the 1860s in Egypt's Suez Canal [1].
Nowadays, pipelines are used to transport solids suspended in liquids in industrial fields such as chemical, food, and pharmaceutical
production, mineral and construction material transportation (such as coal, iron ore, sand, crushed rock, cement, wet concrete, etc.),
municipal and industrial wastes, and emerging industries related to "smart" materials and biological systems. Hundreds of additional
products in diverse areas, such as radioactive materials, grains, and hospital supplies, also use this mode of transportation [2, 3, 4].
Understanding the characteristics of liquid & solid particles transport in industrial contexts requires instrumentation that can make
fast, accurate, and autonomous measurements. These instruments are expected to be reliable, fast, and unobtrusive, i.e., they should
not interfere with the monitored flow and require little maintenance. Apart from monitoring, the information obtained through real-
time observation allows technical experts to make more informed decisions based on solids behaviour, such as particle settling
(that leads to pipe wear), clustering, or blockages that can potentially harm the device or cause breakdowns, both of which are costly
[5].
In pipes that move bulk solids using both hydraulic and pneumatic conveying modes, erosion is an inevitable event. A number of
factors, including material hardness, solid particle size and shape, concentration, particle velocity, solid impact angle on the target
material surface, and others, affect erosion wear.
To establish the functional dependence of erosion wear on various parameters, several researchers have conducted systematic
studies. Bahadur and Badruddin [6], Gandhi et al. [7], Singh et al. [8] investigated on how characteristics such as solid
concentration, flow velocity and particle size in coal-water slurry influenced the erosion wear.
The impact of particle size, shape, and rotation on erosion was investigated by Deng et al. [9] and Heilbronner et al. [10]. They
came to the conclusion that spherical particles had less of an impact on erosion than irregular particles did. Though the number of
affecting factors are numerous with each having an independent influence on erosion, Gupta et al. [11] managed to create a
relationship, an empirical formula, which has been preferred by many academics to estimate erosion rates. The equation is as
expressed below:

ER=aVv *d;¥C* (1)
And in case of translatory motion, rotational velocity is replaced by mean velocity [12-14].
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Other elements that influence erosion-corrosion in slurry pipelines but are left out of the equation above for the sake of
computational ease include pH, the impact of using additive layers on the inner walls of pipelines, pipeline shape, etc. The effects of
pH value on erosion in stainless steel pipes were examined by Hessari and Round [15], Singh et al. [16], and Kaushal et al. [17].
Any pipeline network must include bends, elbows, expansion-contraction joints, and other features that allow for flexible routing.
However, few investigations on bends for solid-liquid two-phase flow have been conducted. Some of the prominent results in this
domain are listed below.

Table 1: Researchers and their contribution to multiphase flow in pipe bends

Author Investigation Results

Kalyanraman et al. [18] Effect of flow of 2 mm sand particles in sand- | Bend with R/r =5 is optimum for
water slurry experimentally, on pressure loss | minimum pressure loss
at solid concentrations 0-18%

Turian et al. [19] Flow of gypsum & laterite slurries of varying | Resistance coefficient is inversely
concentrations through pipe bends of 2.5 cm | proportional to Reynolds number for
and 5 cm diameter laminar flow, and to approach constant

asymptotic values for turbulent flow

Bozzini et al. [20] Effect of velocity, particles’ content and gas | The most influencing parameter for
volume concentration on wall erosion of pipe | erosion was velocity
bends

Masnouri et al. [21] Experimentation and CFD simulation to Flow turbulence was solved by using k-¢
forecast erosion by water-sand & air-sand SST model
fluids

Njobuenwu et al. [22] Developed an erosion model to analyze wear | The model successfully predicted erosion
on square 90° bend having different r/D ratio | on the concave and convex region of the

pipe bend

According to numerous studies, a pipe bend ratio of 5 to 5.7 is ideal for minimising pressure drop around the curve [18, 23-24].
Kaushal et al. [24] studied the effect of pipe bends on pressure drop and concentration distribution, both experimentally and
computationally, by using silica sand slurry and found that the optimum bend ratio for minimal pressure loss was 5.6.

