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Widely used CFD codes enable modelling of PC boilers operation. One of the areas where these
numerical simulations are especially promising is predicting deposition on heat transfer surfaces,
mostly superheaters. The basic goal of all simulations is to determine trajectories of ash particles in
the vicinity of superheater tubes. It results in finding where on the surface the tube will be hit by
particles, and what diameter and mass flow of the particles are. This paper presents results of CFD
simulations for a single tube and a bundle of in-line tubes as well. It has been shown that available
parameters like ash particle density, shape factor, reflection coefficients affect the trajectories in a
different way. All the simulations were carried out with Fluent code of Ansys software.
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1. INTRODUCTION

Deposits in power boilers are formed during combustion of practically all solid fuels. The source of
deposit formation in boilers is the presence of mineral substance in the fuel. A mineral substance
undergoes a series of physical and chemical processes. They produce particles of ash and volatiles
which mix with the flue gas. Ash particles floating in the flue gas strike heat exchange surfaces. Steam
superheater tubes in power boilers are covered either with powdery deposits, loosely staying on the
surface, or bonded ones, stuck firmly onto the surface. The spacing of boiler tubes influences the
velocity field of the flue gas and trajectories of ash patricles. Orlowski (1972) summerised, for Polish
boilers, the tube arrangements of convective in-line superheaters as s1/D=1.5-2 and s,/D =1.5-3, and
radiant ones as 5;=350-1500 mm, and so/D =1.05-1.1, where s, s2 - describe tube spacing, and D is a
tube diameter. Particles of ash have a size distribution of a few microns up to 200 um. Typical range of
flow velocity within superheater bundles is 5-15 m/s. Typical temperature of flue gas in this area is
between 500 and 1000°C. As can be seen, the spacing of tubes and particle size produce quite different
conditions resulting in the various history of deposit formation. In two of the latest publications Weber
et al. (2013) described prediction of ash particle trajectories using contemporary Computational Fluid
Dynamics software. They studied what conditions must be provided in order to predict impaction of ash
particles using Reynolds Averaged Navier-Stokes (RANSs) approach. They pointed out that although
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the software allows for the prediction, one must be careful not to overestimate the results. Solving
particle trajectories should help to predict deposition phenomenon in boilers. Basically, the deposits
vary in terms of structure, shape, and temperature of forming. Without going into details fouling
deposits can be bonded, powder or sticky. Deposition modelling mostly leads to indication of zones
where fouling is likely to happen, by showing areas where ash particles strike the heat transfer surfaces.
However, more complicated simulations, when deposition growth model is chosen, result in predictions
of deposit shape. Wactawiak and Kalisz (2012) modelled powder deposits on heaters and superheater
tubes, and the results were shown for real bundles of tubes in coal-fired boilers, or for a single tube by
Wactawiak (2010). Wactawiak and Kalisz (2010) modelled sticky deposition as well. Tomeczek and
Waclawiak (2009) showed results from numerical simulations of bonded deposit formation including
shape predictions. Most of published materials focus on the deposition rate for heat transfer surfaces
without considering deposits already formed onto them. In such cases only trajectories are required to
indicate zones in boilers where the deposition is the most likely. Some other examples of using CFD
codes to describe boiler operation and indicate areas where the fouling or slagging is most likely to
happen can be found in a range of publications over more than a decade, to name some of them: Epple
at al. (2005), Fan et al. (2001), Forstner et al. (2006), Huang et al. (1996), Kaer et al. (2001), Kaer et al.
(2006), Lee and Lockwood (1999), Ma et al. (2007), Magda et al. (2011), Mueller et al. (2005), Rushdi
et al. (2005), Wang and Harb (1997), Yilmaz and Cliffe (2000). An attempt to describe the whole
process, from a coal particle burning to ash particle deposition, with an interesting model of ash particle
features can be found in a monograph by Lasurdo (2009).

To sum up, obviously deposition in boilers depends on the arrangement of heat transfer surfaces, either
convective or radiant superheater tubes. Before CFD codes era, in case of a flow around a cylinder, a
correlation between striking (impaction) efficiency and a Stokes number had been widely used, and
was defined by Israel and Rosner (1982):

n=[1+b(Stk— a)_1 —c(Stk — a)_2 +d(Stk — a)_3 ]_1 (D)
where: a=0.125, b=1.25, ¢=0.014 and d=0.00508, and a Stokes number defined as:
2
_ ppdﬁ‘wp‘
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Although this correlation is correct, its use in CFD modelling is restricted, because in boilers there are
tube banks, flow is more complex, and most importantly - growing deposits change the tube perimeter.
So the entire streamline curvature are different and the surface roughness as well.

