Black-Liquor Combustion

Effects of temperature and oxygen
concentration on potassium and chloride
enrichment during black-liquor combustion
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ABSTRACT: The release of potassium and chloride was
measured during pyrolysis and combustion of dry black-liquor
solids in a laminar-entrained-flow reactor at 700-1100°C.
Experiments were made with dry black-liquor solids particles
(90-125 pm) in N,, 4% O,, and 21% O,. Combustion
products were collected and analyzed for Na, K, and Cl
content. Enrichment of potassium and chloride was greatest at
700°C in N,.. Enrichment decreased with increasing
temperature or O, concentration. In all cases, enrichment was
greatest for chloride. Enrichment was modeled as the competing
processes of (a) evaporation of alkali-metal chlorides and (b)
vaporization of sodium and potassium via reduction of Na,CO,
and K,CO,. The decrease in enrichment with increasing
temperature or O, concentration is attributed to the greater
temperature dependence of Na,CO, reduction. The results
imply that the conditions that reduce enrichment—nhigher
temperatures or increased air in the lower furnace—uwill
increase the total amount of fume generated.
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tant role in deposition and harden-
ing of deposits in recovery boilers
1,2).

Potassium and chloride are two
important nonprocess elements
in kraft pulping. Both play an impor-
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The fume particles collected in re-
covery boilers are typically enriched
by a factor of 2-3 in potassium and
chloride (1). By enrichment, we mean
that the potassium content of the
fume particles relative to their so-
dium and potassium content has in-
creased when compared with the
same ratio in the black liquor. Thus
the potassium enrichment factor for
fume particles is defined as the ratio
of the concentration of potassium to
that of sodium plus potassium in
fume divided by the ratio of potas-
sium to sodium plus potassium in
the black liquor, or

potassium enrichment factor = {[K]/
(IK] e * [N8],, JHAIK o J(IK] 5 +
[Na]y 9} @

(Note that the variables for this and
all other equations are defined in
the Nomenclature at the end of this
article.)

An analogous definition for the
chloride enrichment is

chloride enrichment factor = {[C]] /
([CN e + @, JIHICIT g S(CI] BLS(+2)

[Na]g o)}

Two mechanisms of potassium
and chloride enrichment have been
discussed in the literature. In three
separate studies (3-5), enrichment
factors were estimated or implied
based on equilibrium considerations.
In these studies, the inorganic so-
dium, potassium, and chloride spe-
ciesin the char bed were assumed to
be in chemical equilibrium with the
combustion gases. The resulting
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I. Elemental composition of dry black-liquor 1. Schematic of the OSU laminar-entrained-flow reactor
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equilibrium calculations predicted
enrichment factors that are an order
of magnitude higher than those mea-
sured in recovery boilers.

Cameron (6) suggested that reac-
tion-enhanced sodium vaporization
from molten smelt was an important
source of recovery-boiler fume and,
further, that vaporization of sodium
and potassium chloride is responsible
for the potassium and chloride en-
richment observed in the fume. He
modeled the vaporization process by
assuming that the vaporization of
sodium chloride is an equilibrium
process, that the smelt is an ideal
system, that Raoult’s law can be used
to predict the vapor pressure of NaCl
in equilibrium with the molten salts,
and that the gas stream is saturated
with sodium chloride. Cameron’s data
for sodium chloride vaporization
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rates from molten salt pools agreed
well with his calculated rates. How-
ever, he did not measure or try to
predict potassium or chloride enrich-
ment factors.

The work presented here had two
objectives:

1. Measure potassium and chloride
enrichment in fume generated
from pyrolysis and combustion
experiments over a wide range of
experimental conditions.

2. Develop a numerical model of the
chemical processes involved in
enrichment.

This paper presents new findings on
the release of potassium and chlo-
ride during black-liquor combustion
in a laboratory flow reactor and in-
terprets those results with respect

to enrichment of these species in re-
covery boilers.

