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The high ash content of black liquor causes fouling problems in the Kraft recovery boiler. The ash-forming elements condense into submi-
cron-sized fume particles in the superheater area and the boiler bank and can deposit on heat-transfer surfaces. The fume deposits can 
then lower heat-transfer rate, plug flue gas flow, and expose surfaces to corrosion. This paper presents the results of a sensitivity analysis 
obtained using a CFD (computational fluid dynamics)-based sub-model of the formation of fume particles and deposits, showing how flue 
gas and deposit surface temperatures affect instantaneous fume deposit growth. The results indicate that fume deposit growth is a self-
limiting process because the growth rate decreases as the deposit surface temperature increases. On the other hand, increasing the flue 
gas temperature increases the fume deposition rate when the element release factors are kept constant.
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MODELLING FUME DEPOSIT GROWTH IN 
RECOVERY BOILERS: EFFECT OF FLUE GAS 
AND DEPOSIT TEMPERATURE

Modern recovery boilers are designed to 
process high black liquor loads at high 
solids contents to produce steam effi-
ciently. An inevitable side effect of  this 
is increased temperatures in the lower 
furnace, which cause more ash-forming 
compounds to be released from the black 
liquor [1]. This in turn increases the pro-
pensity for fume formation and deposi-
tion on the tube surfaces in the superheat-
er, boiler bank, and economizer regions 
of  the boiler. The ash-forming elements, 
sodium (Na), potassium (K), chlorine 
(Cl), and sulphur (S), are released mainly 
in gaseous form from the burning black 
liquor droplets [2]. These elements form 
compounds that condense into fume par-
ticles in the upper furnace when the flue 
gas temperature decreases.

Fume particles form by condensa-
tion, which distinguishes them from larger 
carryover particles. Carryover particles 
originate mainly from entrainment of  un-
burned black liquor droplets. Because of  
this difference, the deposition mechanisms 
of  carryover particles, which are based on 
the fraction of  melt in the particles [3], are 
not likely to be applicable to fume parti-
cles. Furthermore, because fume particles 
are small, < 1 μm, the fraction of  melt in 
them does not likely play a role in fume

deposition. The main cause of  fume de-
position is thermophoresis [4], which 
drives small fume particles from the hot 
flue gases toward the cooler tube surfaces. 
The significance of  thermophoresis in the 
recovery boiler has been experimentally 
confirmed by Cameron and Georg-Wood 
[5]. 

Understanding the formation of  
fume particles and deposits is important. 
In modern boilers, improved boiler design 
and better operating strategies have signif-
icantly reduced the concentration of  car-
ryover particles in the flue gas. As a result, 
fumes form a larger part of  deposits than 
in older boilers. However, similarly to car-
ryover deposits, fume deposits also lower 

the heat transfer rate in the superheaters 
by acting as an insulating layer. They may 
even plug flue gas passages if  the deposit 
layer is thick enough. This can be prob-
lematic, particularly in the boiler bank, 
where tube spacing is tight. Aged fume 
deposits are typically well sintered. They 
can be hard and tenacious on tubes and 
can become difficult to remove [1].

CFD (Computational Fluid Dynam-
ics) modelling of  recovery boilers was 
started in the 1980s and 1990s by Grace 
et al. [6] and Karvinen et al. [7]. In recent 
years, CFD modelling of  recovery boil-
ers has become more advanced and more 
detailed, particularly with respect to car-
ryover deposits (e.g., Mueller et al. [8] and
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Li et al. [9]). However, modelling of  fume 
formation in the recovery boiler has been 
attempted by only one research group in 
the 1990s [4,10,11]. This group developed 
a 1-D (one-dimensional) ABC model, 
which was later developed into a 2-D 
model [12], but its capabilities were limited 
by the low computational power available 
at that time. Verrill and Wessel [13] have 
also modelled alkali metal release and the 
subsequent fume yield, but not the actual 
fume formation process. To the authors’ 
knowledge, no 3-D model for fume for-
mation has been developed to date.

