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Abstract

Bed material particles in a Circulating Fluidized Bed (CFB) boiler which entrained in the flue gas may
cause material degradation due to abrrasive and high velocity impact of particles to wall surface. In this
study, Computational Fluid Dynamic (CFD) commercial software with Eulerian multiphase is used to
study the erosion pattern in several different fluidizing air velocity. The result obtained from simulation
in terms of particles volume fraction and particles velocity in selected area was utilised to predict the
erosion rate in several different fluidizing air velocity to achieve the optimal value of fluidizing air
velocity. The results obtained in this study are helpful to understand how erosion pattern in CFB boiler,
how effect fluidizing air velocity to erosion rate, and also helped to know the potential areas occur
erosion so helped to choose suitable material in different region.

Keywords: Circulating Fluidized Bed Boiler, Computational Fluid Dynamics, Erosion, Eulerian Multi-
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1. Introduction
Circulating Fluidized Bed (CFB) boiler is a type of

steam generator which is introduced in the 1970s [1]. A
CFB boiler operated under a special hydrodynamic condi-
tion, where fine solid are transported through the furnace
due to fluidizing air which injected from nozzle in the
beneath of bed material. The solid leaving the furnace is
captured be a gas-solid cyclone separator and recirculated
back to the furnace. Compared to other types of solid
fuel fired boilers (e.g., bubbling fluidized bed and pulver-
ized coal combustion), the CFB has a number of unique
features which make it more attractive, which is fuel flexi-
bility, high combustion efficiency, good gas-solid mixing,
efficient sulfur removal, low NOx emission produce, and
suitability for supercritical operation [2].

While the use of CFB boiler has grown greatly, CFB
boiler faces some types of problem like blockage of feed
line, loss in efficiency, fouling, solid leakage, material
degradation, and ash deposition. The most likely problem
is material degradation due to erosive effect from solid
particles [2]. Erosion in a coal-fired power plant is recog-
nized as the main cause of the downtime due to outage
accounting up to 50-75 % of the total forced outage and
costing up to 54% of the total production cost [2].

Erosion will occur when solid particles (sand from
bed material and fuel ash) are entrained in the flue gas
along the furnace and cyclone and then impact on the wall
surfaces with a certain angle and relatively high velocity

[3]. The impact of solid particles to the surface will result
in two force component: a force normal, which causing
material deformation and a force parallel to the surface,
which causing material removal. The impact angle is very
affect to the erosion rate. Erosion rate also depends on
impact velocity, solid particles concentration, shape and
size of solid particles, temperature and properties of wall
surface material.

Due to the increasing of electricity demand, the oper-
ation and maintenance issue causing outage shutdown and
production lost like material abrasion must be resolved.
So, the erosion pattern in the CFB boiler is very necessary
to study as the information and recommendation to power
plant operator or as the consideration in the improvement
of the CFB boiler operation and also redesign. Computa-
tional Fluid Dynamic (CFD) simulation is conducted in
this study to observe the erosion pattern in the CFB boiler
under different operating conditions. The difference of
operating conditions in this study lies in the primary air
velocity. The investigation through the experimental study
would be costly and taking much time. The Eulerian mul-
tiphase in combination with k − ε standard turbulence
model is utilized to conduct hydrodynamic phenomena of
gas-solid inside the CFB boiler simulation [4].

However, it is still difficult to consider effect from all
parameters which causing erosion as shown before. So
in this study, the attempt to identify erosion pattern and
to identify those areas inside the furnace which may be
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prone to erosion only limiting on the measureable param-
eter from the CFD software we use. There are fraction
volume and velocity of solid particles. The detailed ge-
ometry, model, and input parameter are described in the
following section.