In this paper, keeping the pipe bend ratio at an optimum ratio of 5.6, the effect of silica sand slurry characteristics have been
observed on the erosion rate in a 90° horizontal pipe bend of aluminium with no coating. The volumetric concentration of the silica
sand varies from 12% to 36% and for each concentration in this study. Two flow velocities and three constant particle sizes were
considered, varying from 2.74 m/s to 3.56m/s and 225 pm to 675 pm respectively.

1. MATHEMATICAL MODELLING
A. CFD Modelling
Computational Fluid Dynamics is used to model the fluid (CFD). For all fluid simulations in this paper, the ANSYS FLUENT
R19.0 Academic Package was used. FLUENT uses a finite volume approach in its CFD code. This is a common method that can be
found in many CFD codes. The control volume is a defined zone in which the governing equations are applied. These equations are
referred to as conservation equations because they describe the conservation of mass, momentum, and energy over the control
volume.
In most cases, the simulation's multiphase model selection is based on the concentration of solid particles. It is critical to select the
most appropriate model for one's needs because it distinguishes momentum transference. Given that slurries are not dilute fluids, the
mixture and Eulerian models are the best fit for the research. Non-granular models, according to the Eulerian model, tend to exclude
friction and inter-particle collisions. As a result, the granular Eulerian model appeared to be the best option in this case.
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B. Eulerian Model

The Eulerian two-phase model assumes a slurry flow with solid and fluid phases. These are distinct entities, but in the Eulerian
model, they form a single continuum such that a5+ of = 1, where f and s are volumetric concentrations of fluid and solid phase,
respectively. The conservation equations, on the other hand, are fulfilled by each phase as an independent entity.

The Eulerian Model considers the following forces to be at work on the fluid particles:

1) Static pressure gradient (VP)

2) Inertial forces brought on by particle reciprocity (VPs)

3) Drag forces brought on by the velocity differential between the solid and fluid phases (Kg (Vs - Vi))

4) Viscous force (V.T)) (here T, is the viscous stress tensor for fluid)

5) Body force (pg) (here p is the mass density and g is the acceleration due to gravity)

Aside from the forces mentioned, Drew and Lahey proposed an additional virtual mass force and lift force acting on fluid particles
[25]. The derivation of the governing equations associated with the same has been provided by Drew in detail [26].

a) Governing Equations

e Continuity Equation

The equations governing flow of slurry are:
V.(ox pt Vi) =0 )

And in this case, t can be considered as s or | [24-26].

e Momentum Equations

For liquid phase:

V.(oupViVi) = -0y VP +V. T + 04 p1 § + Ka(Vs — Vi) + Comoispy (Vs. VVs — Vi.VV) + Cragpi(V) — V) X (V%

%) ©
For solid phase:
V.(as ps Vs V) = —asVP-VPs +V.Ts + a5 ps § + Kis(Vi = Vs) + Cumaispr (Vi. VV) = V. V) + CLaspi(Vs — 4)
Vi)x(Vx V)
T, and T, are the viscous stress tensors for liquid and solid phase respectively, which are given by [26]:
‘=E| = a||.l|(VV| - VV| fr) (5)
%o = ooV — VW) +as(hs — 2p10) VI (6)
where, ‘fr’ in superscript above the velocity vector represents the transpose, and the bulk viscosity of solid, as shown below [27]:
1
A= faspsdsgoﬁ(ueﬁ)(qu ()
3 ’ /4

Jo.ss 1S the radial distribution function which is defined as the probability of particle touching another particle [28]. It is given by:
-1

3
Goss = 1_[ % :| (8)
a

s,max

Here, O is proportional to the kinetic energy of the fluctuating particle motion [24],
Solid shear viscosity, s is represented as —

Ms = MUscol T Mskin + Hsir (9)
Where, Wscols Mskin, @Nd s ir are the collisional, kinetic and frictional viscosities respectively, which are given as [28-30]:

Hs.col = ﬂaspsdsgo <@+ ess)(%jz (10)
5 ' 4
P.sing
Hsir = —F/—
"2, ()
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d.p.,/®
HMskin = 055623&—3)57[[14_0'4(14_%5)(3655 _1)asgo,ss (12)

I,p is another invariant of the deviatory strain rate tensor defined for solid phase, ¢ is the internal friction angle and P, does represent
the solid pressure, as shown below [27] -

