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ABSTRACT

The flow in a pump has been simulated, with solid particles and a carrier fluid, using a commercial
software package. The Eulerian-Eulerian approach was implemented to model the flow in the pump
domain. The k — w SST turbulence model was implemented to capture the results with better accuracy,
especially in the rotating impellor domain. First, the numerical model was validated using experimental
results. Then, the effect of carrier fluid flow rate, inlet concentration of the solid particles, and particle
size were investigated in terms of the distribution of solid particles and erosion rate density along the wall
of the pump casing. It was seen from the results that the inlet concentration of the solid particles has the
most significant effect on the erosion rates of the pump casing, and particle size was found to be less
sensitive among all the parameters studied. The effects of cavitation in the performance of a centrifugal
pump are identified, the scope for further improvement presented in this paper.
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INTRODUCTION

Marine centrifugal pumps are being used extensively in shipping and the mining, coal, chemical and
metallurgical industries, amongst others, for the transportation of solid-liquid mixtures generally known
as slurries (Wilson et al., 2006). The two common and crucial problems that are encountered during the
transportation of slurries are a reduction in the performance of the pumps and erosion of the wetted
surfaces (Wilson 2006b). The parts that are most exposed to erosion are the impeller, liners and pump
casing (Wilson 2006a). Of these, the pump casing is the part that is most damaged by erosion and is
hence, the priciest component in the pump assembly because of its frequent replacement (Wilson, 1987).
The impact of the particles and the sliding of solid particles are the two major contributors to erosion
while slurry flows through the pumps (Roco and Cader, 1988; Roco et al., 1984). Of these, particle
impact is dominant if the slurries are sufficiently dilute (Minemura and Uchiyama, 1990). The impact of
particles can be random and directional because of turbulent flow.

In the literature, different techniques have been implemented to predict erosion rates in centrifugal pumps
numerically. These numerical techniques are based on two-dimensional models, 3D models with a
component by component by comments approach, and 3D techniques for modeling the full pump
geometry.

Two-dimensional numerical modeling techniques have been employed by Roco and Addie (1983), Roco
et al., (1985) to estimate the erosion phenomena in the casing of a centrifugal pump, but there are some
limitations associated with this technique. In this approach, the viscous force term is ignored for a particle
with size greater than 1 mm that can make the solution unreliable.

Moreover, neglecting the pressure and gravity terms in this model for force balance only limits the
analysis to small particles only. Pagalthivarthi et al., (2011) used a three dimensional CFD model for
predicting the erosion wear in the casing of a dilute slurry flow. The potential formulation was applied by
Zhong and Minemura (1996) to solve the carrier phase. They solved particle velocities by balancing the
forces using the Lagrangian approach.

Addie et al., (2004) used finite element computations to predict the erosion phenomena based on the
RANS solution and found good agreement with the Particle Image Velocimetry (PIV) results of
Charoenngam et al., (2001).
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The prediction of wear in a centrifugal pump casing is complex and depends on many parameters
including particle velocity, particle impact angle, turbulence flow field, surface texture, and inlet flow
conditions. Many of these parameters depend on the geometry of the specific pump design, thus, it is
difficult to apply the predictions for one pump design to another. The accurate running life of the casing
can only be determined by analyzing it experimentally or numerically with its own geometrical model and
local conditions. Experimental techniques are very expensive and time-consuming. Thus, in the present
work, a 3D numerical model is validated and employed to predict the effect of different parameters of the
carrier fluid and solid particles on the erosion rate density and behavior of particle concentration along the
walls of an industrial pump casing. Moreover, the effect of cavitation has been studied on the particle
distribution and erosion rate in the casing of the pump. To the best of the author’s knowledge, this is the
first time such a study has been carried out numerically, and this is a novel feature of the current research.
Commercial code ANSYS-CFX was used to solve the 3D RANS using a Eulerian-Eulerian technique.
The SST turbulence model was adopted for better accuracy in the rotating domain of the impeller. The
effect of, the carrier fluid flow rate, inlet concentration of solid particles, and the size of the particles on
the erosion rate of the pump casing are investigated and reported. Cavitation occurring in the pump
impeller was found to cause a decrease in performance of the pump because of vibration, and a reduction
or closing off of the flow. If cavitation continues, erosion occurs both at the impeller and volute casing,
resulting in the failure of the pump.