A CFD sub-model for alkali metals 
and fume particles has been developed 
and was presented in earlier publications 
by the authors [14,15]. The model has also 
been partially validated using actual mea-
surements in a Finnish recovery boiler [16]. 
This paper discusses the results of  a sen-
sitivity analysis using the CFD sub-model. 
The analysis was conducted by changing 
two boundary conditions of  the model: 
the deposit thickness on the primary su-
perheater, and the flue gas temperature at 
the superheater entrance. It is important 
to test model sensitivity to such changes in 
boundary conditions so that the effects of  
such changes under real boiler conditions 
can be simulated.

MODELLING METHOD

The CFD sub-model was based on the 
ANSYS Fluent software [17], which was 
used to model gas flow, species transport, 
and black liquor combustion. The aim 
was to obtain realistic temperature and 
flow fields in the boiler, but not to focus 
on droplet behaviour, and therefore black 
liquor combustion was modelled using 
a simplified approach. The temperature 
field was considered accurate enough 
when the modelled temperature values fell 
within ± 60°C of  the temperature mea-
surements. Unlike the combustion reac-
tions, reactions of  ash-forming elements 
(Na, K, S, and Cl) were modelled in more 
detail. These elements form alkali metal 
compounds (Na2SO4, Na2CO3, NaCl, 
K2SO4, K2CO3, and KCl) through reac-
tions which were modelled as equilibrium 

reactions with the help of  the Equilib 
module of  FactSage [18].

The simulations were conducted in 
two separate computational grids. Black 
liquor combustion and release of  ash-
forming compounds occurred in the fur-
nace grid, whereas particle formation oc-
curred in the superheater grid. The output

values of  the furnace grid were used as in-
put values to the superheater grid, and the 
equilibrium reactions of  alkali metal com-
pounds were calculated for both grids. In 
this paper, only the results for the super-
heater grid are presented, the geometry of  
which is shown in Fig. 1.

As can be seen in Fig. 1, the whole
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Fig. 2 - Schematic of the superheater platens between the tertiary and the primary superheater 
on the y-x plane.
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Fig. 1 - Schematic of the superheater area showing the modelled 3-D section between the 
superheaters (sh) and a 2-D projection of the modelled area with the names of the superheaters.
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enabled modelling of  high particle con-
centrations, unlike Lagrangian particle 
tracking. The most important process af-
fecting the particle size distribution was 
condensation of  alkali vapours on parti-
cles. Particle nucleation was not modelled 
because it was assumed that tiny inert par-
ticle seeds (e.g., metal oxides) always exist 
in the boiler. The assumption of  inert nu-
clei was also made by Jokiniemi et al. [11] 
and Eskola et al. [4].

In addition to fume formation, 
deposition of  fume particles was 
modelled, but this was incorporated into 
the model through user-defined functions. 
The deposition processes considered 
include thermophoresis and deposition by 
diffusion, although the effect of  diffusion 
was found to be negligible. Inertial 
impaction was not modelled because it is 
important only for larger particles [20].

Thermophoretic velocity was 
modelled by the following equation [21]:

(1)

where ν is the kinematic viscosity,   

gwT∇  
the temperature gradient between 

the flue gas and the wall, Tave the average 
temperature between the flue gas and the 
wall, and α the accommodation coefficient, 
which is usually about 0.9 [22]. The 
above equation is valid when the particle 
diameter dp << l, where l is the mean free 
path of  the gas molecules, which is true in 
almost the entire modelled area.

In addition to fume particle 
deposition processes, direct vapour 
condensation was also modelled. In this 
work, the direct vapour condensation flux 
was based on the approach proposed by 
Jokiniemi et al. [23]:

(2)

where Sh(Tg )=0.023 ∙ Re0.8∙Sc(Tg)
0.4, 

Re=Vdc  ⁄ ν, and Sc(Tg)=ν ⁄ Dv (Tg ). The 
symbols Tg and Tw are the temperatures 
of  the flue gas and the wall, ρg is the gas

density, V the gas velocity, dc the character-
istic diameter, and Dv the diffusion coef-
ficient of  vapour. The direct vapour con-
densation flux is dependent on pv(Tg), the 
actual vapour pressure of  the condensing 
gas, and on pv,s(Tw), the saturation vapour 
pressure of  that gas at the wall tempera-
ture.

