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Abstract. Particulate erosion in the slurry handling unit of a thermal power plant is
a major concern. Pipe bends are the most erosion-a�ected elements of a pipeline unit;
hence, adopting a cost-e�ective method to reduce pipeline erosion is a necessity. This work
aims to propose an optimal pipe bend design to minimize particulate erosion by analyzing
the erosive wear of geometrically di�erent pipe bends for bottom ash slurry 
ow using
computational 
uid dynamics code, i.e., FLUENT. A three-dimensional simulation study of
erosive wear was carried out by applying Euler-Lagrange modeling along with the standard
k � " turbulence model to solve the complex multi-phase 
ow. Pipe bends with di�erent
bending angles (30�, 45�, 60�, and 90�), diameters (50 to 250 mm), and bending ratios
(r=D = 1 to 2.5) were evaluated in di�erent 
ow conditions. The wear location shifted to
the upper section of the bend and its magnitude was signi�cantly reduced with an increase
in pipe diameter and bending angle. The dynamics of multiphase slurry through di�erent
bends was analyzed to understand the complex wear phenomenon. The simulation result
showed good agreement with the previous published �ndings. Finally, the least erosion-
a�ected pipe bend design was suggested for the slurry transport unit.

© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

Some machinery components used in power genera-
tion unit, gas extraction division, oil and chemical
industries, etc. su�er considerable erosive wear due
to multiple impingements of solid particles. Erosive
wear of such components can cause signi�cant material
loss and low productivity [1]. At Indian thermal
power plants, approximately 207 metric tons of ash
is produced from 594 metric tons of feeded coal to
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generate 96.74 gigawatts. Ash possesses highly abra-
sive characteristics. Out of total ash, an approximate
20% share is bottom ash [2]. The generated ash is
disposed to ash well/ponds/storage lagoon through the
pipelines or tubes in the form of ash-water slurry [3].
The solid abrasive particles present in the slurry collide
with the pipe wall and degrade/remove considerable
material. The pipe with deteriorated surface has a
higher probability of failure [4-5]. Erosive wear is
a complex phenomenon to understand as it depends
on several in
uencing parameters like the attribute of
abrasive/erodent, target material, shape of conveyer,
and 
ow characteristics [6-10]. The involvement of vari-
ous parameters makes it very di�cult to experimentally
solve the whole phenomenon of erosive wear.

The gradual development of computational tech-
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niques including Computational Fluid Dynamics
(CFD) o�ers a convinient method to analyze such a
phenomenon without di�cult experimentation. CFD
simulations provide a cost-e�ective approach in order
to grasp the complicated 
uid dynamics and are uni-
versally accepted by investigators to solve complex 
ow
problems [11-12].

The geometrical con�guration of slurry pipe af-
fects the erosion behavior; therefore, a careful under-
standing of it is a must. Zhang et al. [13] stressed
the signi�cant e�ect of geometrical aspects of slurry
pipe on erosive wear patterns. They examined the
particle deposition on di�erent curvature bends and
showed the strong dependence of 
ow pattern on the
bend curvature ratio and Reynolds's number. Zahedi
et al. [14] simulated the particulate erosion of bends
with a 90� degree and long radius. They discussed the
e�ect of pipe diameter variation on the erosive wear
characteristics at di�erent 
ow velocities and particle
sizes. Peng and Cao [15] performed a computational
study on the pipe with a di�erent orientation to
analyze the erosive wear using the two-way coupled
Euler-Lagrange model. The CFD-based study showed
that the bending radius-to-pipe diameter ratio (r=D)
could in
uence the particle interaction with the pipe
wall. The literature shows that slurry erosion can be
e�ectively predicted by using CFD tools. However,
these studies are mainly focused on the investigation
of erosive wear caused by the sand slurry 
ow.

