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Abstract 

This paper discusses the application of FLUENT™ in the 
analysis of grate-fired biomass boilers. A short description of the 
concept used to model fuel conversion on the grate and the coupling 
to the CFD code is offered. The development and implementation of 
a CFD-based deposition model is presented in the reminder of the 
paper. The growth of deposits on furnace walls and super heater 
tubes is treated including the impact on heat transfer rates determined 
by the CFD code. Based on the commercial CFD code FLUENT™, 
the overall model is fully implemented through the User Defined 
Functions. The model is configured entirely through a graphical user 
interface integrated in the standard FLUENT™ interface. The model 
considers fine and coarse mode ash deposition and sticking 
mechanisms for the complete deposit growth, as well as an influence 
on the local boundary conditions for heat transfer due to thermal 
resistance changes. The model is applied to the straw-fired Masnedø 
boiler. Results are in good qualitative agreement with both 

easurements and observations at the plants. m
 
Nomenclature 
A Area [m] 
Cc Cunningham slip correction [-] 
Cf Friction factor [-] 
Cv Constant volume specific heat [J/(kg K)] 
d Diameter [m] 
dm Molecular diameter [m] 
dt Incremental time [s] 
f Fraction [-] 
F Force [N] 
k Thermal conductivity [W/(m K)] 
k  Boltzmann’s constant [J/K] B
k+ Dimensionless roughness height [-]  
Kn Knudsen number [-] 
L1 Lift force on particle [N] 
m Mass [kg] 
m&  Mass flow rate [kg/s] 
Nu Nusselt number [-] 
p Probability [-] 
Pr Prandtl number [-] 
r Reflectance [-] 
R Conduction resistance coefficient [m2K/W] 
Rg Gas constant [J/(kg K)] 
Re Reynolds number [-] 
sn Norm. momentum accommodation coef. [-] 
st Tang. momentum accommodation coef. [-] 
S Particle to gas density ratio [-] 
Stk Stokes number [-] 
t Time [s] 
T Temperature [K] 
u Velocity [m/s] 
u* Friction velocity [m/s] 
U Gas velocity [m/s] 
V Volume [m3] 

Greek letters: 
εs Surface roughness height [m] 
εdeposit Deposit porosity [-]  
φp Particle concentration [kg/m3] 
γ Specific heat ratio [-] 
η Efficiency [-] 
ν Kinematic viscosity [m2/s] 
ρ Density [kg/m3] 
τp Particle relaxation time [s] 
τw Wall shear stress [Pa] 
 
Subscripts: 
cell Computational cell property 
d Deposition, deposit 
g Gas property 
imp. Impaction 
in Inlet property 
liq. Liquid 
out Outlet property 
p Particle property 
s Surface property 
stick Sticking 
Tu Turbulent 
Th Thermophoresis 
vol Volume 
+ Boundary layer property 
 
Introduction 

In Denmark, as well as internationally, boiler manufacturers are 
set increasing demands for fuel-flexible and efficient boilers. To 
meet these demands still more advanced design tools are needed and 
the use of Computational Fluid Dynamics (CFD) is increasing. To 
improve the design tools used by Danish boiler manufacturers and 
operators in design, operation optimisation and trouble-shooting of 
biomass fired boilers a Computational Fluid Dynamics (CFD) based 
tool is under development. Mechanistic models are developed and 
integrated into the commercial CFD code FLUENT™ to tailor the 
predictive capabilities of the code to the specific needs of the boiler 
industry and power utility companies.  

This paper discusses an overall modelling concept for grate-
fired boilers and outlines a model that relates ash deposition 
behaviour during biomass combustion in grate-fired furnaces to fuel 
properties, boiler operating conditions, and boiler design. In this 
paper focus is on straw combustion, however, the long-term objective 
is for the model to embrace a wide range of fuel types and mixes.  

The accumulation of deposits on heating surfaces reduces heat 
transfer rates from the flue gas to the steam circuit causing a decrease 
in plant efficiency if they cannot be removed according to the design 
assumptions of the boiler. In case of severe slagging and fouling 
unscheduled plant shutdown may result due to the formation of 
unmanageable amounts or forms of deposits. A typical example of 
super heater deposits from Masnedø CHP plant, Denmark is 
illustrated in Figure 1. 
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Figure 1 Super heater deposits formed during straw combustion at 
Masnedø CHP plant (picture taken from the grate looking upwards). 
Courtesy of Lars Fenger, ENERGI E2. 
 

In recent years, attention has been given to mechanistic 
descriptions of deposit formation 1,2,3,4,5,6 however, with only limited 
attention directed towards biomass firing in grate-based boilers. The 
fluid mechanics and thermodynamics of the flow and combustion 
processes influence the deposition processes through particle 
residence times, particle motion, mixing processes, temperature 
patterns and heat transfer rates. Comprehensive investigation and 
modelling of the interaction of these mechanisms can only be 
obtained by incorporating deposit formation models into 
Computational Fluid Dynamics (CFD) codes. 