Modelling Assumptions
For this CFD sub-model to capture the 
relatively complex phenomenon of  fume 
formation, several simplifying assump-
tions had to be made. The model was as-
sumed to be time-independent to reduce 
computational cost. This meant that the 
model results, such as the fume deposit 
growth rate, were instantaneous results un-
der the given boundary conditions. More-
over, the deposits did not grow thicker 
with time, nor did they become thinner or 
get removed by sootblowers.

Another simplification was the divi-
sion of  the superheater tubes into super-
heater groups, as shown in Fig. 1. Each 
group had a constant wall temperature 
and a constant initial deposit thickness 
as boundary conditions. The tube wall 
temperatures were based on actual boiler 
steam temperatures, which were assumed 
to remain constant despite small changes 
in boiler operation. The wall temperatures 
were the average temperatures of  the 
tubes in each superheater group. The ini-
tial deposit thickness on each superheater 
was chosen so that the modelled flue gas 
temperatures would be close to the mea-
sured gas temperatures. The chosen de-
posit thickness was assumed to represent 
a stationary situation in which the deposi-
tion rate equalled the rate of  particle re-
entrainment caused by sootblowing and 
other erosion mechanisms. The boundary 
conditions used in the baseline simulation 
are shown in Table 1. 

Because choosing the initial thick-
ness of  the deposits introduces a source 
of  uncertainty into the model, the model 
sensitivity to deposit thickness was investi-
gated in this paper. The sensitivity analysis 
was conducted by changing the initial de-
posit thickness of  one superheater group 
at a time. The change was executed by

superheater area was not simulated at 
once. Instead, a thin 3-D section in the 
middle of  the superheater area was mod-
elled. The sides of  this section were mod-
elled as symmetric boundary conditions or 
as walls in the vicinity of  the superheater 
surfaces. A 2-D projection of  the mod-
elled area is also shown in Fig. 1 with the 
names of  the various superheaters. The in-
dividual superheater tubes were not mod-
elled, but the superheaters were treated 
as rectangular platens. This approach was 
taken because it was assumed that deposits 
had filled the cavities between individual 
tubes, as shown in Fig. 2. This figure il-
lustrates how the superheater platens were 
modelled and which area was covered by 
the computational grid.

Figure 2 shows that the computa-
tional grid covered the area between the 
two superheater platens in areas of  tighter 
tube spacing (the primary superheater 
and the boiler bank) and half  the area be-
tween the two superheater platens in ar-
eas of  wider tube spacing (the secondary 
and tertiary superheaters and the screen). 
The boundary conditions for the deposit 
surfaces and for the areas bounded by 
flue gas were the wall and the symmetric 
boundary condition respectively.

The computational grid of  the su-
perheater section in Fig. 1 was made up 
of  800,000 structured hexahedral cells. 
The flow and temperature fields were also 
calculated for grids with 1.4 and 2.4 mil-
lion cells, but the results were not different 
from those for the 800,000-cell grid. Fume 
formation was also modelled using the 1.4 
million-cell grid, but the results for fume 
particle composition did not change be-
cause fume formation is highly dependent 
on temperature. The 800,000-cell grid was 
therefore chosen for the sensitivity analy-
sis because the larger grids are computa-
tionally more demanding. 

Fume particle formation was simu-
lated with the help of  the FPM (Fine Par-
ticle Model) program [19], which incor-
porates certain aerosol dynamic processes 
into ANSYS Fluent. The FPM uses an Eu-
lerian approach to model particles, which 
means that the evolution of  particle size 
distributions was simulated. This approach
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modifying the computational grid and by 
changing the thermal wall boundary con-
dition in the CFD program. This changed 
the heat transfer rate and the flue gas and 
deposit surface temperatures, which af-
fected condensation and deposition be-
haviour.

The release of  ash-forming elements 
from black liquor depends on their con-
tent in the black liquor and their release 
factors. The release factors used in this 
work were obtained based on boiler mea-
surements available in the literature [2,24]. 
The release factors used in the model are 
shown in Table 2. They were assumed to 
be independent of  temperature, although 
it is known that release of  Na, K, and Cl 
increases with temperature, whereas re-
lease of  S decreases [25,26]. In this analy-
sis, however, the effect of  temperature 
changes on the deposition process is of  
interest, and therefore the release factors 
were kept constant.

