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Nomenclature
A
d
dfr
dp
dpx
m&
m& ′′

p
s
T
t
u*
uc*
up
us
V&

the smallest cross-sectional area of the nozzle, m2
distance from the endoscope lens to the object, m
vertical size of the frame, pixels
inner diameter of the nozzle pipe, m
distance in the frame, pixels
mass flow rate, kg/s
mass flux, g/mm2s (6 kg /cm2 min)
pressure, Pa
the distance the spray moved during the exposure time and delay time, m
temperature, °C
time, s
dimensionless velocity, critical dimensionless velocity, velocity of the non-flashing case at the smallest cross-sectional area, m/s
sheet velocity, m/s
volume flow rate, m3/s

Greek letters

α
α
∆Te
∆Te,c
ε
ε*
φ
λc
λopt
ρgas
σ

angle of view of the furnace lens, °
angle, at which the fluid exiting the nozzle orifice strikes the splashplate, °
excess temperature, °C
critical excess temperatrure, °C
absolute error, m/s
relative maximum error, %
outer diameter of the endoscope pipe, m
minimum or critical wavelength of instability, m
the wave length of the disturbance of maximum growth, m
density of the gas, kg/m3
surface tension, N/m

Abbreviations
AOI
BPR
CCD
CFD
FFT

Area Of Interest
Boiling point rise
Charge-Coupled Device
Computational Fluid Dynamics
Fast Fourier Transformation
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1 Introduction
Kraft pulping is the most common method of producing pulp. Global chemical kraft
pulp production is about 120 million tons per year. In Finland, the production was 7.8
million tons in 2004 (Metsäteollisuus ry., 2005). In the kraft pulping process, lignin,
aliphatic acids and other organics are dissolved from wood chips during the strongly
alkaline cooking process, where Na2S and NaOH are used as cooking chemicals. The
fibers are washed and the pulp is used for a large variety of paper products. The
excess water of the spent kraft pulping liquor (inorganic and the dissolved organic
materials) is removed in an evaporation station and the strong black liquor is burned
in a recovery boiler. A recovery boiler has two main functions: to recover the valuable
inorganic cooking chemicals and to utilize combustion energy from the organic
portion of the black liquor. In modern pulp mills, the heat and power generation
covers more than the internal consumption.
The production of a kilogram of air dry pulp produces about 1.5 kg of black liquor
solids. US production of chemical wood pulp by the kraft process was about 45
million tons in 2004 (FAOSTAT data, 2006). This means that 100 million tons of
black liquor of 67% dry solids content is burned in recovery boilers per year. There
are more than 400 kraft pulp mills in the world, eighteen of them in Finland. Black
liquor as a fuel plays an important role in Finnish energy production. It corresponds to
11% of the total heat and power generation and 46% of the energy generated from
biofuels (Helynen et al., 2002). Even a modest improvement in avoiding malfunctions
or reducing emissions by greater efficiency in recovery-boiler combustion is
significant.

1.1 Spraying black liquor into a recovery boiler
The transformation of liquids into sprays is of importance in several industrial
processes and has many applications in agriculture, meteorology, and medicine. The
process of spray disintegration is one in which a liquid jet or sheet is disintegrated by
the kinetic energy of the liquid itself, or by exposure to high-velocity gas, or as a
result of mechanical energy applied externally through a rotating or vibrating device.
The random nature of the atomization process makes the resultant spray become
characterized by a wide drop size distribution. The combustion of liquid fuels is
dependent on effective atomization to increase the specific surface area of the fuel,
and thereby achieve a high mixing rate. In some applications however, small droplets
must be avoided in order to achieve the desired rates of heat and mass transfer
(Lefebvre, 1989).
The desired drop size of black liquor differs from those of other fuels. An ideal black
liquor drop is not too small to get entrained among the flue gases and form carry-over
in the upper parts of the boiler furnace, nor is it too large to fall into the char bed
located at the bottom of the boiler without drying and causing cooling of the char bed.
Figure 1.1 presents the lower part of a recovery boiler, including liquor guns, air
ports, and the char bed with smelt spouts.
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6m
Figure 1.1 Recovery boiler lower furnace (Vakkilainen, 2000)
The dimensions of a modern (4000 tons dry solids/day) recovery boiler are ~15 m x
14 m x 70 m. The size and capacity of this kind of boiler are increasing all the time.
Black liquor is commonly sprayed into a recovery boiler furnace by a set of
splashplate nozzles. The swirl-cone and V-jet types are also used at a small number of
boilers. Splashplate nozzles produce a thin liquid sheet, which breaks up, forming a
wide distribution of large (mass median diameter of 2 – 10 mm) irregular drops
(Kankkunen et al., 2001; Kankkunen and Miikkulainen, 2003).
Black liquor has one of the lowest heating values of industrial fuels because of its
high fraction of oxidized inorganic matter. High ash and water content make
combustion of black liquor difficult. Sprayed droplets go through the sequential or
partly overlapping process of drying, pyrolysis and combustion of the pyrolysis gases,
char burning and reactions of the inorganic residue (Hupa et al., 1987; Järvinen,
2002).
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The disintegration mechanism of a spray results from spraying parameters, liquidspecific parameters and the spraying environment. Fraser (1956) suggested that three
different disintegration mechanisms exist, namely rim disintegration, wavy-sheet
disintegration, and perforation. Spielbauer and Aidun (1992a) found that the main
disintegration mechanisms of black liquor sprays are wavy-sheet disintegration and
perforation. In both cases, ligaments are formed first and drops later. Helpiö and
Kankkunen (1996) discovered that flashing accelerated spray velocity and that higher
temperatures decreased drop size. If the temperature difference between the spraying
temperature and the atmospheric boiling point is more than approximately 8°C,
flashing may take place inside the nozzle and accelerate the liquor flow and increase
the rate of sheet breakup (Empie et al., 1992a). This brings a third disintegration
mechanism, flash-breakup, to black liquor spraying.
The flashing phenomenon is a very important characteristic of black liquor spraying
and drop formation. Spraying above the atmospheric boiling point of black liquor is
common, especially in modern recovery boilers with high dry solids content. The
spraying temperature must be high enough to enable the pumping of the black liquor
as well as the drop formation process. The dry solids content of 75% can be
considered as a limit for high solids content. The average dry solids content has
increased during the past years, especially for the latest very large recovery boilers.
(Vakkilainen, 2005).
90
85

Maximum

Virgin dry solids, %

80
75
Average
70
65
60
55
50
1975

1980
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2005

2010
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Figure 1.2. Black liquor dry solids as a function of purchase year of recovery boiler
(Vakkilainen, 2004).
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Research work on black liquor spraying has been carried out for more than 20 years,
mostly in Finland and the USA. At an early stage, substitute liquids and laboratory
scale equipment were used. After that, low solids black liquors were used in smallscale and full-scale spraying chambers. It was difficult to scale the tests to correspond
to the real spraying situation, especially in the flashing case. In the USA, researchers
considered the black liquor viscosity as the most important connecting factor for
different studies and spraying cases, and little attention was paid to the spraying
temperature and especially to its difference from the boiling point. In Finland, the
spray research went more towards high dry solids black liquors and spraying under
flashing conditions, corresponding to the research into the development process of
recovery boilers. The next step for black liquor spray research was to conduct it in a
real recovery boiler furnace and to compare the results to those derived from spraying
chamber tests.

1.2 Outline of the thesis
This thesis discusses the method devised to carry out non-intrusive spray research
inside a recovery boiler using a furnace endoscope developed at Helsinki University
of Technology (TKK). The objective of the present thesis was to obtain information
on the spraying of black liquor under in-furnace conditions, both to gain a better
understanding of black liquor drop formation and to gather initial data for the
modeling of recovery boilers. The three main objectives were 1) to find and develop
suitable methods to obtain this information, 2) to find out how the spraying processes
in a cold spraying chamber environment correspond to hot recovery boiler furnace
conditions, 3) to determine the key factors affecting black liquor spraying and to
discover how to predict spray properties from spraying parameters.
Chapter 2 summarizes the research work related to black liquor spray research carried
out prior to this study. There is a brief history of black liquor spray research and an
account of the work of the main research groups in this area. The chapter focuses on
different spray disintegration mechanisms and on the reasons for them. The objective
and the scientific significance of this dissertation are presented in more detail in
Chapter 3. The work in Publications I to VI is aggregated in Chapters 4 to 7, and the
conclusions are summarized with recommendations for future work in Chapter 8.
Appendix I lists the significant quantities and dimensionless parameters involved in
the test cases.
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2 Literature review
This chapter gives an overall picture of the spraying process of black liquor and the
research work carried out in the field of black liquor drop formation prior to this
thesis. The main focus is on the experimental work of spraying and drop formation of
black liquor or very viscous substitute liquids and on the spray formation of black
liquor nozzles and especially on splashplate nozzles. Drop-size measurements and
studies of drop size distributions and combustion of black liquor are mainly excluded.
Bennington and Kerekes (1985) summarized the parameters affecting black liquor
sprays as black liquor physical properties, furnace operation, and nozzle geometry.
Nozzle geometry is determined by nozzle type and diameter. The parameters of
furnace operation that can be somewhat controlled are firing rate, number of nozzles
used, i.e., the flow through a nozzle, dry solids content and spraying temperature. The
most important controllable parameter is the spraying temperature. The physical
properties (viscosity, surface tension, density and boiling point rise) are determined by
the composition, temperature and pressure of the fluid. This literature review
describes first generally the picture of the previous research work on black liquor
spraying during the last two decades. There is a separate paragraph for the black
liquor spraying related research work carried out in the TKK.
Most of the published studies on black liquor spraying during the last two decades
have been carried out at the Institute of Paper Technology (IPST) (Adams et al., 1990;
Spielbauer and Aidun, 1992a, 1992b, 1992c; Empie et al., 1995a, 1995b; Loebker and
Empie, 1998, 2001, 2002) and the TKK. Some research work, especially during the
early stages, was also carried out at Tampere University of Technology (Mäntyniemi,
1987), University of British Columbia (Bennigton and Kerekes 1985), and University
of Maine (Bousfield, 1990; Stockel, 1985) The research work at different institutes
differed according to whether real black liquor, dilute black liquor or substitute liquids
were used, as well as according to nozzle types. The spraying conditions also separate
these studies to spraying chamber and in-furnace tests. The main difference, however,
is whether the spraying temperature is below or above the boiling point, i.e., whether
the flashing phenomenon exists or not. Research work has been carried out both with
small-scale and mill-scale nozzles and the normal dry solids content of the black
liquor used in the research has increased significantly, from around 60% to 80%,
during the last two decades.
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Black liquor spray research in TKK started in 1990. At first, the experiments were
carried out with small-scale splashplate nozzles with water, water-glycerol and black
liquor. The focus was on the dimensional analysis and on the effect of flashing. Due
to findings of large and often non-spherical droplets, image analysis was adapted for
drop-size measurements (Paloposki and Kankkunen, 1991; Mikkanen, 1991;
Rantanen et al., 1993; Kankkunen et al., 1994). The pressurized gasification related
spraying was studied by Helpiö et al. (1994). In 1994, TKK started full-scale
experiments with splashplate nozzles in a vertical spraying chamber that was built
next to a recovery boiler. The focus was on the effect of mass flow rate and
temperature on drop size, and on the pressure loss inside the nozzle pipe. The breakup
process and the velocity of the black liquor sheet and the performance of different
nozzle types were also studied and the results compared to small-scale experiments
(Helpiö and Kankkunen, 1995; Kankkunen, 1995; Nieminen, 1996a). In 1997, TKK
introduced the black liquor spray research under in-furnace conditions with a furnace
endoscope. The parameters affecting spraying were studied in several operating
recovery boilers (Miikkulainen, 1997). In 2000, a full-scale, horizontal, spraying
chamber was built next to a recovery boiler at the liquor gun level and extensive
spraying experiments were carried out with two commercial black liquor nozzles,
both in the spraying chamber and under in-furnace conditions (Kankkunen et al.,
2001; Miikkulainen et al., 2002). Prior to these extensive spraying tests under furnace
conditions, Adams et al. (1990b) and Spielbauer et al. (1991) videotaped black liquor
sprays inside an operating recovery furnace through a liquor gun port. They sprayed
downwards as parallel to with the boiler wall as possible. Helpiö and Kankkunen
(1995) obtained a reference for the phenomena observed in the spraying chamber
similarly, except they sprayed horizontally.

