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ABSTRACT

A CFD model for deposit formation has been develogethe Austrian Bioenergy
competence centre Bioenergy 2020+ in cooperaticih wWie Graz University of
Technology. At the present state, the model corsidee condensation of ash
vapours, deposition of coarse salt-rich and silich-fly ash particles, brittle and
ductile erosion of the deposit layer by non-stigiarticles, aerosol formation and
deposition under consideration of a single partstke class as well as the influence
of the growing deposit layer on heat transfer (loeatduction, radiative emissivity of
the surfaces) in the furnace and the boiler.

In order to verify the model, test runs with a MY lpellet furnace (Hovalwerk AG)
were performed. The modelling results were validatgainst accompanying deposit
formation measurements (mass and chemical compagsiitn different locations of
the plant. The comparison of simulations with ekxpents showed, that the locations
of strong deposit build-up could be reproduced. é&dwer, the application of the
advanced model shows the influence of the mechaniem deposit formation at
different locations in the plant. The interactioetieen condensation, aerosol
formation and the deposition of coarse fly ashipad is illustrated.

Keywords:biomass combustion, ash deposition, CFD simulation

1. INTRODUCTION AND OBJECTIVES

Due to the rising energy consumption worldwide castlon of alternative fuels such

as agricultural fuels and different waste fractiblesomes increasingly important for
the production of heat and power. But these fulsls mcrease the risk of ash related
problems like slagging in furnaces as well as foyliand corrosion in boilers.

Furthermore, fine particulate emissions play anartgnt role because ecological
concerns. Boiler manufacturers and operators thus ko find strategies to take into
account these problems in order to be competitive.

In order to predict and finally to control the faation of ash deposits as well as
particulate emissions occurring in biomass combustinits, much R&D work has
already been performed over the last years. ([H],[[16]). Models for ash release
and deposit formation have been developed in otdeinvestigate the complex
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interactions of the deposit formation processes @ndhfluence them concerning
reduced probabilities of ash deposit and fine paldie formation in biomass fired
boilers. Computational Fluid Dynamics (CFD) is amrsing way to evaluate the
complex interactions between the governing mechani®f deposit formation,
allowing for a spatially and temporally resolvedalation of the turbulent reactive
flow as well as the heat and mass transfer on takswCFD simulations for the
design and optimisation of furnaces and boilersehalready been successfully
performed by several authors ([1] [2] [9] ) butmost cases the models are limited to
only certain fractions of ash forming compoundsoosingle mechanisms.

Modelling of ash deposit formation using CFD idl i challenge due to its high
complexity and uncertainties of the underlying mesd@.g. turbulence models in
regions of transition from laminar to turbulentWlaegimes). Furthermore, the CFD-
calculations are very time consuming. Limitatiomgh® computational power restrict
the model regarding its complexity.

Nevertheless, aware of these limitations, CFD n®dah be used to get qualitative
information about the deposit formation processriter to provide information about
influences regarding different boundary conditions.

Within this frame, a very detailed CFD model fohateposit formation in biomass
fired boilers has been developed as efficient mecanalysis and design tool. It
considers the condensation of ash vapours, thesdepo of coarse salt-rich and
silica-rich fly ash particles, brittle and ductégosion of the deposit layer by non-
sticky particles, aerosol formation and depositiorder consideration of a single
particle size class as well as the influence ofgitueving deposit layer on heat transfer
(heat conduction and radiative emissivity of thdaees) in the boiler.

In order to evaluate the reliability and accuratyhe model, test runs for a 70 kW
pellet furnace (HOVALWERK AG) were performed. Theainmerical data were
compared with measurements of deposited mass asmiicdl composition of the
deposits for different plant zones.

Furthermore, a sensitivity study was carried outnteestigate the influence of the
different deposit formation mechanisms on the enteposit build-up and their
interactions.

2. MODEL SETUP

Overview

The deposit formation model is implemented in tHeDOCode FLUENT 12 using
user defined functions (UDFFig. 1 illustrates an overview about the sub-models
implemented in the overall CFD model for ash dejpfosmation.