Experimental

The pyrolysis and combustion experi-
ments were conducted in a labora-
tory-scale laminar-entrained-flow
reactor (LEFR). A schematic of the
apparatus used in the experiments is
shown in Fig. 1. Black-liquor solids
are carried in the primary gas flow
[typically 0.15 L/min at normal tem-
perature and pressure (NTP)], which
flows from the particle feeder to the
reactor injector. The primary flow
enters the reactor at the center,
coaxially with the preheated second-
ary gas flow [typically 20 L/min
(NTP)]. The particles and gases flow
downward through the hot zone of
the reactor in a narrow laminar col-



2. SEM micrograph of a typical black-liquor char particle collected in
the cyclone in a pyrolysis run at 700°C for 0.8 s in N, with dry black-
liquor solids

3. SEM micrograph of typical post-cyclone filter-catch material from
pyrolysis of dry black-liquor solids at 700°C for 0.8 sin N,

11l. Reproducibility of the Na, K, and CI contents of the fine-particle samples collected in typical replicate experiments

Furnace o, Elemental content of fine particles, %*

Run temp., °C content, % Na K (o] K/Na Cl/Na
18 700 0 0.21 4.12 21.0 19.60 100.0
19 700 0 0.19 3.06 16.9 16.10 84.70
3 900 4 3.03 3.90 28.8 1.29 9.50
4 900 4 2.51 3.18 23.4 1.27 9.32
7 1100 21 29.70 40.30 95.4 1.36 3.21
8 1100 21 25.60 26.90 72.0 1.05 2.81
* Percent of element in black-liquor solids

umn. When they reach the collector,
they are quenched with nitrogen to
stop the reactions. Most of the
quench gas [typically 15 L/min
(NTP)] is fed into the first 2 cm of
the collector, while the rest of the
gas [typically 5 L/min (NTP)] flows
through the remaining porous wall
of the collector. This is done to avoid
deposition of the aerosol particles on
the cold collector walls. The residence
time is set by moving the collector
up or down or by changing the gas
flow rates.

After the quench, the products of
reaction are separated. Particles
larger than 3 um in diameter (inor-
ganic residue, char, or both) are re-
moved by a cyclone, and the fine
particles (fume) are collected on fil-
ters located before the exhaust duct.
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For the experiments, we used
dried particles of a southern pine
kraft black liquor. The original li-
quor was dried in an oven, ground in
a jar mill, and sieved to the desired
90-125-pm diam. Table I shows the
composition of the dry black-liquor
solids. All of the experiments pre-
sented in this work were performed
under the conditions described in
Table I1.

The residence time and black-li-
quor-solids feeding rate in Table 11
are nominal values. The residence
times differed slightly in runs at dif-
ferent temperatures because the gas
flow rates at standard conditions
were kept the same in all runs. The
actual residence times were calcu-
lated using a computational mode for
LEFRs developed by Flaxman (7).
The calculated residence times were

0.80 s at 700°C, 0.75 s at 800°C, 0.70
at 900°C, 0.65 s at 1000°C, and 0.60 s
at 1100°C.

The concentrations of sodium, po-
tassium, and chloride in the fume
samples were determined by capil-
lary electrophoresis and ion-selective
electrodes. Electrodes from differ-
ent manufacturers were used for po-
tassium and sodium analysis
(Corning) and chloride analysis
(Orion). Capillary electrophoresis
analyses were performedina CES-1
capillary electrophoresis system
(Dionex) using a conventional fused-
silica capillary (50 cm x 50-um ID).
All injections were hydrostatic and
performed by raising the sample vial
100 mm above the level of the desti-
nation vial for 30 s. The cation and
anion electrolyte buffers were ob-
tained from the manufacturer of the
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4. Fume generation as a function of reactor temperature at three

levels of oxygen. Solid lines are trend lines.

5. Potassium enrichment factor as a function of reactor temperature

at three levels of oxygen. Solid lines are predicted enrichment

factors.
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electrophoresis system (Dionex).
Detection of cations was carried out
with an ultraviolet (UV) lamp at 215
nm and separation voltage of 20 kV;
anions were detected using a UV
lamp at 250 nm and separation volt-
age of 30 kV.

Replicate runs were made at most
of the experimental conditions. Typi-
cal data for the sodium, potassium,
and chloride collected as fine par-
ticles on the filter are shownin Table
111 for a wide range of furnace tem-
perature and oxygen content. As the
data in Table 111 show, the amounts
of sodium, potassium, and chloride
collected per mass of black-liquor
solids fed in these runs were reason-
ably reproducible, as were the ra-
tios of K/Na and CI/Na in the fine
particles collected.