 
Model setup 

The commercial CFD code FLUENT™ is used as the 
framework to solve the turbulent fluid flow, gas and particle 
combustion, heat transfer and particle transport. The deposition 
model was implemented through the User Defined Functions (UDF) 
and a Graphical User Interface (GUI) was included in the standard 
FLUENT™ interface to ensure ease of use. This allows the user to 
choose any of the standard FLUENT™ models to solve the fluid 
dynamics and combustion processes while at the same time being 
able to include the deposition model. Figures 2 and 3 illustrate two 
of the deposition model menu items integrated into FLUENT™. 

 

 
Figure 2 The Graphical User Interface integrated into FLUENT™ 
for easy configuration of the deposition model. 
 

 
Figure 3 The deposition model configuration panel in FLUENT™. 
 

In the predictions presented in this paper, the steady-state 
governing equations were solved using the SIMPLE algorithm and 
the effect of turbulence on the mean flow field was accounted for 
using the RNG k-ε model. Radiative heat transfer was modelled 
using the Discrete Ordinates model available in FLUENT™. A two-
step reaction mechanism was used for the gas combustion with CO as 
the intermediate species. The reaction rates were modelled using a 
combination of chemical kinetics and turbulent mixing (Eddy-Break-
Up). 

In terms of the geometrical model, the secondary and tertiary 
platen super heaters in the first and second passes were approximated 
as slabs and the primary super heater and economizer tube banks in 
the third pass were accounted for using source terms in the 
momentum and energy equations. Figure 4 illustrates the approach 
used. 

 
Figure 4 Illustration of the slab approximation used for platen super 
heaters and the source term approach used for tube banks. 
 
Fuel conversion in bed 

Fuel conversion on the grate plays a key-role as boundary 
conditions in the analysis of the boiler free-board processes. A stand- 

Slab approximation of  
platen super heaters 

Unresolved  
tube banks 
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alone model7 was used to predict fuel conversion on the grate. The 
bed model uses a moving column approach where a three 
dimensional package of fuel is tracked along the grate while the 
conversion processes are taking place. In the horizontal direction gas 
and fuel properties are represented at discrete node points. The 
principle is illustrated in Figure 5. 

 
 
Figure 5 Schematic of the bed combustion modelling concept 
applied. 
 

This approach results in a two dimensional picture of the bed 
composition and temperature patterns as indicated at the bottom of 
Figure 5. Profiles of gas velocity, temperature and composition at 
the bed surface are transferred to the CFD model as boundary 
conditions. This is discussed in more details in a later section. 

 
Ash formation and transport 

In biomass combustion the release of volatile ash fractions 
(mainly alkali) and entrainment of non-volatile mineral matter lead to 
a characteristic bimodal fly ash size distribution. Figure 6 illustrates 
the ash formations paths. 

 
Figure 6 Schematic of the ash formation routes leading to a bimodal 
fly ash size distribution. 
 

Information about the local flux of ash leaving the grate in the 
form of vapours and entrained particles is required by the deposition 
model. This is illustrated in Figure 7. 

Fuel feeder (Stoker)

Vibrating grate

Ash pit
Fuel/ash layer

Boundary conditions
• Mass flux
• Size distribution
• Chemical composition
• Temperature

 
Figure 7 Schematic illustration of boundary conditions required at 
the grate. 
 

For the entrained particles, the chemical composition as well as 
the particle size distribution are also required. 

Vapour release. During straw combustion alkali salts are the 
main vapour forming species. Potassium chloride is the predominant 
stable alkali-bearing species released from the fuel bed at the 
prevailing combustion temperatures8. Chlorine and potassium is 
released from the fuel matrix early in the combustion process at 
temperatures around 200-400°C9. Potassium re-deposits at the 
particle surface as discrete KCl particles or intercalates into the 
char10. The amount of potassium that subsequently vaporizes is often 
determined by the amount of chlorine available to form stable 
vapours rather than the amount of potassium in the fuel8. The 
mechanisms controlling potassium release rates are not sufficiently 
well understood to model the conversion and release processes in 
detail. As a first-order approximation in this paper, the evaporation 
rate was predicted using mass transfer correlations subject to the 
constraint that 70 wt% of the total chlorine is released to the gas 
phase. 

Entrainment of coarse non-volatile ash. The chemical 
composition as well as the particle size distribution of the entrained 
ash fraction originating from non-volatile species is difficult to 
determine at a location just above the grate. The chemical 
composition of fly ash samples collected at locations where the flue 
gas temperature is below the dew point of alkali vapours cannot be 
used due to enrichment in these species. The ash composition at high 
temperatures was approximated from bottom ash chemical 
analyses11. A density of 2000 kg/m3 was used for these particles. 
Table 1 presents the major species found in the bottom- and fly ashes 
from Slagelse CHP plant, Denmark.   
 
