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Abstract
Ash deposit formation is one of the major problems in biomass combustion plants. Therefore a flexible CFD
(Computational Fluid Dynamics) based model for the prediction of ash deposit formation is being developed
which can be applied as a flexible engineering tool for biomass plant design. At the current state of model
development, condensation of ash forming vapors as well as deposition of coarse fly ash particles are considered,
whereas the sticking probability of silica rich particles is related to the particle viscosity and a reference
viscosity.
A first simulation of deposit formation for a pilot-scale combustion plant was in agreement with observations.
The results showed that silica rich coarse fly ash particles are the major components of deposit build up.
Moreover, the prediction of the fly ash deposition rate is very sensitive to the reference viscosity. Since a broad
range of reference viscosities can be found in the literature, which leads to high uncertainties concerning the
predicted deposition rates, literature data were used to derive an empirical correlation for the reference viscosity.
Deposit probe measurements using glass particles as synthetic ash were carried out in order to validate the
viscosity approach. The comparison of model predictions and experimental results showed significant deviations
in capture efficiencies. CFD simulations provided the basis for a detailed investigation and discussion of the
observed deviations. Electrical charges of particles, erosion and uncertainties regarding the viscosity approach
applied are possible reasons. Therefore, further experimental investigations to support the development of
additional sub-models are ongoing in order to improve the prediction accuracy of the deposit formation model.
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1 Introduction
Ash related problems like ash deposit formation have a strong influence on the operation of biomass combustion
for the production of heat and electric power, resulting in unscheduled outages and reduced economic
efficiencies. Studies have been performed by several researchers (among them Jensen et al., 1997; Baxter et al.,
1998; Frandsen et al., 2003) in order to gain more information about the relevant parameters influencing deposit
formation in biomass and coal combustion plants.
Since computational power has been increasing continuously, detailed calculations of turbulent reactive flows in
combustion plants can be carried out using Computational Fluid Dynamics (CFD), which is a very powerful tool
allowing for a spatially and temporally resolved simulation of flow and heat transfer processes. Such simulations
for the design and optimization of furnaces and boilers have already been successfully performed e.g. by
Kær (2004) and Scharler (2002). However, the CFD based models for the prediction of deposit formation
developed by several authors (Kær, 2001; Lee and Lockwood, 1999; Mueller et al., 2003) are limited to a small
amount of ash forming compounds or to a single mechanism. Modeling of ash deposit formation is still a
challenge due to its high complexity and, therefore, a flexible CFD model taking fuel and plant operation into
account has yet to be developed.
Detailed descriptions of ash chemistry as well as relevant transport and deposit formation mechanisms are
necessary to describe ash deposit formation in biomass fired boilers. Therefore a new CFD based ash deposit
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formation model is being developed. At the present stage of model development, the time-dependent deposit
growth and its influence on heat transfer in the furnace and in the radiative section of the boiler considering the
condensation of ash forming vapors and the deposition of silica rich coarse fly ash particles can be described.
The sticking probability of silica rich particles is related to the particle viscosity and a reference viscosity. The
mechanisms of erosion as well as aerosols formation/precipitation are not considered in the deposit formation
model at the moment.
First simulations of deposit formation in the furnace and in the radiative section of the fire tube boiler of a pilotscale grate furnace equipped with a fire tube boiler (440 kWth nominal boiler load) could be confirmed by
observations (see also Forstner et al., 2006; Scharler et al., 2004). Additionally, a sensitivity analysis concerning
the influence of the deposit formation model parameters on the simulation results was performed within the
scope of this work. The results showed that the deposition of coarse fly ash particles is a dominant effect in
deposit formation. In addition, it was found that the prediction of the ash deposition rate is very sensitive to the
reference viscosity of the viscosity approach applied as stickiness model for silica rich particles. Since a broad
range of reference viscosities can be found in the literature, which leads to high uncertainties concerning the
predicted deposition rates, literature data were used to derive an empirical correlation for the reference viscosity
as a function of the kinetic energy of the particles. Moreover, additional experimental investigations with a
deposit probe in a lab-scale combustion simulator and glass particles as synthetic ashes were performed by ECN.
These experiments should expand the reference viscosity data base and serve as a basis for the validation of the
viscosity approach using the empirically derived function. The comparison of model predictions and
experimental results showed significant deviations of the particle capture efficiencies. CFD simulations
performed in order to investigate flow and temperature influences provided the basis for a detailed investigation
and discussion of the observed deviations as well as of the stickiness approach applied.

2 Modeling
The simulation of the ash deposit formation in the furnace and the boiler is performed in a post-processing mode
based on the results of the preceding CFD combustion simulation (for an overview about the overall CFD model
for deposit formation including the combustion simulation procedure see section 2.1). The CFD simulation
domain comprises the combustion above the fuel bed on the grate up to the exit of the radiative boiler section.
The simulation of deposit formation on the surfaces of the convective heat exchanger tube bundles is not
possible at the present stage of model development. Since simulation results showed, that deposit formation is
dominated by coarse fly ash particles (see chapter 0) the viscosity approach as stickiness model and especially
the reference viscosity as highly sensitive modeling parameter are discussed in detail in section 2.2 of this
chapter.