2.1 Spraying-related physical properties of black liquor
The spray disintegration process is affected by the properties of the fluid being
atomized; black liquor properties are highly dependent upon wood species, cooking
conditions, evaporation process and additional chemical streams. The main spraying
related physical properties of black liquor are dry solids content, viscosity, boiling
point rise, surface tension, and density.
Additional streams, such as makeup chemicals, biosludge, acid from chlorine dioxide
generation, and particulate from the boiler and economizer hoppers as well as the
electrostatic precipitator are usually added in a mix tank or at the evaporation plant. In
the evaporation process black liquor will further decompose as cooking is continued
resulting in non-condensable gases (NCG) generation and lowered viscosity.
Depending on the evaporation process, the dry solids content before spraying is
usually 60-80%, of which approximately 60% is combustible organic matter and the
rest is inorganic salts (Hupa and Hyöty, 1995). An example of elemental mass and
organic compound distribution in the black liquor solids before the mix tank is shown
in Table 2.1. The density of black liquor depends on the dry solids content and liquor
type, and is in the range of 1400 to 1500 kg/m3 when the dry solids content is between
60-80% (Frederick, 1997).
Table 2.1 Elemental mass distribution in the black liquor solids (Torniainen, 2003)
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C
H
O
N
S
Na
K
Cl
Others

%
34 - 39
3-5
33 - 38
0.04-0.2
3-7
17 - 25
0.1 - 2
0.2 - 2
0.1 – 0.3

The chemical composition of black liquor has an effect on the spraying-related
physical properties of black liquor. The organic solids in kraft black liquors are
mainly composed of degraded lignin and polysaccharide degradation products
(aliphatic carboxylic acids). There is a minor fraction of extractives and other organics
(mainly hemicellulose residues). The organic material also contains small amounts of
sodium and sulfur (Alén, 2004).
Table 2.2 Typical composition (%) of the organic dry solids of pine and birch kraft
black liquors (Alén, 2004)
Component
Lignin
Aliphatic acids
Other organics
Extractives
Carbohydrates
Miscellaneous

Pine
46
43
11
6
3
2

Birch
37
50
13
4
7
2

Inorganic material consists of residual active cooking chemicals (NaOH and NaSH),
and other compounds, such as Na2CO3, Na2SO4, Na2S2O3, Na2Sx, and Na2SO3 (Alén,
2004).
High-molecular-weight lignin and polysaccharide fractions and lignin-carbohydrate
complexes affect the viscosity of black liquor (Torniainen, 2003). It is possible to
decrease the black liquor viscosity by holding liquor at a high temperature for a period
of time. The lowered viscosity makes pumping and storing liquor at 75-80% dry
solids in an atmospheric tank possible (Holmlund and Parviainen, 2000). Black liquor
viscosity can also be decreased by increasing the temperature, adding auxiliary
substances and oxidizing the black liquor with a gas containing oxygen (Niemelä and
Alén, 1999).
The viscosity of black liquor is known to change greatly with temperature and dry
solids. In the case of non-Newtonian behavior viscosity is also a function of shear
rate. Figure 2.1 shows the typical softwood black liquor viscosity as a function of dry
solids content in different temperatures. The liquor sample is from the experiments
reported in Papers III-V of the present thesis. The range of the dry solids content
where the mill operated was 75-79% at the spraying temperature of 129-135°C. The
black liquor viscosity was 90-260 mPas.
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Figure 2.1 The effect of dry solids content and the spraying temperature on black
liquor viscosity, (Shear rate = 288 s-1)
Empie et al. (1995a) studied the effect of black liquor type on droplet formation with
liquors from five mills and found that the type of black liquors studied was not a
significant variable. The two most important variables were the jet velocity and
viscosity of the liquor. An increase of velocity produces sprays with decreasing
diameters, while an increase in viscosity produces sprays with increasing diameters.
The initial dry solids of the liquors were rather low (40-67.5%), while the main
difference between the liquors was the viscosity.
Boiling point rise (BPR) is the difference in boiling temperature between the solution
and the pure solvent when measured at the same pressure. Figure 2.2 shows the
dependency of BPR on the dry solids content. Above the 50% dry solids content, the
BPR increases rapidly. The liquor of the example is the same as in Figure 2.1.
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The addition of soluble material to black liquor changes its boiling properties. The
inorganic composition (concentration of aqueous salts) has the largest impact on the
boiling point (Torniainen, 2003).
In order to have viscosity low enough for pumping and ensuring the atomization
process takes place, the spraying temperature is usually in the same range as the
boiling point of black liquor. This makes the spraying temperature a very important
factor in black liquor spraying. Empie et al. (1992a) sprayed black liquor at several
different temperatures. They noticed a dramatic change in the behavior of the spray
discharge (much smaller droplets) from the nozzle above certain temperatures.
Operation above the boiling point results in flash evaporation of water from the liquor
within the nozzle. The transition temperature was estimated to be several degrees
above the atmospheric boiling point of the liquor and is dependent upon the dissolved
solids content of the liquor. In their work, the transition temperatures were observed
to be about 5°C above the atmospheric boiling point at 60% solids and about 9°C at
70%.
The surface tension of a fluid is associated with the free energy of its surface. This
property is responsible for the minimization of the surface area per unit volume of the
fluid and causes the break-up of fluid filaments during spray formation and results in
the formation of spherical droplets (Frederick, 1997). There is practically no
information available on high dry solids content black liquor surface tension. High
viscosity prevents the surface tension measurements.

2.2 Internal flow in splashplate nozzles
The recovery boiler nozzles have three main objectives: (1) to deliver production rates
of liquor in a drop-size range that gives acceptable combustion and reduction
efficiencies, (2) to deliver the liquor reliably with minimal nozzle or boiler pluggage,
and (3) to be able to operate stably with large variation in black liquor spraying
conditions . The most common nozzle type is the splashplate nozzle, which this thesis
focuses on. Other types of nozzles are the swirl-cone nozzle and the V- and U -type
nozzles.
Splashplate nozzles differ from each other mainly by size and the connection point of
the nozzle pipe and the splashplate. This study limits to the most typical splashplates
as seen in figure 2.3. The inner diameter of the nozzle pipe (dp) can vary from 10 mm
to 45 mm. The splashplate can be connected directly to the nozzle pipe or it can cut a
part of the exit area and throttle the flow (Case A in Figure 2.3). In some commercial
nozzles, the splashplate is attached to a larger pipe that surrounds the actual nozzle
pipe and the exit of the nozzle pipe is a few centimeters from the splashplate (Case B
in Figure 2.3). The shape of the splashplate and the angle (α), at which the fluid
exiting the nozzle orifice strikes the splashplate, also have an effect on the spray. The
fluid can be accelerated through a tube with a short entrance length (Case C in Figure
2.3); in this case, the free jet travels a short distance before striking the splashplate.
The cup region at the rear of the nozzle redirects the backward-flowing portion of the
fluid toward the front of the splashplate (Spielbauer and Aidun, 1992b).
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a) Splashplate reduces the
exit of the nozzle pipe.

b) The exit of the nozzle
pipe does not touch the
splashplate.

c) The cup
rear of
redirects
(Spielbauer
1992b).

region at the
the nozzle
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flow
and Aidun,

Figure 2.3 Schematic pictures of three types of splashplate nozzles
The proper selection of nozzle size and number requires knowledge on the flow and
pressure drop characteristics of these nozzles. Spielbauer and Adams (1990)
investigated experimentally the flow and pressure drop characteristics of black liquor
nozzles, including splashplate nozzles (c-type in Figure 2.3), below the boiling point
of the fluid. They measured the pressure, temperature, and the flow of the fluid (two
kraft black liquors (66-69% dry solids) and corn syrup (73% dry solids)) immediately
ahead of the nozzle. Viscosity was measured continuously in a by-pass line located
ahead of the spray nozzle. Viscosity was found to be an unimportant parameter in the
flow characteristics of the nozzles studied. The flow characteristics would be nearly
independent of black liquor viscosity, temperature and solids at the normal operation
conditions. Operating pressure seemed to be a good indicator of black liquor flow.
Kankkunen (1998) studied the flow regimes inside a splashplate nozzle and used the
two-phase flow regime map of Taitel and Dukler (1976) to indicate the type of flow.
The studied cases were on the single phase or on the dispersed flow regime. He
measured the mass flow rate and the pressure inside the pipe of a nozzle and studied
the analogous sheet breakup process and its connection to dimensionless numbers
defining the type of pipe flow.

2.3 Black liquor sprays
Black liquor spraying differs from conventional fuel atomization in many ways. The
desired drop size is very large. Mass flow rate through a nozzle is large and the
nozzles are large. The common agreement is that black liquor droplets should reach
the char bed completely dried and substantially combusted. When a droplet hits the
char bed, there must be sufficient amount char left for maximizing the reduction
degree. The control of black liquor spraying is difficult due to a broad drop size
distribution. Undersized droplets may form carry-over. Burning in wrong locations in
the boiler causes a decrease in bed temperature, poor reduction, poor heat transfer,
plugging and corrosion of heat exchanger tubes, excessive use of steam for soot
blowing and the danger of black-outs from over-sized drops and a cold bed
(Bousfield, 1990).
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Black liquor is commonly sprayed into a recovery boiler furnace by a set of
splashplate nozzles. Splashplate nozzles produce a thin liquid sheet, which breaks up
forming a wide distribution of large (mass median diameter of 2-10 mm) odd-shaped
drops (Kankkunen et al., 2001; Kankkunen and Miikkulainen, 2003).

2.4 Disintegration mechanisms and drop formation
The disintegration mechanism of a spray results from spraying parameters, liquidspecific parameters and the spraying environment. Knowing the disintegration
mechanism of a spray enables an estimation of the final drop size (Spielbauer and
Aidun, 1992b, 1992c; Kankkunen and Nieminen, 1997). Fraser (1956) suggested that
three different disintegration mechanisms exist, namely rim disintegration, wavysheet disintegration, and perforation.
Spielbauer and Aidun (1992b, 1992c) found that the two main disintegration
mechanisms of black liquor sprays are wavy-sheet disintegration and perforation. In
both cases, ligaments are formed at first and drops later. Due to high solids content,
black liquor is often sprayed above or well above the atmospheric boiling point. If the
difference is more than approximately 8°C, flashing may take place inside the nozzle
and accelerate the liquor flow and increase the rate of sheet breakup (Empie et al.,
1992a). This brings a third disintegration mechanism, flash-breakup, to black liquor
spraying.

