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PEER REVIEWED

M ANY KRAFT RECOVERY BOILERS

have difficulty in main-
taining their design
steam temperatures.

Inorganic material builds up as
deposits on surfaces that transfer
heat by convection. Routine meth-
ods have not been effective at keep-
ing these surfaces clean. As a result,
gas passages can plug, which means
costly downtime for intensive 
cleaning.

Recent experimental studies of
aerosol formation, deposition, and
removal have improved our funda-
mental understanding of boiler foul-
ing and plugging. By incorporating
mechanisms of aerosol formation in
recovery boiler models,we can build
an important tool for evaluating the
effects that changes in boiler opera-
tion and design may have on fouling
and plugging rates.

In this work, we modified a de-
tailed model of the combustion of
black liquor drops (1) to include im-
portant mechanisms of alkali release:
physical ejection of material from
burning particles, alkali chloride
evaporation, and alkali carbonate re-
duction. These mechanims are con-
sidered to generate the submicron-
sized fume that contributes to foul-
ing and is collected in the electrosta-
tic precipitator.

The model results of alkali re-
lease and fume formation were vali-
dated against laboratory data. Black
liquor combustion and alkali release
models were also implemented in
B&W’s three-dimensional furnace
model to predict the amount and
composition of aerosol generated at

recovery boiler conditions (2).

BACKGROUND
There are four sources of the inor-
ganic material that reaches the heat
transfer surfaces:

1. Mechanical carryover of burning 
black liquor particles

2. Physical ejection of material from
burning particles

3. Direct vaporization of alkali 
chlorides from burning particles 
and char deposits

4. Sodium and potassium vaporiza-
tion from alkali carbonate 
reduction reactions in the char 
and smelt.

Mechanical carryover accounts
for particles of 0.1–2.0 mm that
enter the convective heat transfer
zone. Physical ejection creates an
aerosol fraction that consists of parti-
cles from 1 µm to 100 µm.The vapor-
ization and condensation processes
create a substantial amount of fume
composed of submicron-sized 
particles.

Equilibrium models have been
used to predict gaseous and particu-
late emissions from recovery boilers
(3–5). This approach treats the fur-
nace volume as one or more well-
mixed chemical reactors.These mod-
els predict trends in fume formation,
based on an average char bed tem-
perature. However, they fall short of
accounting for temperature nonuni-
formities, chemical reaction kinetics,
and diffusion effects, which can sig-
nificantly affect alkali vaporization
rates. The main weakness of these

models is that they rely on com-
pletely arbitrary factors to account
for mechanical carryover and the
release of liquor constituents during
in-flight combustion.

Three-dimensional models have
been developed to simulate turbu-
lent flow, combustion, and heat
transfer in kraft recovery boilers
(6–8). Because thousands of particle
trajectories can be tracked, these
models can predict the entrainment
of burning drops into heat transfer
surfaces (mechanical carryover). A
weakness of the three-dimensional
models is that they cannot predict
realistic dust loadings, as these pre-
dictions are based on estimates of
mechanical carryover alone. The
amount, size, and composition of
fine aerosol must be taken into
account to improve predictions of
boiler fouling (9).

Detailed black liquor drop 
combustion model for predicting
fume in kraft recovery boilers
CHRISTOPHER L. VERRILL AND RICHARD A. WESSEL

ABSTRACT
Model predictions of sodium release
from 2-mm black liquor drops were
compared with results from two sets
of experiments.The transient combus-
tion model closely reproduces the
sudden 5–20% sodium loss mea-
sured during drying and devolatiliza-
tion, as well as the incremental loss
during char burning.The amount and
composition of fume was also accu-
rately predicted for the combustion of
100-µm dried black liquor particles
in an entrained-flow reactor operated
at 700–1100°C with carrier gas con-
taining 0–21% oxygen.