Erosive wear due to the complex slurry 
ow of
bottom ash and water through the slurry pipe has
been reported by a few studies. The erosion risk
of the components of thermal power plants has been
pointed out by some researchers [16-18]. Goosen and
Malgas [19] conducted an experimental analysis of wear
of the bottom ash disposal pipeline. They investigated
a slurry pipe loop for the 
ow of water-bottom ash
slurry. The e�ect of various operating parameters on
the wear rate of the pipeline was investigated. The
possibility of wear reduction by adding 
y ash to the
slurry was also discussed. Das et al. [20] proposed a
numerical model to predict the rate of erosive wear of
boiler components due to multiple impingements of 
y
ash particles. They examined the wear rate at di�erent
impingement angles, various temperature conditions,
and di�erent 
ow velocities. The peak erosion rate
was observed at a impingement angle of 30�. Singh
et al. [21] experimentally analyzed the erosive wear
of a mild steel and stainless steel 304 test specimen
by bottom ash slurry. Their �ndings showed the
variation of erosion wear characteristics with bottom
ash concentration and slurry velocity. They reported
stainless steel 304 to be more erosion-resistant. Singh
et al. [22] modeled erosive wear of bottom ash slurry

ow through a 90� pipe bend. The CFD-based study
was used to analyze the erosive wear characteristics

at di�erent slurry concentrations and 
ow velocities.
Recently, Kannojiya et al. [23] examined the erosive
wear characteristics of a straight pipe caused by the

ow of bottom ash-water slurry. They reported the
e�ect of erodent size and slurry velocity on the erosion
wear characteristics.

Literature on erosion behavior due to impinge-
ment of bottom ash particles on the wall of the slurry
pipe is scarce. Moreover, the e�ect of geometrical
pipeline aspects on the erosion characteristics has not
been discussed in such studies. So far, no study has
presented an optimal design of ash handling pipelines
to keep erosion minimum. Therefore, in this work, ero-
sive wear of geometrically di�erent pipe bends induced
by bottom ash slurry is initiated to achieve the least
erosion-a�ected pipeline system. The computational
simulations were carried out using DPM (Discrete
Phase Model) in CFD code FLUENT with a standard
k�" turbulence modeling scheme. This study attempts
to propose an optimum pipeline con�guration that can
e�ectively transport the solid-liquid multiphase slurry.

2. Mathematical model

In the present study, the Euler-Lagrange two-phase
model was applied. The liquid phase was treated as a
continuous phase and its solution was obtained through
the time-averaged N-S equation, while the secondary
phase was solved using Lagrange tracking. The discrete
solid phase applied a force to the continuous phase,
which caused turbulence of 
owing media. The 
ow
turbulence was solved by applying the standard k � "
turbulence model.

2.1. Flow modeling
The following governing equations were employed to
solve the multiphase 
ow problem of the solid-liquid:

Continuity equation:

@�
@t

+r:(��!V ) = 0; (1)

Momentum equation [15]:
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Symbols � and r denote the 
uid density and partial
derivatives with respect to all directions, respectively.
~V is the instantaneous velocity vector, P the pressure,�!�g the body force, I the unit tensor, and

�!
Sm the added

momentum due to the solid phase.
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2.2. Turbulence model
The turbulence of the 
ow was tracked by employing
the standard k � " turbulence model. The turbulent
kinetic energy (k) transportation equation is given
below [15]:
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The dissipation of turbulent kinetic energy (") can be
written as follows:
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Here, Gk represents the turbulent kinetic energy gener-
ation due to mean velocity gradients; C"1 and C"2 are
constants; Vi represents the velocity component in the
direction i; xi and xj are the spatial coordinates; �k
and �" are the turbulent Prandtl numbers for k and ",
respectively; and S" and Sk are the source terms.