The calculation of solid biomass combustion onglete and the release of flue gas
components from the fuel bed is performed usingrpirical biomass fuel model
based on experimental data [14] in order to provigeboundary conditions for the
subsequent simulation of the turbulent reactivevfldhe calculation of the gas phase
combustion is based on the Realizabkerkodel for turbulence, the Discrete Ordinate
Model for radiation and the Eddy Dissipation modelcombination with a global
methane 3-step reaction mechanism including the §as components GHCO,
CO,, Hy, HO and Q for gas phase combustion A detailed descriptiothef CFD
model for biomass grate furnaces can be found vai$er [14].
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The deposit build-up is determined within a posigeissing step based on the flow
and gas phase combustion simulation. The empificatl bed release model was
extended in order to determine the release of agows and the entrainment of
coarse fly ash particles from the grate to prouide boundary conditions for the
calculation of the transport of the ash vapours/@l$ as the trajectories of the coarse
fly ash particles. Subsequently, ash vapour coratemson the boiler walls, aerosol
formation and deposition on the boiler walls ardcualated. The calculation of
deposition of coarse fly ash particles on boilerllsvéas based on two different
stickiness approaches - a viscosity approach faragich particles and a melting
approach for salt-rich particles.

The condensation of the ash vapours as well agdépesition of coarse fly ash
particles and aerosols contribute to the time-déeenbuild-up of the deposit layer.
The growth of the deposit layer influences the hemtsfer due to changes of the
thermal resistance and emissivity of the layer adumaction of its chemical
composition, temperature, structure and thicknEssthermore, erosion of deposits
by coarse fly ash particles is considered.

fuel bed model < fuel
composition

release of ash-forming release of coarse fly ash CO, CO,, H,0, CH,

vapours (elements) particles (salts, silicates)
v v v
| combustion model (EDM) - calculation of the scalar and vector fields (elements, temperature, pressure, velocity, turbulence, radiation)
scalar field of SO, and SO, scalar field of the elements velocity field temperature
(K,Na, Cl, O, N, Pb, Zn, Fe, Cd, Ca) field
kinetically limited
reaction SO, — SO,
Y A 4
v - -
. X pathlines of the particles,
equilibrium calculation of ash vapour wall impaction and
species stickiness calculation
v v v
faeros?l 3:hours reflected
ormanon P! particles
v v I v
aerosol ash vapour tick: .
precipitation condensation flux S8y CLCEIN
particles flux

deposition layer |

wall species composition porosity heat emissivity
(saturation pressure) conductivity

Fig. 1: Flow chart of the CFD-based deposit formatin model for biomass-fired boilers

In the following, a short description of the masievant sub-models for ash deposit
formation is given:

Wall condensation and fine particle formation

During solid fuel combustion, ash forming vapours @eleased from the fuel bed into
the gas phase. The mass flux and the composititheofdsh components depend on
the temperature in the fuel bed as well as the oasitipn of the fuel. Due to the
cooling of the flue gas or the contact with coolealls, the vapour pressure of the
components decreases. If the vapour pressure bsctomer than the saturation
pressure of the ash vapour, the aggregate statggehao liquid or solid phases.
Consequently, fine particles are formed in the ghase, which form deposits on
walls or are emitted. Furthermore, when the vapoassure on the wall is lower than
in the boundary layer, condensation occurs.

Ash forming vapours are involved in a complex regactsystem. Here, with
exception of the kinetically limited formation aflphates, it is assumed that reactions
between ash forming vapours are fast in compatisdocal residence time of the flue
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gas. In this case, the chemical composition carddtermined by thermodynamic
equilibrium calculations.

In case of the formation of sulphates, a kinetiprapch was applied. According to
Christensen [12] the formation of $@®om precursors (S£is limited rather then the
final formation of sulphates. In this model, theolwdl reaction rate according to
(Christensen) based on an Arrhenius approach, wakemented in combination with
the Eddy Dissipation Model. Furthermore, in orderéduce the mathematical effort
to model the transport of the ash vapours, the slefmrmation model considers the
transport of the elements (C, S, Cl, K, Na) instetdll the species as these elements
are the most relevant ones regarding aerosol favmat wood pellet boilers [17] . To
calculate condensation fluxes to the walls or fpeaticle formation, ash vapour
pressures of species are determined by thermodgnaquiilibrium calculations in
combination with the In-Situ Adaptive Tabulation gakithm (ISAT) [6] for the
reduction of calculation times.