Computational Model

Governing Equations

In order to evaluate the impact of different factors (i.e. particle concentration, flow rate, and size of the
solid particles in the water) on the erosion rate of the pump casing, a numerical study was conducted. The
steady forms of the transport equations for continuity and momentum were solved for both phases (water
and sand) using the Eulerian approach. The Eulerian description of the equations is given in Equations 1-
4 (Versteeg and Malalasekera, 2007).

Continuity Equation for Solid and Fluid Phases

V.(Crpp Vi) =0 (1)

V.(Csps V) =0 2

Momentum Equation for Solid and Fluid Phases

V.(CrpsVeVg) = —C, VP + V.(Crtg) + Crpp g8+ R+ Crpp (Fp + Fie + Fyp ) (3)

V. (Cs psVs Vs ) = —C,VP+ V. (Csts) + Cspsg+ R+ Cfpf (Ff + Fl,s + va,s) (4)

In the above equations, Vg, t¢ and Vg, T4 are the velocity vectors and shear stress tensors for the fluid and
solid phase respectively while terms C¢, C; and py, ps are volume concentrations and densities of the fluid
and solid phases respectively. Force R is the interaction force between the two phases. The term p which
appears in both Equations 3 & 4 is the same for both phases and is an averaged pressure assumed at the
interface between the two phases (Pagalthivarthi et al., 2011). F; and F,,, ¢ are the lift force and the virtual
mass force per unit mass for either phase respectively. The lift force for solid phase F,s could be
computed using the relation given by Equation 5 such that F;, s = —Fy¢

F,s = —0.5ppa5(Vy — V) x (V.Vp) (5)
The virtual mass force Fy, ¢ is caused by the virtual mass effect when the solid phase accelerates through
the fluid phase. It was estimated using the relation given by Equation 6.

d d
va,s =05 AsPr (d_]; ( Vf) - d_; (Vs)) (6)

In order to couple the phases, two techniques have been adopted in the literature (Brown, 2006): 1.) the

one way coupled; and 2.) the two way coupled, based on the value of 8 given by Equation 7. If the value

of 8 is less than 0.14, one way coupling is preferred, otherwise two way coupling is employed.
_ Csps

Crpor
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The prime objective of this study is the prediction of wear that occurs largely on the walls of the casing.
Thus, the computation of accurate values for wear rate and of the recirculation regions near the wall, and
prediction of the boundary layer are all crucial. This means that the turbulence model that does not
resolve the boundary layer and uses wall functions instead, will be unable to resolve the flow feature near
the walls.

Many researchers (van Bussel, 2007; Saeed & Man-Hoe, 2016; Hansen et al., 2000) in the literature have
employed the shear stress transport model (SST model) (Menter & Eloret Institute, 1993) to predict the
near wall phenomenon accurately for rotating machines. Thus, the SST k — w turbulance model has been
adopted in the current study for turbulence modeling. The detail of the model can be found in (Menter &
Eloret Institute 1993).

Erosion Model

Particle impact on the walls initiates erosion of the wall material that is a complex function of, particle
parameters, local flow, and turbulent field, multiphase effects (e.g. erosion shield due to solid
accumulation and damping effect caused by liquid film), the effect of local cavities due to material
removal, and properties of the wall material.

According to Hutchings (1979), erosion is the function of particle velocity and impact angle, governed by
the following relationship.