2. ASSUMPTIONS OF MODELLING

The Lagrangian reference frame is used by a CFD code to predict the trajectory of an ash particle by
integrating the force balance on the particle: gravity, buoyancy, and drag force. This balance, for the x
direction in Cartesian coordinates, is as follows:

dw, 8:(p,—P,)

+F 3
7 o D (3)

The drag force Fp is calculated as follows:

= —b_= 4
P p,d> 24 ®

Relative Reynolds number Re is defined as:
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The drag coefficient Cp for spherical particles is given by Morsi and Alexander (1972):
a, a
Cp=a,+—>+— 6
D 1 Re Re ( )
In the case of non-spherical particles Haider’s and Levenspiel’s (1989) relation is used:
24 b b, Re
Cp=—(>0+bRe™?)+— 7
P Re( 1 ) b, +Re @

where the coefficents b;.4 are related to the shape factor.

The shape factor is defined as a ratio of the surface area of a sphere having the same volume as the
particle to the actual surface area of the particle:

O=— 8
S )
Since the software calculates trajectories of the ash particles, the local differences occur between the
mass flow of particles striking the tube surface. In order to compare results of simulations for different
parameters, the mass flux (surface integral) of ash particles striking the tube surface was calculated:

i, =D, 414, ©)

In order to carry out the simulations of ash trajectories it was assumed that flue gas is air. The flue gas
and ash particles enter the model computational grid with velocity of 10 m/s or 7.5m/s, and
temperature of 1300K (1027 °C). The tube surface temperature was 700K (427 °C). Ash particles have
density of 2.2 g/cm’® for most simulations, or 1.65 g/cm® in order to verify its influence on trajectory
predictions. Ash concentration in flue gas was set at 10 g/m®. The model takes into consideration the
force of gravity acting along the moving ash particles. The turbulence model of k&~ £ was chosen with
standard parameters, and at the inlet, the gas had turbulent intensity of 10%. The carried out
simulations included a prediction of a two-phase coupled flow, so in the discrete phase model panel the
interaction between them was active with 10 iterations of the continuous phase per one discret phase
iteration. While tracking the maximum number of steps was set at 2000 and step lenght factor of 5. In
the single tube and three tube simulations there were 120 tracked particles paths.

3. TRAJECTORIES OF PARTICLES STRIKING A SINGLE HORIZONTAL TUBE

In order to test the trajectories prediction, simulations were done for a single tube of 38 mm in
diameter, placed in the flue gas duct with a cross-flow arrangement. In front of the tube a 10 diameter
long zone, and behind the tube a 5 diameter zone was provided (Fig. 1).

The following simulations were done:

e spherical particles, with density of 2.2 g/cm® and velocity of 10 and 7.5 m/s;

e spherical particles, with density lowered by 25% to 1.65 g/cm® and velocity of 10 and 7.5 m/s;

e non-spherical particles approach with the shape factor from 1 (sphere) to 0.1 and density of 2.2
g/cm’ and velocity of 10 and 7.5 m/s;

e non-spherical particles with the shape factor from 1 (sphere) to 0.1 and density of 1.65 g/cm® and
velocity of 10 and 7.5 m/s;

e particles with normal restitution coefficient from 0.0 to 0.9 and density of 2.2 g/cm’, and velocity
of 10 m/s;
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e spherical particles with tangent restitution coefficient from 0.0 to 0.9 and density of 2.2 g/cm’,
and velocity of 10 m/s.

symmetry planes /

Fig. 1. Computational grid for a single tube simulations

The results from all the simulations were shown in figures Figs. 2 and 3, where striking efficiency was
calculated as follows:
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Fig. 2. Effect on striking efficiency of shape factor Fig. 3. Effect on striking efficiency of shape factor
for different particle diameter (um), particle density for different particle diameter (um), particle density
of 2.2 g/em?, velocity of 10 m/s or 7.5 m/s (*¥) of 1.65 g/em?, velocity of 10 m/s or 7.5 m/s (*)

As can be seen, the substantial changes in the striking efficiency play a role for particles larger than
10 um. The drop can reach 50% for larger particles (100 microns) or even 100% for finer particles
(25 pm). In case of the finest studied particles they do not strike the tube surface at all. Lowering the
velocity of ash particles by 25% results in decresing the striking efficiency by about 10-15%.

