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ABSTRACT - In the industrial coal boiler, cyclone is used to separate the silica sands (as fluidizing 25;25:5: TﬁTgCT;mg
medium) from the furnace combution gas. A gas-solid separation system with turbulent swirling Revised: 30 Sept 2020
flow that occurs in the cyclone will cause erosion on the cyclone wall. The erosion will cause a Accepted: 26t Oct 2020
decrease in the cyclone performance and increase the maintenance cost. CFD simulation was

conducted to predict this erosion using industrial cyclone in the coal boiler industry on its actual KEYWORDS

dimensions. The dimensions were 5120 mm in diameter and 13970 mm in height. It was performed Computational fluid dynamics;
using the Reynolds Stress Model (RSM) for turbulence flow in the gas phase and the Oka erosion erosion rate;

model. The erosion rate on the cyclone wall was investigated at various gas inlet velocity and solid 2; gllol?si’ler

rate. The inlet velocities ranged from 6 to 8 m/s and the solid rates ranged from 30 to 40 kg/s with
silica sands as solid particles (0.075 and 1.5 mm in diameter). At the selected local area, the results
showed that the higher gas inlet velocity for the same solid rate would increase the erosion rate
(about 25%). However, the higher solid rate for the same velocity will also increase the erosion rate
on the cyclone wall (about 18%). These results indicate that cyclone wall errosion are significantly
affected by inlet gas velocity.

INTRODUCTION

Gas-solid separation is a general process which often used in industry. Various types of equipment have been
commonly used for gas-solid separation such as cyclone separator, bag filter and electrostatic precipitators [1, 2]. Cyclone
separator is the most commonly used in industries due to its several advantages compared with other equipment, such as
low installation, operational and maintenance costs, no moving components (static parts). Moreover, and it has an ability
to operate at high temperature up to 1000 °C, high pressure up to 100 bar and a high rate of solid particles [3-8]. The main
parts of cyclone separator consist of a cylindrical section, conical section, tangential inlet, clean gas outlet (called vortex
finder), solid particle outlet and solid particle collector or bin. The basic principle of cyclone was the gas stream contains
solid particles entering the inlet section tangentially with high angular velocity and formed swirling flow [9, 10]. The
disperse solid particles in the gas flow are forced in the radial outward to the wall by centrifugal force and move down
along the cyclone wall into the solid particle collector or bin. The gas swirls upwards in the centre of the cyclone and
leaves the cyclone through a vortex finder [8, 11, 12]. The main problem that often occurs in cyclone separator is wall
erosion. This is due to the interaction of solid particles with the cyclone wall which further affects the operational and
financial consequences. Before modelling the erosion rate on the wall of the cyclone, the gas-solid hydrodynamic flow
must be known at first. Even though the design and geometric construction of cyclone separator are quite simple but the
phenomena are quite complex. The swirling flow inside the cyclone separator has strong anisotropy flow, high turbulence
flow, and high gas-solid wall friction [13].

A numerical method such as CFD has been commonly used to carry out some simulation process [14-16]. Several
previous studies have been carried out to investigate the hydrodynamic flow and erosion rates both experimental and
simulation which mostly carried out on small scale cyclones. Masnadi et al. [17] investigated the distribution of gas-solid
multiphase flow and the effect of cyclone geometry on its performance [18, 19]. Cyclone geometry is the main factor
affecting its performance (pressure drop and separation efficiency) [20-22]. These studies utilize CFD simulation code
using the Eulerian-Lagrangian approach (Reynolds turbulence model) for continuous gas flow and discrete phase model
(DPM) for dispersed particles [23, 24].

Research on erosion in elbow piping systems due to the flow of sand particles using the CFD code was carried out by
Parsi et al. [25] through the Lagrangian approach using 4 different types of erosion equation model which are Oka, DNV
(Det Norske Veritas), Zhang and Mansouri's models with a One-Way coupling. Sedrez et al. [26] are using the Eulerian-
Lagrangian approach with the Reynolds Stress Model (RSM) with two-way coupling and 2 types of erosion modelling
which are DNV and Oka. In addition, Sedrez also carried out an experiment for the CFD code validation. Based on the
simulation results and experimental validation, erosion rate increases as the gas velocity increases and the rate of erosion
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rate decreases as the ratio of solids increases. However, none of these studies using the real geometry same as used in the
industrial process.

In this study, therefore, CFD code was used to investigate the erosion rate of the cyclone separator using actual
geometry as used in the industry. The input operational condition data such as velocity and mass solid rate were obtained
from an industrial scale coal boiler plant.