The material-balance closure for
sodium, potassium, and chloride was
computed as the sum of these ele-
ments collected in the cyclone and
as filter catch. The closures for so-
dium and potassium were not good,
averaging 49% and 62%, respec-
tively, asseenin Table IV. The chlo-
ride closure was much better, 107%
of the chloride input. The main loss
of sodium and potassium increased—
and correlated strongly—with in-
creasing mass collected in the
cyclone per mass of black-liquor sol-
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IV. Sodium, potassium, and chloride material-balance closure for the LEFR runs

Furnace o, Material-balance closure, %*
temp., °C content, % Na K Cl
700 0 43 58 113
700 4 50 66 82
700 21 61 59 108
900 0 38 53 114
900 4 26 65 135
900 21 75 68 97
1100 0 63 85

1100 4
1100 21 36 46 101
Averages 49 62 107

* Percentage of each element in black-liquor solids recovered as cyclone or filter catch.
Data are averages of at least two runs at each experimental condition.

ids fed. The fractions of sodium, po-
tassium, and chloride collected as
fine particles were much less vari-
able than were those collected in the
cyclone. The high chloride balance
closure in Table 1V is attributable
mainly to the fact that much more of
the chloride in the black-liquor sol-
ids was volatilized in the experiments
than were sodium or potassium.
Based on these considerations, we
concluded that we had collected
nearly all of the fine particles gener-
ated.

Results and discussion

Particle characteristics

Figures 2 and 3 are scanning-elec-
tron micrographs (SEMs) of typical
char and fume, respectively. The
char particles produced were uni-
formly spherical and very porous.
In contrast, the fume particles were
very small (about 1 pm) and nonpo-
rous, similar in size and appearance
to those measured by others in re-
covery boilers and laboratory experi-
ments (8-10).



6. Chloride enrichment factor as a function of reactor temperature at
three levels of oxygen. Solid lines are predicted enrichment factors.

7. Potassium and chl

oride enrichment factors as functions of reac-

tor temperature at three levels of oxygen
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The solid black-liquor particles,
when pyrolyzed, swelled to about
four times their initial diameters.
The swelling characteristics of the
original black liquor were also de-
termined at 800°C in air using the
method of Noopila and Hupa (11,
12). With the larger (= 2 mm) drop-
lets, the liquor swelled by about three
times itsinitial droplet diameter to a
maximum specific swollen volume of
35 cm?¥/g dry black-liquor solids. The
difference in swelling in nitrogen vs.
thatin air is at least partly the result
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of inhibited swelling at the higher
temperatures that occur when par-
ticles are burned in air (13).

Fume generation

In each experimental run, the
amounts of sodium, potassium, and
chloride released as fume were cal-
culated based on the sodium, potas-
sium, and chloride contents of the
solids collected on the fine-particle
filter. The filter catch collected from
pyrolysis experiments consisted of
sodium and potassium salts as well

as fixed carbon. It was assumed that
all the alkali metal (potassium and
sodium) not in the form of chloride
salt was in the form of either car-
bonate or sulfate. The content of car-
bonate, sulfate, and fixed carbon in
the solids collected on the fine-par-
ticle filter was calculated based on
these analyses and assumptions and
on chemical element and charge bal-
ances. The NaCl content of the fine-
particle-filter samples decreased
with increasing furnace temperature
and O, content, although the total
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10. Potassium collected as fume during pyrolysis of 100-um dry
black-liquor particles in N, in an LEFR at 0.6-0.8-s residence time

11. Effect of particle surface temperature on potassium and chloride
enrichment factors at three levels of oxygen. Particle temperature

was estimated according to Eqg. 3.
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amount of NaCl in the fume per gram
of black-liquor solids increased.

The material collected on the fine-
particle filter was either fume (com-
bustion runs) or fume and fixed
carbon (pyrolysis runs). This is sup-
ported by Fig. 3 and other SEM mi-
crographs of the filter samples, the
data analysis presented in Table V,
and the particle-size-distribution
data reported by Kauppinen et al.
(8) and Mikkanen et al. (14). From
this point, we refer to the inorganic
mass collected on the fine-particle
filter—as determined by the analy-
sis presented in Table V, excluding
fixed carbon—as fume.

Figure 4 shows the ratio of fume
collected from the black-liquor sol-
ids fed at various temperatures and
oxygen contents. The results show
that the amount of fume at oxidizing
conditions is considerably higher
than in reducing conditions. It also
shows that temperature has a great
effect on fuming, especially at lower
oxygen content, where fuming is an
order of magnitude higher at 1100°C
than at 700°C.