Table 1, Major Species in Bottom and Fly Ash Samples Collected 

from a Straw-Fired Boiler11. 
Species [wt%] SiO2 Fe2O3 CaO MgO Na2O K2O 
Bottom ash 68 0.56 10 2 0.4 11 
Fly ash 27 0.66 4.7 0.82 0.7 32 
 

A size distribution obtained from CCSEM analysis of the 
bottom ash is used for the entrained particles. This is a fairly rough 
approximation however, pending more detailed measurements; it 
seems to be the best option available. Figure 8 shows the size 
distribution used for the entrained non-volatile ash fraction.             

Discretisation 

1D transient model 

3D element    Tracking 
2D solution 

Raw fuel Char + ash Ash

Prepr. Pap.-Am. Chem. Soc., Div. Fuel Chem. 2004, 49 (1), 99 



 
 
Figure 8 Measured cumulative size distribution from the bottom ash 
of a straw fired boiler11. 
 

Based on field measurements, 20 wt% of the total fuel ash is 
assumed to be entrained in the flue gas. The local flux of ash 
particles entrained from the grate is approximated from a linear 
dependence on the local velocity of air through the fuel layer i.e. 
proportional to the Stokes drag force. The temperature is assumed to 
equal the temperature of the fuel bed predicted by the bed model. 

Ash transport modelling. An Eulerian mass fraction equation 
is used to represent KCl vapour and sub-micron particles formed by 
condensation of these vapours. The entrained, relatively coarse, 
particles dominated by silicates are represented in a Lagrangian 
frame by the Stochastic Separated Flow model12 by numerical 
integration of the particle equation of motion: 
( )p p

i
i

d m u
F

dt
=∑

r
r

 (1) 

 
Ash deposition model 

Special attention was given to the deposition mechanisms 
governed by boundary layer phenomena. Due to limited 
computational resources these mechanisms cannot be accounted for 
in full-scale simulations of utility boilers by traditional Lagrangian 
particle tracking. The computational grid insufficiently resolves the 
details of the boundary layer and modelling of the complex 
turbulence patterns requires closures that are not feasible or even 
non-existent. To resolve these problems, this work adapts the 
approach based on deposition velocity correlations suggested by3. 
Figure 9 illustrates the modelling concept. 

Inertial impaction

Boundary layer mech’s
-Thermophoresis
-Turbulent impaction m’’dep

 
Figure 9 Schematic of the CFD-based ash deposition modelling 
concept. 

The modelling concept used to represent deposition by 
boundary layer phenomena relies on dimensionless deposition 
velocities as defined in Equation 2. 

*
*
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uu u
u

τ
ρ

+ = =  (2) 

As such this approach follows the same basic idea as in 
turbulence modelling where wall functions have been used with great 
success for decades to predict shear stresses, heat and mass transfer. 
The deposition mass flux is found from multiplication of the 
deposition velocity with the near-wall particle concentration: 

d dm u pφ′′ =&  (3) 
The total deposition velocity is calculated by adding the 

deposition velocities due to turbulent impaction and thermophoresis: 
, ,d total d Tu d Thu u u+ + += + ,  (4) 

The near-wall particle concentration is predicted from the 
Eulerian transport equation for the sub-micron particles and the 
Lagrangian trajectories for the particles in the micron-range. 
Specifically, for the Lagrangian model, the contribution from one 
trajectory to the particle concentration in a next-to-wall cell is given 
by: 

,

,

cell out

cell in

t trajectory
p t

cell

m
dt

V
φ = ∫

&
 (5) 

 
Boundary layer deposition in tube banks. For water walls and 

platen super heaters the shear velocity (required in Equation 2) is 
calculated directly using wall functions in the CFD model. This 
information is not available for the unresolved tube banks. Instead, 
an estimate is made from Reynolds analogy using a Nusselt number 
correlation for circular tubes in cross-flow: 

2

2
f

w

C
Uτ ρ= g  (6) 

and 

2 RePr
fC Nu
=  (7) 

Boundary layer deposition takes place on all tubes in the tube 
bank. The tube surface area available for deposition in each cell 
inside the tube bank is taken to be the ratio of the total surface area of 
all tubes in the bank to the tube bank volume (this ratio is termed 
Avol) multiplied by the cell volume. At each time step in the 
trajectory calculation (∆t) the deposited mass is removed from the 
trajectory: 

,out in d total p vol cell stickm m u A Vφ η= −& &  (8) 
with 

trajectory
p

cell

m t
V

φ
∆

=
&

 (9) 

For the sub-micron particles forming from vapour condensation, 
the concentration is calculated from the Eulerian transport equation 
as mentioned above. 

