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1. Introduction

Black liquor spraying in the furnaces of recovery boilers has progressed in 
many phases during the last century. In 1936, a design for a spray furnace was 
suggested, in which the boiler was mounted above the smelter furnace in a tower 
arrangement. The design yielded many advantages and reduced the need for 
manual labor (De Lorenzi, 1949). Rotating furnaces were replaced by spray fur-
naces in future designs. Spraying enabled control of the char bed and combus-
tion by changing the spray direction and spraying pressure. The mass flow rate 
and droplet size could be easily changed. The air distribution to the char bed 
could be connected to the spraying (Vakkilainen, 2007). 

In Finland, the first Tomlinson-type boilers were built in the 1930s and 1940s 
(Vakkilainen, 2007). In many cases, boilers used oscillating nozzles to spray 
evenly in all parts of the furnace. It was normal to spray black liquor on the walls 
and allow it to dry to achieve better combustion. In the 1980s, stationary firing 
became the dominant way of spraying black liquor, first in Europe and later in 
the US (Llinares and Chapman, 1989). Splashplate nozzles were common, but 
swirl cone nozzles were used in small boilers. 

The transition to higher dry solids content (DSC) black liquors started during 
the 1980s. This had many advantages. The most important was the increased 
throughput capacity of a recovery boiler, which is still often the bottleneck in a 
pulp mill. Other advantages of higher DSC were better sulfur reduction, higher 
energy production, decreased emissions, and decreased risk of smelt explosion. 
The nature of spraying changed with increased DSC. A higher black liquor tem-
perature was needed to decrease viscosity. Often, the spraying temperature was 
above the boiling point of black liquor, although boiler operators were not aware 
of flashing. Liquor heat treatment processes were also developed to decrease 
viscosity and to avoid excessively high firing temperatures (Vakkilainen, 2007). 

The importance of spraying studies is emphasized by the volume of heat and 
power generation from black liquor burning. Globally, more than 200 million 
tons of black liquor dry solids are burned per year (Faostat, 2016). In Finland, 
11% of primary energy was supplied by black liquor combustion in 2014 (Energy 
statistics, Statistics Finland). This is important from the viewpoint of the Kyoto 
agreement, under which CO2 emissions are restricted. The combustion of forest-
based renewable black liquor is calculated to be neutral concerning CO2 emis-
sions. Tightening emission regulations cause an increased need for better com-
bustion control, which can best be achieved by better spraying practice. 
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Boiler sizes have been increasing year by year. The value of the produced 
steam and electricity has also been increasing all the time. The need to better 
understand the recovery process has increased; at the same time, new research 
findings and devices from other research fields have become available. The same 
development was seen in black liquor spray studies starting in the late 1980s. 

Black liquor is different compared to other fuels in several ways. Normally, 
fuels are sprayed to minimize the droplet size of a low viscosity liquid. The noz-
zles are therefore small. In black liquor spraying, the optimum droplet size is 
large, to enable char bed control for chemical recovery. In addition, the viscosity 
is high and the fluid may be non-Newtonian. Although the DSC of black liquor 
is increased within new and retrofitted pulp mills, there is very little experi-
mental data available on the spray properties. The high viscosity combined with 
the high spraying temperature and flashing means that the spray formation 
mechanisms are different compared to the conventional spraying of black liq-
uor. This has a paramount effect on mean droplet size, droplet size distribution, 
and particle shape. Flashing increases spray velocity and affects the droplet for-
mation and droplet size. The velocity of spray affects the spray penetration and 
char bed shape and operation, as well as the combustion location of droplets. 
The available information on the effect of the spraying temperature and the 
mass flow rate on spray properties has been insufficient. Therefore, reliable CFD 
modelling of recovery boiler furnace processes has been difficult. 

1.1 The principles of the kraft recovery process

The recovery of the cooking chemicals used in the kraft pulping process is an 
economic and environmental necessity. Kraft recovery systems regenerate the 
inorganic chemicals – sodium hydroxide and sodium sulfide – and burn the dis-
solved organic materials as a fuel to produce steam and electricity. The primary 
operations that constitute kraft chemical recovery include black liquor concen-
tration by evaporation, black liquor combustion, and causticization. The kraft 
recovery process is cyclic in nature, as shown in Figure 1.1 (Mimms et al., 1993). 