Application:

Engineers can assess the amount and
composition of fume generated in
recovery boilers by using mathemati-
cal models for the combustion of
black liquor and the amount of alkali
released.
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MODEL DESCRIPTION
A transient, one-dimensional model
for black liquor drop combustion
was previously developed to predict
the heating rate and internal temper-
ature gradients as a function of fur-
nace temperature and particle size
(1). The model accounts for drop
aerodynamics, heat transfer, and
chemical reaction.The particle posi-
tion can be fixed in space with a
cross flow of gas, as in a captive-drop
furnace. Alternatively, the particle
position and velocity can be permit-
ted to vary, based on aerodynamic
drag and gravitational forces, simulat-
ing a falling particle in an entrained-
flow reactor or in a recovery boiler.

Particle mass and material com-
ponent balances are solved for con-
densed species including water
(H

2
O), black liquor solids (BLS), fixed

carbon (C
(s)

), sulfate (SO
4

=), sulfide
(S=), carbonate (CO

3
=), sodium (Na+),

potassium (K+), and chloride (Cl–).
Particle swelling behavior is charac-
terized by a swelling factor which
depends on the extent of drying,
devolatilization, and char burning as
described by Frederick (10). Porosity
and bulk density are calculated along
the particle trajectory based on the

swelling factor and the remaining
particle mass.

A multiple-resistance heat trans-
fer model with 20–100 radial nodes
or shells was chosen for this work to
resolve the steep temperature gradi-
ents in the reacting particles. To
improve the heat transfer model, we
implemented experimentally deter-
mined radiation properties and the
combustion of volatiles. Radiation
properties were obtained from the
measurement of spectral emittance
of black liquor, char, and smelt (11).
Homogeneous gas-phase combus-
tion is simulated in the model when
O

2
is present in the surrounding

gases to react with volatiles and char
combustion products (CO and H

2
)

that leave the particle. A one-dimen-
sional diffusion flame envelopes the
particle for small Reynolds numbers
(Re < 1), assuming gas-phase reac-
tion kinetics are infinitely fast and
particles are well enough dispersed
that particle-to-particle interactions
may be neglected. The flame sheet
radius and temperature are deter-
mined from an analytical solution of
the one-dimensional transport equa-
tions for component chemical
species and energy.The effect of the

flame on convective heat and mass
transfer to the particle surface is
therefore predicted.

FFiigguurree  11 illustrates the stages of
black liquor combustion and the
alkali-release mechanisms consid-
ered in the model. Combustion is
characterized in four stages: drying,
devolatilization, char burning, and
smelt oxidation. Drying and devola-
tilization occur very rapidly and are
accompanied by particle swelling.
Char burning is characterized by a
number of heterogeneous chemical
reactions that simultaneously con-
sume carbon and reduce sodium sul-
fate to form liquid smelt. In the final
stage, the smelt is reoxidized if oxy-
gen is available. In the following sec-
tions, we describe the various alkali
release mechanisms used to predict
fume;details of the combustion mod-
els are given elsewhere (1, 2).

Physical ejection model
Single-drop experiments indicated
that 5–20% of the sodium content of
the black liquor is lost during the
first seconds of exposure to hot
gases (12).This loss appears to result
from the physical ejection of liquor
during drying and devolatilization.
The extent of the loss increases with
increasing initial drop size and labo-
ratory furnace temperature. Water
vapor and volatiles released within a
reacting particle generate internal
pressure, which causes the violent
eruptions observed in captive-drop
experiments (13, 14). Bits of liquor
and char may be ejected with the
escaping gases. In the model, physi-
cal ejection is assumed to occur dur-
ing devolatilization.

The composition of the ejected
material is assumed to be the same
as that of the black liquor particle at
the time ejection occurs.The rate of
physical ejection is proportional to
the mass flow rate of water vapor
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and volatile gases if the internal pressure drop exceeds a
critical value:

if 

The formulation of the rates of drying, R
H20

, and of
devolatilization,R

BLS
, is presented elsewhere (1).The crit-

ical pressure is related to drop diameter in the above
inequality to approximate the effect of particle size,
assuming that physical ejection is negligible below an
initial drop size of 0.2 mm.The rate coefficient, A

EJ
, and

the internal pressure drop parameter, (∆P d
p
)

EJ
, were

chosen to fit measurements of initial sodium loss made
earlier (12 ).