2.4.1 Observations on breakup processes
Spielbauer and Aidun (1992b) carried out a study of black liquor sheet breakup
mechanisms. They found that the initial step in the disintegration process results from
the growth of waves in the sheet. Thin holes occur and rupture in the sheet due to gas
bubbles or solid particles in the black liquor. These perforations in the sheet then grow
and the result is a network of ligaments. Ligaments become unstable and break up into
droplets under surface tension and aerodynamic forces.
Nieminen (1996b) studied the sheet break-up mechanism both with industrial-scale
and small-scale nozzles. He found that the sheet broke up both by wave and by
perforated sheet disintegration simultaneously, but he did not observe a dominant
disintegration mechanism.
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Kankkunen and Nieminen (1997) measured the drop size of mill-scale nozzles and
studied the sheet breakup mechanisms with a system based on video and imageanalysis. The measurements were carried out both below and above the boiling point
of black liquor. Wavy sheet was observed at lower temperatures, while perforation
took place at temperatures above the boiling point. They observed that, when the
disintegration mechanism changed from wave formation to perforation, the drop size
increased, as Fraser (1956) had suggested. The reason for increase in drop size was
probably the beginning of flashing inside the nozzle. Gas bubbles perforated the sheet,
which broke up into ligaments earlier (when the sheet was thicker) than in the case
when the temperature was below boiling point. The velocity of the spray increased
when the temperature was increased above boiling point; when the mass flow rate was
low and the temperature high, the sheet obviously disintegrated by flashing.
Kankkunen (1998) studied breakup processes and their connection to dimensionless
numbers defining the type of the nozzle pipe flow. The Reynolds number was in
laminar, turbulent and transition regimes and wave formation was the main breakup
mechanism below boiling point. When the Reynolds number increased, the sheet
length decreased, but the Reynolds number did not seem to have a clear connection to
the breakup process. The breakup process changed from wave formation to
perforation when a value of the Euler number was changed from positive to negative,
Figure 2.4.

∆Τe = -4.1 °C

∆Te = 4.7 °C

∆Te = 14.8 °C

Figure 2.4 Effect of the spraying temperature on the sheet disintegration process. ∆Te
is the excess temperature. From the left: wave formation, perforation and flash
breakup. Modified from Kankkunen (1998).
Appendix I presents the dimensionless numbers involved in the test cases of this
thesis. The Reynolds number of the nozzle pipe flow in the experiments was between
680 and 4900. Jakob number was used instead of Euler number for characterizing the
potential of flash evaporation inside the nozzle.

2.4.2 Wave formation
The position of gas-liquid interfaces will fluctuate as a result of random disturbances
present in all real systems. When the position of the interface is perturbed locally, the
balance of the aerodynamic, inertial, viscous, and surface tension forces determine the
stability of the boundary. In a wave disintegration mechanism, sheet breakup results
from the temporal or spatial growth of the unstable modes.
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Dombrowski and Fraser’s (1954) model of the breakup process of the spray sheet
assumes that the sheet breaks at the crests and troughs of waves. Each half-wavelength contracts under surface tension to form a cylindrical thread. The thread then
breaks down to produce droplets. This physical model oversimplifies the real process,
but provides general indications of the characteristics of sprays generated by a number
of types of atomizers (Chigier, 1991a).
According to Rayleigh’s (1878) classic theory, the liquid sheet breaks up at the half
wavelength of the most rapidly growing wave, forming unstable liquid threads.
Surface tension forces rapidly contract this fluid into cylindrical strands that
ultimately break up into drops when their length surpasses their circumference, see
Figure 2.5 (Dombrowski and Johns, 1963).
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Figure 2.5 Disintegration of sheet by wave formation (Dombrowski and Johns, 1963)
The growth of disturbances in fluid sheets has been studied in several analytical
studies (Hagerty and Shea, 1955; Squire, 1953; Fraser et al., 1962) that assumed an
ideal flow. An ideal flow is incompressible, inviscid, and irrotational. Hagerty and
Shea (1955) found that only two wave forms, sinuous and dilational or varicose, could
exist in the sheet, but the calculated and experimentally observed growth rate of the
antisymmetric wave was greater than the corresponding symmetric wave in all
conditions under which these disturbances were temporally unstable (Squire, 1953).
Equation 2.1 gives the minimum or critical wavelength of instability (Hagerty and
Shea, 1955; Fraser et al., 1962).

λc =

2πσ
ρ gas u s 2

(2.1)

where σ is the surface tension, ρgas the density of the gas and us the sheet velocity.
The wave length of the disturbance of maximum growth, Eq. 2.2, was predicted by
Squire (1953) and Fraser et al. (1962).

λopt =

4πσ
ρ gas u s 2

(2.2)

These expressions are valid only when the magnitude of the disturbance is small
compared to the sheet thickness. However, it is generally assumed that the optimally
growing wave will also dominate at breakup when the amplitude is large (York et al.,
1953).
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Dombrowski and Johns (1963) included the effects of a finite liquid-phase viscosity
and decreasing sheet thickness in the results obtained for inviscid planar sheets. They
made an assumption that the sheet could be treated as planar at any given position (the
rate of change in sheet thickness is small). They found that the wave of maximum
growth was not affected by sheet thickness and could be calculated with Eq. 2.2. The
growth rate of a disturbance in viscous sheets was predicted to be a function of both
wave length and sheet thickness. Because the sheet is thinner farther from the nozzle,
the wave of maximum growth rate cannot be the optimally growing wave. However,
the results of this analysis were used to demonstrate the existence of a wave of
maximum amplitude at all positions downstream. Therefore, the breakup of the sheet
is expected to be dominated by a disturbance of a particular wavelength. Because the
viscous forces retard the growth of perturbations, the growth rate of a disturbance in a
viscous sheet is less than the growth rate for the corresponding disturbance in an
inviscid sheet (Dombrowski and Johns, 1963).

2.4.3 Features of wave-breakup theories
•

•
•

While the cause of the wave disturbances is unknown and all result from
random fluctuations in the sheet and surrounding air, all wavelengths are
equally likely to occur, and all initial amplitudes will be of the same order of
magnitude (Dombrowski and Johns, 1963).
A disturbance of a particular wavelength will dominate in a region of a
breakup.
At the critical value of the amplitude of this particular wave, the sheet will
break into ribbons, which will collapse into cylindrical strands and ultimately
form drops.

Following these features of wave-breakup theories leads to the prediction of a discrete
number of drop sizes; because the single wave is predicted to cause the formation of
strands from the sheet, all strands so produced will have the same diameter
(Spielbauer and Aidun, 1992b).

2.4.4 Perforation
A hole occurs in a fluid sheet and expands rapidly by surface tension forces, and the
fluid is drawn up into a thick rim around the hole (Dombrowski and Fraser, 1954).
The expansion of the hole is halted when the rim reaches another rim or the edge of
the sheet. Taylor and Michael (1973) carried out experiments where holes were made
in sheets of water and in mercury under water. They suggested that holes in a thin
sheet of fluid in which surface tension forces predominate will open out if the holes
are large in relation to the thickness of the sheet. Perforations of diameter smaller than
the thickness of the sheet will close back into the sheet.
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Fraser et al. (1962) estimated the growth rate of a perforation in a thinning sheet. They
predicted a uniformly expanding perforation. A number of parameters affects the
radius of a strand formed via the perforation mechanism, including the location
downstream at which the strand was formed, the time for growth, and interactions
with other strands. Therefore, unlike the wave mechanism, strands are expected to
form over a range of sizes. This seems to be necessary for the formation of the wide
drop size distribution observed in spray experiments (Spielbauer and Aidun, 1992b).
Spielbauer and Aidun (1992c) studied the disintegration process with three different
nozzle types, including the splashplate nozzle. Liquid sheets were formed by the
perpendicular impingement of a circular jet on a polished disc. They suggested that
the main mechanism of black liquor sheet disintegration is perforation. However, they
did not consider real black liquors above the boiling point. The formation of
perforations in a liquid sheet can be caused by particle impingement, solid particles in
the sheet, and local thinning or bubble growth. Spielbauer and Aidun (1994) found no
evidence of the first two mechanisms and therefore investigated the local thinning of
the sheet formed on a splashplate. They used glycerol/water solution as the test liquid.
They counted the radial distribution of perforations as a function of nozzle diameter
and the jet velocity and found a critical distance downstream at which rapid
perforation occurred.

2.4.5 Flash breakup
Flashing results from a sudden lowering of the pressure of a liquid, or solution of gas
in liquid, below the bubble point. The generation of vapor is not restricted to the
surface of the liquid phase but can originate at any suitable nucleus in the liquid
phase. Rapidly growing bubbles cause displacement of adjacent liquid. Brown and
York (1962) studied sprays formed by flashing cylindrical liquid jets. They found that
a substantial increase of temperature above saturation must be provided in order to
achieve significant flashing.
Increasing the black liquor solids content requires higher spraying temperatures.
Increasing the temperature beyond the boiling point produces a sudden phase change
in spraying, i.e. flashing at the unknown location in the nozzle or immediately after
the exit. Two flashing modes have been reported: the complete flashing mode and
two-phase effluent flashing mode or external flashing mode and internal flashing
mode, respectively (Park and Lee, 1994). For black liquor, in the normal range of
spraying, the flashing takes place inside the nozzle tube.
Järvinen et al. (2006) modeled bubble growth in flashing black liquor and found that
surface tension and viscous forces control the initial bubble growth, and heat transfer
to the bubble surface is the limiting mechanism during later stages. Referring to
measured spray velocities and coarse static pressure distribution measurements in the
nozzle (Miikkulainen et al., 2002; Kankkunen, 1998) flashing may start less than 5 cm
before exiting the nozzle and residence time for flashing would be in the order of
milliseconds. Reliable information about the residence time would be needed in order
to be able to validate the model.
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The mechanism of drop formation involved in flashing sprays is discussed by, for
example, Empie et al. (1992a, 1992b) and Helpiö and Kankkunen (1995). Empie et al.
(1992a) estimated the flashing transition temperature for typical liquor firing solids
levels to be about 8°C above the atmospheric liquor boiling point. The transition
temperature is several degrees above the atmospheric boiling point of the liquor, since
the vapor pressure must exceed the pressure in the nozzle. With the splashplate
nozzle, the central plane of the spray moved away from the plane of the nozzle plate.
The angle of this deviation was estimated to be 20-40°, and was concluded to be a
result of the flashing steam imparting a momentum component normal to the plate,
and therefore normal to the original plane of the spray.
Bennington and Kerekes (1985) studied the effect of temperature on the drop size of
black liquor sprays using small-scale nozzles. The change in spraying temperature
produced a change in the drop size, mostly by changing liquor viscosity. They found
that increasing the temperature of black liquor through its boiling point reduced the
mean drop size of the spray by the magnitude expected from the decreased viscosity.
Helpiö and Kankkunen (1995) focused on the effect of temperature on atomization
performance, especially above the boiling point of liquor. It was determined that, even
though temperature increase near the boiling point results in an increase of drop
diameters, the phenomenon of flashing, which occurs several degrees above the
boiling point, leads to significantly smaller drop sizes.
Loebker (1998) and Loebker and Empie (1998, 2001, 2002) presented a two-phase
flow nozzle, an effervescent nozzle, for black liquor spraying. In the experiments, air
was mixed with corn syrup inside the nozzle to produce a bubbly two-phase flow;
drop size distributions were measured for a wide range of viscosities and air-liquid
ratios. The resulting median drop diameter depended on the gas-liquid ratio, as well as
on the standard operating parameters of nozzle size, liquor solids, flow rate and
viscosity. The idea was to have better control over the drop size without exceeding the
boiling point. The method requires higher pumping pressures.

