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Abstract: Erosion wear is a big problem in hydraulic reaction turbines and centrifugal pumps. It
not only reduces the life of the turbine but also reduces the performance and power output since it
removes the material from the guide vane due to that water will not reach the impeller blade at the
designed blade angle. In this research paper, a slurry pot tester has been designed and manufactured
in the lab to analyze the suspension of sand particles in water at a varying concentration of sand,
particle size, and terminal velocity by the Response Surface Methodology (RSM) and Computational
Fluid Dynamics (CFD). The RSM determines the suspension speed of sand particles based on
experimental data. The CFD simulation was conducted to study the internal flow field of the sand
water mixture in the slurry pot tester. For experimentation, the particle size varies from 200 um, 325
um, and 450 pm, sand concentration varies from 1%, 3.5%, and 6%, and terminal velocity from
0.06046 m/s, 0.08768 m/s and 0.1149 m/s. Finally, surface plots, contour plots, and factorial plots
are drawn in the RSM to find the outcomes of input variables on the suspension speed. The residual
plot, Analysis of Variance (ANOVA), and Pareto chart show the accuracy of the predicted results of
RSM. The regression equations generated by ANOVA give good accuracy with S, R2, and R2(ad))
values 0.538384, 99.99%, and 99.98%, respectively. The CFD simulation results give a good inner
picture of the slurry pot tester by plotting the graph of phase distribution, path line, and velocity field.

Keywords: Slury Pot tester; Sand particle; Sand Concentration; Terminal Velocity; Optimization;

Computational Fluid Dynamics (CFD).

1. Introduction

The erosion wear due to sand particles with high impact
velocity is the big problem faced in the hydraulic reaction
turbines and the centrifugal pump. This problem reduces
the turbine's life and hampers the power produced by the
turbine and the hydraulic efficiency. The guide vanes are
an essential part of a hydraulic turbine because guide
vanes control the flow of water at the design angle on the
impeller blade so that incidence losses are low and the
turbine produces the maximum power. If the material has
been removed on the guide vanes due to erosion wear, the
water did not reach the impeller blade at a particular
design angle, increasing the incidence losses and reducing
the turbine's performance. To explore the effect of erosion
wear, a slully pot tester was used for experimental work.
Experiment was conducted on the martensite stainless
steel CA6NM at diverse orientation angles 15° to 90° at
varying impact velocities".

The performance of the hydraulic machines (Pump,
Turbines) was drastically reduced due to these sand and
slurry particles. The investigation of the slurry pump
concluded that if the slurry concentration increased in the
water flow, it decreased the pump's performance?.

erosion wear can be calculated by developing a model
with low turbulence and an accurate sand or slurry particle
concentration in water.

A study was conducted on a slurry pot tester to find the
flow field characteristic on the model, in which a stirrer
was used with the six-blade 45° pitched turbine blade?.
The erosion wear in the material can be reduced by
creating a hard-coated surface on the guide vane surface
which is in direct contact with the sand and water mixture
at the inlet section of the turbine. The grey cast iron wear
properties have been enhanced by the addition of
magnesium, chromium, and silica over the inner surface
of the turbine®. The homogeneous distribution of the sand
in water depends on the concentration of the sand, particle
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size, turbulence inside the model, and the propeller's speed.

The Computational Fluid Dynamics (CFD) study has
been conducted to investigate turbulence and sand particle
distribution inside the pot tester®. A slurry pot tester has
been designed and developed by® for investigating the
erosion wear on the ductile material. The study was
conducted on non-ferrous materials, AISI 316L, stainless
steel, turbine blade steel and erodent materials chosen to
be quartz, carbide, and silica. The particle impact velocity,
angle, and frequency are three essential variables that
govern the erosion due to slurry and sand in water on the
contacting surface. A study has been conducted to find the
effects of these three variables on material loss”>®.

The actual calculation of erosion wears is necessary to
study the particle impact on the eroded surface. The
Lagrangian approach has been used for investigating the
outcome of velocity, impact angle, and impacting
frequency on the wear rate”. The erosion wear in slurry
pump at high impact velocity has been measured by 9. A
new, suspended particle monitoring study has been
conducted. A river water sample was collected, and based
on the sample, a correction factor multiplied with the
results obtained by in-house experimental work 'V. The
wear rate is very much affected due to material properties.
The nanoparticles composites with cotton fibers reduced
the wear rates significantly'?.