The internal pressure of the particle drop is calcu-
lated from correlations for flow through a porous
medium (15).Assuming that viscous resistance is much
larger than inertial resistance, then the latter can be
neglected.The mass flow rate of water vapor and volatile
gases is calculated as a function of radius within the par-
ticle volume.The pressure drop from the center of the
porous sphere to the surface is given by:

where µ
g
is the gas viscosity,V is the superficial gas veloc-

ity, and α is the viscous resistance coefficient. In the sec-
ond equality, the superficial velocity is replaced by the
mass flow rate of water vapor and volatile gases, m·

g
, and

the gas density,ρ
g
.The viscous resistance coefficient,α, is

approximated using an expression from Ergun (16 ) for
packed beds:

where ε is the porosity, A = 150 as an empirical constant,
and δ = 10–5 m as the assumed pore size.

II. Initial drop conditions and black liquor combustion parame-
ters used as model inputs

Captive- Entrained-
drop flow

furnace reactor

INITIAL DROP CONDITIONS
Solids, % 70 100
Temperature, °C 115 115
Density, g/cm3 1.380 1.566
Diameter, mm 2.0 0.1
Vertical velocity, m/s* 0 -0.214

BLACK LIQUOR SOLIDS
Elemental comp., % by wt.

Carbon 37.8 34.9
Hydrogen 3.60 3.05
Nitrogen 0 0
Sulfur 5.4 2.9
Sodium 19.30 22.65
Potassium 1.00 0.62
Chlorine 0.40 0.67
Oxygen 32.50 35.21

Higher heating value, kJ/kg 14,500 13,000

DEVOLATILIZATION PARAMETERS
Carbon yield 0.40 0.53
Sulfur yield 0.35 0.35
Initial char sulfate reduction 0.54 0.54

VOLUMETRIC SWELLING FACTORS
Drying 3.375 1
Devolatilization 27 27

*Positive values indicate upward velocities.

I. Furnace conditions used as model inputs

Captive- Entrained-
drop flow

furnace reactor

Gas temperature, °C 600 700
700 800
750 900
800 1000
900 1100
1000

Gas composition, % by vol.
N2 95 100
CO 5 0

Gas vertical velocity, m/s* 0.00 -0.23
0.61 -0.26
1.83 -0.28
-0.30
-0.33

Particle residence time, s 0–60 0.80
0.75
0.70
0.65
0.60

*Positive values indicate upward velocities.
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Model for alkali carbonate reduction 
During char burning, sodium and potassium carbonate
(collectively referred to as M

2
CO

3
) are reduced by char

carbon to produce alkali vapor, CO and CO
2
.

The variable stoichiometry indicated by the use of the
parameter f reflects the fact that both CO and CO

2
are

products of the reaction.
The reduction of alkali carbonate is potentially an

important mechanism for char carbon removal and an
important source of the submicron aerosol. The rate of
alkali vaporization is controlled by the kinetics of the
M

2
CO

3
reduction. Experimental results suggest the reac-

tion is inhibited by CO and CO
2

(17); however, an
approach for modeling the reaction-suppressing effects
of CO and CO

2
has not been developed. In the absence

of mass transfer resistance terms, a first-order depen-
dence on char carbon is assumed to limit the rate of
M

2
CO

3
reduction in order to be consistent with experi-

mental measurements.

where k = 1.0 × 109 m³/kgmol·s, E = 2.44 × 108 J/kgmol,
and m is the mass remaining in the reacting particle.The
brackets denote concentration in kgmol/kg.

