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The effect of fume on radiative heat
transfer in kraft recovery boilers

RICHARD A.WESSEL, MARTIN K. DENISON, aAND ARTIT SAMRETVANICH

Most of the heat transferred in a
kraft recovery furnace is transferred
by thermal radiation. Consequently,
the radiative properties of combus-
tion gases, particles (char, soot, and
ash), and deposits on heat-transfer
surfaces have a substantial effect on
heat transfer rates. In turn, the heat
transfer rates affect the boiler size
and its efficiency. Considerable atten-
tion has been paid to the thermal
properties of ash in coal-fired boilers
(1, 2), but the properties of ash in
the combustion of kraft black liquor
have been largely overlooked. The
ash in a recovery boiler is mostly
comprised of fume, which are
aerosol particles formed by conden-
sation of inorganic vapors in com-
bustion gases.

Measurements were made
recently of the radiative properties
of recovery boiler ash (3, 4).A three-
dimensional mathematical model
can be used to examine the effect of
fume particles and deposits on heat
transfer.

BACKGROUND
Traditionally, to specify boiler size
and capacity, designers have relied
on empirical methods based on
decades of experience and field mea-
surements. In Table I, coal-fired boil-
ers and black liquor recovery boilers
are compared in terms of typical
design targets for gross heat input
per plan area and for exit tempera-
tures of furnace gases (5).

*The low melting point of the ash makes it necessary for
the boiler to be large to absorb more heat, so the gas is
at a lower temperature before it enters the convective
section. Molten or sticky ash in the convective section can
plug up the recovery boiler.

In black liquor recovery, the large
guantity of ash and its low melting
point* degrade the boiler’s thermal
efficiency. As a result, recovery boil-
ers are much larger than coal-fired
boilers, and recovery boilers require
a larger capital investment per unit
of heat input. Changes in firing prac-
tices, higher solids content in spent
pulping liquors, and the effect of mill
closure on potassium and chlorine
levels in the ash have produced
changes in heat transfer that are diffi-
cult to predict on the basis of previ-
ous experience.

The basic tools needed to calcu-
late heat transfer in recovery boilers
are (a) accurate measurements for
radiation and heat conduction prop-
erties and (b) mathematical expres-
sions to predict these thermal trans-
port properties. Calculations of heat
transfer can be used to optimize
boiler design and operating condi-
tions and to improve the thermal effi-
ciency and capital effectiveness of
the boiler.

Fundamental research is needed
on characterizing the thermal trans-
port properties of ash. Research of
this kind is being supported by the
American Forest and Paper Associa-
tion and by the U.S. Department of
Energy in its Agenda 2020 program

(6).

RADIATIVE PROPERTIES
Values for the radiative properties of
black liquor char, smelt, and ash are
needed to calculate heat transfer in a
recovery boiler.The diameters of par-
ticles of black liquor, char, and smelt
from combustion of black liquor
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ABSTRACT

A three-dimensional numerical model
was used to evaluate the effect of
fume on heat transfer in a kraft
recovery boiler. The absorption and
scattering efficiencies of fume parti-
cles were calculated from measure-
ments of the complex refractive index
of ash. Radiative properties of black
liquor, char, and smelt particles were
calculated based on correlations for
emissivity as a function of tempera-
ture. Radiative properties of molten
smelt and fume deposits on the fur-
nace walls were approximated by
emissivity correlations as a function of
deposit surface temperature, incident
radiation, and ash melting character-
istics. Furnace heat transfer was mod-
eled for a set of test conditions on a
single-drum recovery boiler. Results
presented include gas flow patterns,
gas temperatures, dust concentra-
tions, and radiative properties.

Application:

Numerical modeling of the optical
and radiative properties of ash
improves our ability to predict flow,
combustion, and heat transfer.

spray are commonly greater than
100 pum, which is larger than the
wavelength of infrared radiation in
the furnace. Therefore, properties of
these particles can be approximated
by the large particle limit for spheri-
cal particles, assuming that the emis-
sivities of these materials are known.

Fume particles suspended in the
flue gas are commonly oil to 10 pm
and require measurements of com-
plex refractive index to calculate
radiative properties.