The speed of the propeller at which all sand particles at
the bottom of the pot tester are suspended in water at
minimum turbulence is known as the suspension speed.
From the above literature and analysis, it is detected that
the suspension speed of the particle is the most important
parameter for getting the actual results of the erosion rate
of the material. If the suspension speed is very high, the
particle will suspend in water, but there is a high degree of
turbulence created which change the particle path and
impact angle of the sand particle, and an error occurs at
the time of experimentation. So, suspension speed must be
optimized with respect to the size of particles,
concentration, and terminal. In previous research, the
optimization of the suspension speed is missing. So, in my
research paper, I have presented a Response Surface
Methodology to optimize the slurry pot tester input
settings. The predicted optimized results of RSM have
been validated with the experimental and simulation
results. The CFD tool is mainly used for flow visualisation
and finding the sand particles' pressure field and velocity
fields.

2. Experimental Set-up

To study the suspension characteristic of sand particles
in water, transparent acrylic cylindrical has been used in
Figure 1. A pitched turbine blade with a blade angle of 45°
is mounted on the shaft, and shaft is inserted at the base of
the cylinder, and power is transferred to a 1.5hp Direct
Current (DC) motor. The four holes are provided on the
cylinder wall at the height 80 mm,120 mm, 160 mm, and
200 mm from the bottom of the tank respectively. The

diameter of the holes are 8 mm mainly used for collecting
slurry samples. The four holes marked on the cylinder in
which two are on the left side of the tank at 80 mm, and
160 mm from the bottom namely L1, L2 respectively,
other two are R1 and R2 at its diametrically opposite
onl120 mm and 200mm from the bottom respectively.

The cylindrical tank (as shown in figure 1) is made
transparent with acrylic material for clear visualization.
The height, diameter, and thickness of the acrylic cylinder
is the 300 mm, 300 mm, and 5 mm respectively.

Transparent Tank Iron Stand

Propeller

Electric Motor Mechanical Coupling

Figure 1 Experimental Setup of slurry Pot Tester

The experimental setup of the slurry pot tester used the
transparent acrylic cylinder to observe the motion of sand
particles inside the cylinder at the time roation of the
propeller blades. The high speed of rotation of the
propeller creates the lot of turbulence inside the acrylic
cylinder, which will enhance the error in the measurement
of erosion wear.

The experimental work has been conducted at varying
sand concentration in water and the varying the particles
size. The sand concentration vary from 1 to 6% and the
particle sizes vary from 200 to 450 um.

This experimental setup is used for the measurement of
wear rate in various metal specimens. The wear rate in this
slurry pot tester is occur at atmospheric temperature and
pressure since the temperature and pressure majorly affect
the wear characteristic of the material'®.
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2.1 Instrument Used

Electronic
Balance

Electronic
Balance
1 ~

(d) Electronic balance
Figure 2: Various instruments in experimental work

Figure 2 represents the pictorial view of the instruments
used in the experimental work. Figure 2 (a) shows the
tachometer utilized to measure the speed of the motor
without making contact with the shaft. It shows the
display which shows the digital reading of the RPM of the
shaft. A sticking strip is fixed on the shaft and when the
laser beam falls on the strip it tracks the rotation of the
ON/Off : strip. Figure 2 (b) shows the speed regulator which is used
' for varying the speed of the motor. The experiment has
been started at low speed and slowly-2 speed was
increased and note down the speed at which all sand
particles lifted from the bottom of the tank, this speed is
known as the suspension speed. Figure 2 (C) shows the
electric oven, which is used to remove the moisture from
the sample of sand water mixture. A knob has been
provided in the electric oven which was used for changing
the temperature. The beaker sample of filtered sand has
been put inside the electric oven for more than halfan hour
and checked for any moisture left. Finally, figure 2 (d)
shows the electronic balance used for measuring the
weight of the sand in a sample and finding the
concentration of sand at various locations in the acrylic
cylinder. The electronic balance has a digital display and
transparent glass housing for covering the display from
atmospheric dust and dirt.