Sensitivity analysis was also conduct-
ed by changing the temperature of  the flue 
gas entering the superheater area while 
maintaining the shape of  the temperature 
distribution. However, because the release 
factors of  the elements involved were held 
constant, a change in flue gas temperature 
affected only the condensation and depo-
sition behaviours of  the alkali compounds.

RESULTS AND DISCUSSION

The recovery boiler modelled in this 
work was a Finnish boiler with a capac-
ity of  3400 tds/d. The boiler was running 
at almost full load. A comparison of  the 
modelling results with the measurements 
was presented in a previous article by the 
authors [16]. At the time of  the measure-

ments, the boiler was burning black liquor 
with 79.3% dry solids content and the 
composition shown in Table 3.

Fume formation and deposition 
were first modelled for a baseline simula-
tion in the superheater area of  a recovery 
boiler. The results of  the baseline simula-
tion were presented in detail in the earlier 
article [16]. The modelling results showed 
that fume deposits grew fastest on the 
primary superheater. This result was also 
supported by the observation that the 
modelled boiler occasionally experienced 
massive deposit buildup at the same loca-
tion. 

According to the model, the main 
fume deposition mechanism is thermo-
phoresis, which is dependent on the kine-
matic viscosity, the temperature gradient, 
and the average temperature between the 
flue gas and the deposit surface. On the 
other hand, these properties are depen-
dent on certain boundary conditions of

the model. To test model sensitivity to
these parameters, a sensitivity analysis was 
conducted. In the first part of  the sensi-
tivity analysis, the thickness of  the initial 
deposit on the primary superheater was 
changed, and in the second part, the flue 
gas temperature at the entrance of  the su-
perheater area was changed.

Changing Initial Deposit Thickness 
on the Primary Superheater
The assumed initial deposit thickness on 
the primary superheater was an important 
boundary condition because it affected 
the instantaneous fume deposit growth 
rates calculated by the model. In the base-
line case, the initial deposit thickness on 
the primary superheater was chosen to be 
34 mm because this resulted in a flue gas

temperature drop similar to that observed 
in the measurements. To determine the 
sensitivity of  the modelling results, two 
other deposit thicknesses were used, as 
presented in Table 4.

The modelling results for instanta-
neous fume deposit growth rates for each 
superheater are shown in Fig. 3 for the 
baseline simulation (A) and the two new 
simulations (B and C). In Fig. 4, the same 
results are presented as average instanta-
neous growth rates over each superheater. 
The results for the various simulations are 
shown in reverse order (i.e., from lower to 
higher deposit thickness) to visualize how 
the deposit growth rate changes as the de-
posit grows. When calculating the growth 
rate, a deposit density of  1500 kg/m3 was 
assumed. Fume deposits are porous when 
they form, but their density may increase 
because of  sintering [1], and therefore de-
posit density can only be approximated.

In all these simulations, fume deposit 
growth seemed to be concentrated in the 
primary superheater, as can be seen in Fig. 
3. This occurred because there the tem-
perature difference between the flue gas 
and the deposit surface was significant and 
the superheater surfaces were closer to

each other than in the earlier superheaters. 
Both these factors contributed to a high 
temperature gradient between the flue gas 
and the deposit surfaces, which increased 
deposition by thermophoresis (see Eq. 1). 
In addition, a small but significant fume 
deposition location was found where the 
flue gas flow turned downwards at the 
beginning of  the boiler bank. Here, the 
thermophoretic velocity increased due to 
the high turbulent kinetic energy and high 
kinematic viscosity of  the flue gas.

Figures 3 and 4 show that when the 
initial deposit thickness on the primary

TABLE 1 Boundary conditions for the baseline simulation.
Superheater

Metal temperature (°C)
Initial deposit thickness (mm)

Screen

316
30

Secondary 
superheater

407
48

Tertiary 
superheater

467
56

Primary 
superheater

343
34

Boiler bank

312
21

TABLE 2 Release factors used in the model.
Element

Release (%)
Na
12

K
17

S
18

Cl
34

TABLE 3 Composition of black liquor (dry mass basis).
Element

Wt%
C

33.5
H

3.4
S

6.5
O

34.5
N

0.1
Cl

0.06
Na

20.8
K

0.9
Inert
0.2

TABLE 4
Initial deposit thicknesses on the 
primary superheater in the various 
simulations.