Gas-entrained particles
Values are needed for the properties
of gas-entrained carryover and of
aerosol particles (fume) to deter-
mine the absorption and scattering
of radiation in the upper part of the
furnace. Values for the complex
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Gross heat input/plan area

Exit gas temp.

Type of fuel MW, /m?
Coal-fired boilers
Bituminous coal® 5.7
Lignite coal® 4.7
Black liquor 2.7

Low to medium slagging. "Severe slagging.

Btu/(h ft2) oC oF

1.8 x 10° 1300 2370
15 x 10° 1050 1920
0.85 x 10° 925 1700

I. Design parameters for coal-fired boilers and black liquor recovery boilers (5)

index of refraction were recently
measured to characterize the optical
properties of pure Na,CO,, NaSO,,
K,CO,,K,SO,,and several samples of
recovery boiler ash (3).

The complex refractive index
was found to be dependent upon
the amount of sulfate and carbonate
but independent of sodium and
potassium. However, the values mea-
sured for the optical properties of
recovery boiler ash did not vary sig-
nificantly for samples of different
composition. These measurements
have made it possible to calculate
total scattering and absorption effi-
ciencies of fine particles of recovery
boiler ash. The calculation of effi-
ciencies is based on Mie theory, as
applicable to homogeneous spheri-
cal particles (7) under the assump-
tion that particles act as indepen-
dent scattering sources.

The total efficiencies of recovery
boiler ash particles as a function of
temperature and particle diameter
are shown in the graphs on the left
side of Fig. 1. For comparison, the
graphs on the right show the effi-
ciencies for a low-iron coal ash cal-
culated from optical constants mea-
sured by Goodwin (8).As the curves
in the upper graphs show, the scat-
tering efficiencies of the recovery
boiler ash are similar to those of the
coal ash. However, the absorption
efficiencies of the recovery boiler
ash are significantly lower than
those of the coal ash, as the lower
graphs show. For particle diameters
on the order of 1 um, the absorption
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efficiency of the recovery boiler ash
is roughly ten times lower than that
of coal ash.*

Even in relatively high concentra-
tions (1-2% by wt.), inorganic mate-
rial entrained by combustion gases
in recovery furnaces does not signif-
icantly emit or absorb radiation com-
pared to the radiation emissions and
absorptions of H,O and CO, gases.
However, fume does affect radiative
scattering, because fume has submi-
cron aerosol particles that account
for 0.5-2% of the gas weight.

Scattering reduces heat transfer
to the furnace walls by contorting
the path that a photon must travel to
reach the wall. The amount of scat-
tering depends on the concentration
and the sizes of fume particles and is
relatively independent of ash com-
position. Scattering increases as
fume particles are generated by the
condensation of inorganic vapors in
the upper furnace and in the con-
vective pass. Extensive scattering ac-
counts for the low visibility in recov-
ery boilers.

Furnace deposits
The spectral emittance values of
kraft black liquor, dried solids, char,
molten smelt, and fume deposits
were recently measured, and total
emittance was calculated as a func-
tion of blackbody temperature (4).
Engineering correlations for total
(spectrally integrated) emissivity and
absorptivity were developed for
these properties between tempera-
tures of 100°C and 1800°C. The
results are shown in Fig. 2.

As the curves show, black liquor,
dried solids, and char have relatively
high emissivities (0.8-1.0), and these
values decrease with increasing tem-
perature. Molten smelt also has a
high emissivity (0.8-0.95).The emis-
sivity of molten smelt is independent
of the amount of sulfide oxidation,
and molten smelt appears to be
transparent to radiation at short
wavelengths. Therefore, the emissiv-
ity of smelt must depend partly on
the properties of the substrate. In
other words, thermal radiation is
transmitted through the smelt and is
absorbed or reflected by the sub-
strate.

Fume deposits have a low emis-
sivity that decreases with the tem-
perature of the radiation source, as
the figure shows. Thin layers of sub-
micron dust particles scatter and
reflect radiation before it is transmit-
ted to the substrate. The white color
of fume deposits is characteristic of
low emissivity (or high reflectivity)
in the visible range of the radiative
spectrum. Low emissivity reduces
the transfer of heat to the surface
wherever ash deposits are below the
melting temperature and fume de-
posits are likely to collect. Similar
behavior has been observed for coal
ash (2) and other dielectric materi-
als, in regard to total emissivity as a
function of temperature.