The condensation of ash vapours is modelled basednass transfer approach using
the analogy of mass transfer to the convective traasfer to determine the mass

transfer coefficient ([7]). Here N4 represents the condensation flux per area,
a the heat transfer coefficient, the heat capacity amithe density of the flue gas.

’ — a m-1 _
N -—CDDLe [c. -c,) (0.1)

cond
p

Here, the Lewis number Le as well as the exponewene set to unity.

While for ¢, thermodynamic equilibrium calculations are carrimat only under
consideration of gaseous components, for the vaailtentration ¢ also liquid and
solid phases at the surfaces have to be considerdus work, the components KCl,
(KCl)2 , KoSOy, KoCOs, NaCl, (NaCl) and NaSO, are considered as ash forming
vapours.

Similarly to condensation, the calculation procedisr implemented to calculate the
super-saturation of ash components in the fluetgatescribe the nucleation of the
ash vapour components as initial aerosol formapimcess. The nucleation rate is
calculated according to Friedlander [11], whichb&sed on the classical theory of
nucleation:
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Here, p is the vapour pressure of the nucleating compauma, is the mass of a
molecule calculated from the molar weight and Awrg& number, Y is the volume
of a molecule calculated from the liquid densityd alvogadro's number,nis the
molecule concentration in the gas, is the surface tension of the nucleating
compound, S is the saturation ratio i(pg: with psar = saturation pressure of the
nucleating compound).

Besides the formation of new particles by nuclegtithe model also considers
condensation of ash vapours on the surface ofiegisterosol particles. For this
purpose, the condensation flux is determined by
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with p; as density of the condensing compounda®diffusion coefficient of the
condensing compound in the gas phase and; Mg/ molecular weight of the
condensing compound.
At the present state of development, a constariicfgsize (10 m) was assumed.
Consequently, nucleation and condensation resulésdhange of the number of fine
particles formed.
The deposition of fine particles is considered bgkt law for diffusion and
thermophores is according to:

_ Vgas |:IKth
Vin _T—DTgas (04)

p

Kih is the so-called thermophoretic coefficient, whishdetermined by Talbot [10]
Vgas the viscosity of the gas,,Tthe temperature of the particle andly.s the local
temperature gradient prevailing in the gas phasgpoBition mechanisms of fine
particles due to inertial impaction, gravitatiosattling as well as diffusiophoresis are
neglected up to now, but is known, that they alsagy p minor role [18].

Deposition of coarse fly ash particles

The transport of coarse fly ash is modelled usimd.agrangian approach, which is
already implemented in the CFD code FLUENT (DiserBhase Model). Once a
particle impacts the wall, either its kinetic energ high enough to rebound from the
surface, or the patrticle sticks to the wall. Theltsticking probability p; of the
particle depends on the properties (sticking prdib@ss p) of the wall and the particle
(Walsh):

Prot = Pwail LPpart + Pua [(]1‘ ppart)+(1_ Puall )Eppart . (0.5)

In this model, a viscosity approach for silica rigarticles is used to calculate the
sticking probability as a ratio of the referencecasity s and the viscosity of the
particle at a certain temperaturgapt Here, the reference viscosity is calculated as a
function of the kinetic energy of the particle (JL3

Iuref
p art,silicates = ,U ar > :ur !
part,silicat ,Upan part ef (06)
ppart,silicates :1 lupart < luref '

The melt approach according to Backman [4] wasiegdbr salt-rich particles and
deposit layers. If the liquid fraction of the pal#i or the deposit layer is below 15 %,
a sticking probability g, sars0f O is assumed. Above this fraction, a linear&ation

of the stickiness from 0 to 100% is assumed uprweh fraction of 0.7. The amount
of the melt fraction is calculated by thermodynangquilibrium calculations
considering condensed phases (salt mixtures, slags)

Since a particle and a deposit layer consist obdume of salt and silica rich material,
the melt approach as well as the viscosity apprbasie to be combined. Similarly to
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an approach of Kaehr [1], the sticking probabuited both approaches are combined
using the mass weighted average:

Mye
rnsalt + rnsilicate Eppartyglicates * rnwlt + rnsilicaie H)Partysa“ (07)

P - rns'licale

part

Particle erosion

If the coarse fly ash particles do not stick on wadls, they rebound. Depending on
the particle velocity and the impact angle, thisgeiss causes erosion of the deposit
layer. In literature, two main mechanisms are dgitished: brittle erosion and ductile
erosion. When particles impact on a surface, tiss lof kinetic energy during the
impact is absorbed by the deposit surface throdgstip deformation and commonly
by the formation of cracks. This so-called brigl®sion has its maximum at a wall-
normal impact angle. In contradiction, at low imipangles ductile erosion becomes
relevant, which can be described as the cuttingnaterial from the layer. The
weighting of both sub-mechanisms depends on therrahproperties of the particle
and the wall material, the impact angel as wethaskinetic energy of the particle.