2. Literature Review
Simulation of fluidization behavior in CFB boiler was

performed by Tanskanen [5]. In his study, Eulerian multi-
phase was used for multiphase model and k − ε standard
was used for turbulence model. This is because compared
to other available turbulence models such as k − ε, real-
izable k − ε, and turbulence mixture, k − ε standard is
more applicable and accurate to many flow conditions.
The study showed that bed density decrease with increas-
ing height. While the maximum air velocity occurs in the
area far from the wall and on the wall air velocity is neg-
ative value. It is also known that relatively large sand or
coal particles tend to be in the lower region. Mass of the
bed material decrease with the increasing time, but the
decrease is not too significant so it can be ignored.

Kinkar et al. [6] investigated the potential for ero-
sion that occurs in the cyclone wall due to erosion by air
or sand. The SST k-w model is selected to ensure revolv-
ing the flow gradients that are expected in the cyclone
separator. The study informed that in some areas of the
cyclone, the air and sand velocity can reach 30 m/s which
can damage the cyclone if ignored. The results also help
to understand the flow of flue gases in the CFB loop and
actual target velocities which is practically difficult to get
from the operating boiler.which isThe most common ares
of refractory erosion and failure are bull nose cyclone,
cyclone inlet duct, and loop seal. Installation of the refrac-
tory with a stronger material will prevent erosion in that
areas so as to extend the life of cyclone.

Gandhi et al. [3] conducted Computational Fluid
Dynamics to understand the flow field and identify the
areas likely to be subjected to erosion under various op-
erating conditions in a pulverised coal fired boiler. An
Eulerian-Langrangian approach was used to analyse the

continuum phase and particle tracking for individual coal
particles. The data obtained on particle velocities, parti-
cles concentration, and temperature have been utilised to
predict the extent of erosion in selected areas of the boiler.
This results also provide a platform for the development
of an erosion tool which could assist power utilities in
avoiding unnecessary shutdowns.

2.1. Erosion Model

Erosion is removal of materials from a surface by
a stream of solid abrasive particles impacting on it [2].
The process of erosion is similar to metal cutting Figure 1
shows the process when a solid abrasive particle impacts
a surface at an angle, α, and with a velocity, Vp. Two
components of impact force will be result, a force normal
to the surface causing deformation and a force parallel
causing material removal.

Erosion is affected by three major factors, flow and
enviromental conditions, particle properties, and nature
of target materials [7]. Flow and enviromental condi-
tion factor included by angle of implingement, particles
concentration, and particle velocity (momentum). The
erosion rate of ductile material increase with the angle of
implingement. The rate peaks at around 45◦ and decrease
again, reaching a minimum value at 90◦. Higher particle
velocity impacting wall surface will be increase erosion
rate. Operating temperature does not exert much influ-
ence on erosion, especially in CFB boiler where the CFB
boiler operation temperature is not enough to make the
boiler wall materials being soft.

Particles properties like mechanical properties, equiv-
alent size, and sphericity also affect to erosion rate. For
example, a soft particles material could have a consid-
erably lower erosion rate than a hard particles material.
The abrasiveness of the particles also plays a major role.
Increasing particles size also will increase the erosion rate.
Nonspherical angular particles cause greater erosion than
rounded ones [7].

Nature of target materials such as surface hardness,
impact strength and ductility are a major factor influenc-
ing the erosion rate.

Figure 1. Mechanism of erosion due to solid particle impact.

However, it is difficult to predict the relative contri-
bution of each factors propesed erosion [3]. An empirical
equation for an overall erosion rate by Mbabazi et al. [8].

This equation included all major parameters which are
responsible to metal erosion process.
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y

(1)

where ε is erosion rate, x is particle concentration,
ρg is gas density, ρp is particle density, V is particle veloc-
ity, β is angle of implingement, dan σy is yield stress of
target material. From Equation 1 shows that the attempt
to identify erosion rate can be identified from particle con-
centration and velocity of solid particles which the only
measurable parameter from the CFD simulation.