Turbulent deposition. Detailed numerical predictions13,14 and 
experimental studies15 of particle transport in boundary layers 
support the original idea16 that deposition of particles with 
dimensionless relaxation times between 0.25 and 20 occurs due to the 
interaction with coherent structures (turbulent bursts). The 
dimensionless particle relaxation time is defined as: 

*1
18

p
p c p p

d u
C S d with dτ

ν
+ + += =  (10) 

Using numerical methods to establish a limiting trajectory  

Prepr. Pap.-Am. Chem. Soc., Div. Fuel Chem. 2004, 49 (1), 100 



leading to deposition in a viscous plane stagnation point flow 
representing the coherent eddies in the boundary layer a model that 
considers the surface roughness introduced by deposited particles 
was derived17: 

2
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,

2

2
1

0.64
2

3.42

( 10)
1 8exp

32
27.03 (1 )

p L

d Tu

p

p

dk

u

L

τ

τ

τ

+ +++
+

+

+

+ +

⎡ ⎤⎛ ⎞
⎢ ⎥+⎜ ⎟
⎢ ⎥⎝ ⎠
⎢ ⎥
⎢ ⎥

= ⎢ ⎥⎣ ⎦
⎛ ⎞−

+ −⎜ ⎟⎜ ⎟
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with the following definitions of the non-dimensional lift force 
and roughness height: 

*

1
3.08 s

p

uL k
S d

ε
ν

+ +
+= =  (12) 

Figure 10 presents the dimensionless deposition velocity as a 
function of dimensionless relaxation time based on Equation 11: 

 
 
Figure 10 Comparison of dimensionless turbulent deposition 
velocity correlations with measurements. 
 

It is worthwhile noting that turbulent eddy impaction should not 
be confused with the deposition caused by vortex shedding at the 
downstream side of a tube. Turbulent eddy impaction is the result of 
coherent structures associated with spontaneous turbulent bursts in 
the boundary layer whereas vortex shedding behind a tube is a bulk 
flow feature. 

Thermophoretic deposition. In most combustion applications a 
significant temperature gradient exists across the viscous boundary 
sub-layer causing an enhanced deposition rate of particles with 
dimensionless relaxation times less than ≈1 (at typical combustion 
conditions) due to a significant thermophoretic force18.  

A number of correlations giving the thermophoretic force as a 
function of the Knudsen number have been suggested and that given 
in Equation 12 is adopted in this work19. 
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The thermophoretic force calculated from Equation 13 was non-
dimensionalised as given by Equation 15 and is shown as a function 
of the Knudsen number in Figure 11. Correlations suggested by 
other investigators as well as measurements are also included. 
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Figure 11 Comparison of predicted dimensionless thermophoretic 
forces with measurements. 
 

The dimensionless deposition velocity due to thermophoresis 
relates to the thermophoretic force as given by Equation 1619. 

*
Th p

Th
p

F
u

m u
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Inertial impaction. The inertia of particles larger than about 10 

µm is sufficient for their trajectories to deviate from the gas 
streamlines in regions of strong streamline curvature (e.g. around 
super heater tubes). Inertial impaction is often the major transport 
mechanism contributing to deposit build-up. The characteristic time 
scales of the particle motion and the flow field, expressed through the 
Stokes number, govern the rate of inertial impaction. The rate of 
inertial impaction onto a tube in cross flow becomes significant at 
Stokes numbers larger than unity20. For water walls and pendant 
super heaters, the inertial impaction rate is calculated by monitoring 
when a particle trajectory meets the surface.  

For the tube banks represented by three-dimensional volumes, 
the approach outlined above is not applicable. Instead, an empirical 
correlation is used that relates the Stokes number to the impaction 
efficiency, ηimp. The Stokes number is given as: 

2

9
p p g

g tube

d U
Stk

d
ρ
µ

=  (17) 
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The impaction efficiency is defined as the ratio of the number of 
particles that strike the surface to the number directed towards the 
surface in the free stream. For a circular tube, the impaction 
efficiency can be related to the Stokes number as: 

1 2

1
1 ( ) ( ) ( )imp b c d

η − −≈
+ Φ − Φ + Φ 3−  (18) 

where 
Stk aΦ = −  (19) 
with the following values of the constants: a=0.125, b=1.25, c=-

0.014 and d=0.00508. This approach is only used for the first row of 
tubes in a tube bank. For an in-line tube arrangement, subsequent 
rows are subject to much slower inertial impaction rates. The ratio of 
the surface area of tubes in the flow direction to the total flow area 
gives the probability that a particle is directed towards a tube. Taking 
the sticking propensity into account, the overall deposition efficiency 
is: 

,tubes per tube
bank imp stick

N d
L

η η η=  (20) 

where Ntubes, per (the number of tubes perpendicular to the flow 
direction) and L (tube bank dim. 1) are defined as shown in Figure 
12. After passing the first row of tubes in the bank, the mass flow of 
particles represented by the trajectory is: 

(1 )out in bankm m η= −& &  (21) 

 
Figure 12 Geometric data required for tube banks. 