2.5 Mass flow rate distribution
An uneven mass distribution of the liquor across the furnace cross-section could lead
to uneven combustion and localized hot spots, which can accelerate the corrosion
rates of the furnace walls and result in premature shutdowns. Mass flow rate
distribution has a significant effect on the sheet thickness and length and therefore on
the drop size distribution.

29

Nieminen (1996a) compared the results from full- and small-scale experiments with
black liquor and water-glycerol solution, respectively, to find out whether small-scale
experiments can be used in predicting the spraying characteristics in the full-scale.
The nozzle type was throttled (a-type in Figure 2.3). He observed a mass flow rate
concentration on the spray centerline and average difference of 20% in mass flow rate
distribution between small- and full-scale measurements. This was probably partly
due to the different spraying orientation – water-glycerol spray was horizontal and
black liquor spray was vertical. The throttling of the nozzle and the plate angle has a
great effect on the shape of the mass flow rate distribution. The results from both the
small- and full-scale experiments suggest that there is a linear dependence on the plate
angle.
Empie et al. 1997 studied and modeled the mass flow rate distributions in black liquor
sprays. They carried out the research work with splashplate and V-jet nozzles using a
spray chamber. There was a central core with a fairly uniform flow rate in the area
within about 15° of the sheet centerline. Outside this region, the flow dropped off
steadily to the outer edge of the sheet. They observed a thick, slow-moving rim at the
very outer edge of the sheet. The conclusion was that mass flux exhibited a parabolic
dependence on angular position, decreasing in magnitude out to the edge of the sheet.
Model predictions agreed to within 20% of the experimental values for the splashplate
nozzle.

2.6 Drop size distributions
Bennigton and Kerekes (1985) reported first the size and size distribution of droplets
from black liquor nozzles. They used small-scale grooved-core (swirl-cone) nozzles
with the orifice size of 0.7 mm and 65% glycerol-water solution (room temperature)
and 55% solids content black liquor at 120°C. The results showed that the size
distribution and mass median diameter of black liquor was much broader than with
water/glycerol.
The dry solids content of black liquor has increased during recent years. This has
enabled capacity increase of recovery boilers and reduction in their emissions. The
change in the black liquor properties has led to changes in the spraying practices.
There are only a few experimental studies into high solids content black liquor
spraying and drop size distributions available. It is important to be able to describe the
drop size distribution of a fuel spray. Inaccurate droplet size distribution leads to poor
chances of optimizing combustion. Optimal spraying parameters can be chosen only if
the drop size is known with sufficient accuracy. Probability density functions enable
the drop size distribution to be estimated so that the spraying parameters can be varied
in a controlled way (Kankkunen and Miikkulainen, 2003).
Empie et al. (1992b) applied several drop size distribution models to the experimental
data of three solids levels (50, 60 and 70%), including log-normal, square rootnormal, upper limit-normal, and Rosin-Rammler. They found the best choice to be
Square Root-Normal distribution. Kankkunen and Miikkulainen (2003) had similar
observations with high solids black liquor.
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2.7 Velocity
Velocity and density are the most important operating parameters that influence the
mass-median drop diameter. They are related to the kinetic energy of the liquor
leaving the nozzle, suggesting that the more energy dissipated, the smaller the median
drop size. At high solids levels, liquor viscosity becomes important (Empie et al.,
1992b). Operating at temperatures above the boiling point results in a two-phase flow
inside the nozzle pipe; this increases the nozzle exit velocity (Empie et al., 1992a). It
is common to calculate the spray velocity from the pipe flow. With splashplate
nozzles and especially in the case of two-phase flow the velocity of a black liquor
spray is not the same as the velocity of the liquor flow inside the nozzle pipe. It
depends on the nozzle geometry (the splashplate can decrease the area of the exit) and
the spraying temperature.
Ligament velocities were shown to increase two-fold when compared to the velocities
measured below the transition temperature at constant mass flow rate by Helpiö and
Kankkunen (1996). This was concluded to be a clear indication of two-phase flow
taking place in the nozzle flow tube. The estimation of the sheet velocity if sprayed
above the boiling point is difficult. The exact location where the flashing takes place
and its intensity inside the nozzle tube are unknown.
The velocity of the sheet can be measured with, for example, image analysis systems
capable of multiple exposures (Merzkirch, 1987). The camera triggers several images
in the same frame. When the exposure time and delay between the exposures are
known, the velocity can be calculated on the basis of the distance the object has
moved. An automatic image analysis system is aimed at supplementing or replacing
human involvement in extracting size and velocity data from stored spray images.
Thousands of video frames can be stored during the tests, and digitized and processed
afterwards. Spray statistics are computed and data is accumulated for all images after
analysis (Chigier, 1991b).

2.8 In-furnace conditions
2.8.1 The effect of hot environment
Clark and Dombrowski (1974) examined the flow and disintegration of sheets of
water in combustion gas environment at temperatures ranging up to 950°C. The
experiments were performed with flat and conical sheets. They found that above
300°C high frequency symmetric waves and localized disturbances are superimposed
on the sheet and disintegration occurs by the combined action of aerodynamic waves
and perforations, the latter predominating with increasing temperature. The drop size
was found to be critically dependent upon the nature of the disintegration process.
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Black liquor spraying experiments reported by other research groups prior to this
thesis were carried out mainly in spraying chambers, which means in a relatively cold
environment compared to the recovery boiler furnace. Kankkunen (1995) estimated
theoretically the effect of heat transfer on atomization process of black liquor sprays.
Differences between the spraying chamber environment and a recovery boiler
environment are density, viscosity, and flow field of the surrounding gas. The
warming-up of black liquor during the spraying in the boiler whereas cooling down
inside the spraying chamber may have an effect on the drop formation process.
Kankkunen assumed an area of 1 m2 of liquid sheet (the length of 1 m, opening angle
120°) and velocity of 10 m/s, which breaks up into ligaments of 2 mm diameter, and
length of 20 mm. He concluded that the radiation heat transfer vaporizes water from
the surface of black liquor sheet and ligaments. This increases the viscosity on the
surface, which may stop the droplet formation in the case of spraying below the
boiling point. Flashing increases the velocity of the spray and the atomization process
is more rapid.
Bousfield (1990) reported experiments involving the droplet formation of low solids
content black liquor (46-47%) inside and outside a tubular furnace system. A coherent
jet was needed for the experiments and higher solids content black liquor would form
a “spray” and coat the outside of the furnace. The diameter of the piston-controlled
nozzle exit was 1.54 mm and the furnace temperatures 950°C and 1110°C. Room
temperature and hot (108°C) black liquors were tested. Breakup length of a room
temperature spray passing through the furnace was smaller than without the furnace.
The decrease in the breakup length was not as significant for the higher temperature
furnace. With high-temperature black liquor, the result was the opposite. The breakup
length increased when the jet went through the furnace. The effect of the hightemperature environment on hot black liquor jets was therefore to increase the
breakup length. The effect of the hot environment on drop quality was not clear.
Bousfield (1990) concluded that an increase in liquid temperature would decrease the
viscosity of the jet. The reduction of viscosity would act to shorten the breakup
length. If the energy absorbed by the jet went into the evaporation of water, the solids
content would increase, but not enough to noticeably change the physical properties of
the liquid jet. The case would be different if the increase of solids content took place
only at the outer layer of the jet and caused a large increase in the viscosity of this
layer.
Kankkunen et al. (1996) analyzed the drop formation mechanisms of two splashplate
nozzles and the factors affecting it, and discussed and calculated the usability of
spraying chamber test results in the furnace environment. The velocity and the
direction of the gas flow facing the black liquor sheet in the furnace fluctuate. That
has an effect on the direction of the spray. The different viscosity and density of the
gas may have an effect on drop formation. The air flow through the liquor gun ports
diminishes this effect. The major difference between these two environments is the
heat transfer and especially radiation heat transfer. It may cause a major difference to
the drop formation mechanism in the furnace.
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Helpiö and Kankkunen (1996) obtained a qualitative reference for the phenomena
observed in the spray chamber by video-imaging the spray from a liquor gun port at a
mill. High-speed video imaged the sheet breakup. They observed a decreasing sheet
length and an increase in sheet velocity when flashing occurred at a higher spraying
temperature.

2.8.2 Furnace cameras
Measurements in furnaces are usually carried out with water-cooled probes that are
inserted through furnace openings. It is difficult to maintain clean windows in particle
laden streams, and also difficult to prevent damage to, and deposits on, the lenses. The
measuring instrument must be designed to cause the minimum of interference to the
flow (Chigier, 1991c).
Commercial furnace control cameras are available and have been installed as part of
some original boiler-equipment packages for almost half a century. Optical probes are
used to monitor flames, and especially flame failures, in fossil-fuel-fired furnaces. For
example, Lu et al. (2000) reported determining geometrical and luminous parameters
of the entire flame in the furnace from the images obtained. Furnace cameras can also
be used to control, for instance, NOx-emissions by monitoring combustion-equipment
changes in the boilers (McCarty and Lang, 2002). The cameras have been developed
to obtain a view from a hole or window in the boiler wall; they are usually water
cooled. None of these cameras are applicable to spray studies inside a recovery boiler.
When Kankkunen et al. (1996) compared the hot and cold measuring environments,
they concluded that it was obvious that measurements in the furnace are needed to
obtain quantitative and qualitative information about the black liquor drop size and
drop formation mechanisms in the furnace. They suggested that an endoscope was
needed. Helsinki University of Technology developed a furnace endoscope for black
liquor spray studies and the first results from spray studies under furnace conditions
were published by Miikkulainen (1997).
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3 Focus of the present thesis
Experimental research into the spray of black liquor has a history of two decades.
During that time, the size and effectiveness of kraft recovery boilers have increased
due to the demand for higher capacity and higher dry solids content. High dry solids
content (more than 75%) and a requirement for a higher spraying temperature in order
to keep the liquor viscosity at an acceptable level have changed the atomization
process from wave formation and perforation to a flash-dominated process. Prior to
this thesis, no measurements existed on high dry solids black liquor under in-furnace
conditions.
This thesis focuses on the characteristics of high dry solids black liquor sprays under
in-furnace conditions, more specifically, on how the atomization process starts and the
nature of the initial properties such as velocity, opening angle, and trajectory of a high
dry solids content black liquor spray, which is sprayed well above its atmospheric
boiling point. The experiments were carried out in the operating recovery boiler
furnaces and the results were compared with full-scale spraying chamber tests. As the
literature review showed, the results published prior this thesis come mainly from the
spraying chamber tests with low solids content black liquor sprayed below the boiling
point or in the transition temperature. The main focus of research prior this study was
more on the effect of viscosity rather than on the temperature increasing above the
boiling point.