Combustion occurs in the recovery boiler furnace. About half of the wood en-
tering the digester ends up as fuel. Combustion air is introduced to the furnace 
at three or more levels. Two air entry levels are located below the firing level for 
the black liquor to control both the char bed shape and temperature, and to burn 
char. The high temperature required to reduce the oxidized sulfur compounds 
present (mainly sodium sulfate and thiosulfate) to sodium sulphide is produced 
by injecting enough air to the surface of the char bed while assuring that there 
is a sufficient amount of char carbon available for reduction reactions. The third 
or upper level of combustion air completes the burning. Steam and electricity 
are generated from the heat produced. Chemicals leave the furnace in the form 
of a molten smelt consisting theoretically in the optimal situation of sodium sul-
fide and sodium carbonate. When dissolved in water, the smelt forms green liq-
uor. After this, the causticizing process transforms Na2CO3 to NaOH for the cook-
ing process and then again form black liquor, which will be evaporated in evapo-
rators (Mimms et al., 1993). 
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Figure 1.1. The kraft liquor cycle (Mimms et al., 1993).

1.2 The spraying of black liquor

Black liquor is sprayed into the recovery boiler through a set of nozzles, as 
shown in Figure 1.2. The purpose of these nozzles is to break the black liquor 
stream into a spray of properly-sized droplets. The most widely used nozzle type 
is the splashplate nozzle, which produces a flat fan spray. The orifice diameters 
of the splashplate nozzles normally used in recovery boilers are 15–48 mm.The 
droplet size and size distribution resulting from spraying have a fundamental 
effect on combustion, the formation of emissions, and the fouling of the boiler. 
Spray velocity is another extremely important spray property that affects the 
combustion phases and flight paths of droplets. Also, char bed shape and oper-
ation are affected by spray velocity, as can easily be seen by looking at Figure 
1.2. In addition, primary air plays an important role in the char bed shape. 
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Figure 1.2. The lower recovery boiler furnace (Vakkilainen, 2000). 

 

The most important property of the spray is its average droplet size.  The ma-
jority of the mass of droplets is around the average size and it therefore defines 
the progress and location of drying, devolatilization, and char burning. The 
smallest droplets are entrained by the flue gas flow to the heat transfer sections, 
causing fouling, corrosion, and increased emissions. Large undried droplets fall 
to the furnace bottom, decreasing the char bed temperature and increasing the 
size of the char bed. An essential part of a successful recovery process is the 
control of the shape and the quality of the char bed at the bottom of the furnace, 
both of which are extensively affected by the spraying practice. An example of 
the effect of droplet diameter on droplet trajectories is presented in Figure 1.3 
(Walsh and Grace, 1989). Black liquor droplets are sprayed vertically from the 
right side of the schematic image. The calculation indicates that droplets below 
0.75 mm form carry-over and particles larger than 3.5 mm hit the opposite wall 
of the furnace. Droplets between these sizes carry char and chemicals to the char 
bed. Carry-over may be formed also by fragmented droplets as stated by Fakrai 
(1999).  
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Figure 1.3. The trajectory and state of a small, intermediate, and large drop-
let in a simulated recovery furnace environment (Walsh and Grace, 1989). 

 

Spraying is a common unit operation in heat and power generation, process 
industries, and manufacturing processes as well as in environmental protection. 
Often, the desired droplet size is as small as is economically achievable. In these 
cases, the nozzle size is normally two to three orders of magnitude smaller than 
that found in recovery boilers. For example, the average droplet size of oil spray-
ing is generally from 5 μm to 100 μm. In black liquor spraying, the desired drop-
let size is 3 mm (Adams et al., 1997) or even larger for high DSC black liquor. 
The large droplet size is desirable because of the need for the simultaneous re-
covery of energy and chemicals. In addition, the amount of harmful carry-over 
particles decreases as the mean droplet size increases. 

Droplet formation in industrial sprays is a complex phenomenon that is very 
challenging to model properly, starting from physical principles. Therefore, ex-
perimental measurement of droplet size and size distribution is the only trust-
worthy method to obtain this important information. 