2.1 Modeling of deposit formation
The simulation of solid biomass combustion on the grate and the release of flue gas components from the fuel
bed is performed using an empirical biomass fuel model which is based on experimental data (Scharler, 2001).
Profiles of velocity, temperature and composition of the released flue gas are calculated in order to provide the
boundary conditions for the subsequent simulation of turbulent reactive flow in the combustion chamber.
Additionally, the empirical model was extended in order to determine the release of coarse fly ash particles
(classified in different chemical classes and particle sizes) and ash forming vapors (KCl, (KCl)2, K2SO4, K2CO3,
NaCl, (NaCl)2, Na2SO4, Na2CO3, PbO, PbCl2, ZnO, and ZnCl2), based on ash balances performed over the
combustion plant.
The simulation of turbulent reactive flow in furnace and boiler (CFD combustion simulation) is performed using
the Realizable k-ε model for turbulence, the Discrete Ordinate Model for radiation and the Eddy Dissipation
Model in combination with a global methane 3-step reaction mechanism including the flue gas components CH4,
CO, CO2, H2, H2O and O2 for gas phase combustion.
The simulation of deposit formation is performed in a post-processing step based on the preceding simulation of
the turbulent reactive flow in the furnace and boiler. Two mechanisms are presently considered in modeling ash
deposition on the furnace and boiler walls: condensation of ash forming vapors and precipitation of coarse fly
ash particles. A third mechanism, the formation and deposition of aerosols, has not yet been implemented in the
deposit formation model. The ash forming vapors are released from the fuel bed and are transported through the
combustion plant using the continuum approach (Euler approach). In order to reduce the number of transport
equations, the ash forming vapors are split up into their chemical elements (C, Cl, K, Na, O, Pb, S, Zn). The
local concentrations of ash forming vapors in the computational cells are determined using thermodynamic
equilibrium calculations (except kinetically limited formation of sulfates like Na2SO4 or K2SO4 which are
considered by a separate approach (Forstner et al., 2006) in combination with an In-Situ Adaptive Tabulation
algorithm (ISAT) in order to reduce computation time considerably. The thermodynamic equilibrium
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calculations are carried out using the software Chemapp with the standard FactSage database. The condensation
of ash forming vapors is modeled based on a mass transfer approach (Baehr and Stephan, 1996):
N& cond = β ⋅ (c∞ − cw ) ,

Equation 1

where N& cond is the condensation flux per area, β is the mass transfer coefficient, c∞ is the free stream
concentration and cw the saturation concentration on the wall. In order to simulate the deposition of coarse fly
ash particles, a representative number of particles is released from the fuel bed and transported through the
combustion plant using the Lagrangian approach. Turbulent effects on the particle trajectories are modeled using
a stochastic tracking method (Discrete Random Walk Model). In the event of particle impaction the particle
either sticks to the wall or rebounds. According to Walsh et al. (1990), the total sticking probability of an
impacting particle ptot is a function of the sticking probability of the particle ppart itself and the sticking
probability of the wall pwall:

(

)

ptot = p wall ⋅ p part + p wall ⋅ 1 − p part + (1 − p wall ) ⋅ p part .

Equation 2

According to the different sticking behavior of silica rich and salt rich particles different modeling approaches
have to be considered. In this work, however, only silica rich coarse fly ash particles were treated. The sticking
probability ppart of these particles is calculated by the relation of the particle viscosity µpart and the reference
viscosity µref (see chapter 2.2). The sticking probability of the condensed deposit layer pcond is determined by an
approach of Backman et al. (1997) which was been derived for salts. This approach assumes that the condensed
deposit layer is not sticky if the melt fraction is smaller than 0.15. The sticking probability rises linearly from 0
to 1 for melt fractions between 0.15 and 0.7 and equals 1 for melt fractions greater than 0.7. Moreover, the melt
fraction of the layer is calculated by using thermodynamic equilibrium calculations. Since the deposit layer on
the wall is a mixture of coarse fly ash particles and condensed vapors, the total sticking probability of the wall
pwall is calculated by mass weighting of the stickiness of the deposited particles ppart and the condensed vapors
pcond. Furthermore, the effects of erosion due to impacting particles or shear stresses of the flue gas have not been
considered in the deposit formation model yet, although they have a influence on deposit build up. However, the
effects of erosion are the subject of further investigations and will be modeled in future. Finally, the time
dependent deposit build up is taken into account by a quasi-stationary time step calculation, where the change of
the heat transfer coefficient of the deposit layer is calculated according to Richards et al. (1993). Since the time
dependent deposit build up is affected by erosion, which is not yet implemented in the deposit formation model,
only short term deposit build up is investigated within this work.