 
Ash sticking propensity 

The subject of ash sticking propensity has been given 
considerable attention in the literature, however, so far no generally 
accepted modelling methodology has been developed, especially not 
focusing on conditions typical for biomass combustion. In 
mechanistic modelling approaches to ash deposition in coal 
combustion, the most frequently used approach is that of21. 
Neglecting resuspension and other deposit removing mechanisms, the 
net fraction of particles contributing to deposit growth is given by: 

{
particles deposit surface

( ) 1 ( ) ( )stick p p sp T p T p Tη ⎡ ⎤= + −⎣ ⎦144424443
 (22) 

The influence from condensed alkali vapours on the sticking 
propensity cannot be disregarded in straw-fired boilers22. Deposit 
growth in the presence of condensed material has been discussed by 
for example23,24,25 and 26. It has been found that molten alkali salts 
(predominantly KCl in straw combustion) at the deposit and particle 
surfaces efficiently capture the silica-rich particles27,28. Based on this 
observation it was suggested that the sticking propensity is 
proportional to the fraction of melt at the surface27. In this work the 

melt fraction based sticking concept is developed further towards a 
form applicable in the context of a CFD analysis.  

It was found by27 that biomass ashes collected from the super 
heaters, the furnace walls and the bottom ash exhibit a characteristic 
melting behaviour. Roughly, melting occurs in two temperature 
regimes; one corresponding to melting of alkali salts; and one to 
melting of silicates. This was approximated as given in Figure 13: 

 
Figure 13 Approximated melting curves of potassium salt and silica-
rich particles. 
 

From these assumptions, the local temperature and composition 
(indicated by T and X in Equation 23) dependent melt fraction can be 
estimated and used in the prediction of sticking propensity for the 
particle as well as the deposit surfaces. 

,

,

( , ) ( )

( )

KCl
melt melt KCl

total

silicate
melt silicate

total

mf T X f T
m
mf T
m

=

+
 (23) 

As an alternative to this approach the particle viscosity can be 
used for silica-rich particles. This approach was applied in the 
original paper21 where a reference viscosity is defined and the 
sticking propensity modelled as: 

( , )
1

ref
ref

ref

p T X
η

η η
η

η η

⎧
>⎪= ⎨

⎪ ≤⎩

 (24)

 Particles that are predicted to stick to the heating surface are 
removed from the prediction such that, statistically, particles cannot 
deposit twice. 

 
Deposit physical properties 

The deposit porosity varies depending on temperature and 
chemical composition. Experimental findings suggest the porosity of 
the inner layer of potassium salt may be as high as 0.929. A deposit 
consisting of coarse weakly sintered silicate particles typically has a 
porosity of around 0.61. The fractions of liquid and solid phases 
influence the local porosity. A simple correlation based on the ratio 
of liquid to solid volumes was proposed by1 and adopted by4,5:  

01 (1 ) (1 )liq
deposit

solid

V
V 0ε ε ε

⎡ ⎤
= − − + −⎢ ⎥

⎣ ⎦
 (26) 

The thermal conductivity of deposits is a complex function of 
many parameters including the deposit microstructure and the degree 
of connectedness between individual particles in the deposit. In the 
literature, a large number of correlations have been proposed giving 
the thermal conductivity of ash30. In the present work, the simple 
correlation proposed by1 in a study of deposit heat transfer is used: 

(1 ) solid gask F k F k= − +  (27) 
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where the weighting factor, F, is defined as: 
2 11

2 1 (1 )

n

n
deposit

F
ε

⎛ ⎞
= −⎜⎜− +⎝ ⎠

n ⎟⎟  (28) 

Based on the heat flux predicted by the CFD code, the deposit 
layer thickness, the thermal conductivity, and the clean tube 
temperature (Ttube) the deposit surface temperature can be determined 
from: 

d tubeT q R T′′= +&  (29) 
where the conduction resistance coefficient (R) is determined 

as: 
,

1 ,

N
i deposit

i i deposit

dx
R

k=

= ∑  (30) 

The summation is over the deposit layers generated in each time 
step. 