E = kU f(r) (8)

In the above equation E represents a dimensionless mass, 1, is the velocity of the particle and f (y)is to
the impact angle in radians.
While the value of n for different metals ranges from 2.3 to 2.5, it is not possible to develop a universal
erosion model, and developed models for different conditions always require experimental results in order
to tune up the model parameters. Finnie (1972) proposed a model for ductile materials with a value of
n = 2 that relates to the kinetic energy of the particles. Finnie’s model is adopted to model the wear in
the current problem.

E= kV f(y) 9)
In Equation 9
1 ) 1
f(y) = 5cos’y iftany > =
3 3
1 (10)
f(y) =sin2y — 3sin?y iftanyS§

Cavitation Model

In the areas around the impeller, where the local liquid saturation pressure becomes lower, the liquid
changes to bubbles and this phenomenon is called cavitation. There are various causes of pump
cavitation, including reduction of the flow due to the pump’s suction, increase in the fluid temperature
and increase in the fluid velocity due to the suction of the pump. In the current manuscript, cavitation was
observed due to higher flow velocities under suction due to the higher flow rate through the pump.

To model the cavitation a homogeneous model was used to reduce the computational cost. The domain
was initialized with a zero volume fraction of 1 volume fraction of water. The same values of the volume
fraction were imposed at the inlet of the impeller.

The mass transfer of liquid to vapour and vice versa was solved using the cavitation model given in
Equation 11.

9]

ot (Cy-pp) + V(Cfpvvv) =0 — ¢ (11)
Here, a, and a,. are the coefficients of evaporation and condensation, and these constants can be
calculated using the Rayleigh-Plesset equation.
Computational Domain and Boundary Conditions
The computational domain for the current study consists of an impeller and pump casing as shown in
Figure 1. The impellor is modeled as a rotating domain, rotating at 2250 RPM, while the casing is a
stationary domain.
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An interface type frozen rotor was defined between the stationary casing and rotating impeller to satisfy
the conservation of all fluxes from the impeller to the casing. A mass flow boundary condition was
imposed at the inlet and a static pressure condition was applied at the outlet of the stational domain as

shown in Figure 1. Four different flow rates were used, i.e. ¢ - 0.6,0.8,1.0 and 1.20. Where, Q is

n(max)
the volume flow rate and @, max) is the flow rate corresponding to the maximum efficiency of the pump.
For each flow rate, four different concentrations of the solid particles were used (5%, 10%, 15% and
20%) to investigate the impact of concentration of solid particles on the erosion rate density. The effect of
the size of sand particles was also observed on the erosion rate density using three different sizes and
particle distributions. Different simulation conditions are presented in Table 1.
Mesh Generation
Separate meshes were generated for both stationary (impeller casing) and moving (impeller) domains.
Both meshes were generated using a tetrahedral element with prism layers near all the walls to achieve
the desired values of y-plus and also to fulfill the requirement of minimum numbers of nodes within the
boundary layer thickness for the SST turbulence model.
It was ensured that the value of y* was less than 1 within both stationary and rotating domains for all
simulations to obtain full benefit from the capabilities of the SST turbulence model (Menter & Eloret
Institute 1993).
The value of y* is a function of Ay (the distance of the first node from the wall), L (flow length scale)
and Reynolds number.
The value of Ay could be estimated from the relation given in Equation (12) to achieve the required value
of y* (Anon n.d.).
However, the relation given in Equation (12) is derived for the flow over a flat plate, and will only
provide an initial estimate of Ay for geometries other than a flat plate. A few iterations would be required
to adjust the values of Ay in the CFX mesh and fluid solver to finalize the value of Ay in order to achieve

the required y* for a specific set of boundary conditions.
13

Ay = Ly*\74 Re, * (12)
To use a turbulence model accurately, it is not sufficient only to achieve a certain value of y™. In addition
toy™, a minimum number of nodes (n,,;,) Within the boundary layer thickness (&) are also required. In
the case of the SST turbulence model, the condition for (n,,;,) is illustrated in Equation 17 (Anon n.d.).

yn(nmin) <é

for SST npin =15 (13)
yn(15) <6
Where y,,(15) is the normal distance of the 15™ node. The corresponding value of boundary layer
thickness to a particular value of Re and L can be estimated from the following relation:
1

8 =0.035LRe, 7 (14)
Once the boundary layer thickness was computed from Equation (14), that value was assigned to
Yn(Mmin), and the mesh growth rate (1) from the wall side was computed using the formula of
geometric progression given by Equation 16 to fin in within n,,;,, within the boundary layer thickness.