Alkali chloride vaporization model
The vapor pressures of NaCl and KCl become apprecia-
ble at temperatures above 900°C, and these alkali chlo-
rides are assumed to vaporize directly from black liquor
char and smelt (18):

III. Comparison of measured and predicted drop combustion times

Gas Predicted Measured Predicted
Temp., velocity beginning of onset of end of Predicted Measured

°C m/s devolatilization, s swelling, s drying, s MSV, s MSV, s

600 0.61 0.82 3.8 ± 0.6 5.48 6.25 6.4 ± 1.0
750 0.61 0.39 1.9 ± 0.2 3.51 3.62 3.2 ± 0.3
750 1.83 0.30 1.9 ± 0.2 3.11 3.21 3.2 ± 0.3
900 0.61 0.22 1.2 ± 0.2 2.30 2.33 2.3 ± 0.4
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2. Predicted behavior for a 2-mm captive drop during exposure
time (70% initial solids in 95% N2 with 5% CO at 900°C, at a gas
velocity of 0.61 m/s). (The one-to-one correspondence was coin-
cidental between the heating rate scale in watts and the diame-
ter scale in millimeters.)
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Assuming the evaporation rate is
controlled by convective mass trans-
port of vapor from the boundary
layer, then the molar flux of species i
is:

where i is NaCl or KCl and A
s

is the
surface area of the particle.The molar
vapor concentrations at the surface
C

i
S and at freestream conditions C

i
∞

are determined by a multi-phase
equilibrium calculation. The convec-
tive mass transfer coefficient H

m,i
is

calculated from empirical relation-
ships similar to those for convective
heat transfer and based on diffusion
coefficients of alkali chloride vapors.

Prediction of fume from black
liquor combustion

The 1–100-µm particles that are
ejected from large black liquor drops
react quickly and are easily entrained
by the gas. These particles are as-
sumed to dry and devolatilize instan-
taneously. Due to their small size and
large surface area, it is assumed that
ejected particles are at the gas tem-
perature and that char burning is
dominated by heterogeneous reac-
tions with CO

2
, H

2
O, and O

2
. Sulfate

and carbonate reduction reactions
within the ejected particles are
neglected. The fate of the ejected
material at recovery boiler condi-

captive-drop experiments were con-
ducted to determine the relative
change in sodium content of black
liquor as a function of furnace tem-
perature and exposure time.A muffle
furnace apparatus with no forced
convection was utilized for the
experiments at ÅAU (19), and a tube
furnace with a relative gas velocity of
0.61–1.83 m/s was employed at IPST
(12 ).

In both sets of experiments, indi-
vidual drops of the industrial black
liquors were formed on a fine wire
and were inserted into the labora-
tory furnace.These drops averaged 2
mm in initial diameter and had an ini-
tial solids content about 70%. After
3–60 s exposure to a pyrolytic envi-
ronment (95% N

2
with 5% CO), the

char was withdrawn and quenched
with nitrogen gas. The change in
sodium content was then deter-
mined as described elsewhere (12 ).
Timed observation of drop behavior
in the furnace was recorded on
video tape, and characteristic com-
bustion times were determined.

The combustion-stage times cal-
culated by the single drop model are
compared to measured values in
TTaabbllee  IIIIII for several conditions in the
IPST furnace.While it is not possible
to identify the beginning and ending
points of drying and devolatilization
from captive-drop experiments, the
times to the onset of swelling and

tions is unknown. Presumably, for a
significant fraction of inorganics in
the particles, inorganic compounds
are vaporized and thus contribute to
submicron aerosol formation.

The mass of inorganic aerosol
predicted by the model includes the
Na, K, and Cl released during black
liquor combustion, plus the inor-
ganic material from ejecta particles,
plus the C, H, S, and O in the gas that
combine with these elements. The
composition of the inorganic species
includes Na, NaCl, NaOH, Na

2
S,

Na
2
SO

4
, Na

2
CO

3
, K, KCl, KOH, K

2
S,

K
2
SO

4
, and K

2
CO

3
, which may be in

the form of gas (vapor) or liquid and
solid aerosol. The model does not
currently take into account the aer-
osol particle size distribution.

RESULTS AND DISCUSSION
Single-particle model predictions of
combustion rates and alkali release
were validated with laboratory data
taken at Åbo Akademi University
(ÅAU), the Institute of Paper Science
and Technology (IPST), and Oregon
State University (OSU). The furnace
conditions and combustion parame-
ters used as model inputs are sum-
marized in TTaabblleess  II  aanndd  IIII.