3.1 Developing a technique for in-furnace spray
measurements
The development of a measurement method to take black liquor spray research into
the furnace environment was one of the main objectives of this thesis. When it is
possible to obtain information on the spraying of black liquor under in-furnace
conditions, the initial data needed for realistic modeling work is available. The major
part of the experimental work was accomplished through the extensive spraying
experiments, which were carried out almost simultaneously under in-furnace
conditions and in the full-scale, horizontal, spraying chamber built next to the
recovery boiler on the liquor gun level. In the spraying chamber, the results could be
checked with additional cameras to be sure the method was adequate for the purpose
of research into the spray of black liquor. The hypothesis was that, if the droplet
formation processes in a furnace and a test chamber were sufficiently similar, then the
conclusions drawn from the drop formation process in the test-chamber could be
applied to the furnace.
An air-cooled optical measurement probe, called a furnace endoscope, was developed
to carry out in-furnace measurements of black liquor sprays. This was the first attempt
to systematically obtain information about black liquor spraying under furnace
conditions. The main focus was on the determination of initial velocity, on the
opening angle and trajectory of a flat spray leaving a splashplate nozzle, and on
developing the ability to compare the results with similar sprays in the spraying
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chamber. Information on the trajectory resulted from the determination of the scale of
the images. Visualization of spray breakup into the droplets was also of interest.
The accuracy of the velocity measurement method was tested in a laboratory test and
an error analysis suggested that the method – based on multi exposure technique and
image-analysis – was suitable for black liquor spray research. Error analysis showed
the importance of determining the image scale and the optimum measurement
distance. The endoscope was first tested in five recovery boilers in order to study
different spraying practices in different boilers. The boilers differed in size, nozzle
types, liquor specific properties and mass fluxes. Within the operation range of the
furnace endoscope, the disintegration process from black liquor sheet into ligaments
and droplets was observed to be incomplete, but the range was large enough for
studies of disintegration mechanisms.

3.2 Comparison of in-furnace and spraying chamber
measurements
The applicability and comparability of the furnace tests to spraying chamber tests
were confirmed by building a full-scale, horizontal spraying chamber next to a
recovery boiler. Two commercial nozzles were studied with the furnace endoscope in
both environments in as similar a spraying situation as possible (Table A1 in appendix
I). The comparison between results from the test chamber and furnace showed that the
spray properties in both environments depend mainly on the mass flux and spraying
temperature. The latter is especially important when spraying above the atmospheric
boiling point of black liquor, which was the focus of this research.
In addition to the comparison of different spraying environments, horizontal mass
flow rate distribution and velocity distribution were measured at a distance of 0.6 m
from the nozzle exit in the spraying chamber. The spray velocity was found to be
equal in all directions, while most of the mass flow went to the middle section. Both
measured nozzle types produced insignificant edges on both sides of the spray. This
was probably the reason why the opening angle was approximately 15° smaller in the
furnace environment. Mass flow rate distribution was needed in the calculations of
ligament volumes.

3.3 Determining the key factors affecting black liquor
spraying
The effect of excess temperature on the spray disintegration mechanism and drop
formation, velocity, and their connection to final drop size was determined in a
horizontal spraying chamber almost simultaneously with furnace tests. The tests were
carried out within the normal operational range of the recovery boiler for two nozzles
in three temperatures and three mass flow rates. Flashing accelerated the flow inside
the nozzle and affected the spray velocity and disintegration. An increase in flashing
decreased the length of a black liquor sheet and, in the case of heavy flashing, no
uniform sheet existed and therefore drop formation was sudden.

35

An image-analysis-based method was used to measure the drop size of black liquor
spray from two industrial-scale nozzles in three temperatures and mass flow rates.
Spray consisted of spherical and non-spherical droplets, but in the size calculations it
was assumed that non-spherical particles would form spherical droplets. A squareroot-normal distribution fitted the measurement data best. The volume median
diameters were higher than those detected in measurements with lower dry solids
content. The drop size correlated well with the spray velocity and thereby with excess
temperature.
The flash-dominated disintegration mechanism was studied systematically. An imageanalysis-based method was developed to measure the shape and size of the uniform
black liquor sheet. The objective was to find the correlation between the spray
disintegration and drop size. In order to be able to predict the forming drop size from
black liquor spray characteristics, the length of a sheet and break-up frequencies were
measured with a specially developed algorithm. A dominating wave length could be
found even if the spray flashed heavily. In cases when it was difficult to find the
dominating frequency, the disintegration was noticed to be incomplete. The wave
length was used for calculating the size of the forming ligament. The assumption was
that a flat spray breaks up at the distance of measured sheet length to ligaments, the
volume of which can be calculated with their dominating wave length and measured
volume flow rate. For comparison with results from drop-size measurements,
Rayleigh’s model of ligaments breaking up to equal-sized droplets was used.
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4 Experiments
In this chapter, a furnace endoscope is introduced as an in-furnace measurement tool
for spray research. The furnace endoscope was tested in the experiments carried out in
six recovery boilers and a full-scale, horizontal spraying chamber. Following spray
properties were measured: Velocity, trajectory, and opening angle. Spray
disintegration was studied visually and drop size was measured only in the spraying
chamber. In addition the furnace endoscope, the horizontal spraying chamber and its
instrumentation is presented, and a short overview of a previous vertical spraying
chamber is given.

4.1 Furnace endoscope and spraying environments
A furnace endoscope was developed to carry out in-furnace measurements in order to
discover the initial velocity, opening angle and trajectory of the spray. The hypothesis
is that, if the droplet formation processes in a test chamber and a furnace are
sufficiently similar, then the test-chamber measurement results, including the drop
size, can be applied to the furnace. Measuring spray properties in a furnace
environment – in this case, in a chemical recovery boiler furnace – is a challenging
task. Not only is the temperature in the furnace 900-1200°C, but corrosive, sticky
particles hit the measurement probe. Such particles can also be falling deposits from
the upper parts of a recovery boiler furnace and the size of them can be huge.
Suitable material for an outer protection tube was found and tested. The requirement
that the material should be as stiff as possible without being subject to corrosion
damage in temperatures as high as 1000°C was difficult to meet. The most suitable
material for the stiff structure of the furnace endoscope was found to be a titaniumstabilized stainless steel tube. It has been used in a number of experiments, in which it
has showed good durability.
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Figure 4.1 Furnace endoscope

Figure 4.2 Furnace endoscope entering the
recovery boiler furnace through a liquor gun
opening

An air-cooled endoscope tube is 3 m long; there is a high-shutter-speed CCD-camera
at one end of the tube and a furnace lens at the other, Figure 4.1. The diameter of the
replaceable outer protection tube is 73-76 mm with 4 mm thick walls. The outer
diameters of the second protection tube and the optics tube are 38 mm and 35.5 mm,
respectively.
The optical setup was designed to take images of black liquor sprays whose velocity
is between 5 to 20 m/s. An air-cooled quartz lens faces the furnace. The hostile
environment in the recovery boiler furnace, and air used as a coolant, forces the
furnace lens diameter to be rather small, 10 mm. In addition to the small furnace lens,
the long tube limits the light available for the camera. The long distance from the
furnace lens to the camera causes the optical system to be sensitive to bending in a hot
furnace.
The measurement method is based on a procedure whereby the spray appearance is
videotaped or captured directly onto the hard disk of a computer. Images are
processed with image analysis software to measure the required characteristics of a
spray. The nozzle and the endoscope both enter the furnace from the same liquor gun
hole, whose dimensions limit the outer diameter of the endoscope tube, Figure 4.2.
The idea is to get a right angle view from above the black liquor spray at different
distances from the nozzle. Figure 4.3 shows the schematic picture of the experimental
setup when measuring under in-furnace conditions.
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Figure 4.3 Experimental configuration in an operating recovery boiler (Miikkulainen
et al., 2000)

4.1.1 Defining the scale
To be able to measure distances from an image with image-analysis, one has to know
the scale of the image. To determine the scale, the distance from the endoscope lens to
the object (d in Figure 4.4) must be known. A simple method was developed to
measure this distance. A steel weight, controlled by means of a wire rope, is lowered
until it reaches the spray; the length of the wire used is then measured. This can be
observed from the monitor of the endoscope. The method measuring the distance
gives surprisingly accurate results, which have been confirmed by comparing the
weighted wire rope method to manual measurement in a laboratory environment. The
maximum absolute error of the distance measured is estimated with total differential
analysis to be approximately 7 mm, depending on the spray behavior and the
existence of a flat spray (Miikkulainen et al., 2004).
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Figure 4.4 Defining the spray trajectory with a wire rope and steel weight
(Miikkulainen et al., 2004)

4.2 Horizontal spraying chamber
The setup in the horizontal spraying chamber tests differed from in-furnace
measurements only by environment. (Except in Publication II, where the earlier
results from the vertical spraying chamber were used for comparison.) A 13-m black
liquor hose came from the ring header of the boiler. The hose was well insulated. The
spraying chamber enabled horizontal spraying of black liquor. The endoscope was
located 0.3 to 0.5 m above the splashplate nozzle. The liquor spray was illuminated
with eight studio lamps operating beneath a plexiglass window. In the furnace, the
required backlight came from the char bed. To get an over-all image of the spray,
another camera was located in the roof structure of the spraying chamber. These
images were compared to images taken with the endoscope so as to verify the results.
The main dimensions of the spraying chamber were 5.5 m x 3 m x 2 m. The facility
for the liquor gun and endoscope insertion extended the length to 10 m, Figure 4.5.
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Figure 4.5 Experimental configuration in the test chamber
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The width of the first section of the chamber, where the nozzle was located, was 1.2
m. The last section, where the drop size measurements took place, was 0.6 m wide.
The chamber was equipped with control windows through which the spray height was
measured. Another window was used to ensure the right spray location for the drop
size measurement. The spray width was restricted by spray separation baffles, so that
only a narrow, undisturbed, part of the spray was allowed to reach the drop size
measurement chamber. The nozzle was located horizontally to ensure close similarity
to spraying in a furnace. Odorous gases were drawn away through the end wall and
the top of the chamber. Substituting air entered the chamber through the liquor gun
hole. The temperature in the chamber was 60-80°C. The black liquor was returned
after dilution to the recovery cycle.

4.3 Vertical spraying chamber
The commensurable spraying chamber test results presented in Paper II (Miikkulainen
et al., 2000) are from the earlier test series described by Helpiö and Kankkunen
(1996). A 6 m high, vertical spray chamber with a 1 x 3 m cross-sectional area was
constructed next to an operating recovery boiler. The nozzle was at the top of the
chamber and the direction of the flow was downwards, so that the splashplate was in
the vertical position. The spray chamber results in Paper II are used for comparison
with the results measured in five recovery boilers with the furnace endoscope. Similar
spraying cases and nozzle geometries, mass flux and the excess temperatures were
used; these made this comparison reasonable.