Potassium and
chloride enrichment
Using the definitions in Eqgs. 1 and

2, we calculated the potassium and
chloride enrichment factors for sev-
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eral experimental conditions. For po-
tassium, the greatest enrichment
factor, about 13, was obtained at
700°C in nitrogen (zero O,), as shown
in Fig. 5. At higher temperatures,
the potassium enrichment factors
were smaller, decreasing to the point
that no potassium enrichment oc-
curred at 1100°C. For particles
burned in air, there was virtually no
potassium enrichment at any tem-
perature. The solid lines in Fig. 5
are enrichment factors predicted
from a mechanistic model that is dis-
cussed in the next section of this
paper.

For chloride, a similar trend was
found, but even higher enrichment
factors were obtained, as seen in Fig.
6, which shows that the chloride en-
richment factor peaked at about 65
in nitrogen at 700°C. As in Fig. 5,
the solid lines in Fig. 6 are enrich-
ment factors predicted from a
mechanistic model that is discussed
in the next section of this paper.

The enrichment factors below five
for both potassium and chloride are
plotted on an expanded scale in Fig.
7. For particles burned in air or at
1100°Cin 4% O,, the chloride enrich-
ment factor averaged 2.8 and did
not seem to be affected by the reac-
tor temperature.

Proposed mechanism

Cameron (6) suggested that evapo-
ration of sodium and potassium chlo-
ride is responsible for the potassium
and chloride enrichment observed
in the fume. However, NaCl and KCl
evaporation alone would result in
much higher enrichment factors than
were observed in our experiments
or in recovery boilers. Another route
for sodium and potassium volatiliza-
tion is reduction of their carbonates,
producing elemental Na and K. Re-
duction of carbonates by carbon has
been established as the mechanism
by which the alkali-metal catalyst is
lost during heat treatment of alkali-
impregnated carbons prior to gasifi-
cation of carbon with CO, or water
vapor (15, 16). Li and van Heiningen
(17) showed that Na,CO, reduction
occurs in black-liquor char at tem-
peratures above 700°C. In their ex-
periments, the sodium loss from the
char was in proportion stoichiometri-
cally to the extent of carbonate re-
duction. Their rate data indicate a
strong temperature dependence of
the carbonate-reduction reaction.
We modeled sodium, potassium,
and chloride volatilization from
black-liquor char as proceeding by
the parallel reaction paths of evapo-
ration of NaCl and KCl, and forma-
tion of elemental sodium and



V. Composition of filter catch

Furnace 0, con- Fume, * Composition, mass %

temp., °C tent, % wt.% of BLS Na K Cl SO, CoO, Fixed C
700 0 2.80 17.6 4.53 12.80 19.6 3.47 42.3
700 4 0.30 28.6 4.93 39.20

700 21 17.3 40.3 0.97 2.86 13.5 42.40
800 0 4.04 18.7 0.77 3.11 34.7 0.59 42.1
900 0 3.73 25.6 1.38 7.83 42.9 1.06 21.2
900 4 1.81 34.7 1.21 9.69 43.8 10.60

900 21 19.5 42.8 1.63 1.23 0 54.30
1000 0 8.26 23.9 0.88 4.97 43.1 0.68 26.5
1100 0 7.53 30.7 0.70 7.61 48.1 4.16 13.1
1100 4 9.01 37.5 1.09 4.31 29.1 28.0

1100 21 17.1 36.9 1.21 3.29 33.1 25.50

* Fume designates the inorganic fraction of the filter catch as determined by analysis for Na, K, and Cl and using the calculation
procedure described in the text.

A-l. Assumed initial composition of inorganic
residue in char particles (values used in the
model calculations)

Species Moles/particle
NacCl 1.865 x 10%°
KCI 3.052 x 1072
Na,CO, 4.500 x 10-°
K,CO, 7.772 x 1071*
NaX * 9.849 x 10°°
KX * 1.585 x 10%°
* X indicates either sulfur or sulfide.

potassium vapor via reduction of
their carbonates. The rates of NaCl
and KCI vaporization were calcu-
lated by assuming that (a) mass
transfer across the gas film adja-
cent to the burning particles was the
rate-limiting step and (b) vapor pres-
sures of NaCl and KCI in the bulk
gas were negligible. Details of the
model are presented in the Appen-
dix at the end of this paper.