Knob for speed variation

(b) Speed regulator

3 Method and Material

In this research, a slurry pot tester has been designed
and developed for measuring the erosion wear of the
different materials at a high impact velocity of around 32
m/s, but before measuring the erosion wear, it required to
find the suspension speed, velocity, pressure field, and
turbulence of the sand particle at the different sand
concentration in water. For finding the suspension speed,
(¢) Electric Oven the RSM tool is used to optimize the slurry pot tester and
visualize the flow field. The suspension speed of the sand
particles depends on the size of the particle, concentration
of sand in water, and the particle's terminal velocity in
water. So, in RSM, there are three input variables particle
size, sand concentration, terminal velocity, and one

Oven temperature Controller
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response variable is the suspension speed. The sand
particle size, sand concentration, and particle terminal
velocity varies from 200 um, 325 um, 450 pum, 1%,
3.5%, 6%, 0.5885 m/s, 0.6314 m/s, and 0.6641 m/s
respectively.

4 Optimization Technique

The study's main purpose is to optimize the suspension
speed, which depends on three input variables particle size,
sand concentration, and the terminal velocity of the sand
particle in water. The optimization has been completed in
the Response Surface Methodology (RSM) optimization
tool in MINITAB 17. The RSM is a mathematical-
statistical tool which develops the relationship between
the number of explanatory variables and one and more
than one response variable by the regression analysis. The
regression equations have been generated by the Analysis
of Variance (ANOVA), a statistical approach to analyzing
a complicated design depending on the several variables.
The RSM used the Design of Experiments (DOE) for the
matrix developed'?. The RSM reduced the experimental
time when the system depended on more than two
variables. The ANOVA generates the 2™ order polymer of
responses. The 2™ order model has all the ist order terms,
the square of times, and the cross product of control
variables represented below ).

Y= A+ T A x4+ Dl Ay x? + X5, Ayxixg + €
)

Where Y represents the response and Ao is the average
response, and Ai, Aii, and Aij represent the coefficient of
linear, square, and cross product of the input control
variables. The ¢ means the error or noise of response
between the actual and the model data at best fit.

In this research, there are three input variables particle
size, particle terminal velocity, sand concentration, and
one response variable, suspension speed. In RSM
Behnken Box Design (BBD) design matrix is used, which
takes the value of input parameters in the form of codes.
The value input variables in the form of code are
represented in Table 1.

Table 1. Range of input parameters

Code

input Input -1 0 1

paramet | paramet
ers ers
symbols

Particle dp 200 pm | 325 um | 450 pm
size
Sand C 1% 3.5% 6%
concentr
ation
Terminal Vit 0.0604 | 0.0876 | 0.1149
Velocity 6 m/s 8 m/s m/s

The accuracy of the results have been tested by the F
Values and P values. The F values and P values are the
outcomes of the prototypical analysis in ANOVA. The F
values and P values represent the ANOVA coefficient in
optimization. The F represents the ratio of mean sum of
squares due to the treatment to the mean sum of squares
due to error. The permutation test results represent by the
P values. The higher F and lower P values represents the
accuracy of ANOVA. Table 2 reperesents the outcomes
ANOVA Table.

Table 2. Outcomes of the ANOVA model

Suspension Speed Model
Parameters F Value P Value
Model 6868.82 0.000
Linear 19724.12 0.000
square 848.66 0.000
Interaction 33.68 0.001
Lack of Fit - -

The maximum value of P values in Table 2 is 0.001. The
low P-value represents the excellent accuracy of the
optimization in RSM. It automatically deleted the values
more than 0.001 by the null hypothesis because higher p
Values from 0.001 has no significance. The total 15 runs
is given in Table 3 as per the 3 input variables.

The response of suspension speed in terms of input
variables particle size (dp), terminal velocity (Vt), and
sand concentration (C) is given below in the form 2™ order
polymer.

Ny = 113.03 + 0.0522d,, + 29.046C + 921.2V; —
0.000052d5 — 2.2558C% — 2799V + 0.002093d,,C +
0.0728d,V; + 38.41CV, )

Where N is the suspension speed, dp is the particle size,
C is the sand concentration (%), and Vt represents the

terminal velocity of sand particles.