In the 1990s, droplet size was measured for black liquor sprays with a DSC of 
56–75%, for example by Adams et al. (1990), Spielbauer and Aidun (1992) and 
Kankkunen and Nieminen (1997). These experiments were mostly carried out 
at temperatures below or near the boiling point of black liquor. Some experi-
ments were carried out with substitute fluids using small-scale or industrial-
scale nozzles (Loebker and Empie, 2001).  

The properties of high DSC black liquor differ from the properties of low DSC 
black liquor and other fluids. The high viscosity of the black liquor requires 
spraying temperatures to be significantly above the boiling point of the liquor. 
This leads to a high spraying temperature followed by the effective flashing of a 
high viscosity fluid. The flashing of high DSC black liquor is an important, but 
mostly unstudied, spraying regime. The measurement of droplet size has been 
considered to be very difficult under the real, harsh conditions of hot furnaces. 
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The droplet size measurements in this study were carried out in spray test cham-
bers and in-furnace conditions.  

After all, the purpose of experiments and theoretical calculations is to predict 
phenomena and processes taking place in the furnace. Spray properties in the 
furnace are not necessarily similar as in a spray test chamber. Gas flows in the 
furnace and heat conduction and radiation may change spray properties.  

Sprays in the furnace have been studied by Miikkulainen et al. (2009) with a 
furnace endoscope. They could study the spray velocity, sheet length, and 
breakup mechanism. With another endoscope, Kankkunen et al. (2011) studied 
spray dimensions and velocities at the distance of 2.3 meters from the nozzle by 
spraying along the furnace wall. Imaging took place by empty nozzle gun ports. 
A decrease in the droplet velocities along the flight path was detected. A part of 
the images was showing hollow or exploded droplets, which was explained as 
being caused by the excess steam vaporizing from the black liquor. Engblom et 
al. (2013) showed by CFD simulations that the velocity decrease could be pre-
dicted by the decreased density of droplets.  Overall spray studies in the furnace 
were carried out by Brink et al. (2010). They could see spray directions and 
opening angles using a water-cooled endoscope and an IR camera.  

In the last 20 years, black liquor droplet sizes have mostly been measured by 
methods based on image analysis. Although these methods enable particle 
shape detection, no serious attempts to detect particle shape or 3-D positions 
had been made before the present study. Both of these methods are needed to 
be able to accurately measure the mean droplet size and droplet size distribution 
of high DSC black liquor sprays.  

1.3 Outline of the work

This thesis is based on four exparimental spraying test sets with black liquor. 
The first test set is for low DSC black liquor, mostly in a spray test chamber. The 
second test set is for high DSC black liquor in a spray test chamber. The third 
test set is based spray velocity measurements for low and high DSC black liq-
uors, mostly in furnaces. The fourth test set is for high DSC black liquor in-fur-
nace conditions. Each part of the work is divided according these four parts. 

The measurement method and results of measuring the droplet size of low 
DSC black liquor are shown. Spraying temperatures were both below and 
above the boiling point of the liquor, and mass flows were relevant to small in-
dustrial-scale nozzles. The measurements were carried out in a vertical spraying 
chamber. The accelerating effect of flashing on spray velocity was measured for 
the first time.  

The non-spherical shape of high DSC black liquor droplets was found and 
a method to analyze the droplet size distributions of non-spherical droplet 
sprays was presented. Four droplet size distribution functions were compared 
to find the most useful distribution function for modelling. The aspect ratio and 
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the sphericity of black liquor droplets were measured in a horizontal spray test 
chamber for nine spraying practices.  

The velocities of black liquor sprays were measured in six boilers with low 
and high DSC black liquors, using a furnace endoscope above the spray. The 
methods and devices were developed for analyzing spray velocities in test cham-
bers and furnaces. Flashing maps were developed to enable the estimation of 
velocity based on the excess temperature and mass flux. This allows a widening 
of the measured results for different nozzle sizes and spraying practices, and 
gives useful tools for boiler operators and CFD modelers. 

