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ABSTRACT

Woodchip as an alternative fuel is widely fired to
generate electricity and steam. However, fouling is a
major issue for woodchip fired boilers. It is important to
develop mathematical models and predictive tools to
understand and predict ash deposition behavior. A
mechanistic fouling model considering build-up and
removal mechanisms during ash deposition is
developed in this work. In the models, the effect of
surface roughness on ash deposition was also
considered. Meanwhile, the fouling model was
implemented into the ANSYS FLUENT and was
combined with the discrete particle model (DPM), heat
transfer model, and dynamic mesh model to predict ash
deposition behavior on a deposition probe. The
simulation result was validated against the
experimental data obtained from a lab-scale
experimental setup. The simulated trend of the deposit
thickness as a function of time shows good agreement
with the experimental results. Based on the developed
model, the effects of the removal model and flue gas
velocity were investigated. The results show that it is
necessary to consider the removal mechanism even
when the flue gas is low. The deposition mass
presented a significant decrease with the increase of
flue gas velocity. An asymptotic trend for the deposition
mass was observed for the cases considering the
removal model. The research shows that the
mechanistic fouling model coupled with CFD is a
promising tool to predict the ash deposition behavior in
low-temperature conditions for the woodchip fired
grate boilers.
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1. INTRODUCTION

Wood fuel as an alternative fuel has been widely
accepted in many countries. However, the issue like
slagging and fouling is one of the most challenge
problems faced by these biomass boilers. Many
researchers focusing on ash deposition problems are
developing models and predictive tools to understand
and predict ash deposition behavior by numerical
methods and have made much attempt to find effective
solutions to minimize ash deposition issues.

Ash deposition models attract the most attention
from numerical researchers because it directly
determines the reliability and accuracy of simulation
results. Many theoretic models have been developed to
describe the deposition probabilities. Generally, there
are three types of ash deposition models: viscosity-
based model [1], melting fraction-based model [2], and
critical velocity-based model [3]. The first two types of
ash deposition models mentioned above are usually
available to predict ash deposition behavior under high
-temperature conditions. However, the nature of the
critical velocity-based models is mechanistic and more
complicated. Ash deposit removal is another important
process during ash deposition. The removal
mechanisms of ash deposit in coal-fired and biomass-
fired combustion boilers were summarized by Zbogar et
al [4]. It is known that fundamental experimental
research on removal mechanism of ash deposit with
respect to fouling or slagging issues in boilers is still lack.
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Based on the literature review above, it is noted
that critical velocity-based deposition models can give
more details on the deposition process, compared to
the other two types of ash deposition models. It is also
more suitable to predict the formation of powdery
deposit. The main objective of this research is to
develop a mechanistic fouling model considering both
ash deposition and removal processes to predict ash
deposition behavior based on ANSYS FIUENT platform.
Dynamic mesh method with a novel smooth strategy
was used to simulate the shape of ash deposit. The
simulation result was also validated against the
experimental data obtained in a lab scale deposition
experiment setup with an advanced measurement
system. The effect of the velocity of flue gas on ash
deposition was predicted. Wide applications of the
developed approach in predicting the fouling issues can
be foreseen in boilers.

2. METHODOLOGY
2.1 Experiments

A temperature controlled experimental setup is
developed to carry out ash deposition experiments, as
shown in Fig. 1. An advanced deposition probe is used
to monitor the heat exchanger tube. The detailed
information about the experimental setup and the
probe can be found in literature [5]. The metal wall
temperature of the probe can be auto-controlled by a
temperature-controlled system[6]. Additionally, it
should be emphasized that the effective thermal
conductivity and surface temperature of ash deposit as
a function of time can be obtained by further analyzing
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the experimental data.

2.2 Models

Main models used in this simulation includes DPM
model, heat transfer model, ash deposition model, and
dynamic mesh model. Detailed description is focused on
the ash deposition model due to the space limitations.
The relevant descriptions of other models can be found
in literature [7].

2.2.1 A mechanistic fouling model

2.2.1.1 Ash deposition model

The schematic diagram of an incident particle
impacting the substrate is shown in Fig. 2. v, andv,,

are the normal velocity and tangential velocity of the
incident velocity w, respectively.v, . and v, are the

normal velocity and tangential velocity of the rebound
velocity, respectively. vk . 6 and ¢ are the incident

angle and rebound angle, respectively. The impacts can
be divided into two cases: non-oblique impacts and
oblique impacts, according to the incident angle of the
incident particle.

For the cases of non-obliqgue impacts, a
mechanistic model can be used to determine whether a
particle sticks on the surface or rebounds [8]. When a
particle impacts on a surface, it will deform against the
surface upon the impaction. When the particle velocity
reduces to zero, the energy conversation is expressed
as:

Qk,l +Qa,I:Qel+Qp| TQoss ( 1 )

where Q,, is kinetic energy; Q,, is the adhesion
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Fig. 2 The Schematic diagram of an incident particle impacting
the substrate

energy of the approach phase; Q, and Q , arethe

stored energy due to elastic deformation and plastic
deformation, respectively; Q, is the loss of energy due
to plastic material flow.