Sintering is also believed to have
significant effects on deposit ther-
mal conductivity, emissivity, and sur-
face heat transfer; however, these
effects are just beginning to be mea-
sured (6).

RECOVERY BOILER MODEL

Flow and combustion
In this work, Babcock & Wilcox’s
Combustion Model for Process
Recovery Boilers, COMO-PR*™ has
been used to simulate black liquor
combustion in recovery boilers
(9-11). The mathematical model is
based on a fundamental description

COMO-PR™ is a service mark of Babcock & Wilcox.
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1. Calculated absorption and scattering efficiencies for spherical particles of recovery boiler ash [left, Sample D of Samretvanich (3)]
and for spherical particles of coal ash [right, Sample SA01 from Goodwin (8)].

of various interacting processes of turbulent flow, chem-
ical reaction, and heat transfer. Combustion is character-
ized in four stages: drying, devolatilization, char burning,
and smelt oxidation.

The char-burning model includes mechanisms for
alkali sulfate reduction, carbonate reduction, carbon
removal by CO, and H,O gasification, and combustion
with O,.The model for alkali release and fume formation
includes mechanisms for physical ejection (micro explo-
sions) of material from black liquor drops during drying
and devolatilization, as well as mechanisms for sodium,
potassium, and chlorine vaporization during char burn-
ing and smelt oxidation. The same reaction mechanisms
are applied for black liquor spray, deposits on the furnace
walls, and the active layer of the char bed. [For a critical
review of recovery boiler modeling capabilities and
needs, see the TAPPI J. article by Grace in 1996 (12)].

Radiative properties
The emission, absorption, and scattering properties of
particle—-gas mixtures are calculated based on the local
temperature, the gas composition, the particle composi-
tion, and the particle number density. The absorption
coefficient, k, includes contributions from both gas and
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2. Emissivity correlations for black liquor, dried solids, char,
molten smelt, and sintered fume deposits (4). The abscissa
denotes the surface temperature, T , for total emissivity or the
effective source temperature, T, for total absorptivity.
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particles. The absorption coefficient
of the gas mixture is calculated using
Edwards’s wide-band model (13).

The total absorption and scatter-
ing coefficients of the particles, k
and o, are calculated from absorp-
tion and scattering efficiencies:

o= 3

9= 2

T
a4 q Qabsi N 1)
T
Z di Qsca.i N (2)

In each equation, the summation
is over discrete particle size groups,
where d. is the particle diameter of
size i, where Qabs’i is the absorption
efficiency and Qm’i is the scattering
efficiency, and where N_ is the parti-
cle number density. Gas-entrained
particles include burning black
liquor drops, mechanical carryover,
ejecta, and fume.The largest particles
(>100 um) of black liquor, char, and
inorganic carryover are modeled by
solving equations for the conserva-
tion of mass, momentum, energy, and
chemical species in a Lagrangian ref-
erence frame. Efficiencies are calcu-
lated on the basis of the large-particle
(optical) limit:

Qabs = ¢ (3)
Q.=1-¢ (4)

The emissivity, & is calculated
from correlations in Fig. 2 (4). The
particle diameter is calculated from
correlations of drop size distribution
from a splash plate nozzle (14).A par-
ticle is assumed to swell to roughly
three times its initial diameter at the
end of devolatilization and then to
shrink at a rate that depends on the
extent of carbon removal during char
burning.

Particles of intermediate size
(1-100 pm) are formed by physical
ejection from burning black liquor
drops. Ejecta particles are modeled
by equations being solved for the
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conservation of mass and chemical
components in an Eulerian reference
frame. The diameters of ejecta are
assumed to be uniform, each particle
with an initial size of 30 um, and the
swelling characteristics are assumed
to be the same as those of large par-
ticles. The efficiencies are calculated
from the large-particle limit for the
short span during which char burn-
ing occurs. After char burning, the
efficiencies in Fig. 1 are used for
spherical particles of recovery boiler
ash.