A model is currently being implemented in FLUENT™ that 
allows the radiative properties of the deposit to be determined from 
the optical properties of the deposited material. In the meantime a 
constant emissivity was estimated in the simulations presented in this 
paper. In the new model, the emittance of the initial particulate layers 
is determined using the theory of imbedded invariance31. The single 
particle properties required by this approach are determined from 
Mie theory. The spherical reflectance of the particulate deposit is 
given as31: 

11 2sr Hγ= −  (31) 
with 

( )1 wγ = −  (32) 
Where w is the single-scattering albedo. H1 is the first moment 

of the H-function. The H-function is defined as31: 
1

0

( ')( ) 1 ( ) '
2 '
w H xH x x H x dx

x x
= +

+∫  (33) 

The H function is complicated to evaluate, however good 
approximations exist for practical applications. Figure 14 presents a 
comparison of predicted and measured emittance of a particulate 
deposit. 
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Figure 14 Comparison of predicted and measured emittance of a 
particulate deposit. 
 

The properties of a completely fused slag with a smooth surface 
may be approximated as an optically smooth surface. The normal 
reflectance of a smooth surface is given by32. 

( )
( )

2 2

2 2

1
1

n

n k
r

n k
λ λ

λ λ

− +
=

+ +
 (34) 

where n and k are the real and complex parts of the refractive 
index, respectively. The spherical reflectance can be found from a 
similar expression although with a somewhat more complicated 
functional dependence on n and k32.  

 
Full-scale model demonstration 

The applicability of the deposition models described is 
demonstrated using the straw-fired boiler at Masnedø CHP plant as a 
test case. In this context some of the most significant results will be 
presented. For further discussions of the results please refer to7. 

Gas and fuel inlet conditions. The combustion air inlet 
conditions and locations are indicated in Figure 15 showing the 
lower part of the furnace. 
 

 
Figure 15 Boundary conditions used for the Masnedø simulations. 

 
Approximately 50% of the total air is primary air supplied from 

under the grate. In this particular case, the grate air includes ignition 
air injected close to the fuel feeder. The remaining 50% is split 
between over fire air and secondary air with the major fraction being 
secondary air. 

 
Inlet condition for the CFD model. Predicted profiles of gas 

velocity, temperature and composition at the top of the fuel bed is 
used as boundary condition for the CFD analysis of the free-board. 
Figure 16 illustrates velocity and temperature profiles. 
 

 
 
Figure 16 Predicted velocity and temperature profiles at the bed 
surface. 

Drying and 
devolatilization

Char oxidation 

Primary air: 
- Mass flow: 7.6 kg/s 
- Temperature: 180 °C 

Fuel stream: 
- Mass flow: 2.3 kg/s 
- Temperature: 25 °C 

Overfire air: 
- Mass flow: 2.0 kg/s 
- Temperature: 180 °C

Secondary air: 
- Mass flow: 3.2 kg/s 
- Temperature: 180 °C 

Secondary air: 
- Mass flow: 3.2 kg/s 
- Temperature: 180 °C 
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The drying and devolatilisation phases are characterised by high 
velocities due to rapid mass release from the fuel, and relatively low 
temperatures. At the onset of char oxidation, the temperature 
increases whereas the velocity decreases. Figure 17 shows the 
composition of the evolving gases. 

 
 
Figure 17 Predicted gas composition at the fuel bed surface. 
 

The devolatilisation zone is dominated by volatiles 
(approximated as a pseudo-gas with a given C, H and O content), 
water vapour and carbon dioxide evolution. In the char oxidation 
region carbon monoxide and dioxide are the primary products. 
Towards the end of the grate, an increasing amount of oxygen leaves 
the bed as char conversion is nearly completed. 

Measured and predicted gas properties. Sampling of gas 
phase species and temperature measurements were undertaken at 
Masnedø CHP plant in November 1998 during straw firing33. 
Approximate locations of the measurement ports are illustrated in 
Figure 18. The exact locations were difficult to establish except for 
the insertion length of the probe, which was reported to be 1.3m. To 
illustrate the implications of not knowing the exact probe locations, 
the variation in predicted values within a distance of ±0.5m (worst-
case) from the estimated probe location is indicated by error bars. 

 
Figure 18 Estimated measurement locations for the full-scale data. 
 

Figure 19 compares measured temperatures with calculated 
values.  An error bar is given for each of the calculated temperatures 

illustrating the variation within a distance of ±0.5m of the estimated 
port location. In regions of strong gradients, the uncertainty is 
considerable. 

 
Figure 19 Comparison of predicted and measured temperatures. 
 

The predicted temperatures are in very good correspondence 
with the measurements except at location 1, which is just above the 
grate. The calculated value is about 200 °C too high mainly due to 
the inlet value predicted by the bed model being too high. The 
measurement port is located approximately at the location where char 
burnout is completed on the grate. Most likely the difference can be 
ascribed to an inaccurate prediction of this location. This is supported 
by the observation that, during the measurements, the temperature at 
this measurement location varied several hundreds of degrees 
depending on the fuel load on the grate33. The standard deviations of 
the measurements have not been reported for the case of 100% straw 
firing, however, from standard deviations reported from 
measurements during co-firing with other biofuels it was estimated to 
be within ±50 °C.  