Table 3 Total number of run as per BBD approach of DOE

Nu Part Sand Term Suspe
mber icle concentr | inal nsion
of Run | size(dp | ation (%) | Velocity | speed
) (m/s) | (RPM)
1 450 1 0.08768 206
2 325 3.5 0.08768 258.11
3 200 6 0.08768 281.5
4 325 1 0.06046 190.5
5 450 3.5 0.06046 244 .31
6 325 6 0.1149 301
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7 200 35 0.1149 267.62
8 325 1 0.1149 215

9 450 3.5 0.1149 275.8
10 200 1 0.08768 200.7
11 450 6 0.08768 290.1
12 325 6 0.06046 267.2
13 200 3.5 0.06046 237
14 325 3.5 0.08768 258
15 325 3.5 0.08768 258

The S, R* and R? (adj) represents the accuracy of model.

The S, R? and R? (adj) values for suspension speed are
0.538384,99.99%, 99.98% respectively. The response R?
and R? (adj) are more than 95%, representing the good
accuracy of the model. The equation (2) generated after
the regression analysis.

Pareto Chart of the Standardized Effects

(response is Suspension speed, a = 0.05)

0 50 100 150 200 250
Standardized Effect

(a) Pareto Chart

Residual Plots for Suspension speed

Mormal Probability Plot Versus Fits

08 04 oo 04 [ 20 240 280 20

Residual Fitted Value

Histogram Versus Order

7 o2e
= 05
050

oe 02 oo o2 ooe

Residual Observation Order

(b) Residual Plot
Figure 3: Pareto and Residual plot on suspension speed

10 34 5 6 7 B 9 f 1213105

Figures 3 (a) and (b) represents the Pareto and residual
plot of the suspension speed. The Pareto chart represents
the effect of control variables (particle size, sand mixture
concentration, and particle terminal velocity) on the
suspension speed. Figure 3(a) shows that the average
standardized effect on the suspension speed is 2.6, and

sand particle concentration gives the maximum
standardized effect on suspension speed. The pareto chart
clearly shows that the particle size standardized effect is
minimum for sand particle concentration and terminal
velocity'®. Figure 3 (b) shows the residual plot as per the
experimental and predicted data with observation order.
The residual is obtained after subtracting the experimental
and predicted results after simulation. Figure 3 (b)
observed that simulation results are valid with tolerance
of £ 0.5.

5. CFD Modelling

The Computational Fluid Dynamics (CFD) tool is used
for determining the velocity and pressure field of sand
particles in the water tank at various sand concentarion.

The conservation equations (mass and momentum) in
three dimensions are basic model equations which govern
the flow.

5.1 Continuity equation

In the cylindrical coordinate system, the 3D
conservation of mass equation represented as follows.
1/ro(rur)/or +1/r 0(ub)/06 + (duz)/dz =0 (3)

5.2 Momentum equations

The momentum equation in three dimensions is based
he newtons 2™ law. These equations are used for
determing the pressure and velocity field in the 3
directions. Equations 4, 5, and 6 represent the momentum
equations in X, Y, and Z directions respectively.

udu |, vou , wou\ _ _0p 9 ou
(ot 5+ 5) =pox =+ o (Zﬂ(ax +
2 - a Ju v a ou ow
AV.( V)) +5(H(5+5) oG ) @

wv  viv wovy _ oo 0 (o v
(6x+6y+az)_pgy ay+ay<2“(ax+

> >, a ou v a v ow
AV.( V)) +£(H(5+a) +£(H(5+5) (%)

wow | vow  wow\ _ o _op 0 (, Ou
(ax ay az)—pgz 6z+6z(2M(6x+

> - ad ov ow d ou ow
Av.( V)) 2 @(E+ )+ @@+ ©

The CFD simulation in post processing represents the
solution of these above equation. The CFD results are
based on the selection of models in simulation.

5.3 The K-g¢ Model
In the k-¢ model, the k represents the turbulent kinetic
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energy and & represents the rate of dissipation of
turbulence kinetic energy. So two equations are used for
representing the total kinetic energy for the turbulent flow.
One equation counted the effect of turbulent kinetic
energy from total kinetic energy of the turbulent flow. The
2™ equation represents the turbulent kinetic energy due to
the dissipation effect of the eddies. This model determines
the turbulence intensity in the governing system which
promotes the intense mixing of sand and water.

5.4 Boundary conditions

The main boundary conditions which govern the flow
are as follows.
1- The no-slip boundary condition occurs on the wall.
2- The water is assumed to be turbulent inside the tank.
3- At fully turbulent flow, the flow field is assumed to
be non-viscous.
The vortex motion is assumed to be absent in the tank.