Ps=0sps Os + 2 Ps(1+ess) OLszgo,ss(as (13)
K represents the inter-phase momentum exchange coefficient, defined as [28] —
3a.o Re, |l -
Ka= Kis&=— s lel CD > ’VS - |‘ (14)
4 VI’,S dS Vr,s
Cp represents the drag coefficient defined by [30]:
-1 2
Re  |?
Co- O.63+4.8[ s ] (15)
Vr,s
Rey is the relative Reynolds Number for the liquid and solid phase and is defined as [37]:
a, Vi
Re,. Pl 0 (16)
H
Vs represents the terminal velocity of the solid phase as given by Garside and Al-Dibouni [32]:
V.s = 05(A- 0.06Re; + J(0.06 Rey)? + 0.12Re (2B - A) + A?) (17)
withA = a;*™; B =08a;'*® fora; <085 (18)
and A= a;*'*; B=a*%  fora;>085 (19)

C. Turbulence Modeling

The k-¢ model was first put forth by Spalding and Launder in 1972 [33]. Following this, the model has undergone further
improvement and modification. By using the renormalization group (RNG) theory, Yakhot and Orszag [34] suggested improving
the k-¢ model. The RNG theory is used to empirically infer the constants of the conventional k-¢ model. In order to produce better
and more accurate predictions for changes in flow, such as flow separation and flow via curved geometries, this ensures that the k- ¢
model does not need to be adjusted repeatedly based on the type of flow. This results in a 10-15% reduction in computing effort
[40].

D. Wall Effects

Due to the considerable gradient of the quantities close to the wall, fine grids are required. Due to the computation taking longer,
requiring more memory and faster computer processing, as well as making the equations more complex, this raises the cost of the
calculation. A wall function, which is a group of semi-empirical formulae and functions, enables a less expensive calculation by
substituting the fine grids with a set of equations that relate the calculated variables at near-wall cells with the equivalent amounts
on the wall. The wall function helps in the more accurate estimate of near-wall shear stresses for both liquid and solid phases. The
rigorous and wall function approaches were both incorporated in the hybrid near-wall modelling that was included in the FLUENT.
Areas of interest were identified from the rest of the pipe by using the former method on cases of fine mesh, while the latter was
used on the remaining portion of the pipe. With regard to near wall effects, this technique provides an insight and a balance between
computational efforts and modelling inaccuracies.

1. NUMERICAL SOLUTION
A. Geometry Modeling
As previously noted, a bend ratio with the least amount of pressure loss associated was chosen to describe the bend in light of the
findings of several researchers. To evaluate the impact of erosion, a pipe with an internal diameter of 53.0 mm and a bend curvature
radius of 148.4 mm was employed, yielding a bend ratio of 5.60.
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Numerous researchers have demonstrated that changes in various parameters, such as efflux concentration, had little to no impact on
the critical deposition velocity when it came to the inflow velocity [41-42]. Experimental research by Kaushal et al. [24] revealed
that the threshold deposition velocity for this particular configuration was between 1.50 and 1.55 m/s. Since particle diameter is also
one of the characteristics varied in this setup to observe its effect and the effect of particle diameter on critical velocity is not known
by formulation, the initial inlet velocity condition were determined at a significantly higher value of 2.74 m/s and 3.56 m/s while
keeping the same in mind.

It has been determined that establishing well-developed turbulent flow in a pipe requires a minimum of 30-50 times the bend
diameter. A 6.5 m straight upstream pipe was selected with this in mind. To ensure appropriate monitoring of flow characteristics
and re-distribution of solids in the downstream length, at least a length of 140D i.e. 10 m was employed as the downstream length.
Since it is a horizontal bend, the pipe was laid in the XY plane and the origin point was the centre of the velocity inlet face. The
initial velocity was directed in the positive-Y direction and the outlet of the bend was towards the negative-X direction. The Z plane
was intersecting the pipe at mid plane.

GAMBIT software was used to generate the computational grid. It consisted of 3,890,258 cells and 4,503,654 nodes. The grid-
independence tests were carried out ensuring that all other contributing parameters were constant for all the cases. The initial grid
was refined by approximately quadrupling the number of cells from 894,774 cells to 3,890,258 cells and then doubling the same
from 3,890,258 cells to 5,526,047 cells. There were no additional enhancements in the results in later case. Hence, the mesh
consisting of 3,890,258 cells was considered optimum and suitable for simulation (Fig. 1).