2-mm Captive drops
Sodium release was predicted for
pyrolysis of 2-mm black liquor drops,
and results were compared with data
from captive-drop experiments. The
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3. Measured and predicted sodium loss for 2-mm captive drops
in the IPST flow reactor. (Measurements are indicated by points
with error bars.)

4. Measured and predicted sodium loss for 2-mm captive drops
in the Åbo Akademi muffle furnace. (Measurements are indi-
cated by points with error bars.)
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maximum swollen volume (MSV) can be precisely mea-
sured.A parameter for internal radiative heat transfer was
adjusted to provide the best fit with experimental times
to MSV (1). Modeling parameters were then held con-
stant for all other simulations. In view of the range of
experimental variability, the model accurately predicts
the time to MSV for captive drops in a flowing, noncom-
bustive gas.The onset of swelling, determined from the
video images, falls between the predicted beginning of
devolatilization and the end of drying.

In FFiigg..  22, the top graph shows predicted reaction
rates for the pyrolysis of a 2-mm captive drop at 900°C.
Drying, devolatilization, and sulfate reduction rates are
normalized by the initial mass of water, black liquor
solids, and fixed carbon, respectively. Physical ejection
rate is normalized by the initial mass of black liquor
solids in the particle. The plotted reaction rates show
that the stages of drying and devolatilization are not dis-
tinct but that they overlap significantly as a result of
steep temperature gradients within the particle.The cen-
ter of the particle is still drying at the black liquor satu-
ration temperature while the outside layers are undergo-
ing devolatilization and char burning.This result is con-
sistent with observations of overlapped combustion
stages in the IPST reactor (14).

Predictions of heat transfer rate  in the lowest graph
in Fig. 2 suggest that radiation is the most significant
mode of transferring heat to the particle surface for large
drops. Heat transfer increases significantly with surface
area as the particle swells to MSV, then decreases to zero
as the particle approaches the furnace temperature.The
particle becomes uniform in temperature after about 2.3
s, when devolatilization is complete (middle graph).

Experimental results of loss in sodium mass from the
IPST reactor were reported as percentages of the initial
sodium content of liquor solids. Measured and predicted
values are compared in FFiigg..  33.The experimental results
indicated that a sodium loss of 5.7–21.0% occurred at the
shortest residence time investigated, near the point of
MSV. For pyrolysis at 600°C, there is no further sodium
release after the rapid loss of 5.7% of the initial sodium
content. At temperatures of 750°C and above, sodium
loss does not subside but continues to increase with
exposure time. The initial sodium loss is expected to
result from the physical ejection of liquor and char dur-
ing drying and devolatilization. In the second phase of
sodium loss, the loss occurs at a much lower rate than
during the initial release and is presumed to result from
Na

2
CO

3
reduction by char carbon (17 ). The measure-

ments indicate that CO may have a role in suppressing
this sodium loss at 750°C, because the rate of loss
decreases and then levels out after 10 s of exposure time.
At 900°C, the presence of CO in the gas atmosphere is
not sufficient to completely prevent Na

2
CO

3
reduction

by char carbon, as indicated by the increase in sodium
loss between 10 s and 30 s.

Constants in the physical ejection model, A
EJ

and (∆P
d

p
)

EJ
,were adjusted to provide the best fit with the initial

sodium loss data from the IPST experiments. Modeling
parameters were then held constant for all other simula-
tions. Predicted values demonstrate the initial phase of
sodium loss seen in the data and exhibit the same slope
as do the experimental results within the range of exper-
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5. Predicted behavior for a 100-µm falling particle during expo-
sure time (100% initial solids in 100% N2 at 900°C, at a gas
velocity of –0.28 m/s).
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imental uncertainty. The model does
not reproduce the 750°C data at 10 s
and 30 s accurately; however, the
changes in sodium release rates
observed in the data cannot be fully
explained (12). The presence of CO
has no effect on the predicted trends
because terms for CO and CO

2
sup-

pression are not included in the
model (Eq. 6).