The velocity, droplet size and shape, and spark number for in-furnace con-
ditions of high DSC black liquor was studied for a large splashplate nozzle. 
Spraying took place along the furnace wall, so measurements could be carried 
out through a nearby spray gun port at the distance of 2.3 meters from the noz-
zle.  
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2. Review of the Literature

2.1 The spray and droplet size measurements of traditional fluids

For liquid fuels, droplet formation research has a history that goes back over 
a hundred years. Lefebvre (1989) has compiled a summary of droplet formation 
theory and practice. Droplet formation using different nozzle types and fluids 
were widely discussed in Lefebvre’s book. Correlation equations were presented 
for most variables in the spraying process. Other comprehensive books are pub-
lished by Marshall (1954), Bayvel and Orzechowski (1993), and Liu (2000). 
These authors did not discuss black liquor or splashplate nozzles but considered 
many other sheet-forming nozzle types.  

 

Figure 2.1. A pressure swirl atomizer (left), a fan atomizer, and a splash 
plate nozzle. 
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The most widely studied nozzle type is the pressure-swirl nozzle; a typical 
model of this nozzle is presented in Figure 2.1. This nozzle forms a liquid sheet 
similar to a splashplate nozzle, but the shape of the sheet and its formation 
mechanism are different. The size of pressure-swirl nozzles in most of their ap-
plications are smaller than the nozzles used in recovery boilers. Paloposki 
(1989) measured droplet-size distributions, for example, the distribution for a 
pressure-swirl nozzle spraying heavy fuel oil using the freezing method. Liquid 
nitrogen was used to freeze droplets and analysis took place by manual meas-
urements through a microscope.   

In general, the droplet size is nowadays most often measured by a laser light 
scattering-based method. Another general method is Phase Doppler Anemom-
etry (PDA), where the phase changes of reflected or refracted laser lights are 
detected. Rather small droplet size and a spherical shape enable these kinds of 
measurement. With a proper traverse system, spray scanning is fast and accu-
rate. 

An image-analysis-based droplet size measurement is more challenging but 
gives some advantages. Difficulties are caused by proper lighting, overlapping 
droplets, and the focus area. These methods are also time consuming compared 
to many other droplet size measurement systems, and the size range that can be 
measured is limited. The advantages are the possibility to define the shape of 
the droplets and to measure the velocity based on double or triple exposures.  

Chigier (1991) thoroughly explained optical imaging methods for spray analy-
sis. Later, image analysis was adapted for droplet-size measurements by, for ex-
ample, Kashdan (2003, 2004) and Malot (2000). They could solve all the above-
mentioned problems and develop optical imaging methods further. 

2.1.1 Droplet size and size distribution correlations 

Pressure-swirl nozzle 

Lefebvre (1989) presents equations in forms that are applicable irrespective of 
the nozzle size. These equations are based on measurements with small nozzles. 
For simplex-type pressure-swirl nozzles, Lefebvre derived the following equa-
tion for the Sauter mean diameter: 

 

  (2.1) 

 

where  is the thickness of the fluid sheet at the nozzle,  is surface tension, 
 is liquid viscosity,  is air density, and  the pressure difference.  According 

to Lefebvre, this equation takes into account the effect of spray speed on droplet 
size. Sheet thickness can be calculated using the equation  

    

    (2.2) 
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where FN is the flow number and   is the nozzle diameter. The flow number 
is given by 

 

    (2.3)

  

where  is the mass flow rate. Paloposki and Kankkunen (1991) have pro-
posed the following proportionality for dimensionless mean droplet size 

 for a pressure-swirl nozzle:  

 

04.0*53.0*25.014.0
*

)()(Re WeD     (2.4) 

 

where Reynold's number is Re, We is the Weber number,  is the dimension-
less density, and  is the dimensionless viscosity .  

Fan nozzle 

  The fan nozzle (see Fig.2.1), which forms a flat sheet similar to a splashplate 
nozzle, has been discussed in the literature to some extent. Fraser et al. (1962) 
studied the droplet formation of fan nozzles. They suggested the following drop-
let size proportionality:  

 

    (2.5) 

 

where hr relates to sheet thickness and r to the distance from the nozzle to the 
sheet breakup point. The discharge coefficient  is 0.8–0.95.  