2.2 Viscosity based stickiness model for silica rich fly ash particles
The calculation of the sticking probability ppart of a silica rich particle is based on the assumption
of Walsh et al. (1990), where ppart is a function of the particle viscosity µpart and a reference viscosity µref
(Equation 3):
p part =

μ ref
μ part

p part = 1

μ part > μ ref ,

Equation 3

μ part ≤ μ ref .

The reference viscosity µref indicates the maximum viscosity of a particle with which the particle has a 100%
probability of sticking. The particle viscosity µpart is determined using the viscosity model of Urbain et al. (1981)
or Senior et al. (1995) (depending on the chemical composition of the particles).
The values for the reference viscosities µref found in the literature are constant values varying from 8 Pa s [Walsh
et al. (1990)] to 106 Pa s [Richter (2003)]. This large range of reference viscosities has a significant influence on
the calculated sticking probability and, following, on the deposited mass. Therefore, in order to achieve a better
understanding of the sticking criterion defined in Equation 3 and to find reasonable values for the reference
viscosities, experimental investigations were performed by Srinivasachar et al. (1990) and Richter (2003). The
authors used synthetic silica rich ashes (glass particles) and studied the sticking behavior on ceramic deposit
probes. In both cases the chemical compositions of the glass particles were similar (see Table 1). The
measurements were performed with varying gas velocities, particle diameters and gas temperatures.
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Table 1: Chemical compositions of glass particles used in experimental deposit probe measurements (source:
Richter, 2003; Srinivasachar et al., 1990)

source
Richter
[wt%]
Srinivasach [wt%]

SiO2
72.9
72.0

Al2O3
0.8
-

FeO
0.18
-

CaO
9.3
8.0

MgO
3.6
5.0

Na2O
12.9
15.0

K2 O
0.2
-

TiO
0.1
-

The results of Srinivasachar et al. (1990) and Richter (2003) (see Figure 1) are provided in the form of measured
particle capture efficiencies on the probes and calculated particle viscosities as a function of particle
temperatures at constant particle velocities. Additionally, Richter (2003) showed a relation between reference
viscosities µref and relative kinetic energy of the impacting particles. The relation is shown in Figure 2, where
kinetic energies are normalized with the kinetic energy of the smallest particle (Ekin,0 = 4.35e-11 J) studied in the
work of Srinivasachar et al. (1990). The diagram with logarithmic coordinates shows a linear relation between
log10(µref) and log10(Ekin/ Ekin,0), which can be written as:
⎛ E ⎞
log10 μ ref = −0.9699 ⋅ log10 ⎜ kin ⎟ + 5.5962 .
⎜E
⎟
⎝ kin,0 ⎠

( )

Equation 4

reference viscosity log10µref [Pa s]

The reference viscosity µref as function of Ekin which is given in Equation 4, is related to the averaged free stream
velocity of all particles before approaching the deposit probe. Consequently, the effective particle impaction
velocity and angle are not considered. Presently, it is assumed that the calculated reference viscosity µref is also
applicable to individual particles, although the relation for µref was globally derived for all impacting particles. It
is also assumed that the chemical composition of the material does not influence µref. This assumption cannot be
verified since the chemical compositions of the glass particles used by Srinivasachar et al. (1990) and Richter
(2003) are very similar.
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Figure 1: Measured capture efficiencies and
calculated viscosity as a function of
temperature of glass particles
(53µm < dp < 74 µm) at a velocity of 4 m/s
(source: Srinivasachar et al., 1990)
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Figure 2: Measured reference viscosities µref as a
function of relative kinetic energy of
impacting particles (Ekin…kinetic energy,
Ekin,0…kinetic energy of reference particle
source: Srinivasachar et al., 1990; Richter,
2003)

Since data from the literature are only available for adiabatic deposit probes and not within the range considered
for biomass combustion plants (see section 0), additional experiments were carried out by ECN with a cooled
deposit probe. These measurements should expand the reference viscosity data base and serve as a basis for the
validation of the viscosity approach including the empirically derived reference viscosity function.

3 Test and analysis of the CFD deposit formation model for a pilot-scale
combustion plant
In order to verify the deposit formation model and to investigate the relevant modeling parameters, simulations
for a Low-NOx pilot-scale biomass grate furnace including air and flue gas recirculation staging as well as with a
subsequent fire tube boiler were performed (440 kWth nominal boiler load, see Figure 3). As already mentioned,
the simulation domain comprises the furnace from above the fuel bed and the exit of the radiative fire tube.
Operation data from test runs with waste wood as fuel was taken as a basis for the boundary conditions of the
CFD simulation (see Figure 3).
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parameter
fuel
boiler load
fuel flow rate
moisture content
ash content
total air ratio
flue gas recirculation ratio
adiabatic flame temperature
averaged cooling water
temperature

value
waste wood
391
143
34.7
2.7
1.84
0.22
937

unit
[kWth]
[kg/h w.b.]
[wt%]
[wt% d.b.]
[-]
[-]
[°C]

72 [°C]