4.4 Spraying parameters at the mills
The tests were carried out in six Finnish recovery boilers of various sizes and
capacities. They all used softwood liquor, while their dry solids content was from 72
to 80%. Paper II of this thesis deals with the results from the mills A to E; the results
for the rest of the papers are from Mill F. At Mill F, the spraying experiments were
very extensive and were carried out both inside an operating recovery boiler and
inside the horizontal spraying chamber built next to the boiler at liquor-gun level for
comparison and drop-size measurements. Table 4.1 presents the main spraying
parameters within the limits of the tests carried out. The significant quantities
involved in the tests are listed more detailed in Appendix I.
Table 4.1 Spraying-related parameters at the test mills
Mill
A
B
C
Paper in this thesis
Dry solids content
Viscosity
Mass flow rate
Mass flux
Excess temperature, ∆Te
Type of the nozzle
Nozzle tube, dp
Splashplate angle

%
Pa s
kg/s
g/mm2s
°C

mm
°

D

E

F

II
72-76
0.04-0.10

II
76
0.12

II
73-76
0.07-0.12

II
75-80
0.11-0.17

II
73-77
0.07-0.08

I,III,IV,V
75-79
0.09-0.26

3.1-4.8
8-12
4-8

2.5–5.7
4-9
8-9

5.0-6.4
9 - 13
4-7

5.7–7.3
6-9
11 - 13

3.7–4.7
5-8
2-3

4.3-6.1
4 - 13
13 - 19

A
27
25

B
26, 30
35

A
27
25

A
34.5, 40
25

A
27
20

A, B
27, 28
23, 36
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5 Methods for analysis
5.1 Velocity measurements
The method of measuring velocity with the furnace endoscope is described in detail in
Publication I. This method was used in all the velocity measurements discussed in this
thesis and it is noteworthy that the velocity measurement method described here gives
an average velocity from a small area of the sheet, i.e., from the area of interest (AOI).
The AOI is at the centerline of the spray unless the measurement deals with the
velocity distribution.
The velocity of a spray can be measured by the multi-exposure method (Merzkirch,
1987). The camera triggers several images in a single frame. When the exposure time
and delay between the exposures are known, the velocity can be calculated on the
basis of the distance the object has moved. The distance can be measured manually in
each image using image analysis software. To achieve an accurate result, the number
of images must be high; since manual measurement is very time consuming, the use
of fully or partly automated analysis is warranted. The velocity of a spray (u) can be
calculated from the expression shown in Eq. (5.1).

u=

s
t

=

2 d d px tan α
d fr

1
t

(5.1)

where s is the distance the spray moved during the exposure time and delay time, t,
between images. The measured distance from the endoscope lens to the spray surface
is d (Figure 4.4), and the distance in the frame measured in pixels is dpx. α is the angle
of view. The vertical size of the frame dfr depends on the sensitivity and size of the
CCD-cell used. The resolution of a frame in the studies presented in this thesis is 1280
x 1024 pixels or 640 x 512 pixels, depending light available.
The measurement procedure can be carried out semi-automatically by image-analysis
software. The Fast Fourier Transformation method (FFT) is used to edit a grayscale
image in its spectral form (Image Pro Plus Reference Guide, 1998). In order to find
out the displacement field in the image, which is formed from the three known
exposures of the motion in the same frame, the FFT needs to be carried out twice. The
first FFT yields a fringe pattern in which the fringe orientation is perpendicular to the
direction of the displacement and the fringe spacing is inversely proportional to the
magnitude of the displacement (Westerweel, 1997). The second two-dimensional FFT
produces the displacement field.
After the second FFT, some threshold and filtration of noise for the image is usually
needed before the object count. The filtration or threshold can be carried out as long
as the coordinate of the center point of the dot of interest does not change. This is
usually the case, because the area of a single disturbance is much smaller than the area
of dots of interest. In the object count, the x-coordinate and y-coordinate of the result
points are stored. The distance the spray has moved during the delay and the exposure
time can be calculated from the coordinates (Miikkulainen et al., 2004).
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5.1.1 Accuracy of the measurement
The velocity measurement is made up of a chain of components, each of which is
subject to individual inaccuracy. The components of possible inaccuracy are the
measured distance from the endoscope lens to the spray surface (d), i.e., the scale of
the image, the measured distance in a frame (dpx) in pixels, and time (t) the camera
used for the exposure and the delay. The absolute error ε of the measured velocity can
be approximated using a total differential analysis (Doebelin, 1990).
∂u
∂u
∂u
∆d +
∆d px +
∆t
∂d
∂d px
∂t

ε=

(5.2)

The effect of different components on the absolute error is shown in Figure 5.1. The
velocity of the spray is 15 m/s. As can be seen, the time used for exposure and delay
has a negligible effect on the absolute error. The effect of any error in a distance
measurement (d) decreases as distance increases. The error of distance measured (in
pixels), dpx, is the main source of the absolute error when considering relevant
measurement distances that are 0.3 m and over. The vertical size of a frame (dfr), i.e.,
the number of usable pixels, intensifies the effect of error in dpx. The minimum of
absolute error (0.63 m/s) in measuring the velocity of 15 m/s can be found at the
distance of 0.35 m, when the vertical size of the frame is 512 pixels (Miikkulainen et
al., 2004).
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Figure 5.1 The effect of different components on the absolute error. ∆d =7mm , ∆dpx=
1 pixel, ∆t=2µs, dfr=512 pixels (Miikkulainen et al. 2004).
Relative maximum error can be expressed as ε* = ε / u.

ε* =

∆d ∆d px ∆t
+
+
d
d px
t

(5.3)

With the individual error assumptions presented in Figure 5.1, the measurement
distance can be optimized to minimize the relative error.
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∂ε *
∆d ∆d px 2 tan α
=− 2 +
=0
∂d
d
u d px t

(5.4)

Figure 5.2 presents the relative error as a function of distance d at different velocities
and the minimum of the relative error when the vertical size of the frame is 1024
pixels. For example, in the case of a spray velocity of 10 m/s, the minimum of the
relative error can be achieved at the distance of 0.35 m. The depth of focus of the
optics is, in practice, from 300 mm to infinity (white area in Figure 5.2) and the
distance from the lens to the object is from 0.3 to 0.6 m, due to the geometrical
limitations of a liquor gun hole in a boiler wall.
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Figure 5.2 Relative error for different velocities as a function of distance from the lens
to the object (d), and its minimum (dotted line). dfr = 1024 pixels (Miikkulainen et al.,
2004).
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Figure 5.3 Optimum measurement distance (solid line) for different velocities for
obtaining minimum relative error (dashed line). dfr = 1024 pixels (Miikkulainen et al.,
2004).
It can be seen that the measurements have been carried out within the range of
minimum error. The relative error of the measurements was from 3 to 7% in the
experiments, when assuming that the individual errors are as presented in Figure 5.1,
depending on the vertical frame size. Figure 5.3 presents the distance d in which the
minimum error can be achieved and the corresponding relative error as a function of
spray velocity. For example, a minimum error of measuring a spray velocity of 15 m/s
can be achieved at the distance of 0.4 m with ~ 3% of relative error.
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5.2 Length of a black liquor sheet and wavelength
determination
Information about the uniform sheet length is needed when carrying out predicting
calculations of the volume of forming ligaments. An image-analysis-based algorithm
was developed for determining the length of the sheet of black liquor spray
systematically from large amount of images. From the frame sequence of 100
pictures, the intensity analysis functions of an image-analysis program were used to
collect data from the images based upon the intensity values they contain. Intensity
values (8-bit, grey scale) along a line from the nozzle exit to a specific angle from the
spray centerline were plotted and the profile analyzed. Intensity values greater than 90
corresponded to holes in the sheet. Several limits for the first hole in a particular
angle were tested; the result did not greatly change when the limit of the size was
decreased. 15 mm was chosen as the limit of the diameter of the first hole. 15 mm also
seemed to be a reasonable value for the limit when ascertained by visual examination
of video material. The intensity profiles were processed independently. When
covering the range of 180 degrees with the interval of one degree, 18000 data points
were received. Figure 5.4 shows the graph of average lengths of black liquor sheet
sprayed in three temperatures. When spraying temperature was increased 4°C, the
length of the sheet was cut to half.
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Figure 5.4 Effect of the spraying temperature (∆Te) on the average length of the sheet,
m& = 4.3 kg/s (Miikkulainen et al. 2005)
Dominating wavelength was searched in order to calculate the diameter of a forming
ligament. The distances between all the forming holes at the spray centerline were
measured and the number fraction of each distance was counted. The distances were
measured roughly by determining the edges of the ligaments and holes and calculating
the center of a hole. Intensity values along a given line were plotted and the profile
analyzed to search for the frequency at which a possible wave formation took place,
see Figure 5.5.
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Figure 5.5 Example of a location of a given line and its intensity values
An autocorrelation function was used to detect non-randomness in the data. The result
of the autocorrelation is a series of peaks; if one dominant wavelength exists, the
peaks after the first one were mainly considered as multiples of the first peak. This
means that the shortest dominating wavelength of each case was used in the drop size
calculations. The intensity of the first lag was not measured, only the existence of it.
The idea was to analyze systematically 100 pictures from each spraying case to
receive enough information about the suitability of the method. Autocorrelation was
used over the intensity data and the dominating wavelength was found regardless of
the disintegration mechanism of the sheet.
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6 Velocity of the spray
6.1 Dimensionless velocity and excess temperature
The most important parameters that affect the velocity of the black liquor spray are
the mass flow rate and flashing of the liquor inside the nozzle tube. Flashing occurs
inside the nozzle tube if the spraying temperature is high enough, and the pressure is
low enough. It is common in modern recovery boilers with high dry solids content
that the excess temperature, the temperature difference between the spraying
temperature and the atmospheric boiling point, is in the range of 15-25°C. In this
work, the excess temperature is defined to positive above, and negative below, the
boiling point. The location in the nozzle tube where the flashing takes place depends
on the geometry of the nozzle, i.e., on the location of the pressure drop.
Flashing produces water vapor that has a large specific volume and therefore
accelerates the flow. This phenomenon can be described by the dimensionless
velocity:
u* =

us
u
= s
&
m
up
A ρ BL

(6.1)

where us is the measured velocity at the centerline of the black liquor sheet and up is
the velocity of the non-flashing case at the smallest cross-sectional area, A, of the
nozzle with the same mass flow rate, m& . The use of dimensionless velocity and mass
flux (g/mm2 s) instead of mass flow rate makes it possible to compare different sizes
of nozzles with the same geometry.