1

| IN (Mnin) |Pmin—1

fm = [ Ay ] (13)
(1)

Ty = [ Ay (16)

In order to optimize the mesh, four different meshes were generated with the parameters listed in Table 2.
Average corrosion rate was set as a parameter for optimization. Clearly, computed results for meshes 3
and 4 matches closely, but on the basis of lower computational power requirements mesh M3 was
selected for the current study.
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Figure 1: Computational Domain and Boundary Conditions
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Table 1: List of the Simulations Conducted for the Current Study

Simulations Flow Rate Particle Particle Distribution
Q Concentration [Micron]
Q7 (max) Min Max Ave Std. dev.
1 0.6 20% 50 150 80 70
2 0.8 20% 50 150 80 70
3 1.0 20% 50 150 80 70
4 1.2 20% 50 150 80 70
5 1.0 5% 50 150 80 70
6 1.0 10% 50 150 80 70
7 1.0 15% 50 150 80 70
8 1.0 20% 50 150 80 70
9 1.0 20% 50 150 80 70
10 1.0 20% 60 200 100 70
11 1.0 20% 70 250 125 70
Table 1: Mesh Details for Mesh Optimization Study
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M1 10 1.2 6 435826 415 1086 20520
M2 15 1.15 4 635210 445 1547 24840
M3 20 1.05 2 935712 465 2245 30600
M4 23 1.03 1 1432583 464 3029 46440

Validation of the Numerical Model

Validation of the current numerical model was carried out by comparing the results of the numerical
model used in the current study with those of the experimental study which are available in (Roco and
Addie, 1983). Experimental results presented in Roco and Addie, (1983) were obtained for a channel flow
problem.

The dimensions of the channel used were 6m x 2m x 0.05m. The geometrical model of the channel and
mesh distribution are shown in Figure 3. Particles used for the study had an average diameter of 165 um
and density of 2680 kg/m3. The volume concentration of the particles at the inlet of the domain was
8.41% while the average velocity at the inlet of the fluid domain was 1.66 m/s. The same geometry
(Figure 3) and other properties mentioned above, used by Roco and Addie (1983), were implemented for
the numerical model discussed above and a comparison of the results is shown in Figures 4 & 5. Figures 4
& 5 show the comparison of concentration of particles and velocity profile for experimental results and
results produced by the current numerical model. The comparison study shows that both results are in
close agreement and the current numerical model could be used for the prediction of erosion rate. The
same validation procedure was adopted in the literature by Pagalthivarthi et al., (2011).
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a.  Mesh on the Impellor Casing

¢. Exaggerated view A

b. Maesh on the impellor

d. Exaggerated view B

Figure 2: Mesh for Rotating and Stationary Domains
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Figure 3: Channel Geometry Used for the Validation of the Numerical Model
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Figure 4: Comparison of Numerical and Experimental Results for Concentration of Particles
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Figure 5: Comparison of Experimental and Numerical Results for Velocity Profile

RESULTS AND DISCUSSION

Results

Numerical simulations were conducted for an industrial pump in order to evaluate the impact of different
parameters, such as volume concentration of solid particles at the inlet, flow rates of fluid through the
impeller and casing, and solid particle size. Some of the qualitative results are shown in Figures 6, 7 & 8

Centre for Info Bio Technology (CIBTech)




International Journal of Applied Engineering and Technology ISSN: 2277-212X (Online)
An Open Access, Online International Journal Available at http://www.cibtech.org/jet.htm
2017 Vol. 7 (2) April-June, pp.12-27/Alawadhi et al.