Figure 3: Scheme of the biomass combustion plant and operating parameters. The CFD simulation domain of
combustion and ash deposition includes the furnace and the radiative section (fire tube) of the boiler.
(w.b.: wet base; d.b.: dry base)
In order to determine total mass flows of ash forming elements released from the fuel bed, a mass balance over
the combustion plant was performed for the test run period. It was assumed that the amount of ash that does not
end up in the bottom ash is released to the gas phase or entrained as fly ash. The gaseous fraction of ash released
was calculated with release factors for the single elements determined by the element balances performed (Table
2). These release factors define the ratio of single element mass fluxes in the gas phase to the total mass fluxes
introduced with the fuel. The mass flow of gaseous elements released amounts to 0.107 kg/h. The mass flow of
entrained silica rich particles is 0.872 kg/h.
Table 2: Element concentrations in the flue gas of ash forming elements released from the fuel bed as well as
gaseous and solid element fractions
element
Al
Ca
Cl
Fe
K
Mg
Na
Pb
S
Si
Zn

fraction of fuel
flow rate (d.b.)
[wt%]
0.55e-3
4.71e-3
0.57e-3
0.52e-3
0.88e-3
0.84e-3
0.44e-3
0.10e-3
0.53e-3
1.98e-3
0.16e-3

fraction
gaseous
[%]
100%
16%
9%
100%
30%
90%

fraction
solid
[%]
100%
100%
100%
84%
100%
91%
70%
100%
10%

In order to classify the coarse fly ash particles entrained from the packed bed with respect to chemical
compositions and size distributions, a SEM/EDX (Scanning Electron Microscopy / Energy Dispersive X-Ray
spectrometry) analysis of the furnace fly ash was performed for 5 particle size classes (dp < 40µm, 40-80µm, 80160µm, 160-400µm and 400-800µm). For the chemical classification, particles with similar chemical
compositions were associated to specific chemical classes. Since the deposit formation model does not cover the
stickiness of salt rich particles at the moment, the classified particles were divided into silica rich and salt rich
particles. The results for the classification of released silica rich particles are shown in Table 3.
Firstly, the simulations of deposit formation in the plant with the new correlation for reference viscosities (see
section 2.2) were performed. Moreover, it was assumed that the walls were clean at the considered start of plant
operation. The simulation results showed a different deposit formation behavior in the furnace and in the water
cooled fire tube.
The deposit build up in the primary and secondary combustion zone of the furnace is dominated by coarse fly
ash particles (Figure 5). High deposition rates were obtained especially around the nozzles for the injection of
secondary air and recirculated flue gas as well as in the flow redirection zone between the primary and secondary
combustion zone. In these regions the coarse fly ash particles cannot follow the gas flow due to inertia forces and
hit the wall, which leads to a high impaction rate there. The high flue gas temperature which lies between
1,000°C and 1,350°C in this section results in low particle viscosities and thus high sticking probabilities.
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Table 3: Entrained coarse fly ash particles (silica rich), classified according to chemical composition and size
distribution
mean diameter [µm]
chemical class
0.3AlO3-2CaO-MgO-2SiO2

20

60

120

280

600

0%

9%

49%

34%

8%

mass flow
[kg/h]
0.052

Al2O3-2CaO-Na2O-4SiO2

4%

16%

26%

41%

13%

0.238

0.2Al2O3-CaO-2SiO2

1%

15%

28%

41%

16%

0.144

3CaO-MgO-2SiO2

8%

36%

21%

34%

1%

0.104

3CaO-2SiO2

6%

26%

22%

42%

4%

0.153

CaO-6SiO2

0%

0%

0%

59%

41%

0.020

K2O-4SiO2

0%

2%

21%

57%

19%

0.102

SiO2

1%

0%

6%

79%

14%

0.059
0.872

In the water cooled fire tube, deposit formation by coarse fly ash particles decreases due to lower particle
temperatures and thus lower sticking probabilities but is still of importance due to high local ash particle
impaction rates of the ash particles. Condensation of ash forming vapors occurs mainly in the fire tube (Figure 4)
due to the fact that the wall temperature of the fire tube is very low compared to that of the furnace walls. The
maximum condensation mass flux is observed above the inlet of the fire tube and in the middle section of the
turning chamber between the fire tube and the first convective boiler duct. At these sections the flue gas velocity
is high, resulting in a high heat and mass transfer coefficient respectively a high condensation rate. In
contradiction to the furnace, both effects, coarse fly ash deposition and condensation of ash vapors, are of the
same importance in the boiler. However, the deposition rates in the boiler are mostly smaller than in the furnace
(see Figure 7).
In general, simulation results showed that the impaction of coarse fly ash particles dominates the deposit
formation in the combustion plant, particularly in the furnace. Therefore the viscosity approach applied as
stickiness model for silica rich particles was investigated in greater detail.