Fig 1: Meshing of the pipeline outlet
B. Boundary Conditions
The velocity inlet, the wall boundary, and the pressure outlet are the three constraints of the calculation domain. At the inlet of the
bend, fully developed velocity and profile of volume fraction across the cross-section both solid and liquid phases were provided. At
the outlet of the 10 m long horizontal straight pipe, fully developed velocity and profile of volume fraction across the cross-section
are generated.

C. Solution Convergence

The momentum equation was discretized using a second order upwind method, whereas the volume fraction, turbulent Kkinetic
energy, and turbulent energy dissipation were discretized using a first order upwind method. These algorithms provided acceptable
accurate solutions and convergence. Based on the residual value of the estimated variables, including mass, velocity components,
turbulent kinetic energy, turbulent energy dissipation rate, and volume fraction, the convergence criterion is determined. The value
for convergence in the current computation was set to one thousandth of the initial residual values.

V. MODELLING RESULTS
A. Effect Of Slurry Characteristics On Erosion Rate
Owing to the necessary interest of flow characteristics and expected aggravated material loss around the pipe bends, the erosion
rates are magnified and presented in Fig. 2-19. Each figure has the discrete phase concentration distribution on the left side which
acts as the proof and the reason for generic erosion rate graph of the slurry represented on the right side, with respective legends.
The material loss is represented in CGS units is modified into units accepted by industries and suitable to read using Eq. (xx).
mm) _ ER(ing.cm™%.s71) (20)

ER (in— = x 24 x 60 x 60 x 365 x 103
yr p
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Fig 2: Discrete Phase Distribution and Erosion Rate Contour for 12% volumetric concentration slurry with 2.74 m/s inlet velocity

and 225 pm particle diameter

nmesJm

Fig 3: Dlscrete Phase Distribution and Erosion Rate Contour for 12% volumetric concentration slurry with 2.74 m/s inlet velocity
and 450 pm particle diameter
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Fig 4: Discrete Phase Distribution and Erosion Rate Contour for 12% volumetric concentration slurry W|th 2.74 m/s inlet velocity

and 675 pum particle diameter
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Fig 5: Discrete Phase Distribution and Erosion Rate Contour for 24% volumetric concentration slurrj} with 2.74 m/s inlet velocity
and 225 pm particle diameter
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Fig 6: Discrete Phase Distribution and Erosion Rate Contour for 24% volumetric concentration slurry with 2.74 m/s inlet velocity

and 450 pm particle diameter
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Fig 7: Discrete Phase Distribution and Erosion Rate Contour for 24% volumetric concentration slurry with 2.74 m/s inlet velocity
and 675 pm particle diameter
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Fig 8: Discrete Phase Distribution and Erosion Rate Contour for 36% volumetric concentration slurrj;witﬁ 2.74 m/s inlet velocity
and 225 pm particle diameter
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Fig 9: Discrete Phase Distribution and Erosion Rate Contour for 36% volumetric concentration slurry.Wi'th-Z..74 m/s inlet velocity
and 450 pm particle diameter
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Fig 10: Dis;crete Phase Distribution and Erosion Rate Contour for 36% volumetric concentration slurry with 2.74 m/s inlet velocity
and 675 pum particle diameter
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Fig 11: Discrete Phase Distribution and Erosion Rate Contour for 12% volumetric concentration slurry with 3.56 m/s inlet velocity
and 225 pm particle diameter
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Fig 12: D]é&ete Phase Distribution and Erosion Rate Contour for 12% volumetric concentration slurry- with 3.56 m/s inlet velocity
and 450 pm particle diameter
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Fig 13: Discrete Phase Distribution and Erosion Rate Contour for 12% volumetric concentration slur;y with 3.56 m/s inlet velocity
and 675 pum particle diameter
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Fig 14: Discrete Phase Distribution and Erosion Rate Contour for 24% volumetric concentration S|l:lll‘r)./ with 3.56 m/s inlet velocity
and 225 pm particle diameter
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Fig 15: Ijisbrete Phase Distribution and Erosion Rate Contour for 24% volumetric concentration slurr)]wAitr_l 3.56 m/s inlet velocity
and 450 pm particle diameter
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Fig 16: Discrete Phase Distribution and Erosion Rate Contour for 24% volumetric concentration slurry with 3.56 m/s inlet velocity
and 675 pum particle diameter
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Fig 17: Discrete Phase Distribution and Erosion Rate Contour for 36% volumetric concentration slurry with 3.56 m/s inlet velocity
and 225 pm particle diameter
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Fig 18: Discrete Phase Distribution and Erosion Rate Contour for 36% volumetric concentration;slurry with 3.56 m/s inlet velocity
and 450 pm particle diameter
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Fig 19: Discrete Phase Distribution and Erosion Rate Contour for 36% volumetric concentration slurry with 3.56 m/s inlet velocity
and 675 pum particle diameter
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B. Effect Of Slurry Concentration On Erosion Rate