Figure 20 shows calculated and measured oxygen and carbon 
dioxide concentrations at the same locations. Error bars in Figure 16 
indicate the standard deviations of the concentration measurements. 
The uncertainty of the calculated value (related to the port location) 
is not included but from the variation of temperature it was estimated 
to be within ±15% of the local value.  

 
Figure 20 Comparison of measured and predicted oxygen and carbon 
dioxide concentrations. 
 

As for the temperatures, the agreement with measurements is 
favourable and in this case also at the first measurement port. The 
concentrations at location 6 and to a lesser extent location 4 are given 
almost exclusively by the overall stoichiometry of the combustion 
process and consequently they are fairly easy to capture by the 
model. At locations 1 and 3, the concentrations are influenced by 
local mixing rates and finite reaction rates and as such they are 
considerably more difficult to predict accurately. The influence from  

Drying and 
devolatilization 

Char oxidation 
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finite reaction rates can be identified from the co-existence of 
oxygen, carbon monoxide and volatiles at ports 1 and 3. Carbon 
monoxide and volatiles concentrations are compared to measured 
values in Figure 21. 

 
Figure 21 Comparison of measured and predicted carbon monoxide 
and volatiles concentrations. 
 

When compared to the oxygen and carbon dioxide 
concentrations, the carbon monoxide and volatiles concentrations 
exhibit much larger standard deviations in the measurements. This is 
mainly due to combustion fluctuations introduced by grate 
vibrations33. Obviously, the steady state model used in this work 
cannot capture such time dependent phenomena. Still, the time-
averaged solution obtained by the CFD model is in good 
correspondence with the time-averaged measurements.  

Deposit formation predictions. The predictions presented here 
assume the contribution to the sticking propensity from the deposit 
surface is zero and shedding mechanisms were not accounted for. 
Figure 22 illustrates the deposition mass flux. The unit of the legend 
is gm-2h-1. 

 
Figure 22 Predicted deposition mass flux in gm-2h-1. 

 
It is difficult to undertake a quantitative validation of the 

predicted deposition rates as sufficiently detailed experimental data 
are not available. As such, the predictions should mostly be used to 
get an idea about areas of potential deposit formation problems. 

Overall, the fastest deposition rates are found around the 
secondary air nozzles, located at the front and back walls just below 
the level of the nose, and on the windward part of the secondary 
super heater. These locations are characterized by strong streamline 
curvature that leads to inertial impaction of particles larger than 
about 10-20 µm. These locations of rapid deposit growth are 
consistent with observations from the plant. 

The contributions to the deposition flux from inertial impaction 
and boundary layer controlled mechanisms (mainly turbulent eddy 
impaction and thermophoresis) are illustrated in Figures 23 and 24 
focusing on the secondary super heater. 

 
Figure 23 Close-up of the secondary super heater showing inertial 
impaction flux in gm-2h-1. 

 

 
Figure 24 Close-up of the secondary super heater showing boundary 
layer controlled deposition flux in gm-2h-1. 

 
It is seen that the inertial impaction is highly localized at the 

forward part of the super heater whereas deposition by boundary 
layer controlled mechanisms is more evenly distributed around the 
perimeter of the super heater panel. The inertial impaction flux is 
almost an order of magnitude higher than the boundary layer rate. 
Deposition probes were used to determine deposition fluxes in a 
Danish straw-fired boiler located in Slagelse22. This boiler uses the 
same firing technology as the one for which predictions are reported 
in this paper. Depending on exposure time rates in the range 60-100 
gm-2h-1 were reported22. This is in good overall agreement with the 
results shown in Figures 23 and 24. 

The model also considers deposition of vapours (assumed to  

Prepr. Pap.-Am. Chem. Soc., Div. Fuel Chem. 2004, 49 (1), 105 



form aerosols before deposition). Although this mechanisms is not 
significant in terms of the total mass deposited it does provide a 
“glue” that influences the sticking of larger particles. The rates of this 
mechanism are shown in Figure 25. 

 

 
Figure 25 Close-up of the secondary super heater showing vapour 
deposition flux in gm-2h-1. 
 

Compared to the two previous plots, the vapour deposition 
fluxes are significantly lower but most of the super heater is 
influenced. This mechanism is important as an initiator for 
subsequent capture of larger particles. The increase in heat transfer 
surface temperature (at the deposit surface) after 24 hours of 
operation is shown in Figure 26. 

 

 
Figure 26 Heat transfer surface temperature increase after 24 hours 
of exposure to ash deposition. 
 

It is seen that a 50 degrees increase in surface temperature 
results from the first 24 hours of exposure to ash deposition. The 
resulting influence on heat transfer rates in the furnace is still only 
minor; however, a beginning change in surface stickiness will occur 
as the temperature is approaching the melting temperature of the 

To validate predicted deposit compositions qualitatively, 
comparison is made with de

alkali dominated deposits. 

posits collected from the secondary super 
heat

ound in the Mature Deposits from the 
Secondary Super Heater in wt%28. 