2.3. Particle tracking model
Particle trajectories were predicted by integrating the
force balance equation of particle. In the force balance
equation, the particle inertia was equal to the forces
applied to the particles and could be written as fol-
lows [24]:

dVP
dt

= FD (V � VP ) +
g (�P � �)

�P
+ F; (5)

where F represents the force per unit mass and FD is
the drag force that can be expressed below:

FD =
18�
�P d2

p

CDRe
24

: (6)

Here, the symbols V , Vp, �, �P , and dp are the 
uid
phase velocity, particle velocity, 
uid molecular viscos-
ity, particle density, and particle diameter, respectively.
The term CD is the drag coe�cient that can be written
as follows:

CD = a1 +
a2

Re
+

�3

Re2 ; (7)

where a1, a2, and �3 are the coe�cients given by Morsi
and Alexander [25].

The term Re is the particle Reynolds number that
can be written as follows:

Re =
(�dp jV � VP j)

�
: (8)

Stochastic tracking was applied to observe the particle
randomness occurring due to 
ow turbulence. The dis-
persion e�ect of the particle caused by the turbulence of

ow can be predicted by using 
uctuating component
of 
uid velocity as follows:

V = V 0 + V (t) : (9)

In the stochastic approach, particle paths are predicted
by integrating the above equation for every single
particle.

2.4. Particulate erosion rates
Edwards [26] proposed a numerical model to predict
pipeline erosive wear due to particulate impingement,
which is accepted by many researchers [22,27-30]. The
erosive rate (E) can be expressed as the ratio of
mass extracted/removed from a target surface to the
summation of the mass of all of the impacting particles.
The model takes into account the impacting particle

ow rate (mp), the surface area of the impacted wall
boundary cell (Af ), and the impact angle function
(f(a)). The governing equation of this model can be
written as follows:

Erosion (E) =
XNparticles

p=1

(mpc(dp)) f(a)vb(v)

Af
:
(10)

The terms v, c, b denote the relative velocity
between particles, particle diameter function, and ve-
locity exponent, respectively. Af is the cell face area
along the wall and a represents impact angle made by
particle with the wall face. Impact angle function,
denoted by f(a), can be de�ned by piece-wise linear
pro�le, whose details are mentioned in Table 1. The
values of diameter function and velocity exponent are
1:8e�09 and 2.6, respectively [31].

3. CFD simulation

3.1. Flow domain
The pipeline domain was modeled by using ANSYS
Design Modeler. The length of both straight sections
of the mild steel pipe bend was taken as 1 m for the
smaller diameter pipe (50 and 100 mm) and 2 m for the
larger diameter pipe (150 to 250 mm). Figure 1 shows

Table 1. Value of impact angle function at di�erent
points of bend.

Points Angle Values

1 0 0
2 20 0.8
3 30 1
4 45 0.5
5 90 0.4
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Figure 1. Domain description and discretization.

a detailed view of the 
ow domain. The analysis of
erosive wear of di�erent versions of the slurry pipeline
was carried out by considering various pipe bends
having di�erent diameters (50 to 250 mm), radius-
to-diameters ratios (1 to 2.5), and di�erent bending
angles (30�, 45�, 60� and 90�). The multiphase slurry
contains 10% (by weight) of bottom ash and the rest is
water; the ash particles 150 �m in size were injected
to the inlet face of the pipeline. The study was
carried out at di�erent 
ow velocities ranging from 2
to 8 m/s. The properties of the solid-liquid slurry are
discussed in Table 2. Simulations were carried out at
Windows-based Intel Xenon E5-1620 V3 machine with
3.5 GHz processor and 16 GB RAM. The convergence
was achieved when residuals of governing equations
dropped below 10�6.

To precisely capture the multi-phase 
ow phe-
nomenon, the 
ow domain was divided into tetrahe-
dral elements after suitable mesh sensitivity analysis.
Figure 2 shows variations in the erosion rate for the
100 mm diameter pipe with number of grid elements
at a 
ow velocity of 4 m/s. It can be observed
that for the coarser grid (elements < 1:65 � 106),
the variation in erosion rate between two consecutive
re�nements was higher, whereas for the �ner mesh
(elements > 1:80 � 106), no considerable variation
in simulation outcomes was detected. Therefore, the
computational domain was discretized into 18,63,534
tetrahedral elements. A better understanding of the
interaction between the solid particles and the pipe

Figure 2. Variation of erosion rate with number of
elements.

wall is very vital for accurately monitoring the erosive
wear; thus, �ve layers of in
ation were introduced to
the mesh, as represented in Figure 1.