In order to consider these erosion effects by e#ysash particles, the model from
Neilson and Gilchrist based on the system of eqnat(0.8) has been implemented
and the erosion rate is computed as the supemposifi the ductile (V) and brittle
(W) erosion mechanisms

W=W,+W, [kg/s]
W, (A) W, (B)

IMV?cod a sima | M (Vsina -K)’
+

W= [a<a,]
£
4 | 2 0.8)
. _1MV?cosa  3M(Vsina-K
W =2 +2 ( ) [O' > ao]
) £
Vi, (C) W, (B)
W erosion flux [kal/s]
V  particle velocity [m/s]
M  Particle mass flux [ka/s]
o particle collision angle (see fig. 2.10) [°]
K threshold velocity [m/s]
0o transition impingement angle [°]
¢ Ductile Wear Factor [Nm/Kkg]
¢  Brittle Wear Factor [Nm/kg]

In this equation, part (A) and (C) account for imgitwear, while part (B) represents
the erosion by brittle wear.

3. TEST RUN RESULTS
PLANT DESCRIPTION AND OPERATING CONDITIONS

In order to evaluate the CFD-based deposit formatimdel described in chapter 2,
test runs with a 70 kW wood pellet furnace inchgdfuel analyses, boiler heat load,
air mass fluxes, conventional flue gas and dustsomements (concentrations and



particle size distributions for the definition obundary conditions for the CFD
simulations) has been performed. Furthermore, @stte fly ash and hard ash deposit
measurements in different plant zones (mass anghichecomposition) have been
investigated. Fig. 2 provides an overview aboutrtizén parts of the pellet furnace

The furnace is divided into a primary combustiome@dPCZ) located in the rear part
of the burner tube, which is cooled by the secondar (see Fig. 2) and a water
cooled secondary combustion zone (SCZ). After tmbustion of the fuel in the
burner tube (PCZ), the released flue gas is mixétl secondary air supplied by
nozzles at the exit of the burner tube. At thedbgphe SCZ, the heat exchanger tube
bundle is installed. The automatic cleaning systenthe heat exchanger tubes was
not installed for the purpose of the model check.

detail: burner tube

inlet for

heat secondary air

exchanger

outer
Steel cone

primary
combustion

zone

window water cooled

jet inlets for iar;lret primary

secondary air .
supply ash deposits

secondary
combustion N
zone

Fig. 2: Overview about the Biolyt 70 boiler

fuel bed

The most relevant operating conditions of the pdllenace during the test runs and
the chemical composition of the ash are shownaiold 1.

Table 1: Operating conditions of the furnace for thle combustion simulation (left) and
concentration of ash forming elements in the woodgllets (right)

parameter value unit element  unit wood pellets
fuel wood pellet Si mg/kg d.b. 199.00
fuel flow rate 15.67 kg/h Ca mg/kg d.b. 1,000.00
ash content 0.40 wt.% d.b. Mg mg/kg d.b. 118.00
moisture content 6.80 wt.% d.b. K mg/kg d.b. 402.00
boiler load 74 KW Na mg/kg d.b. 38.20
primary air mass flux 31 kg/h S mg/kg d.b. 64.70
secondary air mass flux 122 kg/h cl mglkg d.b. 44.00
total air ratio 1.79 - Zn mg/kg d.b. 9.88
primariy air ratio 0.36 Pb mg/kg d.b. 5
adiabatic flame temperature 1,329 T Fe mg/kg d.b. 26.30
cooling water temperature 62 T Mn mg/kg d.b. 168.00