Fume particles are typically 0.1-1
pm in diameter. These particles are
also modeled by equations being
solved for the conservation of mass
and chemical components in a Euler-
ian reference frame. The local quan-
tity and composition of fume are
determined from multiphase chemi-
cal equilibrium between gas-phase
combustion products and volatile so-
dium, potassium, and chlorine. Fume
particles are assumed to be of uni-
form diameter (1.0 um), and the ash
particle efficiencies shown in Fig. 1
are used.

All heat transfer surfaces in a
recovery boiler are covered with
inorganic deposits (frozen smelt,
molten smelt, and fume) of various
thicknesses and densities. The emis-
sivities and absorptivities of furnace
wall deposits are calculated based on
the local surface temperatures and
melting properties of ash using the
correlation shown in Fig. 2. The sur-
face temperature is used in the cor-
relation for calculating total emissiv-
ity, and an effective source tempera-
ture for incident radiation is used in
the correlation for calculating total
absorptivity. The effective source
temperature was calculated from the
incident radiative flux, q_, as fol-
lows:

— [hlinclj/4
= .8 ©®

where o is the Stephan-Boltzman
constant.

The correlation for char is used
wherever black liquor is depositing
and burning on the walls; otherwise,
the correlation for smelt or fume
deposits is used. When deposit sur-
face temperatures are less than
700°C, the properties of fume
deposits are applied. Above 800°C,
deposits are completely molten at
the surface, and the properties of
molten smelt are used. Between 700°
and 800°C, deposits are highly sin-
tered and are partially molten near
the surface; therefore, properties are
approximated by linear interpolation
between the properties of fume and
molten smelt.

Radiative heat transfer
Governing equations for radiative
heat transfer are solved numerically,
coupled with other equations for tur-
bulent flow and combustion.The dis-
crete ordinates method (15) is ap-
plied for an emitting—absorbing and
scattering gray medium. The method
accounts for nongray surfaces by
evaluating total properties with an
appropriate blackbody source tem-
perature.

Radiative heat transfer to heat
exchanger tubes was modeled by an
additional contribution to the absorp-
tion and scattering coefficients in the
tube regions. Tube banks are treated
as a continuum, because it is imprac-
tical to resolve the individual tubes
within the computational grid of the
model.The effective radiative proper-
ties are calculated from tube diame-
ter, spacing, and deposit emissivity.

Furnace heat transfer
Furnace heat transfer is determined
with an equation for conservation of
fluid enthalpy, where the fluid is a
mixture of gases and fine particles
(fume and ejecta). The flow rate and
temperature of air entering the fur-
nace define the inlet conditions.
Sources of combustion products
(water, volatiles, and char products)
are added, from burning particles and
char deposits on the furnace walls
and char bed.



Heat absorbed by radiation from
gases and fine particles and by con-
vection on furnace walls and tube
banks is included as a source or a
sink in the enthalpy equation. Con-
vective heat transfer to heat ex-
changer tubes is calculated with cor-
relations for cross flow over the tube
banks. The gas temperature distribu-
tion is finally determined from ther-
modynamic relationships of enthal-
py, expressed as a function of the
temperature and chemical composi-
tion of the fluid gas—particle mixture.

An energy equation for burning
black liquor particles is solved in a
Lagrangian reference frame. Particles
exchange heat with their surround-
ings by radiation, convection, and
mass transfer. The continuous distrib-
ution of particle size and velocity
from each liquor nozzle is repre-
sented by a discrete number of parti-
cle streams. Each stream is character-
ized by an initial position, drop size,
mass, velocity, temperature, composi-
tion, and number flow rate. Several
thousand particle trajectories are cal-
culated to determine the distribution
of liquor spray, deposition on the fur-
nace walls and char bed, and me-
chanical carryover leaving the fur-
nace.

Heat transfer to the furnace walls
is modeled based on a quasi-steady-
state energy balance, as shown in Fig.
3, with variables defined in Table II.
The model takes into account:

 Radiative and convection heat
transfer to the surface
» Mass transfer by particle deposi-
tion
< Smelt run-off and sloughing of
deposits
* Chemical heat release
e Conduction heat transfer through
the deposits and tube metal to
the boiling water in the tubes.
The energy balance was solved im-
plicitly to predict heat absorption
and surface temperature distribution
on the furnace walls.