3.2. Boundary conditions
The computational domain has a single velocity inlet to
allow the slurry 
ow, a single pressure outlet subjected
to atmospheric pressure. The spherical ash particles
were injected from the inlet section. The 
ow velocity
was 2 m/s which later varied from 2 m/s to 8 m/s for
further simulations. No-slip condition was applied to
the wall surface with a roughness constant of 0.5 mm.
The boundary condition between solid particulate and
the wall was set to `re
ect'. Pressure and velocity

Table 2. Properties of multiphase 
ow.

Properties Fluid (water) Solid (bottom ash) Target (mild steel)

Density (kg/m3) 1000 2200 7850

Particle size (�m) { 150 {
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were coupled using SIMPLE algorithm. Standard
k � " turbulence modeling scheme with standard wall
functions was applied to solve the turbulence of the

ow. The convergence criterion was set to 10�6.

3.3. Validation
In this section, the present numerical framework was
veri�ed with the published �ndings of Singh et al. [22]
and Shamshirband et al. [32] (as mentioned in Case 1
and Case 2, receptively):

Case 1: The present simulation framework was
veri�ed by comparing the simulation outcomes with
the numerical study of Singh et al. [22]. They [22]
studied the erosive wear behavior of the bottom ash
slurry 
ow through a 90� pipe bend characterized
by 100 mm diameter in di�erent 
ow conditions.
The numerical study was carried out by using CFD-
FLUENT for ash slurry having di�erent bottom
ash concentrations ranging from 2.5 to 10% by
volume. One case of Singh et al. [22] (e�ect of
slurry concentration on the erosion) was considered
and simulated under the same boundary and 
ow
conditions. According to Figure 3, the numerical
prediction using the present simulation framework
showed better agreement with results of Singh et
al. [22] and the variation was within 5%.

Case 2: The CFD framework was also veri�ed with
the published �ndings of Shamshirband et al. [32].
They simulated erosive wear of a 90� pipe bend for
the 
ow of sand water slurry using DPM model of
ANSYS-CFD with a standard k�" modeling scheme.
They analyzed the e�ect of sand particulate size
variations (10 nm to 100 �m) at a di�erent 
ow
velocity (5 to 20 m/s) on the erosive wear character-
istics. Few cases of the particle size variations were
simulated in the same conditions, the results of which
are presented in Figure 4. It was found that the

Figure 3. Validation of present model with Singh et
al. [22].

present simulations underpredicted the erosion and
its variation was lower than 8%.

4. Results and discussion

4.1. Selection of optimum bending angle
The e�ect of pipe bending angle on the erosive wear
rate was investigated to select an optimum bending
angle that could attenuate the erosion damage. Several
pipe bends having di�erent bending angles (30�, 45�,
60�, and 90�) were simulated for 10% ash concentration
at di�erent 
ow velocities, and their corresponding
erosion wear characteristics were analyzed to determine
the least erosion-a�ected pipe bend. The magnitude of
erosion of several pipe bends at di�erent 
ow velocities
is shown in Figure 5. The maximum erosion rate
(7:5 � 10�5 kg/m2s) was detected for the 30� bend,
whereas the lowest wear rate (1:6 � 10�5 kg/m2s,
approximately 4 times low) was observed for the 90�
bend (at a velocity of 8 m/s). It was also determined
that under similar operating conditions, erosion rate

Figure 4. Validation of present model with
Shamshirband et al. [32].