[%wt] 

er (mature deposits) and from deposition probes at Masnedø 
CHP plant28. The mature deposits all had the characteristic structure 
with; an inner part rich in potassium and chlorine; a middle layer 
dominated by potassium and chlorine but with increasing amounts of 
silicon and calcium; and an outer part predominantly formed from 
potassium, silicon and calcium. The major elements found in the 
layers are given in Table 2. 
 
Table 2, Major Elements f

Location/species Cl S K Ca Si 

Full 5.6 3.8 9  20. 8.1 17.1
Inner layer  

r 
34.4 2.9 47.0 1.1 1.7 

Middle laye 29.4 1.6 39.5 4.9 5.5 
Outer layer 0.1 1.1 16.0 11.2 26.2 

 
There is no infor n a the exact location on the super 

heater from where the deposits were collected and the predictions 
show

n significant 
amo

 the 
depo

g the 
form

matio bout 

 a significant variation between locations. Therefore, detailed 
comparison with the model predictions is not meaningful; however, 
some overall qualitative conclusions can still be drawn.  

For the inner layer, the model predictions indicate that, in a 
relatively small region, Ca and Si-rich particles deposit i

unts. This region is characterized by a high loading of Ca and Si-
rich particles (entrained from the grate) and at the same time the 
temperature level is sufficient for these particles to be sticky. 
Elsewhere on the super heater, KCl dominates the deposit. On a mass 
basis, about 60% of the inner layer has been predicted to consist of 
KCl. However, on an area basis this ratio is significantly higher. 

For the outer layer, the model predictions show a reduction of 
the fraction of KCl to about 4-5% on a mass basis. In terms of

sit surface, a sticking propensity of 0.5 has been assumed for 
these predictions. The presence of K in the outer deposit layer in the 
measurements reflects the reaction of K with Si and Ca in the 
deposit. This reaction has not been accounted for by the model. 

Overall for the second case, the deposit accumulation rates have 
increased by a factor of 10-15 compared to those found durin

ation of the inner layer. This trend, which is consistent with 
experimental observations, has been indicated by the time evolution 
of the deposited mass shown in Figure 26. 
 

 
Figure 26 Illustrative trends in the deposited mass as a function of 
time. 

Prepr. Pap.-Am. Chem. Soc., Div. Fuel Chem. 2004, 49 (1), 106 



Mixing pattern and operational implications. As mentioned 
above, the overall oxygen concentration in the stack is approximately 
5 vol% (see Figure 16) suggesting relatively high overall excess 
oxygen. Based on the predictions reported here, and a number of 
similar boilers modelled by the authors, there are significant 
indications that poor mixing between the bulk flue gas flow and the 
air being injected through the secondary air ports result in locally 
reducing conditions. Figure 27 shows predicted oxygen 
concentrations in a cross-section of the furnace. Dark areas represent 
low oxygen concentrations. Please note that the colouring was 
chosen to provide good resolution of low concentration regions by 
decreasing the maximum value to a mass fraction of 0.06.  

 
Figure 24 Contour plot illustrating the existence of a striated flow 
pattern with a near-zero oxygen concentration in the main flow path. 
 

There is a clear striation of the flow with very low oxygen 
concentrations in the centre part of the boiler and relatively high 
concentrations near the walls. The low oxygen region in the centre 
has, at the same time, high velocities and high temperatures.  

The low oxygen, high velocity and high temperature alley 
potentially increases problems related to ash deposition and 
associated corrosion of the platen super heaters. Under reducing 
conditions chemical equilibrium predictions show that a larger 
fraction of the potassium reacts with silica27 increasing the stickiness 
of fly ash particles. The high gas temperature adds further to increase 
the particle stickiness. Due to the high gas velocity, particles deposit 
efficiently by inertial impaction.  

In terms of corrosion risk, the reducing conditions change the 
most stable form of potassium from sulphates to chlorides at typical 
heat transfer surface temperatures. Chlorides are much more 
aggressive towards the boiler tubing compared to the sulphates. 
These concerns become more important as still more exotic fuel 
blends are burned to follow developments in fuel prices. 
 
Conclusions 

A numerical modelling approach to predict ash deposition and 
the influence on heat transfer rates in straw-fired boilers has been 
developed and demonstrated. The model was implemented in the 
commercial CFD programme FLUENT™. Using a Danish straw-

fired boiler as test case, the model was found to correctly predict 
operational trends observed at the facility. In the future, a significant 
effort will be put into further improvements and validation of the 
modelling concept. Planned extensions include the ability to handle 
co-firing conditions, and inclusion of the model to predict radiative 
properties. 
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