The variation of the slurry concentration flowing through the pipeline was done by keeping the cross-sectional area, particle size,
inlet velocity and total mass flow rate constant. The inner diameter and radius of curvature of the bend of the aluminium pipe were
maintained at 53 mm and 148.4 mm, respectively. The slurry concentration varied as 12%, 24% and 36% respectively and the
maximum rate of erosion was recorded for each of the cases. Fig. 20-22 represents the plot of maximum erosion rate that the pipe is
subdue at the bend when the volumetric concentration of silica sand increased from 12% to 36%, each while having a constant
particle size of 225um, 450pum and 675pum respectively.

In Fig. 20, it was observed that the erosion rate climbed from 8.269 mm/yr to 9.181 mm/yr as the volumetric concentration
increased for the velocity of 2.74 m/s. However, for the velocity of 3.56 m/s, the erosion rate for both 24% and 36% volumetric
concentration remained the same at 9.659 mm/yr while that for 12% volumetric concentration was observed to be 8.76 mm/yr.
Similarly, based on the boundary conditions given, it was observed in fig. 21 that the erosion rate increased from 12.03 mm/yr at
12% volumetric concentration of silica sand to 13.782 mm/yr at 36% volumetric concentration for the inlet velocity of 2.74 m/s. A
similar trend was also observed when the inlet velocity was increased to 3.56 m/s as the erosion rate increased from 13.782 mm/yr
at 12% (v/v) conc. to 14.95 mm/yr at 36% (v/v) conc.

The trends were observed to be similar again for increased particles size at 675um in fig. 22 as the erosion rates increased from
13.198 mm/yr to 16.702 mm/yr and 14.834 mm/yr to 18.922 mm/yr for velocities 2.74 m/s and 3.56 m/s respectively.

Erosion Rate for particle size of 225 pym

—o—\Velocity = 2.74 m/s Velocity = 3.56 m/s
_ 10 - 9.659 9.659
[ss}
£95 -
€ 4| 8.76
= 9.181
© 85 -
©
= 8.48
5 87 8.269
875
w 12% 24% 36%

Volumetric concentration of silica sand

Fig 20: Variation of erosion rate and volumetric concentration at constant particle size of 225um

Erosion Rate for particle size of 450 pm
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_ 20
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= . — "
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[
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S
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Fig 21: Variation of erosion rate and volumetric concentration at constant particle size of 450um
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Erosion Rate for particle size of 675 pm
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Fig 22: Variation of erosion rate and volumetric concentration at constant particle size of 675um

C. Effect Of Solid Particle Size On Erosion Rate

As it was observed that the entire simulation system followed the general trend of increasing erosion rate with the increase in
volumetric concentration, it was also distinguished that a similar trend was also followed as the size of the particles increased. Fig.
23-25 represents the plot of maximum erosion rate that the pipe is subdue at the bend when the particle size is increased from
225pum to 675um, each while having a constant volumetric concentration of 12%, 24% and 36% of silica sand respectively.

Erosion rate for 12% volumetric
concentration of silica sand slurry

Velocity=2.74 m/s  —e—Velocity = 3.56 m/s

16 14.834
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14

12 13.198
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o
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Particle Size

Fig 23: Variation of erosion rate and particle size at constant solid volumetric concentration of 12%
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Erosion rate for 24% volumetric
concentration of silica sand slurry
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Fig 24: Variation of erosion rate and particle size at constant solid volumetric concentration of 12%

Erosion rate for 36% volumetric
concentration of silica sand slurry
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Fig 25: Variation of erosion rate and particle size at constant solid volumetric concentration of 12%