6.2 The effect of different environments on the velocity of a
spray
A horizontal spraying chamber was built in the boiler room at the nozzle level of the
recovery boiler (Mill F). Velocity, shape of the spray and spray break-up mechanisms
were determined in an operating recovery boiler and in a spraying chamber. The same
liquor, nozzles and operational parameters were used in both environments to make
the comparison relevant. The rationale behind this was that, if the droplet formation
processes described above in the test chamber and the furnace were sufficiently
similar, then the test chamber measurement results could be applied to a furnace.
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Figure 6.1 Spray velocity as a function of the excess temperature in two environments
and three mass flow rates. The open and closed symbols represent the test chamber
and furnace, respectively.
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Figure 6.2 Dimensionless velocity as a function of the excess temperature in two
environments and three mass flow rates. The open and closed symbols represent the
test chamber and furnace, respectively.
Figure. 6.1 shows the spray velocity as a function of the excess temperature at three
different mass flow rates for nozzles A and B. Mass flow rate does not seem to have
as much effect on the spray velocity as the increasing temperature does. Figure 6.2
shows the dimensionless velocity as a function of the excess temperature at three
different mass flow rates. The increasing mass flow rate decreases the effect of
flashing inside the nozzle tube. The smaller the mass flow rate and the higher the ∆Te,
the higher the dimensionless velocity. Some variation can be observed, especially in
the furnace measurements. The cases studied here show that the furnace environment
has a negligible effect on the spray velocity. This suggests that the furnace radiation
heat transfer to the liquor gun tube generates little additional water vapor and that
flash evaporation dominates in both environments. Therefore, the spraying chamber
results can be applied to a furnace. Different liquor flow conditions in the nozzle
might give a different result. For example, a case without flashing inside the nozzle
tube would probably produce a longer liquor sheet, thus increasing the effect of
furnace heat radiation on the spray, as explained by Kankkunen et al. (1996).
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6.3 Effect of spraying temperature and pressure on the
velocity
As was shown in the literature review, Empie et al. (1992a) found that, when the
excess temperature was high enough, dramatic changes in the behavior of the spray
occurred. The transition temperature was estimated to be several degrees above the
atmospheric boiling point of the liquor. In their work, the transition temperatures were
observed to be about 5°C above the atmospheric boiling point at 60% solids and about
9°C at 70%.
In this work, spray velocities were measured in six recovery boilers. The dry solids
content varied between the mills from 72 to 80%. Figure 6.3 presents the
dimensionless velocities measured under in-furnace conditions with nozzle type A.
All the measured dimensionless velocities are above 1, because the splashplate
throttles the flow. Flashing inside the nozzle tube accelerates the flow, when the
excess temperature is high enough. According to measured points in Figure 6.3 the
excess temperature range of 5-7°C only slightly shifts the dimensionless velocity from
the temperature range of 2-5°C. At the excess temperature of 7°C, the decrease of
mass flux does not result in a remarkable increase of dimensionless velocity within
the measured mass flux area, but, in the case of 10°C, acceleration takes place. It
seems that dimensionless velocity of 1.5 is quite clearly a value for separating the
flashing and non-flashing regions for the nozzle type A and the measured mass flux
and temperature ranges, and can be used as a measurable quantity. Mass fluxes more
than 12 g/mm2 s would probably give a non-flashing spray even if the excess
temperature was above 19°C. These observations are similar to those of Empie et al.
(1992a), even though the nozzle type and the spraying conditions are different.
The trend lines in Figure 6.3 are to make the observation of different excess
temperature ranges easy. The mills and the range of excess temperature and dry solids
content are presented in Table 6.1. It can be seen that different boilers prefer different
firing philosophies. In some experiment cases, the normal mass flow rate through the
measured nozzle was limited by the mass flow meter. Approximately dry solids
content of 75% seems to be the threshold at which the spraying practice shifts from
the non-flashing to flashing condition. Liquor type and viscosity are the limiting
factors.
Table 6.1 Ranges of excess temperatures in Figure 6.3 and the corresponding mills
and the range of black liquor dry solids content
Excess temperature range
Mills
Dry solids content
2 – 5 °C
A, C, E
72 – 77 %
5 – 7 °C
A, C
72 – 76 %
10 – 13 °C
D
75 – 80 %
13 – 16 °C
F
75 – 79 %
17 – 19 °C
F
75 – 79 %
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Figure 6.3 Effect of the temperature and mass flux on the spray velocity.
Dimensionless velocities measured in five recovery boiler furnaces with nozzle type
A. Nozzle pipe diameter: 27-40 mm.

6.4 Correlation model for spray velocity in flashing cases
The dimensionless velocity equation presented below consists of three elements:
critical velocity, uc*, excess temperature, ∆Te, and mass flux, m& ′′ . These elements
were found to be reasonable characters for spray velocity and could be fitted to
experimental data by two constants, a and b. These constants differ for different liquor
types and nozzle types, and have to be experimentally determined.
u * = u c* + (∆Te − ∆Te ,c )

a
m& ′′ b

(6.2)
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Figure 6.4 The dimensionless velocity measured compared to the correlation model
(left side) and all the measured points (Nozzles A and B) from Mill F plotted against
the predicted ones (right side).
The critical velocity is the velocity for the non-flashing case and the temperature
difference (∆Te - ∆Te,c) between excess temperature and critical excess temperature
has to be equal to, or larger than, zero. Critical excess temperature is typically 7-8°C
(Empie et al., 1992a) This correlation is based on the experimental data gained from
Mill F. The spraying took place mainly in the flashing range (see Figure 6.4). In the
range of the transition temperature, the effect of temperature on spray velocity
diminishes. This correlation model should be used only in the flashing cases.
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7 The effect of spraying environment and flashing on
sheet disintegration and drop formation
This chapter describes the measured spray properties, in addition to velocity, which
can be used both in the comparison work in determining the applicability of spraying
chamber results in a furnace environment and in producing initial data for spraying
and furnace models. Understanding the parameters affecting these properties is the
key to better control of the atomization process. The connection between the sheet
properties and the final drop size was studied by visual observation in the Publication
IV and the connection was found to be obvious.

7.1 Breakup process
The objective was to study the effect of the furnace environment and spraying
parameters on black liquor spray disintegration, the spray opening angle and liquor
sheet length. The spraying parameters studied were temperature and pressure. In this
thesis, the disintegration mechanisms were studied by visually comparing images
from different test cases taken with the furnace endoscope or the camera in the
spraying chamber. The disintegration mechanisms described in the literature review
section were used as a guide to qualitatively analyzing the observations. No numerical
analysis of disintegration mechanisms was carried out at this stage. Only opening
angles were measured.
The same spraying situations were filmed in both hot and cold environments. Figure
7.1 shows the pictures taken in the spraying chamber and furnace on the left and right,
respectively. Pictures 1 and 2 represent the flashing case and pictures 3 and 4 the nonflashing, or, at least, non-flash-dominated, case. The pictures show that the
disintegration mechanism is similar in both environments. The breakup processes are
in the same stages and the size of the ligaments is about the same. Flashing changes
the atomization process. There the orientation of the ligaments is more random and
the disintegration of the sheet is completed. At the lower temperature, the alignment
of the ligaments is more horizontal than at the higher temperature.
If the excess temperature is constant and the mass flow rate is increased, the
increasing pressure decreases the flashing inside the nozzle tube until the
disintegration mechanism changes from flash dominated back to perforation and wave
formation, resulting in a longer uniform liquid sheet. The decrease in temperature has
a similar effect. Figure 7.2 presents a series of pictures of sprays from a spraying
chamber with nozzle B as a function of temperature and mass flow rate. Only a minor
change, from 14 to 16°C, in excess temperature caused a dramatic change in the sheet
breakup mechanism. At a 2°C higher excess temperature, flashing broke up the liquid
sheet rapidly after the splashplate and no uniform liquid sheet was formed.
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TEST CHAMBER, 80°C

FURNACE, 1000°C

1. ∆Te = 18°C, 211mm x 169mm

2. ∆Te = 18°C, 211mm x 169mm

3. ∆Te = 14°C, 224mm x 179mm

4. ∆Te = 14°C, 224mm x 179mm

Figure 7.1 Black liquor sprays in two environments and two excess temperatures at
the distance of 0.5 m from the nozzle exit. Parameters: Nozzle A, Dry solids content
76%, mass flow rate 5.2 kg/s (Miikkulainen et al., 2004)
A uniform and long liquor sheet was unexpected for nozzle B. The splashplate is
attached to a nozzle tube with a jacket whose inner diameter is larger than the nozzle
tube exit. One could assume that, at an excess temperature as high as 14°C, flashing
would take place in the liquor flow immediately after the nozzle tube exit before the
flow hits the splashplate and no sheet would form. It is also noteworthy that the mill
operated normally at the excess temperature of 16°C. For nozzle type A, the change in
disintegration mechanism was not so sharp, but still recognizable.
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Figure 7.2 The effect of excess temperature and mass flow rate on black liquor sheet
breakup, Nozzle B, Mill F.

7.2 Relations between spray disintegration and drop
formation
The flashing phenomenon has a great effect on spray formation and the sheet
disintegration process and therefore affects the formation of drop size and shape. It
was observed that in the case of decreased spraying temperature a half-meter-long
uniform liquid sheet was formed, which then broke up into a spray with a high
fraction of large non-spherical droplets. At higher temperatures, the sheet was either
shorter or non-existent, see Figure 7.2.
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Figure 7.3 Drop size as a function of
excess temperature. The white area in the
pie charts presents the fraction of spherical
drops. Nozzle A.

Figure 7.4 Drop size as a function of
excess temperature. The white area in the
pie charts presents the fraction of spherical
drops. Nozzle B.

All particles, droplets and non-spherical particles were assumed to form spherical
particles. The resulting mass median diameter is larger than the mass median diameter
of spherical droplets alone, or the equivalent smaller mean diameter of non-spherical
particles of the corresponding case. This is a natural consequence of the
transformation of the volume of non-spherical particles to equivalent spherical
particles. Rosin-Rammler, normal distribution, square-root normal distribution and
log-normal distribution were fitted to experimental data. All four distribution
functions fitted the experimental data quite well, especially for the mean part of the
distribution. The least square method produced best results most often for the squareroot normal distribution function.
Figures 7.3 and 7.4 present the dependence of the mass median diameter of droplets
on the excess temperature. Either decreasing the temperature or increasing the mass
flow rate increased the mass median diameter. The median drop size was affected
mostly by excess temperature. An increase of excess temperature of only 2°C (from
14 to 16°C) in the case of nozzle B decreased the median drop size to approximately
50%, see Figure 7.4. Note also the huge change in the spray appearance. In Figures
7.3 and 7.4, there are pie charts under each of the spray pictures. The white area in the
chart presents the fraction of spherical particles detected. In the case of nozzle B, the
fraction of spherical particles increased noticeably when sheet disintegration changed
to the flash dominated mode. In the case of nozzle A, the change in the sheet
disintegration mechanism is not as sharp, but the mass median diameter of drops
decreases as excess temperature increases. It was observed that flashing started to
dominate the sheet disintegration mechanism when the excess temperature was high
enough to result in approximately 50% smaller drops for both the nozzles.
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7.3 Predicting drop size
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An image-analysis-based technique was developed for finding different wavelengths
from the black liquor sheet. The algorithm counted all the distances between forming
holes in the sheet at the spray centerline. The lowest spraying temperature in Figure
7.5 gives a wide distribution of wavelengths. This indicates the incompleteness of the
disintegration process. Larger ligaments disintegrate into smaller ligaments before
forming droplets. Autocorrelation was used over the intensity data and the dominating
wavelength was found regardless of the disintegration mechanism of the sheet. This
wavelength was used to calculate the size of the forming ligament. The ligament was
assumed to break up to equal-sized droplets.
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Figure 7.5 Effect of excess temperature on wave distribution (mass flow rate 5.2 kg/s)
Autocorrelation was used over the intensity data and the dominating wavelength was
found regardless of the disintegration mechanism of the sheet. This wavelength was
used to calculate the size of the forming ligament. The diameter of the ligament was
assumed to break up to equal-sized droplets. According to Rayleigh’s (1878) model,
the diameter of the forming droplet is 1.89 times the diameter of the corresponding
ligament. The measured drop size from three spraying cases in three excess
temperatures and three mass flow rates were compared to predicted drop size.
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Figure 7.6 Predicted drop size and measured
mass median diameter. Open symbols for
clearly flash-dominated cases.
Calculated drop size is compared with the measured mass median diameter in Figure
7.6. In clearly flash-dominated cases the predicted drop size is larger than the
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corresponding measured mass median drop size. When the disintegration mechanism
was not flash dominated, the calculated drop size was smaller than the measured drop
size.
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8 Conclusions
This thesis presents results from the first published experiments on black liquor sprays
of high dry solids content. It focuses on the characteristics of high dry solids black
liquor sprays under in-furnace conditions. The experiments were carried out in the
operating recovery boiler furnaces and the results compared with those of full-scale
spraying chamber tests.
The equipment and a method for studying black liquor spraying inside an operating
recovery boiler furnace were developed. Flat sprays were studied with the furnace
endoscope, which entered the boiler furnace through a liquor gun port just above the
liquor gun. It was possible to measure accurately the average velocity and opening
angle. The sheet disintegration process could be observed closely with this setup.
The furnace endoscope was used in six recovery boilers with different dry solids
contents and nozzle types. Different boilers preferred different firing philosophies.
Dimensionless velocity was found to describe the quality of a spray accurately.
Dimensionless velocity of 1.5 is a clear limit for the flashing and non-flashing region,
and can be used as a measurable quantity. The highest measured dimensionless
velocity was 2.4 for the nozzle type A. Increasing the mass flow rate decreases the
effect of flashing inside the nozzle tube. The smaller the mass flow rate and the higher
the ∆Te, the higher the dimensionless velocity. A dry solids content of approximately
75% was observed to be the limit that forced boiler operators to change their spraying
practice from non-flashing to flashing mode. It corresponded with the dimensionless
velocity shift to above 1.5.
The velocity measurements and the observations of the sheet disintegration
mechanisms in the two environments of the spraying chamber and recovery boiler
furnace showed that the furnace has an insignificant effect on the spray when the
spray disintegration is flash-dominated. In both environments, flashing was visually
confirmed as a dominating disintegration mechanism and the shape of the sprays were
similar. This suggested that the furnace radiation heat transfer to the liquor gun tube
generated no additional water vapor. The comparison of the spraying in these two
environments was carried out with the furnace endoscope. A large, full-scale,
spraying chamber was built at the liquor gun level, next to a recovery boiler, to ensure
a similar spraying practice in both environments. Two commercial liquor guns were
used at three spraying temperatures and three mass flow rates, which were selected
inside the normal operation range of the recovery boiler.
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Spraying several degrees above the boiling point of black liquor is common in
modern recovery boilers with high solids content black liquors. An unexpected result
was the narrow operational range in spraying temperature. Only a minor change, from
14 to 16°C, in excess temperature caused a dramatic change in the sheet breakup
mechanism and doubled the drop size. The drop size was measured in the spraying
chamber at a distance of 4 m from the nozzle exit. The flashing phenomenon has a
great effect on spray formation and the sheet disintegration process. Therefore it
affects the formation of drop size and shape. It was observed that, in the case of
decreased spraying temperature, a 0.5 m-long uniform liquid sheet was formed, which
then broke up into a spray with a large fraction of large non-spherical droplets.
The flash-dominated disintegration mechanism was studied systematically. A
correlation between the spray disintegration and drop size was obvious. In order to be
able to predict the forming drop size from black liquor spray characteristics, the
length of a sheet and break-up frequencies were measured with a specially developed
algorithm. A dominating wave length could be found even if the spray flashed
heavily. In the cases when it was difficult to find the dominating frequency, the
disintegration was noticed to be incomplete. The wave length was used for calculating
the size of the forming ligament. For comparison with results from drop-size
measurements, Rayleigh’s model of ligaments breaking up to equal-sized droplets was
used. Rayleigh (1878) analyzed the instability of inviscid liquid jets that were
disintegrated by surface tension forces. For highly viscous and flashing black liquor
sprays, in cases when flashing is not clear, it underestimates the final drop size, while,
in other flashing cases, the final drop size is overestimated.