6. Results and Discussion

6.1 Factorial plot of input variables

Figure 4 (a) and (b) show the variation of suspension
speed versus particle size, particle concentration, and the
terminal velocity of sand particles. Figure 4 (a) shows the
suspension speed variation with the particle size and sand
concentration'” '® and terminal velocity one by one.
Figure 4 (a) and Figure 4 (b) represent that if particle size,
concentration, and terminal velocity increase, the
suspension speed increases since the increase in particle
size and sand concentration increase the drag force
required for lifting the sand particle in water'®” 29, To
increase the accuracy of measurement of erosion wear, the
particle must suspend in water at low terminal velocity. So
if terminal velocity increases, a higher suspension speed
is required for suspending the particle in water.

6.2 Surface plot and contour plot of suspension speed
with the particle size

Figure 5(a), 5(b), and 5(c) represents the surface plot of
suspension speed with sand concentration and terminal
velocity by holding the values of particle size from 200,
325, and 450 um. Figure 5(d) represents the contour plot
of suspension speed with the sand concentration and
terminal velocity by holding the particle size value of 200
um?Y. Figures 5(a), 5(b), and 5(c) show that suspension
speed increases with the terminal velocity and sand
concentration at constant the particle size??. Figure 5(d)
dark green region represents the suspension speed more
than 300 RPM and the dark blue region of the shows the
suspension speed of lower than 200 RPM.

6.3 Surface plot and contour plot of suspension speed
with the sand concentration

Figure 6(a), 6(b), and 6(C) show that the suspension
speed of the slurry pot tester is enhanced if the particle
size and terminal velocity are increased by holding the

values of sand concentration 1%, 3.5%, and 6%
respectively. Figure 6(d) represents the contour plot which
represents that at 6% sand concentration, the suspension
speed is 320 RPM at a large particle size and terminal
speed.

6.4 Surface plot and contour plot of suspension speed
with the terminal velocity

Figure 7(a), 7(b), and 7(c) shows the variation of
suspension speed with the particle size and sand
concentration by holding the terminal velocity. It is seen
from Figures 7(a), 7(b), and 7(c) that suspension speed
increased by increasing particle size and sand
concentration if holding the terminal velocity from
0.08768 m/s, 0.1149 m/s, and 0.06046 m/s, respectively?>:
24 Figure 7(d) shows the contour plot of suspension speed
with particle size and sand concentration by holding a
terminal velocity value of 0.06046 m/s. Figure 7(d) shows
that the upper outer periphery of the rectangle represents
a suspension speed of more than 280 RPM. The bottom
portion of the rectangle defined on the graph in light green
color shows that the suspension speed is less than 200
RPM?).

6.5 CFD Results

In the slurry pot tester, the sand particles are suspended
in the water uniformly at low turbulence to measure the
erosion wear accurately . It is very difficult to study the
turbulence characteristics experimentally, so with the
CFD tools, the path line and phase of a sand particle at the
different-2 height of the cylinder have to be determined.
The terminal velocity of the sand particle is determined by
finding the velocity field in CFD analysis. The sand water
mixture in the cylinder is the axisymmetric problem this
problem can be handled in 2D.

Figure 8(a), and 8(b) represent the geometry and grid
generation in FLUENT- 2014. The sand water mixture in
the cylinder is axis-symmetric so this problem can be
solved in 2D. Grid generation is an essential part of the
CFD simulation since the accuracy of the result depends
on the grid's type, size, and smoothness. There are two
types of grids formed in 2D problems: triangular and
quadrilateral. The accuracy of a quadrilateral grid is better
than triangular, so quadrilateral grids have been used for
simulation, as shown in Figure 8(b). The name selection
has been done in meshing part as shown in Figure 8 (b).