Qcond
_\/\
Particles
3
=
Gaseous
reactants
m h(Ty)
\ (Gaseous
products
i h(Ty)
Wall
mh(TW) l 5|0Ugh

Smelt

o
=
[oX
—
1

derivative with respect to
time, s™

=
—~
—
=
—
1

enthalpy evaluated at gas
temperature, J/kg

enthalpy evaluated at par-
ticle temperature, J/kg

enthalpy evaluated at wall
surface temperature, J/kg

mass of deposits on wall,
kg/m?

mass flux, kg/m?[s

= conduction heat transfer
rate, W/m?

= convection heat transfer
rate, W/m?

= radiation heat transfer
rate, W/m?

internal energy of wall
deposits, J/kg

3. Energy balance on the furnace wall.

Ash deposits on the furnace walls
and superheater inlet are usually
molten on the surface, a condition
known as “slagging.” Since values for
the thermal properties and the distri-
bution of deposits are not known, a
minimum thermal conductance of
30-50 W/(m?*K) is assumed in the
model. The surface energy balance is
then solved for an estimated surface
temperature and heat flux.

If the calculated surface tempera-
ture exceeds the melting tempera-
ture of the ash, then molten smelt
flow counteracts deposit growth
until deposit thickness and thermal
conductance are in balance. In that
case, the surface temperature is set
equal to the ash melting point, and
absorption heat flux and deposit
thermal conductance are calculated
from the surface energy balance.

The slagging boundary condition
is a combination of two types of
boundary conditions: constant ther-
mal conductance and constant tem-
perature.These two boundary condi-
tions are commonly used for model-
ing furnace heat transfer, but they are
always used independently. The ad-
vantage of the slagging boundary

Il. Nomenclature for the variables in Fig. 3

condition is that it is more realistic
for simulating molten ash on furnace
walls because it sets a practical
upper limit on surface temperature
and a lower limit on thermal con-
ductance. If the ash composition and
the actual melting temperature of
the ash were known, then the melt-
ing temperature could also be per-
mitted to vary based on local condi-
tions on the wall.

RESULTS AND DISCUSSION

Boiler description
In this modeling study of furnace
heat transfer, we used a recovery
boiler that was experiencing prob-
lems with fouling and plugging of
convection surfaces. The unit was a
single-drum boiler with three levels
of air injection and a sloping floor.

The boiler was tested during sta-
ble operation over an 8-h period.
During testing, the boiler was firing
liquor at a rate of 1476 metric tons
of dry solids per day, which was ap-
proximately 87% of the manufac-
turer’s rated capacity. The gross heat
input per plan area at this load was
2.12 MW/m2, which is below aver-
age for boilers of this size (mean =
2.5-2.7 MW,/m?).The boiler burns a
mixture of black liquor from several
mills. The amounts of chlorine and
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Firing rate
Dry solids flow rate,
tons/day 1476
Gross heat input per
plan area, MWt/m2 2.12
Liquor delivery
Nozzles 4
Temperature, °C 123.3
Pressure, kPa 161.8
Air delivery
Air flow rate, kg/h 258,120
Air flow distribution, %
Primary 432
Secondary 30.1
Tertiary 26.7
Air temperature, °C
Primary 162
Secondary 165
Tertiary 57
Boiler
Drum
Temperature, °C 280
Pressure, kPa(gauge) 6310
Main steam
Temperature, °C 431
Pressure, kPa(gauge) 5771

I11. Boiler operating conditions

potassium are usually higher than
desired, which contributes to the
plugging problems.

The conditions used during per-
formance testing are summarized in
Table Ill. Liquor was introduced to
the furnace through two standard
splash plate nozzles, one on the front
wall and one on the rear wall, and
through two wedge nozzles, one on
each side wall. Liquor guns were
oscillated vertically. At 123.3°C, the
liquor was slightly above its boiling
point and was flashing at the nozzle.
Air flow was distributed at 43.2% to
the primary air level, 30.1% to the
secondary level, and 26.7% to ter-
tiary air level.

Careful measurements of air flow
distribution, damper settings, and
liquor spray conditions were used to
define the model. The model repre-
sents the geometry of the furnace
enclosure, the superheater, and a
portion of the long-flow generating
bank. We represented air flow into
the model by specifying the mass
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flow rate, the velocity, and the tem-
perature at each inlet to the furnace.
We represented liquor spray by spec-
ifying the particle-size distribution
and the velocity leaving each nozzle.