Snyder et al. (1989) presented the dimensionally correct correlation for fan 
spray nozzles: 

 

  (2.6) 

 

where is the dynamic viscosity. They claim that the equation is accurate to 
within 5% when the nozzle size is 0.157–0.214 mm, spraying pressure is 1.38–
10.34 MPa, and the kinematic viscosity   is below 1 10-4 m2/s. The droplet for-
mation mechanism is assumed to change when the kinematic viscosity is higher, 
and therefore equation (2.6) is no longer accurate under such conditions. The 
equations above are for liquids in non-flashing conditions. They are adapted 
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with the relevant black liquor properties, while the consequent droplet sizes are 
presented in Figure 2.4, which allows comparison of droplet size predictions at 
relevant spraying pressures.   

2.2 Size distribution functions 

The normal distribution, the log-normal distribution, and the square-root-
normal distribution function are mathematical distribution functions. The 
Rosin-Rammler distribution function is an example of an empirical distribution 
function. All these functions can be used to describe droplet size distributions. 

2.2.1 Rosin-Rammler distribution 

The most commonly applied distribution function in the field of particle sci-
ence is the Rosin-Rammler distribution. It is generally applied in the field of 
spraying as well. The Rosin-Rammler distribution function is defined by the 
equation 

     

     (2.7)  

 

where q is a measure of the uniformity of the spray and X is a certain kind of 
mean diameter that, in the case of sprays, often has a value of approximately 
20% less than the volume median diameter DV0.5. 

2.2.2 Normal distribution 

The equation for volume-based normal distribution is 

 

2

2

2
)(

2
1)( s
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n e
s

Dq
      (2.8) 

 

where s is the standard deviation, D is the particle diameter and  is the mean 
size. This is a symmetrical function around mean size and is used only by a few 
researchers, but it forms the basis for square-root-normal distribution and log-
normal distribution.  

2.2.3 Square-root-normal distribution 

The square-root-normal distribution function was suggested by Tate and Mar-
shall (1953). Its volume distribution function can be expressed as 

 

   (2.9) 

 

where s is the standard deviation of D . 
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2.2.4 Log-normal distribution 

There are many definitions for the log-normal distribution. Allen (1990) and 
Paloposki (1994) used the equation 

   

       (2.10) 

 

which is skewed in the direction of small fractions. 

 

2.2.5 Relative span factor 

The shape and width of the distribution functions vary. Although the volume 
median size of all the above-mentioned distribution functions may be the same, 
the width of the distribution can still vary. The width of a distribution is studied 
by the relative span factor, which is defined by the equation 

 

    (2.11)  

 

where the diameters DV0.1, DV0.5 and DV0.9 are cumulative for 10%, 50%, and 
90% volume fractions. 

2.2.6 Shape characterization 

Many methods are available for particle shape characterization. These are 
generally based on varying definitions of particle dimensions. Allen (1990) de-
fines particle size and shape in several ways which are defined by the measura-
ble properties of detected particles.  

The easiest to adapt by image analysis are projected area diameters such as  
 from the equation 

 

     (2.12) 

 

which defines the diameter of a circle having the same area as the projected 
area, A, of the particle. 

An interesting variable that affects both particle trajectory and combustion 
properties is the drag diameter. The drag diameter  is the diameter of a sphere 
having the same resistance to motion as a particle in a fluid of the same viscosity, 
and with the same velocity, as in the following equation:  
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    (2.13) 

 

where  

  

     (2.14) 

 

and  is the velocity and  is the density of the fluid. 

The experimental data in this study showed clearly that a significant propor-
tion of the high DSC black liquor spray consisted of both spherical droplets and 
non-spherical droplets. Therefore, a method had to be developed for handling 
non-spherical particles. It should be possible to indicate the fraction of spherical 
and non-spherical particles. In addition, it was necessary to determine the vol-
ume of both shapes divided by size classes to enable mass transfer, heat transfer, 
and trajectory calculations. 

Normal practice in combustion modelling is to assume spherical droplets to 
describe the combustion. In this study, the equivalent diameter of a non-spher-
ical particle is defined by Feret's maximum diameter (the longest diameter of 
the particle) as well as the area measured by image analysis. Particle sizes in the 
high DSC study are defined based on the data that can be produced by an image 
analysis program, namely the projected area, minimum diameter, maximum di-
ameter, Feret's maximum diameter, roundness, and perimeter. These variables 
are utilized, for example, by Allen (1990).  