Figure 4: Total condensation mass flux of ash
forming vapors considered on furnace and
fire tube boiler walls in mg/(m2s)

Figure 5: Coarse fly ash particle mass flux (deposited
particle mass) to furnace and fire tube
boiler walls in mg/m2s. (Calculation of
reference viscosity according to
Equation 4)

Since there is a broad variation of literature data on reference viscosity (10 Pa s < µref < 106 Pa s) a parameter
study concerning the influence on the deposit formation behavior was performed based on these data. The results
of this parameter study are illustrated in Figure 6, where the fraction of total deposited particle mass related to
the total particle mass released from the fuel bed is plotted as a function of the reference viscosity µref. Figure 6
shows that the deposited mass is highly dependent on the reference viscosity µref. For µref > 106 Pa s almost all
impacting particles that contact the wall stick on the wall, since the viscosity of particles µpart is lower than
106 Pa s due to the high temperatures in furnace and fire tube. Only particles of chemical classes SiO2 and 3CaO2SiO2 do not precipitate because of their high viscosity levels. Figure 6 shows that the difference between the
calculated total deposited masses by using the proposed reference viscosities of Walsh et al. (1990) (8 Pa s) and
Richter (2003) (106.44 Pa s) is approximately 100%. This large difference indicates a very high sensitivity of the
quantitative prediction of deposit build up by coarse fly ash particles on the reference viscosity µref.
As already mentioned, the broad range of reference viscosities found in the literature leads to high uncertainties
concerning the predicted deposition rates. Therefore, literature data were used to derive an empirical correlation
for the reference viscosity as a function of the kinetic energy of the particles (see chapter 2.2). Figure 7 illustrates
the distribution of reference viscosities µref in the pilot-scale plant for all impacting particles, with µref being
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calculated as a function of particle kinetic energies (Equation 4). According to this figure, about 70% of the
calculated particle reference viscosities µref lie between 30 Pa s and 104 Pa s.
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Figure 6: Fraction of deposited mass by coarse fly ash
particles in the furnace and fire tube as a
function of reference viscosities µref
(constant values)
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Figure 7: Distribution of µref in the pilot-scale plant for
all impacting particles (µref is a function of
kinetic
energy,
Equation
4).
Fraction of deposited mass in the plant is
0.78 (compare Figure 6)

Although it was shown that the determination of µref has a significant influence on the quantitative prediction of
deposit build up, the reference viscosity had no significant influence on the qualitative prediction of local deposit
formation (see Figure 8: reference viscosity 10 Pas and Figure 9: reference viscosity 106 Pa s). The comparison
of both figures showed that the simulated distribution of deposited ash is very similar, only the amount of
deposited mass changes. This qualitative agreement can be explained by the variation of chemical particle
classes, which have different viscosities as a function of temperature and therefore a different sticking
probability with respect to the reference viscosity. Consequently the numbers of precipitated particle classes
increases with rising reference viscosities, whereas the spatial precipitation does not change.

Figure 8: Coarse fly ash particle mass flux (deposited
particle mass) to furnace and boiler walls in
mg/m2s (µref = 10 Pa s)

Figure 9: Coarse fly ash particle mass flux (deposited
particle mass) to furnace and boiler walls in
mg/m2s (µref = 106 Pa s)

Since the measured reference viscosities found in literature do not cover the range of reference viscosities
calculated for the pilot-scale plant (compare Figure 2 and Figure 7), additional lab-scale experiments were
performed in order to validate the viscosity approach including the reference viscosity in the typical range of a
biomass combustion plant.

4 Investigations of particle stickiness behavior
As already mentioned in the previous chapter, Srinivasachar et al. (1990) and Richter (2003) performed deposit
probe measurements using “synthetic” ashes (glass particles) in order to get a better understanding of the
stickiness behavior of viscous and silica rich particles. However, only three reference viscosity values could be
derived using the data of these authors. Therefore, additional deposit probe measurements were performed by
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ECN Biomass, Coal and Environmental Research to expand the data base and to validate the viscosity approach
as a stickiness model for silica rich particles including the derived reference viscosity correlation for the
operating conditions of biomass combustion plants (see chapter 0). The motivation of taking glass particles
instead of biomass ashes was the well-defined chemical composition and particle size range, which helps to
reduce uncertainties regarding the interpretation of the results. Moreover, glass particles have a similar
composition to silica rich ashes (Table 4). In contrast to the experimental setup of Srinivasachar et al. (1990) and
Richter (2003), ECN uses a cooled deposit probe (600°C).
A CFD based sensitivity analysis was performed in order to verify if the stickiness model is able to predict the
deposition behavior of the particles. The results of this investigation served as a basis for the subsequent
discussion of deviations between the measurement results and the model predictions.