The theoretical enrichment fac-
tors, based on our model, are com-
pared with the experimental data in
Figs. 5 and 7. The agreement be-
tween the theoretical and experi-
mental enrichment factors is
generally quite good. The poorest
agreement is at 700°C and no oxy-
gen (100% N,), where the theoreti-
cal values are high for potassium and
low for chloride.
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The main reason for the high en-
richment factors at 700°C in N, is
the low sodium-release rate via
Na,CO, reduction at 700°C. In Fig.
8, we show the sodium in fume as a
percentage of the sodium initially in
the black-liquor solids vs. reactor
temperature at three oxygen con-
tents. As temperature increased, the
sodium released increased by as
much as 18 times from 700°C to
1100°C in N, or 4% O,. The release
of chloride increased by only a fac-
tor of about 3.5 at the same condi-
tions, as seen in Fig. 9. The behavior
of potassium, shown in Fig. 10, falls
between that of chloride and sodium,
increasing by about a factor of six at
the same conditions. It is released
as potassium chloride by volatiliza-
tion and also as potassium vapor by
the carbonate-reduction mechanism.

Figure 8 shows that the release of
sodium fume in air is high, even at
lower temperatures. There are two
effects that could be acting simulta-
neously to increase the amount of
sodium being released by carbonate
reduction. One is the oxygen-en-
hanced fuming mechanism (6, 18),
and the other is the temperature of
the burning char particles.

It has been reported that small
particles burn at higher tempera-
tures in air as compared with those

in no oxygen or in 4% O,. Frederick
etal. (19) measured the surface tem-
perature for larger char particles (3—
10 mm) during char burning at
several O,~N, mixtures in an 800°C
furnace. They concluded that sur-
face temperature for droplets
burned in air increased by 300-400°C
above the furnace temperature dur-
ing char burning, but only by about
40-50°C at 4% O, content. This
agrees quantitatively with the par-
ticle-temperature data reported by
Hurt and Mitchell (20) for approxi-
mately 100-um coal particles. The
particle temperature would increase
with increasing oxygen content in
the gas phase, but it would be
roughly independent of particle size
if burning were controlled by trans-
port of oxygen to the external par-
ticle surface, as proposed by
Frederick (21). We therefore mod-
eled particle burning as controlled
by boundary-layer mass transfer of
oxygen and estimated the particle
temperature as suggested by
Levenspiel (22).

T=T,+[(AHR)/h, ] 3

Details of the particle-temperature
calculations are discussed in the Ap-
pendix and by Reis (23).

At the much higher particle tem-
peratures achieved when burning in
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air, Na,CO, reduction proceeds rap-
idly, and sodium release is high com-
pared with that of particles burned
in 4% O, or pyrolyzed in N,. The
enrichment factor is highly depen-
dent on the rate of sodium carbon-
ate reduction, which increases
sharply with temperature. This re-
sulted in a large fraction (25-35%)
of the sodium in the black-liquor sol-
ids being volatilized at the higher
furnace temperatures and O, con-
tent, and it explains why there was
almost no potassium enrichment in
air at any temperature. Figure 11
shows the effect of particle surface
temperature on the potassium and
chloride enrichment factors.

The data obtained in this work
suggest that the increase in sodium,
potassium, and chloride release with
increasing oxygen content is a tem-
perature effect resulting from the
higher particle temperatures at
higher O, partial pressures. For the
small particles used in this study,
the carbonate-reduction mechanism
is limited by reaction kinetics, with
intraparticle diffusion and film mass
transfer playing only a minor role.
However, for the much larger char
particles that are produced by fir-
ing typical size (2-3 mm) droplets in
a recovery boiler, intraparticle dif-
fusion of the alkali-metal species and
their transport across the gas
boundary layer surrounding the par-
ticles could be important in the over-
all rate of sodium and potassium
volatilization. If so, the oxygen-en-
hanced mechanism proposed by
Cameron (18) could play a more im-
portant role on the release of so-
dium.

This work has several implica-
tions for recovery-boiler operations.
Boilers can experience severe plug-
ging or corrosion from high enrich-
ment of potassium and chloride.
Such problems can be alleviated by
increasing the temperature in the
lower furnace. However, higher
burning temperatures tend to in-
crease total fume production, as seen
in Fig. 4. In boilers where plugging
is caused by fume production rather
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than potassium and chloride enrich-
ment per se, increasing the burning
temperature in the lower furnace
could exacerbate the problem.