6.6 Distribution of sand particles and the flow field

Figure 9(a) shows the distribution of sand particles in
the water at 1% sand concentration. At the time of
propeller rotation in the sand-water mixture, most of the
sand collected at the bottom of the cylinder near the
propeller's shaft 29, . Figure 9(a) shows only 0 to 0.0001%
sand present on the bottom part of the cylinder, which is
negligible and most of the sand distributed in the upper
part of the cylinder, which shows the homogeneous
distribution of 1% concentration sand particle in water.
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Figure 9(b) shows the path lines of the silica sand particles,
it can be seen from the diagram that there is a lot of
turbulence near the propeller region?”?® but it is reduced
in upper part of cylinder. Figure 9(c) shows the velocity
distribution of sand particles in the cylindrical tank water.
The propeller lifts the silica particles from the bottom of
the tank, and after reaching the maximum height, these
particles again return to the bottom of the tank at a
constant terminal velocity, as seen in Figure 9(C). At the
middle of the cylindrical tank, the terminal velocity is high,
as shown in Figure 9(C).

Main Effects Plot for Suspension speed

Fitted Means
Particle size{dp) Sand ion (C%) Terminal Velocity
310
300
E
- 290
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= 280
g /‘f
£ 2m
]
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£ 260
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O 250
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E 240
230
220
200 300 400 2 4 5006 008 010
(a) Factorial plot of variation of suspension speed
Interaction Plot for Suspension speed
Fitted Means
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320 concent.
777777777 b — 1
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. w0y e i &
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w240
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s
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(b). Variation of suspension speed with two variables
Figure 4 suspension speed variation with input variables
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(a) Suspension speed at particle size 200 pm
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Suspension speed 280

240

200

0.06 008
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(b) Suspension speed at particle size 325 pm
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(C) Suspension speed at particle size 450 um
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(d). Contour plot at particle size 200 pm
Figure 5 Suspension speed variation with particle size
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(b). Suspension speed at sand concentration of 3.5%
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Figure 8 Geometry and grid generation in 2D Fluent
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(c) Velocity field of sand particles
Figure 9 The flow field of the sand particles in water

(d). Path Lines or tracking of sand particles
Figure 10: Volume contour in Acrylic cylinder
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Figure 10(a), 10(b), 10(c) and represents the volume
contour in the transparent cylinder. Figure 10 (a) shows
the volume fraction at various locations of the cylinder. it
shows from Figure 10(a) that at 150 rpm the maximum
concentration of sand settles at the bottom of the cylinder,
it shows nonhomogeneous mixing of sand in water. Figure
10(b) represents the pressure variation in the cylinder and
it is seen that low pressure region occurs below the
propeller and high pressure above the propeller. Figure
10(c) shows the velocity field which shows that at the
centre line of the cylinder, no sand particle and most of the
sand are moving near the periphery of the cylinder. The
Figure 10(d) shows the path lines and turbulence near to
propeller in the transparent cylinder.

7. Conclusion

The analysis of slurry pot tester by RSM gives the
suspension speed variation with the particle size, sand
concentration, and the terminal velocity. The CFD
simulation results show the cylinder's inner picture by the
phase distribution, path line, and velocity field. The
following points are to be concluded in this resaerch.

1- The suspension speed of the sand particle in the
slurry pot tester shows dependency on the
particle size, sand concentration, and terminal
velocity. So, the response (suspension speed) can
be represented as a function of input variables
(particle size, sand concentration, and terminal
speed) by regression analysis represented by
equation (1) .

2- The RSM results with the help of the Pareto chart
show that the effect of terminal velocity is
maximum on the suspension speed as compared
to the other two parameters.

3- The particle size effect on suspension speed is
not very high, but if the sand particle size
increase then the suspension speed increases.

4- CFD simulation results show the pictorial view
of suspension speed, if all the sand particles lift
from the bottom of the sand and are suspended in
water, then the propeller speed in this condition
is considered to be the suspension speed as seen
in Figure 9 (a). if the sand concentration in the
water is high, then a higher propeller speed is
required to lift all the sand from the bottom of the
tank so that all particles are suspended in the
water.

Nomenclature

RSM Response Surface Methodology
DOE Design of Experiment
CFD Computational Fluid Dynamics

C concentration (%)

vt Terminal Velocity (m/s)
dp Particle diameter (mm)
u Sand particle velocity in x direction (m/s)
v Sand particle velocity in y direction (m/s)

Sand Particle velocity in z direction (m/s)
g, Gravitational acceleration in x, y and z

direction (m/s?)

Density of the fluid (Kg/m?)

Dynamic viscosity of the water (Pa.s)

Pressure of the fluid (Pa)

SRS B
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