Infrared video images of the char
bed were recorded during boiler
testing and were used to approxi-
mate the shape of the char bed in the
model. The shape of the char bed
was assumed to be fixed.

Geometrical parameters for the
superheater and generating banks,
including the number of tubes, tube
spacing, and tube diameters, were
accurately represented for predict-
ing convection and radiative heat
transfer and for estimating the draft
loss.

Heat transfer results
The distributions of predicted flow
and gas temperatures are shown in
Fig. 4 through the center planes in
the furnace, front to rear and side to
side.As the drawings on the left side
of the figure show, the secondary air
system creates opposing jets of air
that collide in the center of the fur-
nace.After colliding, these jets create
a strong upward flow near the cen-
ter and a downward flow near the
side walls of the lower furnace. The
flow becomes strongly biased to the
left side of the upper furnace.

The two images on the right side
of Fig. 4 show that there is a corre-
sponding distribution of gas temper-
ature in the upper furnace, with
higher temperatures in regions of
high upward flow. Side-to-side imbal-
ances in gas flow and temperature
cause an excessive amount of me-
chanical carryover that adversely
affects the boiler performance. The
model results were substantiated by
observations of furnace brightness,
carryover probing, and gas tempera-
ture measurements in the upper fur-
nace.

Figure 5 presents a comparison
of measured and predicted gas tem-
peratures that occur at a horizontal
plane above the bullnose. Measure-

ments were made with a bare ther-
mocouple wire inserted through
inspection doors in the front wall,
and the values were corrected for
radiation losses. Predictions show
more variation from front to rear and
from left to right than the measure-
ments reflected, but the average val-
ues are in good agreement. Dispari-
ties between measured and pre-
dicted temperature distributions
may be caused by uncertainties in
furnace operating conditions, in the
flow distribution predicted, and in
thermocouple measurements. Varia-
tions in deposit thickness and ther-
mal properties on the furnace walls
may also cause disparities between
measured and predicted gas temper-
atures.

Figure 6 shows the concentra-
tions of large and small particles in
the furnace. The highest concentra-
tion of large particles, which include
black liquor spray and carryover, is
between the liquor guns and the
char bed.The concentration of large
particles decreases above the liquor
guns. Of the particles that are carried
upward, most fall back down as the
char burns out and as smelt coa-
lesces into smaller, denser particles.

The right side of the figure shows
the distribution of concentrations of
small particles, which include ejecta
and fume particles. Ejecta particles
are formed near the liquor guns as
fine particles are ejected from burn-
ing black liquor drops. Fume parti-
cles start to form above the tertiary
air level, and the concentration in-
creases with decreasing gas tempera-
ture. Modeling results for fume for-
mation and chemical composition
are described elsewhere (11).

Figure 7 shows the distribution
of total absorption coefficient and
the distribution of scattering coeffi-
cient. The absorption coefficient
includes contributions from gases
and particles. The highest values are
near the liquor guns where the con-
centrations of black liquor spray,
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4. Flow patterns (left) and the distribution of gas temperatures (right) through the center planes of the furnace.

char particles, and ejecta are high.

Gas-phase combustion products, H,O

and CO,, dominate absorption

throughout other parts of the fur-

nace. As the right side of the figure Predicted
shows, the distribution of scattering temperature, C
coefficients is dominated by the pres-

ence of fume. The coefficient values 1000
(=1 m™) are much higher than those 950
for pulverized coal combustion (~0.1 = = 900
m™). In the convection pass, the z = 850
absorption and scattering coeffi- 3 = 800
cients include contributions from 750
tube banks as a participating media.

The left side of Fig. 8 shows the 700
distribution of the rate of mass depo- 650
sition, and the right side shows the 600
distribution of the thermal conduc- B 550
tance of deposits on the furnace 500
walls. Black liquor spray, that is partly Front wall )
dried and combusted, deposits on AN / Av&ragegaztempggg%re.
the walls below the liquor guns, as | fond Pea;_ured e
the left side of the figure shows. Char fispection doors redicte
deposits insulate the wall, resulting in Thermocouple measurements
a low thermal conductance, as (corrected for radiation): [ |
shown on the right.