Feret's maximum diameter, , is the longest dimension of the particle 
and Feret's minimum diameter, , is the shortest perpendicular diameter, 
as presented in Figure 2.2. The aspect ratio is defined as 

 

    (2.15) 

 

 

Figure 2.2. Feret’s maximum and minimum diameters. 

DF, max

DF, min
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The roundness of the particle is defined by the equation 

 

    (2.16) 

 

where P is the perimeter and A is the area of the particle as suggested by Allen  
(1990).  

Images are two dimensional, whereas particles are in reality three dimen-
sional. In high DSC spraying chamber tests, we will treat particles as 3-D ob-
jects. Sphericity is defined by the equation 

 

     (2.17)

   

where SS is the surface area of a sphere of equal volume and SP is the surface 
area of the particle. 

The aspect ratio is defined by the equation  

  

     (2.18) 

 

where L is the major axis of an ellipsoid and De is the minor axis of an ellipsoid 
as suggested by Allen (1990). 

2.3 Black liquor spraying under non-flashing conditions 

Laser light–based methods, light scattering, and PDA have been tested with 
black liquor spraying. These methods have been useful for substitute fluids and 
small-scale nozzles as shown by Kankkunen et al. (1994). Also, special nozzles 
for black liquor gasification purposes could be measured by a laser light-scat-
tering-based method by Helpiö et al. (1994). In the present study, only image-
based studies are considered. 

Studies related to black liquor droplet formation have been performed by Ben-
nington and Kerekes (1985), Mäntyniemi (1987), Bousfield (1990), and Loebker 
and Empie (2001). These studies were carried out with small-scale nozzles, with 
a mass flow rate below 1 kg/s. Droplet formations with larger nozzles have been 
studied by Stockel (1988), Adams et al. (1990), Paloposki and Kankkunen 
(1991), Mikkanen (1991),  Spielbauer and Aidun (1992a), (1992b), (1992c), Ris-
tola (1993), Kankkunen (1993, 1995), Kankkunen et al. (1994),  Empie et al. 
(1995a, 1995b), Helpiö and Kankkunen (1996), and Miikkulainen et al. (2000).  
In all the above-mentioned studies, at least part of the experiments were carried 
out with non-flashing black liquor or substitute fluid. 
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In non-flashing conditions, the black liquor sheet is formed on the splashplate 
and breakup takes place when the sheet gets thin enough. The sheet is broken 
by waves into ligaments. These ligaments then break down to smaller ligaments, 
sometimes forming satellite droplets between ligaments. Then, short ligaments 
are broken into droplets. Increasing the mass flow rate decreases droplet size 
and increases velocity. An example of sheet breakup by wave formation is pre-
sented in Figure 2.3. The nozzle is located at the top of the vertical spraying 
chamber and black liquor is sprayed downwards. The mass flow rate is 3.3 kg/s, 
the temperature is 113°C, and image height is 1 m as presented by Kankkunen 
and Nieminen (1997). In addition to studying sheet break-up, Kankkunen and 
Nieminen (1997) measured the mass distribution of liquid in different spray an-
gles.      

  

Figure 2.3. Black liquor sheet breakup under non-flashing conditions, 3.3 
kg/s, 113 C (Kankkunen and Nieminen, 1997). 

A droplet size equation for non-flashing black liquor spray was presented by 
Adams and Frederick (1988). They suggested equation  

 

0.862  (2.19) 

 

where dn is the nozzle diameter, We is Weber number, Re is Reynolds number, 
l is liquid density and g is gas density.  

Volume based mean droplet size according to different researchers (partly 
mentioned in chapter 2.1.1) is shown in Figure 2.4. The values for droplet size 
calculations are based on the experimental case of Kankkunen (1995), where the 
viscosity of black liquor was 45 mPa·s and the density was 1400 kg/m3. That 
case is marked by a symbol  in Figure 2.4 and presents a measured mean drop-
let size. Droplet size trends are calculated for a splashplate nozzle with the di-
ameter of 15 mm. Droplet size decreases rather evenly when the pressure and 
consequently the mass flow rate increases. Most of the correlations give rather 
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similar results, which show that correlations based on experiments can predict 
the droplet size of non-flashing sprays quite well. One of the correlations, by 
Adams and Frederick (1988), shows a similar trend, but with slightly different 
absolute values. The input variables used here (pressure, viscosity, and density) 
could not be adapted to their correlation equation.