In Fig. 23, it was observed that the erosion rate climbed from 8.269 mm/yr to 13.198 mm/yr and from 8.76 mm/yr to 14.834 mm/yr
as the particle size increased from 225um to 675um, for the velocities of 2.74 m/s and 3.56 m/s.
A similar trend was also observed in both fig. 24 and fig. 25 as the rate of erosion climbed from 8.48 mm/yr to 13.432 mm/yr (for
24% (v/v) conc. & 2.74 m/s), 9.659 mm/yr to 15.885 mm/yr (for 24% (v/v) conc. & 3.56 m/s), 9.181 mm/yr to 16.702 mm/yr (for
36% (v/v) conc. & 2.74 m/s), and 9.659 mm/yr to 18.922 mm/yr (for 36% (v/v) conc. & 3.56 m/s).
It was also observed that as the particle size reduces the impact of velocity on erosion rate is reduced. This could be explained by the
fact that as the particle size reduces, the mixture leads to the colloidal state instead of suspension state.
Moreover, the erosion rate was also observed to go as high as 19 mm/yr as compared to the practical average erosion rate in
industries of 8 mm/yr in straight pipelines working at full capacity with a higher volumetric concentration of solids (40%-60%) in
comparison.

V. CONCLUSION
The first-ever recorded experimentation published related to the solid-water mixture flow being in 1906 by Nora Blatch [1, 3], the
field of slurry transportation can be considered as comparatively new and hence less investigated upon. However, given the
numerous advantages, saved capital and environmentally friendly process it is, the interest in the field is not falsely hyped. Since the
process is complex, numerous models and mathematical relations have been proposed related to different flow parameters. Rigidity
in pipeline routing being one of the disadvantages has caught attention of researchers to investigate upon.
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In this paper, we investigated the slurry characteristics that affect the erosion rate under different sets of operating conditions. The
inferences drawn from the results include:

1)

2)

3)

4)

5)

The overall erosion rate was found to be between 8.25 mm/yr to 18.93 mm/yr. This value is comparatively higher to the average
practical erosion rate in industries i.e. 8-10 mm/yr, even though they operate at higher solid concentration. However, this
concern can be tackled with future researches on alternate pipeline-slurry combinations, suitable pipeline coating which has
been proven to significantly reduce the erosion rate and optimum bend angles for reduction of erosion rate.

The discrete phase distribution around the pipe bends was inclined towards the outer surface of the pipeline, which can be
explained by presumable vortex formation during the flow.

Owing to the peculiar distribution of discrete phase around pipe bends, the outer walls of the bends are expected to be at a
greater risk for aggravated material loss. This can be inferred from the fact that the erosion rates in the results were as high as
18.93 mm/yr which is 89% more than the average erosion rate faced in practical industrial pipelines.

Under the limited set of sample points, it was observed that the rate of erosion was increasing with increase in velocity, particle
size and volumetric concentration, which seconds the findings of different researchers.

As the particle size decreased, velocity was observed to be a less significant parameter for the rate of erosion as the mixture led
to colloidal state from suspension state. This is observed when a 30% increase in velocity showed a mere 5.2% and 5.9%
increase in erosion rate for 24% and 36% volumetric concentration of solids

Nomenclature

Symbol Nomenclature
ER Erosion/Wear rate
V Speed of rotation
C Slurry concentration (% by weight)
a,xy,z Constants depending on the process of erosion and material properties
O, O Volumetric concentrations of solid and fluid phase, respectively
VP Static pressure gradient
VP, Inertial forces
Kq, Kis Interphase momentum exchange coefficient
Cum Coefficient of virtual mass force
CL Lift coefficient
Vo vy Velocities of solid and liquid phases, respectively
T, T Viscous stress tensors for solid and liquid phases, respectively
Tr Reynolds stress tensor
P Mass density
g Acceleration due to gravity
] Identity tensor
A Bulk viscosity of solid
ds Diameter of particles
Goss Radial distribution function
Ols max Static settled concentration
0 Granular temperature
s, Ly, | Shear viscosity for solid, liquid phases and slurry, respectively
Hs cols Ms kin» Ms fr Collisional, Kinetic and Frictional viscosities of solid
€ss Restitution of coefficient
(0] Internal friction angle
P Solid pressure
Co Drag coefficient
Re Reynolds number
Vi Terminal velocity of solid phase
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