The results of the ÅAU experi-
ments were reported as percentages
of sodium retained in the char; mea-
sured and predicted values are com-
pared in FFiigg..  44.These data exhibit the
same trends as the data of Verrill et
al. (12 ).Analysis of the experimental
results indicates that there is a rapid
sodium loss of 14–18% prior to the
end of devolatilization (19 ). For tem-
peratures above 800°C, sodium loss
does not subside but continues to
increase with exposure time, though
at a much lower rate than the initial
release. Once again, predicted values
accurately reproduce the initial
phase of sodium loss seen in the data
and exhibit the same slope as the
experimental results exhibit within
the range of experimental uncer-
tainty.

100-µm entrained particles
Fume formation was predicted for
combustion of 100-µm dried black
liquor particles, and results were
compared with data from the OSU
laminar entrained-flow reactor (20).

ceeds the furnace temperature near
the end of devolatilization because
devolatilization is slightly exother-
mic in the model.The model predicts
that convection is the most signifi-
cant mode of heat transfer to the par-
ticle surface (lowest graph, Fig. 5).
Heat transfer is initially positive as
the particle heats up, but it becomes
negative when the particle exceeds
the furnace temperature, and then it
approaches zero as the particle cools
to the furnace temperature.

Addition of oxygen to the carrier
gas results in the homogeneous com-
bustion of volatiles and char burning
products (H

2
and CO), and the sur-

rounding flame elevates the particle
temperature above that of the fur-
nace.This temperature rise has been
measured for 1–3-mm captive drops
over a range of oxygen contents
(21). With experimental measure-
ments lacking for fine particles in the
OSU entrained-flow reactor, the
model was used to determine trends
in particle temperature as a function
of oxygen content (FFiigg..  66). A tem-
perature rise of approximately 300°C
during char burning is predicted
when 4% O

2
is added to the nitrogen

carrier gas.The particle temperature
returns to 900°C at the end of char
burning (0.125 s); however, this
change is not shown in the time
scale of Fig. 6. In air at 900°C, the
model predicts that escaping

These experiments used dry black
liquor solids, 90–125 µm, in nitrogen
with 0% 0

2
, 4% O

2
, and 21% O

2
envi-

ronments at furnace temperatures
ranging from 700°C to 1100°C. The
particle heating rate was of the order
of 104 to 105 °C/s, and the residence
time was 0.6–0.8 s.The samples were
quenched to stop the reactions, and
solid products of combustion were
collected as char (larger than 3 µm)
and fine particles (smaller than 3
µm). Reis et al. (20) did not measure
combustion times, swollen volumes,
and particle temperatures. Table II
gives the elemental composition of
dry black liquor solids used in the
experiments and in the model.

In FFiigg..  55, the top graph shows
predicted reaction rates for pyrolysis
of a 100-µm falling particle at 900°C
in the OSU entrained-flow reactor.
Devolatilization is the only reaction
rate that appears in the plot because
there is no initial water content and
because no appreciable sulfate re-
duction occurs in the first 0.1 s of
exposure time. Note that devolatiliza-
tion is completed quickly (0.061 s)
compared to the residence time
when the solid products are col-
lected (0.70 s).

In contrast to the middle graph of
Fig. 2 for the large drops, the middle
graph of Fig. 5 suggests the tempera-
ture is nearly uniform within the fine
particle.The particle temperature ex-
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6. Predicted effect of oxygen on bulk temperature of a 100-µm
falling particle over the exposure time (100% initial solids in
100% N2 at 900°C, –0.28 m/s gas velocity).

7. Measured and predicted fume yield for 100-µm particles in
the OSU entrained-flow reactor. (Measurements are indicated
by points.)
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volatiles ignite after 0.03 s and cause
an initial temperature rise. A steep
increase to 1581°C then takes place
because char oxidation is occurring
at the particle surface under these
highly oxidizing conditions.The char
burning rate increases with tempera-
ture, and carbon is rapidly con-
sumed. By 0.06 s, the fully oxidized
inorganic residue has begun cooling
to the furnace temperature.