During the impaction process, two types of
deformations for the incident particle may occur. A
critical plastic-deformation velocity v, is used to

determine the types of the deformation processes. If
the normal impact velocity v,, of the particle is

smaller thanv it means only the elastic deformation

n,lim 7
occurs without considering the plastic deformation (
Q,=Q, =0). Otherwise, the plastic deformation should

be also included. v, can be calculated by this

n,lim

equation [9]:

7 (0.795Y)* [1+C,
Votim = 2 (2)
\/lOpp E C,

where Y is the limit elastic yield; p, is the particle

density; E” is the effective Young’s modulus, and C,is
the mass factor.

If the stored elastic energy is smaller than or equal
to the adhesion energy of the restitution phaseq, , , the
particle will stick on the surface. The following equation
is taken as the sticking criterion. When

Qu+Qy <Qur (3)

Otherwise, the particle rebounds and the restitution

coefficient e of the particle impaction is calculated by:

Q,

where Q,, is the adhesion energy of the approach

(4)
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Fig. 3 Force analysis of an adhered particle in the shear flow field

The normal rebound velocity v, . of the particle

can be further obtained by
\/Qk | Qloss _QA,a) ( 5 )
1/2m

The rebounding particle may rotate or slip after
collision with the surface. If the friction coefficient f,

is larger than some value, it will rotate.
fs 2tan g, (6)
*7(1+e)
The corresponding tangential rebound velocity can
be calculated by

Vt,R:Vu( 71 Co ) (7)
Otherwise, the particle slips and is calculated by
f(+e) C,
or =V (12 tan§, 1+C, i=c, (8)

However, it has to be pointed out that the
deposition model as described above will be
inapplicable if the incidence angle ¢ is larger than a

certain critical value 6, . No particle stuck on the
surface for the very obliqgue impacts by the
experimental observation [10]. The critical angle 6, is
given as [10]:
2-2v
-V

tan(6,, ) ~ 6.547 f (9)

To consider the effect of the roughness of the
deposit surface on ash deposition, the impact angle is
further corrected and can be expressed as [11]:

g =0+Aré (10)
where ¢'is the corrected impact angle of an incident
particle with a rough surface, ¢ is a Gaussian random
variable with a mean of 0 and standard deviation of 1,
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and Ar can be determined by the following equation
[12]:
Vil d
Ar :ko(z—arccos(d2 +2d1 )) (11)
where k is a constant and depends on the surface

roughness. d ,d, are the diameters of the incident
particle and adhered particle, respectively.
2.2.1.2 Ash removal model

The removal mechanism can be explained by the
force and moment analysis on the adhered particle in
the shear flow field [13]. There are four main forces and
hydrodynamic moment acting on the adhered particle
in this model. These forces include adhesion force,
impact force, drag force, and lift force. Gravitational
force is neglected since it is very small compared to
other forces.

As shown in Fig. 3Error! Reference source not
found., the adhered particle will roll from its
equilibrium point and is detached from the surface of
the substrate, if the external moment is greater than or
equal to the moment due to the adhesion force. With
respect to the point O, the criterion of rolling particle
detachment is given as

M, + () + Fitga + FISn G 005+ )
d d (12)
+cos ¢5(72 sing + 72 —a)=F a0

where M, is the hydrodynamic moment, Fis the drag
force, Fis the impact force, rfis the pull-off force
for a rough spherical particle from a rough surface, d,
is the diameter of the adhered particle, O is the
equilibrium point, ¢ is the contract angle, «,is the

relative distance between the particle and surface at
equilibrium conditions, and «,,,, is the contact radius

for rough particles.
Sliding particle detachment also occur if the friction

force is overcome.
F,+ F.cosg > (F" — F + F,sing) f, (13)

2.2.2 Coupling processes of ash deposition and removal

The formation of ash deposit coupling ash
deposition and removal process on a tube in a cross
flow is illustrated in Fig. 4. Some particles impacting the
surface of ash deposit or the clean tube will deposit on
the surface or rebound off it. When an incident particle
collides with an adhered particle, the adhered particle
may be removed due to the impact of the incident
particle. However, it needs to be noted that the surface
of ash deposit is usually took as a smooth surface in CFD
simulations. But the deposit surface is composed of

particles with different particle sizes. Furthermore, a
position information of the adhered particles is not
known in 2D CFD simulations. Therefore, in order to
couple the processes of ash deposition and removal in
2D CFD simulations, it is necessary to make some
assumption.