In the case of a single tube in a cross flow of the flue gas only shape factor and density are parameters
which can be easily changed. The density and shape factor of ash particles depend on the mineral
matter of the fuel, while the shape factor depends on milling process as well. It is reported that biomass
ashes often are columnar, an example of this can be found in an article by Yang et al. (2008) with the
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factor of 0.78. As was shown in the simulations, this value affects the predicted trajectories of ash
particles.

Another couple of parameters which affect the simulations are normal and tangent restitution
coefficients. One of available boundary conditions for particles in Fluent code is “reflect”, when the
particles rebound off the boundary. The momentum change resulting from the impact is defined by
coefficients of restitution: normal and tangent as follows:

w

_ ""p2,normal
€ ormal = (1 1)
Wp 1,normal
w
_ 7 p2tangent
etangent - (12)
w pl tangent

When a normal or tangent restitution coefficient is equal to 1 it describes an elastic collision when the
particles retain all of their momentum. On the contrary to the elastic collision, particles loose their
momentum after collision when their restitution coefficents are equal to zero. Basically in the case of
the chosen layout (Fig. 1), where a major component of the velocity is normal to the surface for most
particles and flow parameters the tangent restitution coefficient does not affect the striking efficency at
all. In case of the normal restitution coefficient the change is not substantial and can be observed for
larger particles. It is interesting that in the case of non-elastic collision some particles strike the tube
twice. These multi-impact leads to increase in the striking efficiency to the values greater than 1.0. In
order to have a better understanding of the change in trajectory during the simulated impact some close-
ups have been shown in Figs. 4 and 5.

Fig. 4. Simulated trajectory for particles of 100 um in diameter when they are spherical with varied normal
restitution coefficient: 1.0 (a), 0.6 (b), 0.4 (c) and 0.0 (d), particle density of 2.2 g/cm?, velocity of 10 m/s,
tangent restitution coefficient of 1.0
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Fig. 5. Simulated trajectory for particles of 50 um in diameter when they are spherical with varied tangent

restitution coefficient: 1.0 (a), 0.4 (b), particle density of 2.2 g/cm’, velocity of 10 m/s, normal restitution
coefficient of 1.0

In case of normal impact of ash particles, Dong et al. (2013) measured the normal restitution
coefficients, in function of the incident normal velocity for particles diameter of 60 to 90 um. The
measurements were held for ash particles striking a flat steel surface. They confirmed that the
coefficient depends on particle diameter and found the distribution between results large, which can
result from ash composition and its plastic deformation. For instance they showed that the coefficient
has its maximum of about 0.45 for incident velocity of about 2 m/s, and drops slowly to about 0.2 for
velocity of 10 m/s, all in case of particles of diameter of 70+5 um. More about the theoretical and
numerical approach for particle adhesion during deposition phenomenon can be found in papers by
Bouris and Bertrand (1996) and Losurdo et al. (2007).

4. TRAJECTORIES OF PARTICLES STRIKING A HORIZONTAL ROW OF TUBES

After studying the trajectories of particles striking a single horizontal tube, when there is no influence
of neighbouring rows, this time several predictions were done for rows of 3 horizontal tubes of 38 mm
in diameter, placed in the combustion duct with a cross-flow arrangement. In front of the tube a 10
diameter long zone and behind the tube a 5 diameter zone were provided (Fig. 6). The relative tube
arrangement was as follows: s1/D = s,/D =2, one of possible convective setups. It should be pointed out
that in this case the striking efficiency can be bigger than 1 owing to reflections from the side rows and
tubes behind in the same row.

symmetry planes

Fig. 6. Computational grid for simulations of a convective tube arrangement

The following simulations were done:
e spherical particles, with density of 2.2 g/ cm?;
e spherical particles, with density lowered by 25% to 1.65 g/cm’;
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e non-spherical particles approach with the shape factor from 1 (sphere) to 0.1 and density of 2.2
g/em’;

e non-spherical particles with the shape factor from 1 (sphere) to 0.1 and density of 1.65 g/cm’;

e spherical particles with normal reflection coefficient from 0.1 to 0.9 and density of 2.2 g/cm’;

e spherical particles with tangent reflection coefficient from 0.1 to 0.9 and density of 2.2 g/cm’.

For all the simulations velocity of ash particles and gas entering the simulated duct was 10 m/s.