Erosion in CFB boiler can reduce with some action
such as use of flow disrupters, protective coating or surface
treatment, and changes in fluidization condition. Compu-
tational Fluid Dynamic (CFD) simulation result from this
study can use as basic to reducing erosion rate. Instalation
flow disrupter and protective coating in the area known as
area potentially occur erosion from simulation is necessary
to prevent erosion. And also the effect of operation pa-

rameter, in this study fluidization air velocity also will be
known. So with the most optimal fluidization air velocity,
good fluidization conditions which has the lowest erosion
rate can be reach.

3. Simulation Approach
The simulation geometry in this study involves fur-

nace and cyclone of CFB boiler, as shown in Figure 2. The
boundary conditions used in this study are mass-flow inlet
for two pieces primary air inlet, sixteen pieces secondary
air inlet, three pieces coal inlet, pressure-outlet for two
pieces flue gas outlet, and the rest set as wall.

This simulation was performed in a 3D model with
dimension 11.66 m x 8.50 m x 31.78 m. The air distri-
bution grid, also known as nozzle, is located at a height
of 5 m. This simulation was based on a finite volume
approach where computational domains are divided into
control volume through computational mesh [9], which
has a total 2,273,622 of nodes, as shown in Figure 3.

Figure 2. Geometry of CFB boiler.

In this study, Eulerian model is used for multiphase
model to define gas-solid phase and its interactions. The
turbulence model used in this study is standard k − ε be-
cause of its general applicability, robustness, and economy
[10]. Moreover, the Syamlal O’Brien and the Luen et al.
were chosen for granular viscosity and solid granular bulk
viscosity, respectively [4]. The drag model in interaction
between sand and air used gidasprow model. The gi-

dasprow model is recommended for dense fluidized beds
[11]. The collisions value is 0.1 because lower value of
that coefficient predicts the behavior of gas-solid mixing
near the wall more precisely [4]. To observe the hydro-
dynamic of gas-solid mixing, the combustion process is
not needed to be considered in the simulation and the
model is assumed to isothermal.

Figure 3. Meshing of CFB boiler.

19



Sudarmanta et al./The International Journal of Mechanical Engineering and Sciences/1/2(2017)

The simulation parameters used in this study are
resumed in Table 1. Sand used for bed has the diameter
of 200 µm and density of 2500 kg/m3 [12, 13]. The ini-
tial static bed height is 0.4 m from nozzle base with solid
volume fraction of 0.5. This data is adjusted to the 30 MW

CFB boiler at one of the power plants in Indonesia.
In this study, variation of operation parameter will

be done on the fluidizing air velocity when enter primary
air’s boundary condition. The variation of fluidizing air
velocity is shown in Table 2.

Table 1. Simulation parameters

Parameters Value

Sand diameter 200 µm
Sand density 2500 kg/m3
Initial static bed height 0.4 m
Initial solid volume fraction 0.5
Temperature combustion air 470 K
Outlet pressure (gauge) -1 kPa

Table 2. DATA VARIATION OF FLUIDIZING AIR VELOCITY

Case Volumetric Flow (m3/h) Area of Boundary Condition (m2) Velocity (m/s)

1 46400 1.254 5.137
2 54000 1.254 6.422
3 69600 1.254 7.706
4 81200 1.254 8.991

3.1. Governing Equations

The Eulerian multiphase model was utilized to study
the hydrodynamic of gas-solid flow in fluidized bed based

on the conservation equations of continuity and momen-
tum [4, 12, 13]. Since there is no mass transfer, the
conservation equation of continuity for gas (g) and solid
(s) phases can be reduced to

∂

∂t
(εgρg) +∇

(
εgρg ~Vg

)
= 0 (2)

∂

∂t
(εsρs) +∇

(
εsρs ~Vs

)
= 0 (3)

where ε, ρ and ~V are the volume fraction, density
and local velocity, respectively. The conservation equation

of momentum for gas and solid phase are given by

∂

∂t

(
εgρg ~Vg

)
+∇

(
εgρg ~Vg ~Vg

)
= −εg∇p + ∇τg + εgρgg +Kgs

(
~Vs − ~Vg

)
(4)

∂

∂t

(
εsρs ~Vs

)
+∇

(
εsρs ~Vs ~Vs

)
= −εs∇p + ∇τs

+ εsρsg +Kgs

(
~Vg − ~Vs

)
(5)

where Kgs is the gas-solid momentum exchange co-
efficient, pg is gas phase static pressure, ps is solid pres-
sure, g is the gravitational acceleration and τ is and stress
tensor.