It is here assumed that there is a virtual adhered
particle located in the normal direction of the surface

Ash deposit

Fig. 4 Formation of ash deposit coupling processes of
ash deposition and removal

which an incident particle collides with. A virtual
substrate is also assumed to exist and support the
adhered particle. The analysis of the forces and
moment is done, similar to that in Fig. 3. With respect
to the point O, a new criterion of rolling particle
detachment is given as:
M, + (-8 + Rt )
+F[sin 6, (d, —a,) —cos 6 gy ] > F;"”ghamugh
Accordingly, a new criterion of sliding particle
detachment is given as:
F, + F,sin 6,
> (Fp”ﬂ"”gh - F +F_ cosé,)f, (15)

3. CASE STUDY
3.1 Mesh and boundaries

300 mm

Fig. 5 The geometry and grid of the computational domain
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Fig. 7 Comparisons of the deposit
thicknesses over time between the
simulation result and experimental data
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Fig. 8 Ash deposition mass over time with
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Fig. 9 The effects of flue gas velocity on ash
deposition mass
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Fig. 6 The final morphologies of the fouling probe for three cases

The geometry and grid of the computational zone
are shown in Fig. 5 The triangular grids were adopted in
the computational zone to apply the dynamic mesh
model. A fully fine grids approaching the deposition
probe is required to accurately resolve the flow field
within the boundary layer of this deposition surface,
according to the suggestion of Weber et al. [15]. A
fixed-type size function in Gambit was thereby applied
to smoothly control the growth in mesh size and growth
rate over the surface of the probe. The left boundary of
the domain is set as the velocity inlet in the horizontal
direction. The right boundary of the domain is set as the
pressure outlet. The upper and lower boundaries of the
as well as the deposition probe are wall boundaries. No
slip condition is applied to them.

3.2 Simulation parameters

The important parameters used in this simulation
are listed in Table 1.

4. RESULT AND DISCUSSION
4.1 Experimental validation

The deposition thicknesses as a function of time
were compared between the simulation result and
experimental data, as shown in Fig. 7. The result shows
that the changing trends of the deposition mass for the

simulation result and experimental data are consistent,
but the discrepancy between them seems to be
gradually increasing with time. One possible reason for
this discrepancy is that Young’s module of particles is
taken as a constant in the simulation, but actually it
depends on particle size, temperature, and chemical
composition of particles. Unfortunately, presently there
is no accurate data for this parameter for biomass ash.

4.2 Effect of removal model

The effect of ash deposition removal model was
investigated by comparing the cases with and without
the removal model, as shown in Fig. 8. The results show
that the deposition mass increases linearly with time for
the case without the removal model, but it presents an
asymptotic trend for the case with the removal model.
Furthermore, it is found that there is a significant
difference between the cases with and without the
removal model, and the difference are increasing with
time. It means that it is necessary to consider the
removal model when simulating the growth of ash
deposit, even under the cases that the flue gas velocity
is so low.

4.3 Effect of flue gas velocity

The flue gas velocity is an important factor
affecting ash deposition. Therefore, the effect of the
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flue gas velocity on ash deposition was investigated, as
shown in Fig. 9. The results show that the deposition
mass decreases significantly with increase of the flue
gas velocity. On the one hand, the increase of the flue
gas velocity leads to the rebounces of more particles.
On the other hand, the removal rate also increases with
the increase of the flue gas velocity. The final
morphologies of the fouling probe for three cases are
shown in Fig. 6.

Table 1 Parameters for this simulation

Parameters Values

Particle density 3100 kg/m?
Young’s module of particles 5.0E® Pa

Young’s module of the stainless 5 OEY pa

steel

Poisson’s ratio of particles 0.3

Yield stress of particles 4.1E® Pa

Adhesion work of particles 0.3 J/m?

Friction coefficient 0.7

Inlet temperature of particles 762 °C

Velocities of particles 1.93, 3.54 and 6m/s
Particle concentration 0.006 kg/m3

Inlet temperature of flue gas 762 C

Velocities of flue gas 1.93, 3.54 and 6m/s
Max particle diameter 447 um

Min particle diameter 2 um

Avarage particle diameter 65 um

Diffusion factor 1.04 um

5. CONCLUSIONS

A mechanistic fouling model considering the build-
up and removal mechanism was developed. Coupled
with ANSYS FLUNET software by user defined codes, the
fouling model was used to predict ash deposition
behavior of woodchip ash. The results show reasonable
agreement between experimental data and modeling
results. It provides a predictive tool to model ash
deposition behavior in low-temperature conditions for
the woodchip fired boiler. The results show the removal
mechanism plays an important role in ash deposition,
even at the low flue gas velocity, it is necessary to
consider the removal mechanism. The flue gas velocity
is a key factor affecting ash deposition. The deposition
mass decreases with the increase of flue gas velocity.
The impact mass flux and deposition flux are decreasing
as the deposit grows, which was caused by the change
of deposit shape. Young’s module of ash particles
significantly affects ash deposition. It is important to

obtain the temperature-dependent properties of
Young’s module of ash particles to improve the
simulation accuracy.
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