Measured and predicted fume
yields are compared in FFiigg..  77. The
predicted quantity of fume from the
OSU experiments increases with
both the reactor temperature and
oxygen concentration because the
rate of alkali carbonate reduction
increases strongly with particle tem-
perature (Eq. 6). There is generally
good agreement between experi-
mental and model results; however,
the data show no clear difference
between the quantity of submicron
aerosol collected at 0% and 4% O

2

content and no distinct trend with
furnace temperature at 21% O

2
. We

believe the reported values of inor-
ganic fume at 0% O

2
are too high,

because there was a significant
amount of soot collected in the fine
particle fraction at all temperatures
(13–42% by weight). Reis et al. (20)
explain that the reported values for
fume were corrected by subtracting
the mass of fixed carbon. However,
the fine material collected at 4% and

Predicted potassium enrichment
(FFiigg..  88) and chloride enrichment
(FFiigg..  99) decrease with temperature
and oxygen concentration because
the effect of particle temperature is
much greater on M

2
CO

3
reduction

(Eq.5) than on MCI vaporization (Eq.
7). The increasing amount of alkali
vapor dilutes the relatively limited
amount of chloride vapor as particle
temperature increases. Therefore,
increasing the oxygen content has
essentially the same effect as increas-
ing the furnace temperature: it
increases Na

2
CO

3
reduction and

reduces measured and predicted K
and Cl enrichments. The predicted
trends are reasonably accurate in
view of experimental uncertainty; for
example, the data taken at 0% O

2
are

subject to uncertainty caused by
soot formation.

Effect of particle size on the
extent of physical ejection

The residence time in the OSU reac-
tor is 5–10 times longer than the
time required for devolatilization;
therefore, it is not possible to deter-
mine if physical ejection occurred
during the OSU experiments. How-
ever, a comparison of the experi-
mental results at 900°C for pyrolysis
of a 2-mm drop (Fig. 4) and a 100-µm
entrained particle (Fig. 7) suggests
that physical ejection of material is
negligible for the fine particles.

21% O
2

contained no soot, and the
values were not subject to errors
introduced by correcting for the
mass of carbon. The apparent de-
crease in measured fume yield at
1100°C and 21% O

2
may result from

a limitation in the experimental
method. The amount of fume gener-
ated at these conditions of maximum
particle temperature exceeds the
capacity of the filter used to collect
the fine particulate (22 ). The total
fume generated by combustion in air
is expected to increase with furnace
temperature as predicted by the
model.

Potassium and chloride enrich-
ment are defined as the relative
amounts of potassium and chlorine
in the fume, using total alkali as the
basis, compared to that in the initial
black liquor solids (BLS):
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8. Measured and predicted potassium enrichment for 100-µm
particles in the OSU entrained-flow reactor. (Measurements are
indicated by points.)

9. Measured and predicted chloride enrichment for 100-µm par-
ticles in the OSU entrained-flow reactor. (Measurements are
indicated by points.)
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Without a consistent set of exper-
imental data taken at various drop
sizes, the model was used to extrapo-
late the effect of drop size on physi-
cal ejection yield for realistic spray
combustion conditions. In FFiigg..  1100,
the predictions for pyrolysis of IPST
liquor over a range of drop sizes and
a range of furnace temperatures are
compared with the initial sodium
loss from Verrill et al. (12).The model
predicts that the trends with increas-
ing drop size and temperature con-
verge toward a maximum physical
ejection yield of about 30%. These
results suggest that reducing the
median drop size or redistributing
the liquor to a cooler zone of the fur-
nace could affect a reduction in phys-
ical ejection and consequently in the
formation of fume. However, the
effects of drop size need to be con-
firmed experimentally before sub-
stantial conclusions can be drawn
from the model.