Al mg/kg d.b. 34.20

P mg/kg d.b. 49.50

Ti mg/kg d.b. 1.89

TEST RUN RESULTS

Fig. 3 shows the bottom ash as well as the ash depositgl fafter an operation time
of 69 h of nominal load in the SCZ. The mass frawi of the ash deposited at
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different locations of the walls of the furnace aatdthe heat exchanger have been
investigated to validate the CFD-based deposit &ion model.

entrance in

baffle
heat
late
exchanger P
water-cooled
boiler wall
insulation
plate

Fig. 3: Deposits and bottom ash formed during theambustion of wood pellet in a 70 kW pellet
boiler (HOVALWERK AG), view from the outlet of the burner tube

Most of the ash was found as bottom ash on thdatisn plate on the bottom of the
SCZ as well as inside the burner tulbéy. 4 shows the total masses (a) and the
distribution of the different ash fractions in @ifént plant sections.

local deposits

coarse fly ash emissions fine particle emissions

position mass [g] 6% 4% bottom ash inside of the burner
— » ° tube
bottom ash inside of the burner tube 420.09 exhaust gas receiver* 13%
bottom ash on the insulation plate 1,698.07 o 7%
. ash deposits inside heat
outside burner tube 51.58 exchanger
baffle plate 130.50 9%
deposits on cooled boilder walls in secondary window
combustion chamber 10.47 1%
window 33.23
ash deposits inside heat exchanger 268.40  deposits on cooled boilder walls
exhaust gas receiver* 207.38 in secondary combustion
chamber
coarse fly ash emissions 193.88 0%
fine particle emissions 110.00
sum of ash samples 3,123.61 baffle plate bottom ash olr;l:e insulation
ash input according to fuel analysis 3,164.86 4% outside burner tube 24%
rate of recovery [%)] 98.70 2%
emissions
co 26.00 ppm
total dust 21.20 mg/Nm? (13 vol.% O, dry flue gas)
PM, 7.65 mg/Nm3 (13 vol.% O, dry flue gas)

Fig. 4: Mass of ash deposits found in different plat zones and emissions over an operation time

of 69 h of full load

According to the measurements 6 % of the entirésashtrained as coarse fly ash and
4 % is released as fine particle emissions (< 1 ther 9 % are condensates and
coarse fly ash particles deposited on the walth®fheat exchanger. The overall mass
balance regarding ashes found in comparison taghenput with the fuel closes well
which underlines the plausibility of the measureteeperformed. The burnout
conditions were very good as indicated by the lo® €missions. The chemical
composition of the ashes is presenteéion 5. The bottom ash the ash in the burner
tube as well as the coarse fly ash particles degabsin the window and exhaust gas
channel consist of Si, Ca, Mg, K, Mg and small anmtswf P. This composition is
representative for silica rich materials. One tlleephand, the chemical composition
of fine particles, determined by low pressure intpaeneasurements, shows semi-
and easily volatile elements: K, Na, S, Cl and Zhe composition of the other
fractions represents mixtures of coarse fly astigtes and condensed species.



30% T

20% T

buttom ash outer walls of bottom ash  baffle plate cooled walls window heat coarse fly  total fly ash fine particles
inside of the  the burner scz scz exchanger ash - exhaust  emission
burner tube tube gas channel*

*ash sample is not within the boundaries of the computational domain

Fig. 5: Chemical composition of the different aslfractions (given in wt.%)

Since the release behaviour of the ash vapourghendntrainment of coarse fly ash
particles into the gas phase strongly depends @rtiemical composition of the fuel
and the local conditions in the fuel bed (like temgture, oxygen content and primary
air flow trough the fuel bed) for which currentlp meliable model exists, the release
of ash forming vapours and coarse fly ash partislas determined from the test run.
The released mass of the aerosol forming elemenkakKCl and S from the fuel bed
was calculated from the difference of the mas$es¢ elements found in the bottom
ash fractions and in the coarse fly ash fractiomsi¢r the assumption that the coarse
fly ash has the same composition than the bottdmwdeen entrained from the fuel
bed) and the amount of these elements suppliedthéttiuel. The amount of coarse
fly ash entrained from the fuel bed was calculdbgdsubtracting the amount of
bottom ash formed and the amount of ash vapougaset! from the total mass of ash
supplied with the fuel. Since the deposits from élxbaust gas channel (see Fig. 5)
mainly consist of coarse fly ash particles, thdiemical composition was used to
calculate the particle stickiness properties ofrttozlel.