Conclusions

Experiments performed in a lami-
nar-entrained-flow reactor (LEFR)
showed that potassium and chloride
enrichment during black-liquor com-
bustion can be very high, depending
on the temperature and the oxygen
content of the gas. At lower tem-
peratures and oxygen content, en-
richment factors were 65 for chloride
and 13 for potassium. Operation of
recovery boilers at higher tempera-
tures and increased air in the lower
furnace may reduce enrichment of
potassium and chloride. However, the
reason for lower enrichment at
higher temperatures is the increased
volatilization of sodium, which also
results in an increase in total fume
production.

The main reason for higher en-
richment factors at lower tempera-
tures and reducing conditions is the
low sodium release rate by the
Na,CO, reduction mechanism. The
gas-composition effect on enrichment
is mainly a temperature effect re-
sulting from higher surface tempera-
tures when particles burn in gases
containing higher levels of oxygen.

The mechanism of potassium and
chloride enrichment involves volatil-
ization of NaCl and KCI and reduc-
tion of Na,CO, and K,CO, to metallic
Na and K. For droplets of the size
fired in recovery boilers, intraparticle
diffusion and film mass transfer may
also be important. Based on this
mechanism, it is possible to predict
potassium and chloride enrichment
during black-liquor pyrolysis and
combustion.

Appendix: Theoretical model
for potassium and chloride
enrichment

Sodium, potassium, and chloride vola-
tilization from black-liquor char were

modeled as proceeding by the paral-
lel reaction paths of (a) evaporation
of NaCl and KCI and (b) formation
of elemental sodium and potassium
vapor via reduction of their carbon-
ates. The rates of NaCl and KCl va-
porization were calculated by
assuming that (a) mass transfer
across the gas film adjacent to the
burning particles was the rate-limit-
ing step and (b) the vapor pressures
of NaCl and KCI in the bulk gas
were negligible, so that

dCl/dt = dNaCl/dt + dKCl/dt
:Aext(kg,NaCPNaCI + I(g,KCIF)KCI)

The partial pressures of NaCl and
KCI at the particle interface were
assumed to be in equilibrium with
an inorganic phase consisting of the
Na*, K*, CI, CO,*, §*, and SO,* in
the particle. In the results presented
here, P, and P, were calculated
using a chemical equilibrium pro-
gram (24).

The rate of sodium volatilization,
dNa/dt, was calculated as the sum of
the rate of sodium volatilization from
reduction of Na,CO, plus the rate of
evaporation of NaCl. Reduction of
Na,CO, was treated as a reversible
chemical reaction occurring within
the particle. A kinetic rate equation
for Na,CO, reduction in black-liquor
char (Eqg. A.2) was developed from
the data of Li and van Heiningen
(17). This equation was used in the
model to predict the rate of sodium
vapor formation.

dNa/dt = —2d[Na,COJ/dt
=2 x 10 [Na,CO,] exp(-244000/R)(A.2)

(A.1)

The possible effects of diffusion
within the pores of the particle and
of transport across the gas bound-
ary layer surrounding the particle
were estimated to determine
whether they would be important
for the swollen (= 400 um) char par-
ticles in the experimental study by
Reis (23). The overall rate of sodium
vapor evolution, accounting for these
transport effects, was very nearly
the same as when they were ignored.
We therefore treated the overall rate
of sodium volatilization via Na,CO,
reduction as being controlled by
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chemical kinetics and proceeding via
Eq. A.2. While this is valid for the
small black-liquor char particles
used in this study, it would not be
valid for the much larger char par-
ticles that are produced by firing
typical size (2-3 mm) droplets in a
recovery boiler.

Mass-transfer coefficients for the
alkali-metal species were estimated
from the Sherwood number correla-
tion in Eq. A.3 (25).

Sh =k D/D,

=2+ 0.569(Gr Séf + 0.347

(Re Sgoe (A.3)

Diffusivities of the alkali-metal
species at the temperature of inter-
est were estimated using the follow-
ing correlation between diffusivity
and molecular weight for a wide
range of chemical species (23).

D = 1.0662 x 18 Mw-0483

[/273) + 117 (A.4)

where MW is the molecular weight
of the diffusing species and T is the
temperature in °C.