METHODS AND MATERIALS

The Geometry of the Cyclone Separator

The material of the cyclone separator made from carbon steel in the outer part, while the inner part made from castable
refractory. The Geometry and dimension of the cyclone were shown in Figure 1 and Table 1, respectively.
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Figure 1. The geometry of cyclone separator

Table 1. The dimension of cyclone separator

Dimension Size (mm)
Cyclone diameter (D) 5,120
Cyclone height (H) 13,970
Diameter of vortex finder (Dx) 2,200
Length of vortex finder (s) 2,310
Tangential inlet height (a) 4,620
Tangential inlet width (b) 2,333
Conical cyclone height (Hc) 5,200
Dust exit diameter (Dd) 3,320

Data and Validation Method

As mentioned before, the data used in the CFD simulation is the actual data from the coal boiler plant. Silica sand
samples (as solid particles dispersed in the continuous gas phase) are taken at the inlet of the cyclone separator and the
distribution of the particles is shown in Table 2. Samples of part of the cyclone wall were taken to determine their physical
properties. In addition, operational conditions data such as inlet velocity and solid mass rate were obtained during the
operation of the coal boiler plant at turnaround or shutdown (which is scheduled every six months). All data were used
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as input data in CFD simulation. The validation method is done by measuring the depth of erosion along the cyclone wall.
The erosion rate was validated only at the 8 m/s for inlet velocity and 40 kg/s for a solid mass rate of the actual operation
of coal boiler plant.

Table 2. Solid particle size distribution

Size C o Size Total weight
(micron) Total weight (%) (micron) (%)
2,000 0.14 180 17.10
1,000 0.30 150 8.80
710 0.30 125 6.80
425 7.24 106 4.20
355 8.60 <75 4.92
212 41.60 - -

CFD Simulation of Cyclone Separator

CFD is a numerical algorithm which can be used to simulate fluid flow, mass transfer, heat transfer or other
phenomena using computer simulations [27, 28]. To calculate, analyse and simulate a system, CFD requires data
variables, input data, outputs, equations and boundary conditions of the system. In general, a CFD code consists of three
elements: pre-processor, solver and post-processor. Hydrodynamic flow and particle tracking were conducted before
calculation of the erosion rate. Eulerian approach (with continuity and momentum transport) is used to solve the
continuous flow and the time-averaged Navier-Stokes (RANS) equations. Particle trajectory and velocity as a discrete
phase predicted using Newton's law motion equations in Lagrangian framework, using two-way coupling with the
continuous phase. turbulence modelling was conducted using the Reynolds stress model (RSM) due to its property to
predict the strong turbulent swirling flow with anisotropic behaviour [24]. In a turbulent flow, the particle trajectories can
be affected by the fluctuations of the velocity. Discrete random walk model (DRW) was used to investigate the turbulence
fluctuation velocity components on the particle trajectories [29].

Mathematical Models

The gas-solid flow is simulated using Eulerian equation. Gas as the continuous phase and the solid as the discrete
phase. The equation used is as follows:

Lagrangian equation — Discrete phase [30]

Pp )
dt P
(i) () ge M
N PO T - P OF @
dt Pp ( (i))Z 24 g p
Ppdp
0 0}
d Vg —V
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Eulerian equation — Continuous Phase [30]
Continuity equation:
0
&(pg )+V(pgvg)=0 3)
Momentum equation:
0 V R
a(pgvg )+V(pgvgvg):—VPg —V(T +T )+pgg+SV0 4

where the index g represents the gas phase, v is a velocity vector.
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The turbulence flow used the RSM model as follows in Eq. (5) [30].
9 (+R R o T oy 1.
g(T )+ Vg (T ):—pg‘vgvg_(va) +(va )Vng,‘—ngg {Cslb+csz(b.b—3b.b5ﬂ—cr1‘}‘.b+
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Erosion Model (Oka Erosion Model) [31]
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where Ey is the volumetric erosion rate (mm?3kg?), Ay is the density of the wall material, is the erosion damage at

E
90
a normal impact angle (mm3kg™?), v' is the reference impact velocity (m.s™), dp is the particle diameter (m), 'd * is the

reference particle diameter (m), Hy and is the material Vickers hardness (GPa).