4.1 Experimental setup
Since the glass particle experiments were carried out by ECN and the investigations in this work focus on the
modeling part, the experimental setup is only briefly described. The ECN Lab-scale Combustion Simulator
(LCS), depicted in Figure 8, is a flexible facility for the characterization of solid fuel combustion and ash
deposition behavior. Although the top part of the facility is thermally insulated, a decrease of the mean gas
temperature in the direction of the gas flow was observed. In order to quantify this effect, the temperature of the
gas was measured along the axis of the reactor tube before the particles were injected. Initially, the particles were
introduced into the reactor inlet without a deposit probe. A stainless steel wire mesh, placed inside the reactor
and covering its whole cross section was used in order to verify the homogeneity of the particle distribution
inside the reactor tube. The cylindrical deposit probe was horizontally arranged in the bottom part of the facility,
and the surface temperature of the probe was constant at 600°C. Three test runs were performed, each with
constant gas velocities and constant particle diameters as well as varying gas temperatures. The relevant
operating data of these test runs are listed in Table 5.
Table 4: Chemical compositions of glass particles used in experimental deposit probe measurements performed
by ECN
source
ECN

[wt%]

SiO2
72.3

Al2O3
1.0

FeO
-

CaO
8.0

Na2O
14.2

K2 O
0.5

TiO
-

Table 5: Operating data of glass particle experiments

inlet

gas velocity
gas temp.
mass flow part.

reactor tube
walls

glass walls
Tx

MgO
4.0

Ts

test series
case 1
dp [µm]
71
v [m/s] 3.1
T1 °C
915

case 2
105
3.1
870

case3
105
6.2
925

T2

°C

965

940

1005

T3

°C

990

965

1040

T4

°C

1015

1015

1090

TS = 600°C

deposit probe

Gas composition:
CO2, H2O and N2 mixture

outlet

Figure 10: Scheme of the lower part of the lab-scale
combustion simulator (LCS) of ECN

4.2 Comparisons of experimental data with theoretical correlations
Figure 11 shows data measured by ECN, Richter (2003) and Srinivasachar et al. (1990), with the reference
viscosity µref being plotted as a function of the kinetic energy. A comparison of these data indicates the same
tendency of decreasing reference viscosities with increasing kinetic energies. However, the results of ECN do
not agree with the derived expression for the reference viscosity.
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Figure 11: Measured reference viscosities µref as a function of relative kinetic energy
Figure 12 shows measured and calculated capture efficiencies of glass particles as a function of gas temperature
for three different test runs. The results of the test runs are shown in Table 6. As an example, Figure 13 shows
the precipitated glass particles for a capture efficiency of 0.97. At low temperatures no glass particles were found
on the surface of the deposit probe, whereas first particle accretions were observed with increasing temperatures.
Although the experimental and theoretical data for case 2 are nearly in agreement, the other cases show strong
deviations. These deviations were assumed to be caused by erosion, additional adhesion forces, temperature and
velocity variations of the gas flow which are not considered in the theoretical calculations as well as other
effects. Therefore, detailed CFD analyses of the particle-laden flow in the lab-scale reactor and a discussion of
the deviations were conducted.
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Figure 12: Measured and calculated capture
efficiencies for 3 different test runs as a
function of gas temperatures

Figure 13: Picture of precipitated glass particles on
the deposit probe (dp = 71 µm,
vp = 3.1 m/s, T = 10°C)
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Table 6: Boundary conditions, reference temperatures and reference viscosities determined during deposit
formation experiments with glass particles
diameter velocity

Tref

µref

test cases
case 1

[µm]
71

[m/s]
3.1

[°C]
1010

[Pa s]
103.2

case 2

110

3.1

1020

103.1

case 3

110

6.2

1190

102.0

4.3 CFD analysis of the deposition experiments
CFD simulations were carried out in order to get more detailed information about the underlying processes of
particle deposition. These simulations served to calculate the local capture efficiencies of glass particles taking
into account local effects on the deposit probe like impaction velocity and impaction angles.
Figure 14 shows the gas velocity profiles in the symmetry plane of the reactor, which strongly vary along the
axis of the probe. Consequently, the axis velocity in front of the deposit probe is approximately 23% higher than
the bulk flow velocity, whereas the velocities near the wall are significantly lower. The second deviation to the
simplified assumption of Equation 3 is related to the temperature field. Due to insufficient insulation of the
reactor, the heat loss via the reactor walls must be considered, too. As shown in Figure 14, the gas temperature
strongly decreases near the wall.

Figure 14: Velocity and temperature profiles in the symmetry plane of the reactor tube (case 2, T=1015°C)
The next step was to analyze the calculated impaction rates of particles on the deposit probe. This was done by
comparing CFD simulated impaction rates with calculated impaction rates using a Stokes correlation (Wessel et
al., 1988). The Stokes correlation allows the impaction rate on a cylinder to be calculated as a function of
particle velocity, particle diameter and diameter of the cylinder (for given particle and gas properties). Since this
correlation is based on a homogeneous velocity field around the cylinder, the influence of the velocity
distribution was investigated. Figure 15 shows that the calculated (using Stokes correlation) and simulated (using
CFD) impaction efficiencies are in agreement. This leads to the conclusion that the velocity distribution due to
boundary layer effects of the reactor wall (see Figure 14) had no significant influence on the impaction rates.
Figure 16 shows the distribution of the absolute particle impaction velocity on the deposit probe surface for
case 2 of the ECN experiments. While the bulk flow velocity of the gas is 3.1 m/s, the standard deviation of the
particle velocities is 0.8 m/s due to the gas velocity gradients in the reactor. The deviations of the particle
velocities lead to different kinetic energies resulting in different reference viscosities. Consequently, the
temperature at which particles become sticky decreases for particles with lower velocities than the averaged
particle velocity (due to an increased reference viscosity as a function of the kinetic energy of the particle),
whereas the temperature at which particles are 100% sticky increases for particles that have a higher velocity
than the averaged particle velocity. These effects expand the temperature range between non-sticky and fully
sticky particles, which reduces the gradient of the capture efficiency as a function of temperature.
In a second step, the superimposed effect of the variation of the temperature of impacting particles on the deposit
probe was determined, which has an influence on the viscosity of the particles and therefore on the calculated
sticking probability. In each case, the averaged particle temperature was lower than the measured gas
temperature TX (see Figure 10) due to insufficient insulation of the walls and the capture efficiency was shifted
- 10 -