8.1 Contribution of this work
In order to have accurate validation data for the modeling and design of recovery
boilers, it is important to study the sheet properties in harsh furnace conditions. The
spray research under in-furnace conditions, where the temperature and flow direction
of surrounding gas differs from test chamber conditions, is introduced as a very useful
method of studying black liquor spraying practice with real black liquor, in a real
environment and with industrial-scale nozzles. The furnace endoscope, developed
during this work, made this possible and was the first attempt to systematically obtain
information about high dry solids black liquor spraying under furnace conditions. The
spray properties, such as velocity, opening angle and the trajectory of the spray can be
measured and information can be obtained about disintegration mechanisms.
Flashing inside the nozzle was found to be the factor that is key to the whole spraying
process of high dry solids black liquor. It has a major role in spray disintegration and
initial velocity, which both correlate very well with the final drop size and shape.
Dimensionless velocity can be used in categorizing the disintegration processes and,
regardless of the disintegration mechanism, it is possible to find the dominating
frequency in disintegrating spray with image-analysis-based techniques.
The information and measurement data of black liquor spraying achieved in the
furnace environment give better information for furnace modeling, boiler design and
control, and help to understand the in-furnace processes. Validated initial data for
CFD calculations is essential; without them, models are useless. The initial velocity of
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the spray is much higher (approximately 1.5 - 2 times) than used commonly in
calculations where flashing and its accelerating effect has been ignored. The shape of
the spray – opening angle and trajectory – are now available for modeling. Mass flow
rate distribution and velocity distribution can be included into calculations of flashing
cases. Drop size was measured to be much larger than used in the recovery boiler
models; a large fraction of the droplets was found to be non-spherical. Järvinen et al.
(2004) suggested that the particle shape has a significant effect on the combustion and
flight behavior of single black liquor particles. Up to the present, recovery boilers
have been modeled with low dry solids black liquor data. Therefore, combustion and
spraying models of black liquor particles should be updated and the non-spherical
shape should be considered in furnace simulations using accurate initial velocity,
mass flow distribution, and opening angles.

8.2 Future work
The correlations and correlation models presented in this dissertation should be
processed to spraying models to improve boiler-control and furnace modeling. A
suggestive correlation spraying model could be created for a narrow range of use with
data already available. It is recommendable that each spraying case should be
validated and adjusted with experimental data. The furnace endoscope could also be
used for adjusting and improving the spraying practice at the recovery boiler.
The applicability of the furnace endoscope data to drop-size predictions inside a
recovery boiler will be analyzed. The work towards actually being able to measure
drop size inside a recovery boiler goes on.
Flash-boiling will be studied by experimentally determining pressure change inside a
nozzle tube. Bubble growth will be modeled.
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APPENDIX I

APPENDIX I: Significant quantities and dimensionless
numbers
The experiments presented in this thesis were carried out with real black liquor; only
mill-scale splashplate nozzles were used. Nozzle size and liquor-specific properties
varied in some ranges. The experiments were carried out mainly under in-furnace
conditions, but relatively cold spraying chamber conditions were also used. In order to
establish the experiments and results in the research field of spraying, dimensionless
parameters are often useful. This appendix lists the significant quantities and
dimensionless parameters involved in the test cases. The ranges at each mill are
presented in Table A1.
The quantities involved in the spraying process and the ranges of the experiments are:

Density of black liquor, ρBL
Viscosity of black liquor, µBL
Surface tension, σ (used in calculating the We)
Heat capacity of black liquor (130°C, 75%), cpBL
Dry solids content

1407 – 1458 kg/m3
40 - 256 mPa s
0.05 N/m
2841 J/kg/°C
73 – 79 %

Mass flow rate
2.5 – 7.4 kg/s
Excess temperature
2 – 19 °C
Pressure in the nozzle (not available)
Dimensions of nozzle (pipe diam./splashplate angle)26 – 40 mm / 23 – 36°
Density of surrounding gas (air 20°C /nitrogen 1000°C)
Viscosity of surrounding gas (air 20°C /nitrogen 1000°C)

1.293 / 0.275 kg/m3
0.018 / 0.0483 mPa s

The Reynolds number (Re) is the ratio of the inertia and viscous forces.
Re =

ρ BLu p d p
µ BL

(A.1)

where up is the calculated velocity of pipe flow, dp is the nozzle pipe diameter and µBL
is the dynamic viscosity of black liquor. The Reynolds number of the nozzle pipe flow
in the experiments was between 680 and 4900 when the transition zone, where the
flow may be either laminar or turbulent, is about 2000 to 4000 (Streeter and Wylie,
1983).
The Weber number (We) is the ratio of inertia to surface tension forces.

ρ BL u 2p d p
We =
σ

(A.2)
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There is practically no reliable information available on high dry solids content black
liquor surface tension. In Table A1, σ = 0.05 N/m was used for all the cases
(Frederick, 1997). The Weber number of the nozzle pipe flow in the experiments was
between 6000 and 60000. In clearly non-flashing cases, the Weber number could be
used for calculating the breakup point of the thin liquid sheet (Squire, 1953).
The density and viscosity ratios were calculated in a furnace environment and a
spraying chamber environment with assumptions of surrounding gases being nitrogen
(1000°C) and air (20°C), respectively. The density ratio in the furnace environment
was 0.0002, but in the spraying chamber it was 0.0009. The viscosity ratio was from
0.0002 to 0.00121 in the furnace environment and from 0.0001 to 0.0002 in the
spraying chamber. The main difference between the two environments was probably
the flow of the surrounding gas, which was not defined.
The Jakob number (Ja) is the ratio of available sensible energy to latent energy. It
characterizes the potential of flash evaporation inside the nozzle. Ja is equal to the
adiabatic equilibrium steam quality.

Ja =

c pBL (t f − tb )

(A.3)

hw

where cpBL is the heat capacity of black liquor (Frederick, 1997), tf and tb are black
liquor firing temperature and boiling temperature, respectively, and hw is the heat of
the evaporation of water. In the experiments, the Jakob number was between 0.003
and 0.023.

Dimensionless velocity (Eq. 6.1) describes the acceleration of the flow inside the
nozzle tube and requires measurements for its definition. Acceleration is a
consequence of the flash evaporation inside the nozzle tube and is proportional to
Jakob number and inversely proportional to the pressure.
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Table A1. Spraying-related quantities and dimensionless numbers at test mills A to F and the spraying chamber (SC). The number of
measurement cases is presented in brackets after the mill letter.
Black liquor
Dry solids content
Viscosity, µ BL
Density, ρ BL
Boiling temperature, t b
Adjustable parameters
Mass flow rate
Mass flux
Excess temperature, ∆T e
Nozzle geometry
Type of the nozzle
Nozzle tube, d p
Splashplate angle
Dimensionless numbers
Reynolds number, Re
Weber number, We
Density ratio, ρ gas/ρ BL
Viscosity ratio, µ gas/µ BL
Jakob number, Ja
Dimensionless velocity, u *

max
76
65

F (35)
min
max
75
78
93
256

FSC (59)
min
max
75
79
93
200

1436

1436

1437

1458

1436

1453

119

119

119

116

119

116

118

7.3
8.5
12.5

3.9
7.2
2.4

3.9
7.2
2.4

4.3
6.9
13.7

6.2
12.2
18.7

2.5
4.1
13.4

7.4
13.4
18.2

E (1)

Mill
unit
%
mPa s
3
kg/m

A (13)
min
max
73
75
40
100

B (3)
min
max
76
76
120
120

C (6)
min
max
74
76
70
120

D (8)
min
max
75
77
108
165

min
76
65

1407

1430

1421

1423

1424

1431

1435

1435

°C

116

118

117

117

117

119

117

kg/s
2
g/mm s
°C

3.1
7.2
4.1

4.8
11.3
6.5

2.5
3.9
7.7

4.6
8.7
9.3

5.0
9.9
4.0

6.4
12.8
7.0

5.7
5.9
10.6

mm
°

A
27
25

B
26, 30
35

A
27
25

A
34.5, 40
25

A
27
20

A, B
27, 28
23, 36

A, B
27, 28
23, 36

1404
4905
8281
20358
0.0002

980
1877
6484
27431
0.0002

1947
4293
26116 43411
0.0002

1266
2423
12294 26197
0.0002

2816
2816
16577 16577
0.0002

773
2946
18756 42543
0.0002

686
2917
6395
56033
0.0009

0.0004
0.0050
1.3

0.0003
0.0133
1.6

0.0007
0.0030
1.2

0.0002
0.0173
1.3

0.0005
0.0052
1.0

0.0012
0.0082
1.5

0.0004
0.0097
1.7

0.0004
0.0117
3.4

0.0007
0.0088
1.5

0.0004
0.0157
2.4

0.0007
0.0030
1.2

0.0005
0.0236
3.1

9E-05
0.0169
1.2

0.0002
0.0228
3.5
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