In the case of the first tube (Fig. 7) and the largest particles of 100 um in diameter, the striking
efficiency is greater than 1, for shape factors ranging from 0.4 to 1.0. It is possible only if reflections
between rows of the modelled superheater cause the partcles strike the surface twice or more. For
particles with shape factor lower than 0.4 the striking efficiency is still greater than in case of a single
tube (Fig. 2). In case of the smaller particles (50, 25 and 10 um in diameter), the striking efficiency is
almost the same as for a single tube (Fig. 2), because its inertia is too small to overcome the drag force
and cross the streamlines of the gas between the rows, where its velocity increases significantly. All the
results show that reflections play a major role in increasing deposit growth for in-line bundles,
especially for the first, in a row, tube. The second tube in a row is hidden behind the first tube, so only
bigger particles strike its surface reflecting the side rows of the tubes (Fig. 8).
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Fig. 7. Effect on striking efficiency for the first tube in a row vs. shape factor for different particle diameter (um),
particle density of 2.2 g/cm?, velocity of 10 m/s.
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Fig. 8. Effect on striking efficiency for the second tube in a row vs. shape factor for different particle diameter
(um), particle density of 2.2 g/cm?, velocity of 10 m/s
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In order to have a better understanding of the change in trajectory during the simulated impact some
close-ups have been shown in Figs. 9 - 12.

b) c)

Fig. 9. Simulated trajectory for particles of 100 um in diameter when they are spherical (a), or nonspherical with
shape factor of 0.3 (b) or 0.1 (c), particle density of 2.2 g/cm?, velocity of 10 m/s

c) c)

Fig. 10. Simulated trajectory for spherical particles of Fig. 11. Simulated trajectory for spherical particles of
50 um in diameter when the normal restitution 25 um in diameter when the tangent restitution
coefficient is 1.0 (a), or 0.5 (b) or 0.1 (c), particle coefficient is 1.0 (a), or 0.5 (b) or 0.1 (¢), particle
density of 2.2 g/cm?, velocity of 10 m/s, tangent density of 2.2 g/cm?, velocity of 10 m/s, normal
coefficient of 1.0 coefficient of 1.0
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Fig. 12. Details of simulated trajectory for particles of 100 um in diameter: spherical (a), nonspherical with shape
factor of 0.5 (b), 0.3 (c¢) and 0.1 (d); spherical with changes in a normal restitution coefficient: 0.5 (e) or 0.1 (f);
spherical with changes in a tangent restitution coefficient: 0.5 (g) or 0.1 (h); particle density of 2.2 g/cm?,
velocity of 7.5 m/s
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5. CONCLUSIONS

Constant progress in computational fluid dynamics programming enables assessing fouling of heat
transfer surfaces in power boilers. An extensive body of papers on the subject published worldwide
prove that the interest in using CFD code is increasing. In those cases prediction of ash particles impact
onto the tube surfaces is critical. Parameters like ash particles density, their size distribution and shape
factors must be determined as precisely as possible due to their significant influence on the impact
phenomenon. Another set of parameters inlcudes operational ones like velocity and temperature. The
velocities of ash particles and gas particularly, decide if the particles strike the surface or not, while
temperature of the gas affects its viscosity and drag force. Temperature of ash particles changes particle
features, resulting in, for instance, sticking or melting of forming deposits. The third group of the
parameters describes the impact in terms of momentum changes. They can influence the impact as well.
Unfortunately, they are the most unknown parameters and usually are used unchanged, which means
they describe elastic collision without any loss in velocity.

Investigations presented in this work were performed within the frame of the Polish Strategic Research
Programme on Advanced Technologies for Power Generation (contract No.SP/E/1/67484/10).

SYMBOLS
A area, m’
Cp drag coefficient
dy particle diameter, m
D tube diameter, m
€normal normal restitution coefficient
Etangent tangent restitution coefficient
Fp drag force per unit mass, m/s*
n, mass flow rate of ash particles, kg/s
n, 4 flux of ash particles, kg/(sm?)
Re Reynolds number
S1 transverse tube spacing, m
52 longitudinal tube spacing, m
Stk Stokes number
Wg velocity of gas, m/s
Wp velocity of ash particles, m/s
Greek symbols
n striking (impaction) efficiency
y7s dynamic gas viscosity, kg/(sm)
De density of gas, kg/m’
o) density of ash particles, kg/m’
7% correction factor for particles which do not obey Stoke’s law
D shape factor
Subscripts
A surface
g gas
i grid element of the perimeter of a tube;
p ash particle
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