Case
Deposit thickness (mm)

A (baseline)
34

B
27

C
20
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primary superheater. On the other hand, 
when the initial deposit on the primary 
superheater was thicker (case A), fume 
deposition on the boiler bank was slightly 
higher. This indicates that fouling of  
one superheater may increase fume 
deposition on other surfaces downstream. 
This phenomenon has previously been 
observed for carryover deposition. Fouling 
in one location increases temperatures 
downstream, and the higher temperatures 
enable  carryover particles to stick onto 
surfaces further into the superheater area 
[1].

Not all alkali compounds experience

similar condensation and deposition be-
haviour. Alkali chlorides (NaCl and KCl) 
have significantly higher saturation vapour 
pressures than alkali sulphates and carbon-
ates, and therefore they start to condense 
at lower temperatures. In the modelled 
boiler, alkali chloride condensation occurs 
at the flue gas temperatures prevailing at 
the primary superheater (about 800°C). 
Consequently, changes in flue gas and de-
posit temperatures can affect the chlorine 
content of  the fume deposits in the pri-
mary superheater. Figure 5 shows the in-
stantaneous chlorine content of  the fumes 
depositing on the primary superheater in

superheater was thinner (cases B and 
C), more fume particles deposited on 
the primary superheater. In all simulated 
cases, the flue gas temperatures were low 
enough for alkali sulphates and carbonates 
to condense onto particles already at the 
beginning of  the superheater area, and 
therefore the location of  particle growth 
did not cause this difference in the fume 
deposit growth rate. Instead, in cases B 
and C, more fume deposition occurred 
by thermophoresis because a thinner 
initial deposit decreased deposit thermal 
resistance, which cooled down the flue 
gas, especially near the deposit surface. 
This led to a larger temperature gradient 
and a smaller average temperature 
between the flue gas and the deposit  
surface, which both contributed to 
increased thermophoresis (see Eq. 1). This 
observation also means that, in general, 
the fume deposit growth rate  slows down 
as the deposit thickness grows.  This 
indicates that  fume deposition, at least 
when dominated by thermophoresis,  is a 
self-limiting process.

According to the modelling results, 
the deposit thickness seemed to move 
toward a steady-state condition. In reality, 
however, deposit growth is also limited 
by sootblowing, which was not modelled 
in this work. Furthermore, fume deposit 
growth completely stops if  the deposit 
surface temperature reaches the radical 
deformation temperature, or T70 (the 
temperature at which the deposit contains 
70 wt% molten phase) [3]. However, due 
to the low chlorine content of  the black 
liquor, this temperature is unlikely to be 
reached in the primary superheater and 
boiler bank deposits.

When the initial deposit thickness 
on the primary superheater was reduced 
(cases B and C), there seemed to be less 
fume deposition in the boiler bank. This 
change seems to have been caused by 
the small decrease in kinematic viscosity 
of  the flue gas, but the effect was not 
obvious. Another reason for the decreased 
fume deposition rate was that the fume 
particle concentration in the flue gases was 
lower because a significant proportion of  
the particles had already deposited on the
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Fig. 3 - Instantaneous fume deposit growth rate (mm/h) on the various superheater surfaces 
with changes in the initial deposit thickness on the primary superheater.
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the various simulations. Except for chlo-
rine content, fume deposit composition 
did not change among the various simula-
tion cases. This was the case because only 
condensation of  alkali chlorides occurred

in the simulated temperature range.
The modelling results showed a small 

decrease in deposit Cl content on the pri-
mary superheater when the deposit thick-
ness increased. The reason for this can be 
understood when the contribution of  the 
different deposit formation mechanisms 
is examined. Figure 6 shows the quantity 
of  chlorides that deposit through ther-
mophoretic movement of  fume particles, 
and Fig. 7 shows the quantity of  chlorides 
that condense directly from the gases to 
the deposit surfaces. In reality, the deposit-
ing and condensing compounds are alkali 
chlorides (NaCl and KCl), but the results 
are shown here for chloride ions (the as-
sumed deposit density is still 1500 kg/m3).