CONCLUSIONS
A detailed model for black liquor
drop combustion and alkali release
has been developed and validated
with laboratory data for 2-mm cap-
tive drops and 100-µm entrained par-
ticles. This model provides valuable
insights needed to understand dry-
ing, devolatilization, and char burn-
ing processes, as well as the associ-
ated sodium loss quantities.

Limited laboratory results suggest
that physical ejection of material dur-
ing black liquor drop combustion
may be the most significant source of
recovery boiler aerosol.The phenom-
enon of pressure-induced microex-
plosions from escaping water vapor
and volatile gases is the proposed
mechanism presumed to control

with boiler test data is reported else-
where (2).

Important advances in modeling
aerosol nucleation, growth, and
deposition have been reported by
Jokiniemi et al. (23). However, their
simplistic alkali release models can-
not predict the effect of boiler oper-
ating conditions on the amount and
composition of the carryover and
aerosol entering the heat transfer
surfaces.Coupling good alkali release
and aerosol dynamics models in a
three-dimensional model should sub-
stantially improve our ability to pre-
dict fouling and plugging in kraft
recovery boilers.TJ
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pany), 1562 Beeson St., Alliance, OH  44601.
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alkali release
during drying
and devola-
tilization, and a
suitable model
was developed
to describe this
process. To
model spray
combustion
conditions more
realistically will
require addi-
tional experi-
ments to mea-
sure physical
ejection yield over a range of initial
drop sizes and solids contents.

Laboratory experiments suggest
that alkali carbonate reduction is a
significant source of submicron aer-
osol at long residence times and high
temperatures. According to full-scale
model predictions (2 ), the char bed
of a recovery boiler produces more
fume by this mechanism than do
entrained particles. Before this reac-
tion can be modeled at actual com-
bustion conditions, additional experi-
ments are needed. These experi-
ments will have to quantify the role
of fixed carbon on alkali carbonate
reduction and elucidate the reaction-
suppressing effects of CO and CO

2
.

Engineers need the ability to pre-
dict the amount and composition of
fume and mechanical carryover if
they are to evaluate accurately the
fouling and plugging of convective
surfaces in recovery boilers. As
reported here,combustion and alkali-
release models have been imple-
mented in a three-dimensional fur-
nace model to predict aerosol dust
loadings in several recovery boilers.
The validation of these predictions
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NOMENCLATURE
A

s
= particle surface area,m²

BLS = black liquor solids
C

i
s = molar concentration of gas

species i at the particle sur-
face, kgmol/m³ gas

C
i
∞ = molar conc. of gas species

i in bulk gas,kgmol/m³ gas
d

p
= particle diameter, m

E = activation energy, J/kgmol
f = stoichiometric coefficient

for CO in carbonate reduc-
tion products,kgmol
CO/kgmol C 

H
m,i

= convective mass transfer
coefficient for species i,
m/s

k = chemical kinetic rate con-
stant,m³/kgmol·s

T = char temperature, K
V = superficial gas velocity,

m/s
[C

(s)
] = molar concentration of

carbon,kgmol C
(s)

/kg
solid

[CO
3
=]= molar concentration of

carbonate, kgmol CO
3
=/kg

solid
α

VL
= volatile gas yield, kg

volatiles/kg BLS
∆P = change in internal pres-

sure of liquor drop or par-
ticle, N/m²

ε = char porosity
µ

g
= gas molecular viscosity,

kg/m·s
ρ = char density, kg/m³
ρ

g
= gas density, kg/m³

m = particle mass,kg
m·

g
= mass flow rate of water vapor

and volatiles, kg/s
M = generalized alkali element,

Na or K
r = particle radius,m
R

H2O
= mass reaction rate of drying,

kg H
2
O per second

R
BLS

= mass reaction rate of devola-
tilization, kg BLS/s

R
EJ

= mass reaction rate of physical
ejection,kg BLS/s

R
u

= universal gas constant,
8314.3 J/kgmol·K

R^
C/CO3

= molar reaction rate of carbon
by alkali carbonate reduction,
kgmol C/s

R^
MCI

= molar evaporation rate of
alkali chloride, kgmol MCl/s