Research Article

to support the results provided in Figures 9 to 13. Figure 6 shows the pressure contours over a cross-
section of the pump. It can be seen that pressure in the pump rises as flow moves from the center of the
impeller toward the casing. The casing of the pump acts like a diffuser where further velocity head is
converted into pressure head and a further increase in the static pressure in evident from Figures 6 & 7.
Figure 8 shows the velocity vectors through the impeller and the casing. It can be seen from Figure 8 that,
in the tongue section of the casing, there is a minimum cross-sectional area available for the flow, due to
which the flow tends to accelerate suddenly through that section. This sudden acceleration in the tongue
region is the cause of the abrupt changes in the particle concentration and erosion rate density discussed
below.
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Figure 6: Pressure Contours on the Cutting Half the Pump Casing
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Figure 7: Pressure Distribution on the Impeller Blades and Casing
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Figure 8: Velocity Vectors in the Pump Casing and Impeller

Effect of Volume Flow Rate of the Fluid

The effect of the four different flow rates (normalized with flow rate corresponding to maximum
efficiency @, (max)), 1-. 0.6, 0.8, 1.0 and 1.20, on the solid concentration along the casing wall and
erosion rate density was investigated. Figure 9 shows the variation in concentration of particles along the
casing wall for different flow rates of the fluid. It can be seen that there is an abrupt change in the
concentration of the particles near the tongue of the casing of the pump. After that, concentration on the
wall increases from point P2 to P6 and then drops a little toward the outlet of the casing (P7). It can be
observed from the figure that variation with flow rate is small with change in the volume flow rate of the
carrier fluid.

Figure 10 shows the variation in erosion rate density along the wall of the pump casing for different flow
rates of the carrier fluid. It can be observed from the figure that at lower flow rates (i.e. @1/Qp¢nax) =
0.6 and 0.8), distribution of the erosion rate density is almost uniform from point P2 to P6. In contrast,
higher flow rates (@1/Qsmax) = 1.0 and1.2) exhibit uneven distribution of the erosion rate density from
point P2 to P6 and higher peaks in comparison to lower flow rates. For all flow rates, there is an abrupt
increase in the erosion rate density from the inlet (P1) to the tongue of the casing (P2) and then a sudden
decrease from point P6 to P7.

Effect of the Concentration of Solid Particles

Figure 11 shows the distribution of concentration of particles along the wall of the casing for different
inlet volumetric concentrations of particles; 5%, 10%, 15% and 20% respectively. It can be seen that there
is a significant change in the values of the concentration of particles along the length of the wall. The
maximum increase in the wall concentration was observed in the tongue area, with 2.75 times more for
20% inlet solid concentration of particles than for 5% inlet concentration of particles. A significant
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increase in the wall concentration of solid particles was also observed near point P6 that was around two
times more for 20% inlet solid concentration of particles than for 5% inlet concentration of particles.

A similar trend could be observed in Figure 12 for erosion rate density. Erosion rate density increases
with increasing inlet concentration of particles.

For all solid concentrations there is an abrupt change from inlet to the tongue (P1-P2) of the casing, then
there is a gradual increase in the erosion rate density in the belly of the casing (P2-P6) that then decreases
significantly from P6 to P7. Thus, the highest erosion rate densities for all concentrations were found near
point P6.

The maximum erosion rate density was found to be 600 % .m?2, corresponding to a maximum inlet solid

concentration of 20% that is around double the peak value of the erosion rate density for an inlet solid
concentration of 5%.
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Figure 9: Variation of Concentration of Particles along the Casing Wall with Different Flow Rates
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Figure 12: Variation in Erosion Rate Density along the Wall of the Casing for Different
Concentrations of Solid Particles

Effect of Particle Size

The effect of particle size on the erosion rate density distribution along the wall of the casing for different
particle sizes is shown in Figure 13. Erosion rate density increases for all particle sizes from P2-P6 then
drops toward point P7. There was no significant change observed in the erosion rate density variation
along the wall in terms of changing particle size. Different erosion rate densities are only noticeable in the
belly of the casing at point P6.