Molten smelt coats the walls of 5. Measured and predicted gas temperatures at the horizontal plane above the bullose.
the middle and upper furnace. The
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deposit conductance is dependent
upon the local heat flux that is nec-
essary to maintain the deposit sur-
face at the melting temperature. On
surfaces where the heat flux is high,
deposits are thin, and the thermal
conductance is high. Thermal con-
ductance decreases with increasing
elevation until the deposit surface
temperature drops below the melt-
ing point, and dry fume deposits are
likely to collect.

Figure 9 shows the distributions
of deposit surface temperature and
absorption heat flux on the furnace
walls. The surface temperatures and
heat flux are higher on the left side
as a result of imbalances in gas flow
and temperature. Molten smelt is
present where surface temperatures
are 800°C throughout most of the
furnace. Fume deposits are present
at lower surface temperatures that
occur in the upper furnace and con-
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vection pass. Black liquor spray that
impinges on the furnace walls near
the black liquor guns reduces the
surface temperature and the heat
absorption because of the drying of
black liquor and the build-up of char
deposits in some areas. In other
areas, char burning increases the sur-
face temperatures.

Figure 10 shows the distributions
of surface absorptivity and emissiv-
ity. In the lower furnace, where char
and molten smelt are present on the
furnace walls, values of absorptivity
and emissivity are high (about 0.9).
In the upper furnace and convection
pass, where fume deposits are pre-
sent, values are much lower (about
0.4).The figures show a sharp transi-
tion in the values at surface tempera-
tures in the range of 700-800°C,
which is the range through which
melting occurs (Fig. 9, left). The tran-
sition from molten smelt to dry fume

deposits also causes a decrease in
absorption heat flux (Fig. 9, right), a
physical transition that was
observed and photographed during
a boiler trip with oil firing.
Parametric effects

By scattering radiation, fume parti-
cles impede radiative heat transfer,
causing a decrease in heat absorp-
tion and an increase in gas tempera-
ture at the furnace exit. If we
neglect the effects of scattering by
fume, the model shows an increase
in furnace heat transfer and a
decrease of approximately 55°C in
average gas temperatures at the bull-
nose elevation. The effect of fume
particle size is subtle. In the model,a
change in fume particle diameter
from 1 ym to 0.5 pm (and a corre-
sponding increase in particle num-
ber density) causes the scattering
coefficient to decrease from approx-
imately 1.0 m™ to 0.4 m™ in the
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upper furnace.The same change also
causes the average, predicted gas
temperature at the bullnose eleva-
tion to decrease by 12.4°C.

The thermal conductance of fur-
nace wall deposits has the largest
effect on furnace heat transfer, sur-
face temperature, and absorption
heat flux. A uniform thermal con-
ductance was previously applied to
the walls of the furnace and was
adjusted in the model to match mea-
surements of gas temperature at the
furnace exit (16). The transition
from molten smelt to dry fume
deposits was predicted to occur at
an elevation near the middle of the
furnace. This prediction was not
borne out by visual observations:
molten smelt has been noted
throughout most of the furnace.
Therefore, thermal boundary condi-
tions used in the current model are
probably more realistic because the
transition from molten smelt to dry
fume deposits occurs much higher
than reflected in the results obtained
with previous models.

CONCLUSIONS

In a recovery boiler, heat transfer via
radiation is impeded by radiation
scattering from fume particles in the
gas and by reflection from fume
deposits on the upper furnace walls
and the convection pass. The quan-
tity of recovery boiler ash and its
thermal properties substantially in-
crease the furnace size over what it
would be without ash.As a result, ash
adds cost to the capital investment
for a recovery boiler, which is much
greater than the capital investment
for a coal-fired boiler.

Measurements of the optical
properties of recovery boiler ash
and of the emissivity of fume
deposits have improved our under-
standing of furnace heat transfer.As a
result, we can more closely predict
heat transfer performance. However,
additional research is needed to
determine the effects of carryover,

deposition, fume deposition, and sin-
tering on the thermal transport
properties of deposits on the fur-
nace walls and convection
surfaces.TJ
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