Fig. 6 gives an overview about the concentrations of ash forming elements
released to the gas phase determined by mass bslangrthermore, the chemical
composition of the coarse fly ash particles engdiftom the fuel bed is presented.

wt.% of element

element input with the fuel element wt.% dry ash
K 25 Si 3.35%
Na 58 Ca 25.20%
S 87 Mg 3.39%
Cl 96 K 12.30%
Na 0.65%
S 0.34%
cl 0.07%
Zn 0.04%
Pb 0.00%
Fe 0.65%
Mn 4.78%
Al 0.54%
p 1.26%
Ti 0.04%

Fig. 6: Percentage of aerosol forming elements rased from the fuel (left) and chemical
composition of the coarse fly ash particles (right)

Due to the small amounts of Zn released from thel fued, its influence on
condensation/fine particle formation was negleetétin this simulation.
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NUMERICAL RESULTS

In a first step, CFD simulations with each sub-middeposition by coarse fly ash
particles, fine particle formation) have been perfed separately, in order to
investigate the influence of the different sub-natbms on the deposit formation
process.

In a second step, simulation runs have been peeiroonsidering all sub-models
implemented within the deposit formation model. Algdposit rates in different plant
zones as well as the emissions of coarse fly adHiaa particles are compared with
measurements to check and evaluate the simulations.

AERSOL FORMATION

Fig. 7 illustrates results of the fine particle sub-mo(titect wall condensation as
well as aerosol formation and deposition are carsit).

sum of fine particles KCI + (KCl), K,SO,
formed

Fig. 7: Simulation results regarding aerosol formaibn: a) total particle concentrations [mg/Nmg3],
b) fine particles formed by nucleation/condensatiomf KCI [mg/Nm?3] c) fine particle mass formed
by nucleation/condensation of KSO, [mg/Nm?3]

While on the left hand side the total fine partiemissions are shown, the other
pictures show the contribution of KCI and the dir(te€l), (middle) as well as SO,
(right). Different fine particle formation behaviocan be observed in the burner tube
and in the SCZ due to different flue gas tempeeatun these regions. Since the
temperatures inside of the burner (&&g 8 b) are above 1,000°C, the first formation
of fine particles can only be observed at the outfehe burner. In the cooled SCZ,
chlorides and sulphates are formed.

The results of the fine particle model can, at @nésonly be regarded as qualitative
information. The distribution between sulphates anblorides formed are
qualitatively not correct (if compared with the bfsés results of the aerosols sampled
at boiler outlet — se&ig. 9). The concentration of sulphates is over prediaed
present which makes a check and evaluation ofitlpdation kinetics implemented in
the model necessary.
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Fig. 8: Calculated flue gas temperatures (°C) in th vertical cross section A-A of the boiler b) as
well as wall temperature of the biomass boiler c)

100% -

80%

60% 4 mCl
S
= Na
40% mK
20%
0% -

measurement numerical data

Fig. 9: Comparison of experimental and numerical d&a regarding the chemical composition of
fine particles (given in wt.% d.b.)

Further numerical optimisations regarding the cogerece behaviour are necessary to
achieve a higher accuracy of the fine-particle siduel.

DEPOSITION OF COARSE FLY ASH PARTICLES

Fig. 10 a)shows deposition mass fluxes caused by the ingadi coarse fly ash
particles (other deposition processes are not dereil). The main part of the
particles is captured by the inner hot walls of tkener tube (sekig. 8 a).

Also in the SCZ, the model predicts a high stickippbability of the particles
impacting on the insulation plate. Since the meastibn of silica-rich components of
the particles amounts to 98%, the stickiness of pheicles is almost entirely
determined by the viscosity approadfig. 10 b) presents the stickiness of the
particles of different diameters calculated for iampact velocity of 5 m/s using
equation (0.6). Due to the high flue gas tempeeatirthe outlet of the burner tube
(maximum of 1500°C as indicated kg. 8 b), the particles reach a temperature of
approximately 900°C at an impact. As a result &f thodel, the main part of the
particles contributes to deposit formation.
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Fig. 10: a) Deposit mass flux caused by coarse #Hgh particles (kg/mz2h); b) stickiness of the
silicate fraction of the coarse fly ash particlesalculated by equation (0.6) using a particle impact
velocity of 5 m/s

OVERALL DEPOSIT BUILD-UP

In Fig. 11 a) the experimental data from test runs are coegparth a combined
simulation considering condensation of ash vap@aesysol formation and deposition
as well as deposition of coarse fly ash partiale®yall model).

