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1. INTRODUCTION

Hydraulic structures are typically made of concrete. As a result, abrasion-induced erosion has been identified as
one of the most significant issues encountered during their work. Decomposition occurs as a result of the loads
caused by the water flow of the transported sediment. When high water flow velocities are faced, this becomes a
serious problem [1,2]. This type of deterioration occurs in three steps. First and foremost, pre-abrasion scrubbing
occurs, water velocity and pressure are the governing parameters at this step. Second, waterborne particles
impinge on the concrete surface, causing it to crack. The abrasion rate is affected by the properties of the carried
materials, such as their form, hardness, size, and density. Furthermore, the rate of abrasion damage is highly
dependent on the velocity of the flowing water. Water at a higher velocity can easily move sediments of greater
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size and quantity, resulting in heavier abrasion [3,4]. To assess the abrasive wear that happens in hydraulic
structures, a variety of standard and non-standard test methodologies are used. The underwater approach is the
most typical test. Steel balls of various sizes are used to simulate water-borne particles [1]. Messa et al. [6],
proposed a new test procedure. When the steel balls are replaced with a defined silica sand quantity, it can be
regarded as a modification to the underwater approach in order to offer an actual simulation of the abrasive impact
of waterborne solids in hydraulic structures.

According to numerous experts, abrasion rate is influenced by a variety of elements, including, the fibers
inclusion and cementitious materials addition, compressive and tensile strength, age of concrete, and the angle of
impact between flowing water and concrete surface [4,5]. These variables can be divided into two groups:
first, that is directly related to the properties of concrete, and second, that are dependent on the environment
surrounding hydraulic structures, such as abrasive particle characteristics and fluid flow angle [7]. The abrasion
resistance of concrete was found to increase as the concrete strength or the water-to-cement ratio was reduced,
based on the characteristics of the concrete [3,8]. The abrasion resistance was observed to be improving when
fibers were added to the concrete mixture [9]. Another study found that when the amount of cement was
substituted with silica fume, abrasion erosion was reduced [10].

In this work, the ANSYS Fluent 19.0 was used to conduct a CFD simulation as a numerical study to investigate
how the abrasion rate influenced the concrete samples at various impact angles, densities, and velocities of the
abrasive particles. the Discrete Phase Method (DPM) was used to solve the flow of water and abrasive sand
particles.

2. NUMERICAL PROCEDURE

ANSYS Fluent was chosen as a primary simulation tool for the study in order to investigate the surface erosion
damage of the concrete sample. The research is based on the modeling of abrasion erosion on a concrete surface
using a 45° paddle angle, density (sand particles concentration in water) was 28 kg/m3, and rotational speed was
600 rpm according to Messa device. The CFD simulation was validated first with the experimental findings. Then,
after an excellent agreement had been achieved, a parametric study was implemented, where three key factors
were investigated: paddle angles of (30° and 60°), the density of (35 and 45 kg/m3), and the rotational speeds of
(900 and 1200 rpm).

The transient-state simulation of the concrete specimen model was used, and the fluid was assumed to be
incompressible; in addition, the K-epsilon model was used for the viscous model.

3. NUMERICAL MODELING
3.1.Governing equations

The governing equations on which the ANSY'S program is based include the continuity equation and momentum
equation. Moreover, depending on the nature of the flow, equations such as the energy equation and the
turbulence equation may be required to properly and satisfactorily solve the flow problems [1].

-The continuity equation

(8VxI6x) +(6VylSy) +(6Vz/52) =0 1)

whereVx, Vy, and Vz are velocity components in directions x, y, and z.
- Momentum equation
1.  Momentum Equation in the X-direction

vy vy vy 10P Vi, V?v, V2v, )
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2. Momentum Equation in the Y-direction
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3. Momentum Equation in the z-direction
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where, u = [V, V,, V], g are velocity vector, P represents the pressure of the fluid, p refers to the density of the
fluid,V? represents the Laplacian operator and dv represents the gradient of velocity.

3.2.Geometry formation

The 3-D geometry is sketched by ANSYS Fluent 19.0 for the tank and the impeller zone with different paddle
angles of (30°, 45° and, 60°). Three forms of geometries were used in this study that depends on the angle of the
paddle as shown in Figure 1.

Figure 1 Geometry of the model.

3.3.Mesh creation

The three models generated, as shown in Figure 2, are meshed using a tetrahedron mesh with the number of nodes
and elements uncovered in Table 1.

T ey V50 o o0 20820 g
—— —
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Figure 2 (a) Model mesh; (b) Section plane in Mesh model.

Table 1 Elements and nodes number.
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No. Geometry Number of Elements Number of Nodes
1 Angle 30° 1105916 197834
2 Angle 45° 1106025 197834
3 Angle 60° 1105335 197677

4. DISCRETE PHASE METHOD

In FLUENT, the DPM was applied for simulating the movements and interactions of the fluid and solid particles.
As momentum between particles and fluid occurs, FLUENT provides the option to include or remove these
impacts by using the Uncoupled or Coupled discrete phase method. If there is no impact for particles on the
solution of flow, the uncoupled DPM must be used, while if there is an impact, the coupled DPM provides the
best choice.