A general CFD software was used to solve governing
equations above. Phase Coupled SIMPLE was used to con-

sider the pressure-velocity coupling [10]. The first order
upwind discretization was used for momentum, mixture
fraction, turbulence kinetic energy and turbulence dissipa-
tion rate. Iterations were performed transient for the time
step size of 0.01 s with 500 number of time steps.
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Figure 4. Contour of Particles Volume Fraction for Case 1.

Figure 5. Contour of Particles Volume Fraction for Case 2.

4. Results and Discussions
According to Basu [2, 7], it is known that the ar-

eas with the most potential erosion are cyclone, wingwall
superheater, lower furnace, wall tubes, and nozzle grid.
Therefore, the discussion of erosion pattern will be more
focused on that areas. Analysis will be done by compar-
ing the erosion pattern on four variations of fluidizing air
velocity.

4.1. Particle concentration

In this section will be discussed the distribution of
particle concentration which is depicted with particles
volume fraction contour. Figure 4,5,6,7 are the contours
of particles volume fraction in isometric view, cyclone
elevation at 28 m, 26 m, and 20 m, and also wingwall

superheater for case 1, case 2, case 3, and case 4, respec-
tively.

In case 1 the value of the particles volume fraction
used is 0.5x10−5. From Figure 4 it known that the parti-
cles that reach the cyclone are only a very small number
about 1.5x10−5 – 2x10−5 (15-20 ppm). Then for the su-
perheater wingwall area, sand particles found only at the
base of the base only with a volume fraction value of about
1.5x10−5 (15 ppm). The sand particles tend to remain
in the furnace, so the potential for erosion in the cyclone
section in this case is relatively small.

Then for case 2 as shown in Figure 5 it can be seen
that there is an increase in the concentration of sand par-
ticles reaching the wingwall superheater and cyclone. In
the cyclone the maximum sand volume fraction can reach
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a value of 4.5x10−5 (45 ppm) in the inlet duct region.
Then for wingwall superheater area the concentration of

sand particle is higher than in case 1, that can reach value
about 4.2x10−5 (42 ppm).

Figure 6. Contour of Particles Volume Fraction for Case 3.

Figure 7. Contour of Particles Volume Fraction for Case 4.
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Figure 8. Vector of Particles Velocity in Isometric View for All Cases.

The distribution of the volume fraction of the sand
particles in Case 3 can be seen in Figure 6. In the case
3, the value of the volume fraction range is made smaller
than case 1 and case 2, (0-0001) because as was known
that in case 3 the probability of the number of particles
entering the cyclone is more than case 1 and 2. From
the figure it can be seen that the sand particles that reach
the cyclone are about 3x10−4 – 4x10−5 (300-400 ppm)
and centered on the inlet duct region. While on wingwall
superheater the distribution of sand volume fraction is al-
most the same as previous case that is more concentrated
at the bottom of the base and the value reaches 0.001
(1000 ppm).

Then in case 4 the value of the fraction of the volume
of sand reaching the wingwall superheater and cyclone

increased. In the cyclone the maximum volume of sand
fraction is in the inlet duct region which reaches a value
of 5x10−4 – 1x10−4 (500-1000 ppm). Then in the super-
heater wingwall area the value of the sand volume reaches
1.1x10−4 (1100 ppm).