toward higher temperatures. Therefore, the numerical investigations lead to the conclusion that the steep gradient
of the measured capture efficiency as a function of the temperature (see Figure 17) cannot be caused by the
inhomogeneities of the temperature and velocity fields.
Finally, the influence of the choice of the velocity component for the definition of the kinetic energy of the
impacting particle was investigated. The application of the absolute velocity can be justified by the fact that a
sticking particle must dissipate the entire kinetic energy. On the other hand, the tangential velocity component
could result in a rolling motion of the particle. In Figure 17 the results for both simulation cases are illustrated
and compared with experiments. The differences between the two simulations are very small compared to the
deviations from the experiments and, therefore, can be neglected.
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Figure 15: Impaction rates of particles (vp = 3.1 m/s) –
Comparison of the CFD simulation with
Stokes correlation (Wessel et al. 1990)

Figure 16: Distribution of the absolute particle
impaction velocity on the deposit probe
surface
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Figure 17: Measured capture efficiencies in comparison with CFD-simulated capture efficiencies (simulation A
was carried out using a constant temperature field, simulation B taking the normal component for kinetic energy
calculation into account and simulation C using the absolute velocity)
Figure 18 shows the capture efficiencies for different reference viscosities in comparison with experimental data.
The diagram indicates that, irrespective of the chosen reference viscosity, the steep increase of the capture
efficiency at approximately 975 °C cannot be described by the stickiness approach according to Equation 3.
Since the description of the viscosity of glass as a function of temperature is well known, it can be excluded as a
possible source for this deviation. Therefore, the only possible reason for the deviations is either the insufficient
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description of the capture efficiency by the chosen stickiness approach according to Equation 3 or a potential
interaction with other unconsidered effects, which are discussed in the following.
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Figure 18: Capture efficiency for different reference viscosities in comparison with experimental data (case 2)
Van Beek (2001) assumed that electric charges caused by the particle impact or atmospheric friction have to be
considered in order to predict the capture efficiencies of glass particles. This effect was also identified by the
workgroup of Poppe et al. (2000), which investigated the capture efficiencies of glass particles in a range of
2 µm under atmospheric conditions. Although the experimental investigations by Van Beek (2001) and Poppe et
al. (2000) were performed under atmospheric conditions, it is assumed that this effect could be important at
higher temperatures as well. Furthermore, although the size of the particles investigated in this work is an order
of magnitude larger and the considered temperature range is also higher, the influence of electrical charges and
the particle deposition behavior might be relevant. Therefore, the importance of this influence should be
investigated in further experiments, e.g. by ground fault of the deposit probes used.
Furthermore, the influence of erosion on the deposit layer growth cannot be estimated from the experimental
data provided by Srinivasachar et al. (1990), Richter (2003) and ECN. It is assumed that both deposit growth and
erosion occur simultaneously. In order to separate the two processes, the experimental setup should be modified.
This could be achieved for example by single particle experiments. After a sufficient number of tries with single
particles, capture efficiencies can be determined as well. Moreover, the influence of erosion will be modeled
separately. This model has to consider both erosion effects due to shear forces of the continuous gas phase and
due to particle impaction.
Next, the validity range of viscosities according to Equation 3 has to be taken into consideration. According to
Richter (2003), the influence of the surface tension can be neglected for particle viscosities of 104 - 108 Pas. At
higher temperatures, the viscosity can fall below 103 Pas, which is also the case for the experiments discussed.
Therefore, the influence of the surface tension should be considered as well and additional material properties
have to be taken into account.
According to Van Beek (2001), who derived a theoretical approach for capture efficiencies of particles in an
atmospheric environment (high particle viscosities), the capture efficiencies depend on additional material
properties originating from structural mechanics equations (e.g. Poisson constant and Young´s modulus).
Because there is no direct coupling between the viscosity and these additional properties, the model of Walsh
(Equation 3) is not appropriate to cover the dependencies in that viscosity range, which becomes generally
important for particles with a high viscosity level (e.g. SiO2 or 3CaO-2SiO2) and particle precipitation in tube
bundle heat exchangers of biomass combustion plants. Consequently, a suitable extension of the model must be
derived in order consider these influencing parameters.