Figure 5. E�ect of bending angle on erosion rate.
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shared a decreasing trend at the pipe bending angle.
Lower bending angle provided a narrow travel path to
the multi-phase slurry 
ow, which raised 
ow irregu-
larity. The highly disordered multi-phase 
ow striking
through the pipe would remove a signi�cantly larger
proportion of the material from the pipe wall than that
of pipe bends with a higher angle.

Figure 6 represents the erosive wear contours
on the wall of di�erent pipe bends at a velocity of
4 m/s. It is quite clear from the �gure that the 30�
bend was eroded to a greater degree than the higher
angle bend (90� bend). For the lower angle bend, the
erosion was observed over the complete bend curvature;
however, a shift in the erosion location was identi�ed
when the bend angle increased and the wear location
became limited only to the upper curvature for the 90�
bend. Thus, a higher bend angle (90�) signi�cantly
reduced the risk of erosive wear; therefore, it was more
suitably applied to connecting di�erent pipes of the
slurry transport unit.

4.2. E�ect of pipe diameter on erosion rate
The selection of an optimum pipe diameter for a slurry
pipeline depends on several aspects such as allowable
pressure drop, particulate concentration, size, etc.
However, the pipeline diameter of a slurry transport
unit should also be selected in terms of the least
wear as the wear rate has strong dependency on the
pipe diameter. To evaluate the e�ect of pipeline
diameter on the erosive wear rate, simulations of pipe
bends of di�erent diameters (50 mm to 250 mm) at
di�erent velocities (2 and 8 m/s) for 10% concentration
of bottom ash particles (150 �m in diameter) were
conducted. The variation in erosion rate and its rela-
tionship with the pipe diameter are shown in Figure 7.
The inverse relationship between erosion rate and pipe
diameter was found. A sharp decrement in the erosive
wear was observed with increase in diameter of the
pipe. The magnitude of maximum erosion was reduced
by approximately 11 times when the pipe diameter

Figure 7. E�ect of pipe diameter on erosion rate.

changed from 50 to 250 mm, which could also be seen
from the erosion contours shown in Figure 8. Of note,
further enlargement of pipe diameter beyond 200 mm
caused less variation in erosion rate and the decreasing
trend tended to stabilize. Similar trends were observed
by Peng and Cao [15].

The primary reason for such behavior is that the
turbulence of a shorter diameter pipe becomes highly
intense near the wall which helps the particles gain
extra momentum and thus, it strikes the wall with
great impact and results in severe erosion, as shown
in Figure 9. The larger pipes (200{250 mm diameter)
are of stronger turbulence intensity away from the pipe
wall, which results in lower erosion of such pipelines.

Another possible cause of variation in erosive
wear characteristics is the change in the 
ow path of
the multi-phase regime, as shown in Figure 10. For
the smaller diameter pipe, the multi-phase slurry 
ow
travels through a narrow channel due to which the
solid particles are deviated from the 
owing stream
and undergo numerous collisions with the inner wall.
The multiple impacts of the solid particle removed
signi�cantly more amounts of material from the pipe
wall; thus, the 50-mm diameter pipe su�ered more
erosive wear than the 200 or 250 mm diameter pipe.

Figure 6. Contours of erosion (kg/m2s) at pipe wall for 4 m/s velocity.
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Figure 8. Contours of erosion rate on di�erent diameter pipes.

Figure 9. Turbulent intensity contours at the outlet of di�erent diameter bends at 4 m/s.

Figure 10. Particle tracks for di�erent pipe bend.