Effect of Cavitation

In the current study, cavitation was observed at higher flow rates (i.e., @1/Qymax) = 1.2). A higher
flow rate resulted in a higher velocity due to which pressure dropped below the saturation pressure of the
liquid in the region around the entry section of the blades. Contours of the water vapour volume fraction
and mass fraction are shown in Figure 14. Strong bubble formation could be seen on the suction side of
the blade that is initiated by the leading edge of the blade. Some weak bubbles also formed on the
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pressure side of the blade near the trailing edge. Velocity vectors in the blade channels with no cavitation
and with cavitation are shown in Figures 14 & 15.

Figure 14 shows that, when there is no cavitation, velocity vectors are streamlined with the blade and no
recirculation region can be seen.

On the other hand, in Figure 15, a big circulation zone can be seen on the suction side of the blade that is
caused by the bubble formation from the leading edge of the blade. There is also a small separation zone
on the pressure side of the blade that resulted from the small-scale cavitation occurring on the pressure
side.

Due to these dead zones in the channels formed by the bubble formation, local flow velocities in the
channel and trailing edges have increased significantly.
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Figure 13: Variation in Erosion Rate Density along the Wall of the Casing for Different Particle
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Figure 15: Velocity Vectors in the Blade Channels with No Cavitation
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Figure 16: Velocity Vectors in the Blade Channels with Cavitation

Figure 17 shows the distribution of erosion rate density for different inlet concentrations of solid particles.
The figure also shows a comparison of erosion rate density with and without cavitation for 20% inlet
mass concentration of particles. The results show that erosion rates with cavitation occurring in the
impeller are significantly higher than when there is no cavitation. Even at lower inlet mass concentrations,
the erosion rate with cavitation is on the higher side in comparison with the case of 20% inlet mass
concentration but no cavitation.

This is due to the fact that flow accelerates at the end of the blade passage due to bubble formations in the
channel. Thus, the particles’ impact velocity on the casing wall increases due to the cavitation phenomena
that have been explained above with the help of Figures 14-16.
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Figure 17: Erosion Density Rate Distribution for Different Concentrations of Particles

Conclusion

The current study was conducted on an industrial pump to determine the effects of solid particle
concentrations at the inlet, volume flow rate, and size of the solid particles on the erosion rate density of
the pump casing. It was carried out to investigate the impact of the different factors on the erosion rate of
a specific pump geometry. It was observed from the above results that:

1. For lower flow rates (Qn/Qp@max) = 0.6 and 0.8) through the pump, corrosion rate distortion is
evenly distributed throughout the casing. Thus, lower flow rates will remove the material throughout the
casing almost uniformly, but at a lower rate. In contrast, higher flow rates (Qn/Qy@nax) = 1.0 and 1.2)
showed high peaks of erosion rate density towards the end side of the casing belly.

2. Inlet concentration of the solid particles has a significant impact on the erosion rate density and a
change from 5% to 20% doubles the erosion rate density at particular points.

3. Particle size has no significant effect on the erosion rate density for this particular pump
geometry.

4. Cavitation significantly increases the erosion rate due to flow acceleration towards the walls of
the casing caused by bubble formation in the impeller.

REFERENCES

Addie GR, Pagalthivarthi KV and Kadambi JR (2004). PIV and finite element comparisons of
particles inside a slurry pump casing. In Proceedings of International Conference on Hydrotransport 16,
Santiago- Chile 547-559.

ANSYS 16, ANSYS-CFX user manual.

Brown G (2006). Use of CFD to Predict and Reduce Erosion in an Industrial Slurry Piping System. In
Fifth International Conference on CFD in the Process Industries, CSIRO, Melbourne, Australia 13-15.
Charoenngam P, Subramanian A, Kadambi JR and Addie GR (2001). Investigations of slurry flow in
a centrifugal pump using particle image velocimetry. In 4th International Conference on Multiphase
Flow, New Orleans.