The temperature of the burning
char particles was calculated assum-
ing that the rate of burning was con-
trolled by the rate of transport of
oxygen to the external particle sur-
face and that the temperature gra-
dient in the radial direction was
negligible. For these conditions, the
particle temperature can be esti-
mated using Eq. 3. The heat of reac-
tion used in Eqg. 3 was the heat of
formation of CO, and the rate of car-
bon burning was calculated as
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R=(K,oPo)/R(T+273)  (AS)

The effective heat-transfer coef-
ficient was calculated as

hy, = (NU/D) + [0(T T /(T ~T )](A.6)

where
Nu = 2 + 0.393@ + 0.37R&° (A7)
and
k = 0.0238 + (6.85 x 10T
+(1.614 x 10TP) (A.8)

The rate of potassium volatiliza-
tion, dK/dt, was calculated as the
sum of the rate of potassium volatil-
ization from reduction of K,CO, and
from evaporation of KCI. Since no
Kinetic data exist for K,CO, reduc-
tion in black-liquor char, the rate of
reduction of K,CO, was calculated
as the rate of sodium vapor produc-
tion predicted by Eq. A.2 multiplied
by the ratio of K/Na in the particle.

In the model, the theoretical chlo-
ride enrichment factor was defined
in terms of the rates of sodium chlo-
ride and potassium chloride vapor-
ization and the rates of sodium and
potassium vapor production by so-
dium and potassium carbonate re-
duction, as seen in Eq. A.9.

chloride enrichment factor = (see eq. A.9)

The integrations are performed over
the time during which the particles
were in the hot zone of the furnace,
using a forward Simpson numerical
integration method.

A theoretical potassium enrich-
ment factor was also defined in terms

of the rates of potassium chloride
volatilization, potassium carbonate
reduction, carbonate reduction, and
NacCl volatilization.

potassium enrichment factor =
(see eq. A. 10)

Liand van Heiningen (17) showed
that CO and CO, can suppress so-
dium carbonate reduction at tem-
peratures up to 800°C. More recent
data (26) indicate that suppression
may not occur at higher tempera-
tures. We did not account for the
suppression of sodium carbonate re-
duction by CO and CO, in the model
presented here. The concentrations
of CO and CO, resulting from the
pyrolysis products were low, on the
order of 1000 ppm or less, and we
expected the suppression effects to
be negligible.

In calculating enrichment factors,
the initial char particles were as-
sumed to consist of the inorganic
residue from a 100-pm particle (of
the composition given in Table 1)
plus fixed carbon. The inorganic com-
position was assumed initially to have
the composition shown in Table A-1,
which is consistent with the data in
Table I. The fixed carbon was as-
sumed to be present in adequate sup-
ply to maintain carbonate reduction
throughout the 0.6-0.8-s reaction
time. A time step of 0.1 swas used in
the calculations, and the particles
were assumed to be isothermal dur-

ing the entire reaction period.
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Nomenclature
A = external surface area of a
particle, m?

= particle diameter, m

D = diffusivity, m%s

Gr = Grashof number

h.« = effective heat-transfer co-
efficient

AH, = heat of formation of CO,
kJ/kg

k = thermal conductivity, J/
mKs

kg = mass-transfer coefficient,
mol/m? bar s

MW = molecular weight, g/mole

Nu = Nusselt number

P = pressure, bar

R = ideal gas constant, 8.314
J/mol K

R = rate of conversion of fixed

carbon in char to CO

Re = Reynolds number
Sc = Schmidt number
Sh = Sherwood number

= temperature, K

= film temperature [(Tg + Tp)/
2], K

= bulk gas temperature, K
= particle temperature, K
t = time, s

[Na],, s = Na concentration in black-

liquor solids, mol Na/g BLS

[Kl;.s = Kconcentration in black-
liquor solids, mol K/g BLS

[Cll, s = CI concentration in black-
liquor solids, mol Cl/g BLS

[Na].,.. = Na concentration in fume,
mol Na/g fume

[Kl,.. = K concentration in fume,

mol K/g fume

= ClI concentration in fume,
mol Cl/g fume

[Cl]fume

dNaCl/dt = rate of chloride or sodium
released by NaCl vapor-
ization, mol/s

dKCl/dt = rate of potassium or chlo-
ride released by KCI va-
porization, mol/s

dNa/dt = rate of sodium released
by carbonate reduction,

mol/s

dK/dt = rate of potassium released
by carbonate reduction,

mol/s

= rate of sodium vapor for-
mation, mol/s

dNa,/dt

dCl/dt = rate of chloride released
by carbonate reduction,

mol/s

(o] = Stefan-Boltzmann con-
stant, 5.67 x 108 J/m?sK
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