The condition of local continuous phase can be applied for solving the equation of particle force balance, as the
following formula [11].

du 9x(p — p) )
P _ x\Fp
W—FD(u—up)+ T-l'Fx
where, u,and u represent the particle and fluid velocity, respectively, p,, and p represent the density of particle
and fluid, respectively, g represents the gravitational acceleration, F, can be used for accounting additional
forces, Fj (u — up) represents the force of drag per particle mass unit.

5. EROSION MODEL

The model of erosion is included in ANSYS software [12]. The rate of erosion can be determined by ANSYS,
mass flow products, and functions of the particle diameter, angle of impact, and speed due to the given formula
[13].

N

R B z m,C(d,)f (@)r?® (6)

erosion — A
=1 fice

where C(d,) represents a particle function, f(a) represents a function of impact angle, o represents the impact
angle of the particle path with the face of a wall, v represents the particle's relative velocity, b(v) represents a
function of the particle’s relative velocity, and Ay, refers to the area of the cell face at the wall.

6. BOUNDARY CONDITIONS
1. The rotational speeds were 600, 900 and, 1200 rpm.

2. The sand particle diameter is 1.5 mm with a density of 2650 kg/m3.

Three paddle angles were used (30°,45° and, 60°).

> W

Three different densities (sand concentration in water) were used (28, 35 and, 45 kg/m3).
5. density is 2300 kg/m3 for concrete samples.

6. The atmospheric pressure is the pressure outlet.

7. RESULTS AND DISCUSSION
7.1.Effect of paddle angles on erosion rate

The influence of the paddle angle was investigated numerically with a density of 28 kg/m3 and rotational speed of
600 rpm. As shown in Figure 3, the maximum erosion rate is noticeable when the paddle angle is 60°, while it was
the lowest value for the 45° angle. The inclination flow angle was efficient on the cross-sectional surface of the
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specimen when the angle was 60°, causing severe abrasion and increasing the rate of erosion. The trend of curves
in Figure 4 showed that when the paddle angle was 30°, the erosion rate rose dramatically. Then when the angle
was altered to 45, the erosion rate began to decline by about 25%. After that, when the paddle angle was set to
60°, the erosion rate returned to develop by about 36.5%.
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Figure 3 Erosion rates using various impact angles of; (a) 30° ;(b) 45°; and (c) 60°.
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Figure 4 Erosion Rate with different paddle angles

7.2.Effect of the density (sand concentration in winter) on the erosion rate

This study was applied to the angle of 60°, which is considered the worst-case; as previously mentioned, it suffers
from the most considerable erosion rate, so this case was studied numerically with different densities of (35, and
45 kg/m3) with a rotational speed of 600 rpm. When the concentration of sand in water increases, it means an
increase in the number of sand particles that hit the surface of the concrete, which causes an increase in the rate of
erosion. Figure 5 presents the effects of the various densities on the erosion rate at the sample surfaces. The
maximum value of erosion for 28, 35, and 45 kg/m3 where 8.279e-001, 9.285e-001 and 1.119e+000 kg/m2
respectively. Therefore, the relationship between the erosion rate and density is a direct correlation; when the
density increases, the erosion rate increases, the erosion rate for 35 and 45 kg/m3 increased by about 10.8 and
25.8%, respectively, as shown in Figure 6.
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Figure 5 DPM Erosion Rate with density (a) 28 kg/m3, (b) 35 kg/m3, and (c) 45 kg/m3
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Figure 6 Erosion rate with different densities
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7.3.Influence of paddle speed on the rate of erosion

The effect of paddle speed on the erosion rate was studied at an angle of 60° and density of 28 kg/m3 with
different speeds of 600, 900, and 1200 rpm. When the paddle speed increases, the speed of collision of sand
particles with the concrete surface increases, which leads to a rise erosion rate. Figure 7 shows the relationship
between the paddle speed and the erosion rate, from the Figure it is clear that the increased rotational speed
increases the erosion rate. The erosion rate increment due to the raise of paddle speed of 900 and 1200 rpm were
about 58.7% and 73.3%, respectively. Figure 8 shows the erosion rate with different paddle speeds.
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Figure 7 Erosion Rate with a different paddle speed
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Figure 8 Erosion Rate at (a) 600 rpm; (b) 900 rpm ,and (c) 1200 rpm

8. CONCLUSION

1. DPM was utilized in this study to measure and forecast the produced erosion by water-borne particles.
Several aspects have been considered, including the angle of impact, density, particle size, the flowing
water velocity, and the overall rate of flow of the discrete phase model.

2. According to the results of this simulation, an impact angle of 60° has the highest rate of erosion. While
the erosion rate is reduced when the inclination flow angle is 45°.

3. The density (sand concentration in water) has a significant effect on the erosion rate. It has been observed
that the erosion rate increases as the density increases. For example, the erosion rate increased about 10.8
and 25.8% for densities of 35 and 45 kg/m3, respectively.

4. The erosion damage increases when the rotational speed increases, as the erosion rate improved by about
58.7 and 73.3% when the rotational speed was 900 and 1200 rpm, respectively

5. For all three impact angles (30°, 45°, and 60°), CFD simulations are capable of forecasting and obtaining
a fully developed profile of velocity, pressure, and well shear on the concrete surface.
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