Finnie I (1972). Some observations on the erosion of ductile metals. Wear 19 36-44.

Hansen MOL, Sorensen NN & Flay RGJ (2000). Effect of Placing a Diffuser around a Wind Turbine.
Wind Energy 3(4) 207-213.

Hutchings 1 (1979). Mechanical and metallurgical aspects of the erosion of metals. Wear 1979 393-427.
Menter FR & Eloret Institute S (1993). Zonal Two Equation Kappa-Omega Turbulence Models for
Aerodynamic Flows. In 24th Fluid Dynamics Conference, Orlando, Florida.

Minemura K and Uchiyama T (1990). Calculation of the three-dimensional behavior of spherical solid
particles entrained in a radial-flow impeller pump. Proceedings of the Institution of Mechanical Engineers
204 159-66.

Centre for Info Bio Technology (CIBTech)




International Journal of Applied Engineering and Technology ISSN: 2277-212X (Online)
An Open Access, Online International Journal Available at http://www.cibtech.org/jet.htm
2017 Vol. 7 (2) April-June, pp.12-27/Alawadhi et al.

Research Article

Pagalthivarthi KV et al., (2011). CFD Prediction of Erosion Wear in Centrifugal Slurry Pumps for
Dilute Slurry Flows. The Journal of Computational Multiphase Flows 3(4) 225-246.

Pagalthivarthi KV et al., (2011). CFD Predictions of Dense Slurry Flow in Centrifugal Pump Casings.
World Academy of Science, Engineering and Technology, International Journal of Mechanical,
Aerospace, Industrial, Mechatronic and Manufacturing Engineering 5(3) 538-550.

Roco C and Addie GR (1983). Analytical Model and Experimental studies on Slurry flow and erosion in
pump casings. Slurry Transportation 8 263-275.

Roco MC and Cader T (1988). Numerical method to predict wear distribution in slurry pipelines. In G.
Jones, J. Thorns (edition), Advances in Pipe Protection, (BHRA Fluid Engineering, Cranfield, UK)
Cranfield, UK 53-85.

Roco MC, Addie GR and Visintainer RJ (1985). Study of Casing Performances in Centrifugal Slurry
Pumps. Particulate Science and Technology 3 65-88.

Roco MC, Nair P, Addie GR and Dennis J (1984). Erosion of Concentrated Slurry in Turbulent Flow.
The American Society of Mechanical Engineers- Fluids Engineering Divisions 13 69-77.

Saeed M & Man-Hoe K (2016). Airborne wind turbine shell behavior prediction under various wind
conditions using strongly coupled fluid structure interaction formulation. Energy Conversion and
Management 120 217-228.

van Bussel GJW (2007). The science of making more torque from wind: Diffuser experiments and
theory revisited. Journal of Physics: Conference Series 75(1) 12010.

Versteeg HK and Malalasekera W (2007). An Introduction to Computational Fluid Dynamics - The
Finite Volume Method 2nd edition, (McGraw-Hill).

Wilson G (1987). The Effects of Slurries on Centrifugal Pump Performance. In Fourth International
Pump User Symposium, (Baldwinsville, New York, USA) 19-26.

Wilson KC (2006a). Centrifugal Pumps. In Slurry Transport Using Centrifugal Pumps, (USA, New
York: Springer-Verlag) 190-226.

Wilson KC (2006b). Principles of Particulate Slurry Flow. In Slurry Transport Using Centrifugal Pumps,
(USA, New York: Springer-Verlag) 83-101.

Wilson, KC, Addie GR, Sellgren A & Clift R (2006). Slurry Transport Using Centrifugal Pumps 3rd
edition, (New York, U.S.A: Springer).

Zhong Y & Minemura K (1996). Measurement of erosion due to particle impingement and numerical
prediction of wear in pump casing. Wear 199(1) 36-44.

Centre for Info Bio Technology (CIBTech)