1.00e-03 .
. 9.500-04 i
9.00e-04 N
8.50e-04 i
8.00e-04 [l
7.50e-04
7.00e-04
6.50e-04
6.00e-04
measured . . 5.50e-04
deposit simulation result 5.00e-04
P (overall model) 4.50e-04
mass 4.00e-04
[q] la] 350004
— 3.00e-04
deposition flux 535 936 2.50e-04
total fly ash emission 304 96 2i00e:04
o . . 1.50e-04
emission of fine particles 110 71 I 1.00e-04
P . 5.00e-05
emission of coarse fly ash particles 194 25 0008500
a) b)

Fig. 11: Comparison of experimental and numerical dta (from the overall model) regarding
deposition and emission results a) and local deptisn rates (kg/mzh) b)

The comparison with experimental data shows thatnieasured deposition flux is
lower than the simulation result almost by a faabtwo, while the predicted fine
particle emissions are in a rather good agreeméhtthe measurements As already
discussed, the reasons can mainly be found in\keestimation of the stickiness of
the coarse fly ash particles. As a consequencentiuence of the erosion model can
be neglected within this simulation because thé Isigckiness results in no relevant
particle rebound rates after their impact on théswva

4. SUMMARY AND CONCLUSIONS

The application of the deposit formation model sthates the influence of the
different mechanisms on deposit formation in thanpl The interaction between
condensation, aerosol formation and the depositibrtoarse fly ash particles is
shown.
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The comparison of model predictions with emissiaiscoarse fly ash particles
shows, that the stickiness of the silica-rich géet is over predicted by the model.
Further experimental investigations concerning thedelling of the viscosity of

biomass ashes as described in [19] as well asethesnce viscosity of the stickiness
approach regarding silica-rich particles (e.g. dbsed in [13]) are necessary to
increase the accuracy of the stickiness approasth us

The results of the aerosol formation model in corabon with the condensation

model are qualitatively in a rather good agreenvatit experimental findings, since

gas to particle formation of alkali sulphates aridoddes occurred in the right

temperature ranges. Quantitatively, the amountkaflissulphates formed is too large
which demands for a check of the sulphation kisetieplemented. In addition, some
deviations from the measurement results must beateq, since the model contains
some simplifications (e.g. constant material praps) as well as no modelling of the
particle size distribution.

Moreover, further improvements to achieve more lstablutions and to reduce the
computational time are necessary (currently attleas month of calculation time is
necessary for the fine particle simulation). Adhglly, in order to improve the
prediction accuracy of the CFD based aerosol fdonaimodel, the particle size
distribution shall be considered in the future. tRermore, physical and chemical
properties of the fine particles will be implemeahte detail.

Concluding, it can be stated that an advancedftwahn efficient design of biomass
furnaces and boilers is under development. Theuenite of the fuel fired and
operation conditions on the deposit formation psses can be investigated in detail
considering the relevant mechanisms already irdésggn phase of the plant and thus
allowing for appropriate measures in order to redagh deposit formation and to take
proper choices regarding material selection in seghcorrosion issues. The model
can already deliver qualitatively correct resué®me adjustments regarding the
stickiness behaviour of coarse fly ash particled @@ sulphation kinetics shall also
make it applicable for quantitative evaluations timee near future. As further
development steps, model enhancements concerrergptivergence behaviour of the
model, the consideration of aerosol particle sistributions as well as the deposit
build-up in heat exchanger tube-bundles are foresee

5. REFERENCES

[1] S. K. Kaer, L. Rosendahl, Extending the modelliagacity of CFD Codes applied to biomass-
fired boilers, Proc. ECOS; Copenhangen, Denmark304Jul 2 (2003) 251-264.