4.3. E�ect of 
ow velocity
In this section, the erosion wear characteristics of two
larger diameter pipes (150 and 250 mm) having a 90�
bend curvature are evaluated at di�erent slurry 
ow
velocities, as plotted in Figure 11. It was found that
erosion rate grew exponentially with an increase in
velocity. The magnitude of erosion of the 250 mm
diameter pipe was 4:4 � 10�7 kg/m2s at a velocity of

8 m/s, while it was reduced to 3:31�10�9 kg/m2s at a
velocity of 2 m/s. The e�ect of velocity on erosion rate
was the most signi�cant of all the other parameters.
The erosion rate of the 150-mm diameter pipe bend
increased by approximately 2.5 times when the 
ow
velocity increased from 2 to 4 m/s. However, erosion
wear in the pipeline was found negligible at velocities
lower than 2 m/s, although at higher velocities, the
impact energy of the 
ow was much higher and thus,
the particles hit the wall with tremendous force that
resulted in severe erosion, as in cases of Badr et al. [7]
and Habib et al. [33].

4.4. E�ect of radius-to-diameter (r/D) ratio
The ratio of bend radius to pipe diameter of a slurry
pipeline may signi�cantly reduce the erosion wear
caused by particulate impingement. Several pipes
of di�erent radius-to-diameter ratios (r=D = 1, 1.5,
2, and 2.5), each of which was characterized by a
diameter of 100 mm, were simulated to determine
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Figure 11. E�ect of velocity on erosion rate.

Figure 12. Variation in erosion rate for di�erent r=D
ratio pipes.

the least erosion-a�ected con�guration. Figure 12
illustrates the e�ect of r=D ratio of pipe bend on
the erosion wear rate at di�erent velocities. It was
found that the erosion rate signi�cantly reduced with
an increase in the r=D ratio. An approximate 53%

reduction in erosion rate was identi�ed when the r=D
ratio increased from 1 to 2.5 at a 
ow velocity of 6
m/s and a solid concentration of 10%.

The contours of erosion at the wall of di�erent
r=D ratio pipes are shown in Figure 13. Very low wear
of the pipe with a higher r=D ratio was observed. The
larger value of r=D made the bend curvature longer
due to which the erodent would 
ow more steadily and
cause less collision with the pipe wall. Thus, the slurry
pipe bend must have a higher r=D ratio to reduce the
magnitude of erosion wear.

5. Conclusion

In this work, a simulation study was carried out using
commercial CFD code FLUENT 15.0 to propose the
least erosion-a�ected design slurry pipeline. The ero-
sion wear for the complex bottom ash slurry 
ow was
evaluated for di�erent geometrical pipes in di�erent
operating conditions. The following conclusions can
be drawn from the present study:

� The erosion wear rate of the larger angle bend (90�
bend) was found to be 4 times lower than that of the
30� pipe bend at the same 
ow velocity and particu-
late concentration; thus, the higher bend angle was
more suitable for connecting slurry pipelines.

� The erosion wear rate had an inverse relationship
with the pipeline diameter. The larger diameter
pipe (150 mm) su�ered an erosion rate 6 times
lower than the smaller diameter pipe (50 mm);
therefore, the pipeline having a diameter of 150
mm or above was the highly suitable for a slurry
transport unit.

� The bending radius had low, yet signi�cant, e�ect
on erosion rate. Approximately a 53% reduction
in the erosion wear rate could be achieved by
installing pipe bends with a higher bend radius to
diameter ratio (r=D = 2:5). The 
uid 
ow in the

Figure 13. Erosion contours at the wall of di�erent r=D ratio pipes.
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larger radius bend seems to be more similar to the

ow in the straight pipe.

� Therefore, an optimal slurry pipeline must have a
larger pipe diameter (� 150 mm) and be connected
to the bends having a higher bend angle (90� bend)
and a larger r=D ratio (r=D � 2).

Nomenclature

A Cross-section area of pipe, m2

D Pipe diameter, m
Fb Buoyancy force, N
Fd Fluid drag force, N
Fg Gravitational force, N

g Acceleration due to gravity, ms�2

dp Particle diameter, m
mp Particle mass, m
n Exponent
P Pressure, Pa
T Time, s
Re Reynolds number
K Turbulence kinetic energy, m2s�2

Vf Particle Relative velocity, ms�1

UP Particle velocity, ms�1
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