RESULTS AND DISCUSSION

Cyclone swirl flow requires a moment of inertia which means that it is strongly influenced by the size of the solid
particle, solid rate and inlet velocity. The drag force on the smaller particles is larger than the centrifugal force preventing
their movement to the cyclone wall. Therefore, the small particles escape downwards in a spiral pattern and the larger
particles are collected at the walls [27]. Figure 2 shows the solid particle distribution at the main body of the cyclone. It
can be seen at higher inlet velocity, increasing the moment inertia of solid particles in the cyclone resulted in a swirl flow
closer to the cyclone wall. The erosion on the cyclone wall will increase due to there is higher friction between the solid
particles with the cyclone wall. A Similar trend is seen at a higher solid rate. The more particles enter the cyclone, the
more collision with the cyclone wall which further increased in erosion rate.
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Figure 2. Distribution of solid particles inside cyclone at various inlet velocities from 6 to 8 m/s: (a) solid rate 30 kg/s
(b) solid rate 35 kg/s and (c) solid rate 40 kg/s
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Figure 3. Contour of erosion rate using Oka erosion model at various inlet velocities from 7 to 8 m/s: (a) solid rate 30
ka/s, (b) solid rate 35 kg/s and (c) solid rate 40 kg/s

Erosion rate prediction on the cyclone wall will be calculated using the Oka’s erosion model. Figure 3 shows the
erosion contours in the entire cyclone wall To be able to see the erosion contours, the simulation results are shown in 4
directions, which are -X, -Y, + X and + Y. Figure 3 shows that the erosion rate increase with increasing inlet velocities
from 7 to 8 m/s and increasing the solid rates from 30 to 40 kg/s. The discussion will focus on the worst erosion in 2
areas, cylindrical section and conical section. The most severe erosion in the cylindrical section area can be seen in the
impact zone cylindrical section (-Y direction). The impact zone is an area where initial collisions occur then the direction
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of flow changes from tangential flow to angular or swirl flow. Unlike the cylindrical section, for the most severe erosion
of the conical section is at the end of the conical section (+Y direction). The highest erosion rate occurs at the inlet velocity
8 m/s and solid rate 40 kg/s, at the cylindrical section of 2.054 x 10-6 kg/m2s and the conical section of 4.538 x 10-6
kg/m2s.
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Figure 4. Severe erosion rate with inlet velocities ranged from 7 to 8 m/s and solid rate 30 to 40 kg/s at: (a) cylindrical
section and (b) conical section

The comparison of erosion rates for various inlet velocity and solid rate can be seen in Figure 4(a) and (b).
Figure 4(a) shows the erosion rate occurs in cylindrical sections while Figure 4(b) in the conical section. The erosion rate
increases for the variation of inlet velocity at the cylindrical section by 23.72% and in the conical section by 30.44% at
the average. As the solid rate increase, the average erosion rate increases at cylindrical sections by 17.69% and at the
conical section by 19.43%. It was mentioned earlier that the validation results were obtained from the actual data on the
coal boiler plant. Erosion rate data is based on the erosion of castable wall in the cyclone separator. The cyclone separator
operates with fluctuating inlet velocity and solid rate, depending on operational requirements but based on daily data
records for 6 months. The average cyclone separator can operate at the inlet velocity 8 m/s and solid rate 40 kg/s. Due to
the limitations of validation data, only 1 condition of this variable can be compared between actual data and simulation
results. The real condition of the cyclone wall erosion can be seen in Figure 5 and 6. The measurement result showed that
the erosion rate on the cyclone wall in cylindrical sections was 2 cm and 4.5 cm for conical sections. These results can be
converted into erosion rate units which are 2.05 x 10-6 kg/m2.s on the cylindrical section are and 4.54 x 10-6 kg/mZ.s in
the conical section of. Validation data are compared with the simulation results on the same variable, velocity 8 m/s and
solid rate 40 kg/s, the percent error is about 23.5% at the cylindrical section and 25.78% in the conical section.
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m

Figure 5. Erosion on cyclone wall at cylindrical section

Figure 6. Erosion on cyclone wall at conical section

CONCLUSIONS

In summary, CFD simulation was conducted to predict the erosion rate in the cyclone separator. The inlet velocity
and mass solid rate were varied to understand the effect on the wall erosion rate. CFD simulation results show that the
inlet velocity has a high dominant impact on the cyclone erosion rate. It caused severe erosion around 30.44% on the
conical section. The mass solid rate will be caused erosion of about 19.43% on the conical section. These results show
that the inlet velocity variable is more dominantly influencing the cyclone wall erosion. The comparison between
simulation results with the real condition, there is still a large error percentage of around 25%. This is caused by many
factors that have not been included in the simulation due to data limitations. Several factors that can influence the
simulation results include collisions between particles, heat energy in the cyclone system and other factors.
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