From the discussion of the distribution of the parti-
cles volume fraction it can be seen that with the increasing
fluidizing air velocity, the concentration of particles in the
wingwall superheater and cyclone will increase which can
also increase the erosion rate. While in the lower furnace
erosion that occurs in all cases is not too much different
from the indication of the high particles volume fraction
in that area in all variations of fludizing air velocity.
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4.2. Particle Velocity

Figure 8 shows the vector of particles velocity on the
overall cross section of the CFB for all cases. While Figure
9 is a detailed view of vector of particles velocity in some
areas shows clearly velocity magnitude and its direction.

From both figures, it can be seen that in the lower
furnace all cases show irregular vector direction which
can cause erosion in that area. So the refractory instal-
lation with a stronger material in the lower furnace is
absolutely necessary because the erosion potential in the
lower furnace area occurs in all operating patterns. While
for the wall tubes area in the upper furnace all cases show
the direction of the vector pointing down parallel to the
wall tubes. It indicated that the potential for erosion in
this area tends to be small. Meanwhile, the bottom of
the wingwall superheater is very vulnerable to erosion
because it is the first area to collide with sand particles.
It can be seen also that the vector of particles velocity
entering the cyclone will increase as the velocity of flu-
idizing air increases. The bull nose area of cyclone also
experiences a high velocity of sand with the vector angle
to the surface due to changes in the drastic cross-sectional
area of the area. For inlet duct area also experience high
speed of sand, but because the direction of vector tend to
be parallel to surface then the potential of erosion in the

area is smaller.
Case 4 is the case with the highest number of particle

vector velocities that enter the cyclone region because the
amount of sand entering the cyclone in case 4 is also the
greatest. Then it is also known that in case 4 is seen a
vector of particles velocity of the sand that leads to the
top toward the convective zone. This is because the sand
particles entering the cyclone can no longer be captured
optimally because the amount has exceeded the capture
capacity of this cyclone. This is very dangerous to the heat
exchanger circuit in the convective zone.

In order to obtain a more complete particle velocity
analysis in the cyclone and wingwall superheater areas
is shown Figure 10. Figure 10 shows vector of particles
velocity vector taken at 28 m, 26 m, and 20 m cyclone
elevations, as well as wingwall superheater. From the
figure it can be seen that in all cases it is shown that the
maximum sand velocity in the cyclone occurs in the inlet
duct and also at a height of 20 m (loop seal) due to the
reduction of the cross section. However, the direction
of the vector in the inlet duct tends to be parallel to the
surface of the wall so that its erosion potential tends to be
small. In contrast to the target zone it is apparent that in
that area the sand vector pounds at a certain angle and
high velocity to the surface which may lead to erosion.

Figure 9. Detailing of Vector of Particles Velocity.
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Figure 10. Vector of Particles Velocity in Wingwall Superheater and Cyclone Section.

It is known that the number of vectors and the veloc-
ity magnitude value of particles in cyclone and wingwall
superheater is increasing as the fluidizing air velocity in-
creases. This indicates that with the higher fluidizing air
velocity the erosion rate will increase.

5. Conclusion
Computational Fluid Dynamics simulation provides

useful information to improve knowledge about erosion
pattern in CFB boiler due to abrasive bed material par-
ticles. The simulation in this study is performed at four
different fluidizing air velocity. The simulation results are
presented in the particles volume fraction and velocity
which is one of the most influential parameters to erosion
rate. It is observed that the fluidizing air velocity in a
CFB boiler has a significant effect on erosion pattern. It
is known that increasing fluidizing air velocity will effect
to increasing erosion rate indicated from the increasing
of particles volume fraction and particles velocity. The
most common areas erosion and failure are lower furnace,
bottom of the wingwall superheater, cyclone bull nose, cy-
clone target zone, and loop seal. Installing refractory with
material which has better abrasion resistant is required to
commit expected life for the boiler. All this result is vital
for power plant engineer to improve realibility of power
plant especially for CFB boiler equipment.
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