5 Conclusions
In order to minimize problems related to ash deposit formation in biomass combustion plants, a CFD model for
the prediction of deposit formation is being developed as a flexible engineering tool for plant design. At the
current state of model development, the effects of condensation of ash forming vapors and precipitation of silica
rich coarse fly ash particles in the furnace and the radiative section of the boiler are considered. Mechanisms like
the formation and deposition of aerosols as well as erosion have not yet been included in the model.
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In order to verify the deposit model and to investigate the sensitivity of the simulation results to the model
parameters, simulations were performed for a pilot-scale biomass grate furnace with a fire tube boiler. The
simulation results for deposit formation were confirmed by on-site observations. Furthermore, it was found that
the deposition of coarse fly ash particles is a dominant effect in deposit formation. Therefore, the quality of the
model for this process is the most important factor concerning the prediction accuracy of deposit formation in the
plant. Moreover, the simulations showed that the prediction of the fly ash deposition rate is very sensitive to the
reference viscosity, which is a model parameter of the viscosity approach applied for silica rich particles. A
variation of the reference viscosity within the range of values found in the literature resulted in a change of the
total ash deposition rate by a factor of two. However, the simulations showed no significant qualitative
difference concerning the distribution of the local deposition rates. In order to achieve a quantitatively improved
prediction of ash deposit formation, a new correlation was derived for the reference viscosity as a function of the
kinetic energy. Literature data on deposit probe measurements using glass particles as synthetic ash formed the
data base for this function. By using this correlation in the simulation of the pilot-scale plant, the range of
reference viscosities was determined to be between 30 Pa s and 104 Pa s.
Since this was below the range of data found in the literature (104 to 108 Pa s), deposit probe experiments with
glass particles were carried out by ECN, in order to check the validity of the derived correlation for lower
reference viscosities, which are typical of biomass combustion plants and boilers. Moreover, the application of
the viscosity approach as a stickiness model for silica rich ash particles should be tested and evaluated for such
plants.
The comparison of model predictions with ECN’s experimental results showed significant deviations in the
capture efficiencies. Therefore, a comprehensive analysis was performed in order to investigate possible reasons
for these deviations. A CFD analysis of the experiments has led to the conclusion that the broad variation of
particle temperatures and velocities due to the experimental setup had no significant influence on the predicted
capture efficiencies of the probe and can be excluded as reasons for the deviations. However, electrical charge
effects during such experiments as described by other authors could have an influence on the capture efficiency
and should therefore be investigated in greater detail and substantially reduced, e.g. by grounding of the deposit
probe.
Additionally, the reduction of the deposit layer due to erosion must be considered separately from the stickiness
model. Since both effects influenced the formation of the deposit layer, experimental setups have to be modified
in order to reduce the influence of erosion. Furthermore, an appropriate erosion model will be implemented in
the simulation routines in order to improve the prediction of deposit formation and growth.
Furthermore, it was concluded that additional stickiness sub-models are needed to describe the capture efficiency
of particles under the operating conditions of biomass combustion plants. While for lower viscosities
µpart < 104 Pa s the influence of surface tensions has to be taken into consideration, for high viscosities µpart > 108
Pa s the stickiness should be determined based on elastic and plastic deformations of the impacting particles.
Furthermore, the independency of the reference viscosity from the ash particle compositions should be verified.
To sum up, an important tool for efficient biomass furnace and boiler design is currently under development. The
influence of the fuel and the operating conditions on the deposit formation processes can be investigated as early
as the design phase allowing for appropriate measures to be taken in order to reduce deposit formation. Even at
the present state of development, the model can assist in plant design by providing initial qualitative information.
However, further experimental investigations as well as the development and validation of additional sub-models
are necessary in order to improve the prediction accuracy of the model under development. Moreover, the
deposit model will be coupled with a CFD model for heat exchanger tube bundles in order to allow an
investigation of the deposit formation process in the whole plant including the convective section of the boiler.

Nomenclature
N& cond

Ash vapor condensation flux (mol/m2s)

cw

Saturation concentration of ash forming vapor at wall (mol/m3)

c∞

Concentration of ash forming vapors in free stream (mol/m3)

dp

Particle diameter (µm)

Ekin

Kinetic energy of impaction particle (J)

Ekin,0

Kinetic energy of reference particle = 4.35e-11(J)

k

Turbulence kinetic energy (m2/s2)

pcond

Sticking probability of condensed deposit layer (-)
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ppart

Sticking probability of particle (-)

ptot

Total sticking probability of impacting particle (-)

pwall

Sticking probability of wall (-)

v

velocity (m/s)

T

Temperature (°C)

Greek Symbols
β

Condensation coefficient (m/s)

ε

dissipation rate (m3/s2)

µpart

Viscosity of particle (Pa s)

µref

Reference viscosity (Pa s)

Abbreviations
CFD

Computational Fluid Dynamics

ISAT

In-Situ Adaptive Tabulation algorithm

LCS

Lab-scale Combustion Simulator
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