Figure 6 shows that the instanta-
neous rate of  chlorine deposition through 
thermophoresis decreased somewhat 
when the initial deposit thickness on the 
primary superheater increased. This oc-
curred because slightly higher flue gas tem-
peratures allowed fewer alkali chlorides to 
condense onto fume particles because the 
alkali chlorides became supersaturated 
further downstream. On the other hand, a 
decreased temperature gradient and an in-
creased average temperature between the 
flue gas and the deposit surface decreased 
particle deposition through thermophore-
sis, as previously explained.

The instantaneous rate of  direct 
condensation of  chlorine decreased sig-
nificantly when the initial deposit thick-
ness increased, as shown in Fig. 7. This 
occurred due to the higher deposit surface 
temperatures, which decreased the super-
saturation of  alkali chloride vapours near 
the deposit surface. However, the contri-
bution of  direct condensation of  chlorine 
was still much smaller than the contribu-
tion of  chlorine deposition through ther-
mophoresis because most of  the alkali 
chlorides condensed onto particles and 
not directly onto surfaces.

Figure 5 showed that the chlorine 
content of  deposits can decrease when 
the initial deposit thickness increases. This 
indicates that in a situation where the de-
posit would be very thin, for example after 
sootblowing, the Cl content of  the depos-
iting fume layer could be significantly high.

In addition, this high temperature depen-
dence of  alkali chloride condensation and 
deposition may be one of  the reasons why 
more alkali chlorides are found in deposits 
closer to tube surfaces. Another potential 
explanation is that the alkali chlorides may 
vaporize in the hottest parts of  the depos-
it, be transported towards the cooler tem-
peratures, and condense near the tube sur-
face [27]. However, it is possible that the 
deposits in recovery boilers are not porous 
enough to enable such transportation.

Changing Flue Gas Inlet 
Temperature
Another important boundary condition 
in the model is the temperature of  the 
flue gas entering the superheater area. In 
the baseline case, the temperature distri-
bution at the inlet is based on the simu-
lation results in the furnace grid and on 
temperature measurements in the real 
boiler. Therefore, the inlet temperature, 
which varies between 930°C and 1080°C, 
is a more reliable boundary condition than 
the initial deposit thickness on the super-
heater. However, in real boiler operation, 
the flue gas temperature may change as 
a result of  changes in liquor firing load 
or heating value, and therefore sensitiv-
ity analysis concerning the flue gas inlet 
temperature is relevant. Table 5 shows the 
results of  various simulation cases where 
flue gas inlet temperature was varied.

Figure 8 shows the results for average de-
posit growth rate on each superheater for 
the baseline simulation and the new simu-
lations (D and E). The results are present-
ed for a flue gas flow rate of  3.09 kg/s. 
The sensitivity analysis was performed by 
changing the temperature of  the flue gas 
entering the superheater area while main-
taining the shape of  the temperature dis-
tribution.

Figure 8 shows that increasing the 
flue gas inlet temperature increases depo-
sition on the superheater and the boiler 
bank surfaces. This occurs because the

0.37 
 
 
 
 
 
 
 
 
0.25 
 
 
 
 
 
 
 
0.13 C (20 mm)        B (27 mm)  A (34 mm) 

Cl content 
(wt-%) 

Fig. 5 - Average instantaneous Cl content 
(wt%) of fumes depositing on various 
superheater surfaces with changes in the 
initial deposit thickness on the primary 
superheater.
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Fig. 6 - Instantaneous rate of chlorine 
deposition through thermophoresis (μm/h) 
on the primary superheater.
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Fig. 7 - Instantaneous rate of direct 
condensation of chlorine (μm/h) on the 
primary superheater.

TABLE 5 Changes in fl ue gas inlet 
temperature in various simulations.
Case

Change in temperature (°C)
A (baseline)

0
D

-50
E

+50
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This is again due to the increasing temper-
ature gradient between the flue gas and the 
deposit surface, although the increase in 
the fume deposition rate is relatively small 
when the release factors of  the elements 
are held constant.
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