[2] D. Bouris, G. Bergeles, Particle-Surface Interatditn heat-exchanger fouling, Transactions of
the ASME 118 (1996) 574-581

[3] H. Kaufmann, T. Nussbaumer, L. Baxter et al., Dépmsmation on a singe cylinder during
combustion of herbaceous biomass, Fuel 79 (2000154

13-



(4]

(5]

(6]
[7]
(8]
9]
(10]

(11]

(12]

(13]

(14]
(15]

(16]

(17]

(18]

[19]

R. Backman, M. Hupa, B-J. Skrifvars, Predictingeningater deposit formation in boilers
burning biomass, Proceedings of the conferencenpadt of mineral impurities in solid fuel
combustion (1997) 405-416.

P. M. Walsh, A. N. Sayre, D. O. Loehden et al., @fion of bituminous coal ash on an
isolated heat exchanger tube: effects of coal ptgseon deposit growth, Progress in Energy
Combustion Science 16 (1990) 327-346.

S. B. Pope, ISAT-CK (Version 3.0) User’'s Guide &weference Manual, Ithaca Combustion
Enterprise, LLC, Ithaca, USA (2000)

H. D. Baehr, K. Stephan, Warme- und Stoffibertragg@md edition, Springer, Berlin. 1996

M. Forstner, G. Hofmeister, M. Joller et al., CHBslation of ash deposit formation in fixed
bed biomass furnaces and boilers, Progress in Catipual Fluid Dynamics, Vol. 6, Nos. 4/5
(2006) 248-261.

P. Venturini, D. Borello, C. lossa et al., Modeliofjmultiphase combustion and deposit
formation in a biomass-fed furnace, Energy 35 (3(RID8-3021

L. Talbot, R. K. Cheng, R. W. Schefer et al., Theptmoresis of particles in a heated boundary
layer, Journal of Fluid Mechanics, 101 (1980) 738-7

S. K. Friedlander, Smoke, dust and haze; JohnyéilSons, New York 1977 ISBN 0-471-
01468-0.

Christensen, K.A., Stenholm, M. and Livberg, H.989The formation of submicron aerosol
particles, HCl and SO2 in straw fired boilers, Jaliof Aerosol Science, 29, 421-444

K. Schulze, G. Hofmeister, M. Joeller et al., Deyghent and evaluation of a flexible model for
CFD simulation of ash deposit formation in bioméissd boilers. In: Proc of the Int. Conf.
“Impacts of Fuel Quality on Power Production”, ERBport No. 1014551 (2007), pp.7-95 to 7-
113, EPRI (Ed.), Palo Alto, CA; USA

R. Scharler, Entwicklung und Optimierung von Bios&fostfeuerungen durch CFD-Analyse,
Ph.D. thesis, Graz University of Technology, Graastria 2001

F. C.C. Lee, F. C. Lockwood, Modelling ash deposiiin pulverised coal-fired applications,
Progress in Energy and Combustion Science, 25 |1BBB132.

C. Mueller, B. J. Skrifvars, R. Backman et al., Aposition prediction in biomass fired
fluidized bed boilers — combination of CFD and aubed fuel analysis, Progress in
Computational Fluid Dynamics, 3 (2003) 112-120.

T. Brunner, G. Barnthaler, I. Obernberber, Evatratf parameters determining PM emissions
and their chemical composition in modern residébimmass heating appliances. In: Proc. of
the int. Conf. World BIOENERGY 2008, May 2008, Joping, Sweden, ISBN 978-91-977624-
0-3, pp-81-86, Swedish Bioenergy Association (Egtdckhm, Sweden 2008

T. Brunner, Aerosols and coarse fly ashes in fiked-biomass combustion, in: book series
"Thermal Biomass Utilization", Volume 7, ISBN 3-988B0-4-0, published from BIOS
BIOENERGIESYSTEME GmbH, Graz, Austria 2006

S. Arvelakis, F. J. Frandsen, Rheology of fly adhes coal and biomass co-combustion, Fuel
89 (2008) 3132-3140

6. ACKNOWLEDGEMENTS

The work presented was supported by the Kplus progif the BIOENERGY 2020+
GmbH. The financial support of the Austrian Reskdtomotion Agency as well as
of the state governments of Lower Austria and &tgrid of the City of Graz as well
as of the companies BIOS BIOENERGIESYSTEME GmbH,MAEC AG,
Hovalwerk AG, KWB Kraft und Warme aus Biomasse Gellnis gratefully
acknowledged. The deposit measurements were pextbimcooperation with
Hovalwerk AG, Liechtenstein.

-14-