Figure 2.4. Droplet size trends for non-flashing sprays as the function of 
spraying pressure.

An interesting study utilizing splashplate nozzles was presented by Salmenoja 
et al. (2016). They studied the possibility of spraying and burning soap in a re-
covery boiler. Soap is a product refined from black liquor and has similarly very 
high viscosity as black liquor. Theoretical calculations and small-scale tests 
showed that it is possible to spray and burn soap. Nowadays, a European recov-
ery boiler is burning soap to increase recovery boiler capacity and to avoid dif-
ficulties caused by soap in black liquor.

2.4 Flashing and flash break-up

In flashing conditions, the liquid’s velocity is increased by forming and grow-
ing vapor bubbles inside the nozzle pipe. This affects black liquor sheet for-
mation, break-up, and droplet formation. Many earlier evaluations of spray ve-
locity – for example, those by Spielbauer et al. (1989) and by Empie et al. (1995) 
– were based on the calculated bulk liquor flow of the nozzle instead of on a 
measured velocity. In practice, the calculation of the spray velocity, especially 
for flashing spray, leads to misleading conclusions. 

Although the effect of flashing on black liquor droplet size was earlier de-
tected, for example, by Empie (1995), there were no systematic studies of the 
black liquor sheet break-up mechanism. Loebker (1998) studied the break-up 
mechanisms of splashplate nozzles with a non-flashing substitute fluid. He used 
air to produce a two-phase flow nozzle. Karami and Ashgriz (2011) studied sheet 
break-up mechanisms with a 5 mm splashplate nozzle at above boiling point 
with water, as presented in Figure 2.5. The change in the sheet break-up mech-
anisms for water, which is a one component fluid, can be seen. At 108°C and 
higher, the flow becomes oscillatory and forms an intermittent type of spray.
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Figure 2.5. Sheet break-up mechanisms for water at varying temperatures 
(Karami and Ashgriz, 2011).  

The properties of black liquor are very different compared to water. In spite of 
low water content (a DSC around 70  to 80  and high viscosity), black liquor 
sheet break-up mechanisms have similarities with water. Black liquor sheet 
break-up mechanisms for a 22 mm splashplate nozzle are shown in Figure 2.6 
as presented by Kankkunen and Nieminen (1997). The flow rate is a constant 
3.3 kg/s. The lowest temperature, 113 C, is at the boiling point and the break-
up mechanism, the wave formation, is typical of spraying below the boiling 
point. The break-up mechanisms of two other cases (moderately and highly 
flashing cases) are totally different, even when compared to each other. Perfo-
rated-sheet disintegration takes place at around 10 C above boiling point. At the 
highest temperature, black liquor is disintegrated by high velocity and flashing 
takes place already in the nozzle pipe. Similar results were obtained by Miikku-
lainen et al. (2002), but in addition they measured the mass distribution in dif-
ferent spray angles in a spray test chamber. 

 

   

 At boiling point 113 C                  123 C                 128 C 

Figure 2.6. Black liquor sheet break-up mechanisms at three temperatures,  
3.3 kg/s (Kankkunen and Nieminen, 1997).   
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2.5 Superheated highly viscous black liquor as a spraying medium  

Drop formation is affected by the properties of the atomized fluid. The differ-
ent properties of black liquor affect spray properties. In addition, black liquor 
properties are linked to each other. Viscosity, surface tension, and density are 
included in the general correlation equations for droplet size. In the case of 
black liquor, additional properties, such as its DSC and excess temperature, are 
important variables. The DSC of black liquor is an important variable defining 
viscosity and excess temperature, and it affects surface tension in a way that is 
not well understood. Other additional variables are the amount and mass frac-
tion of polysaccharides and precipitated inorganic salts (Vakkilainen, 2007). 
Thermal conductivity and heat capacity may have an effect on drop formation 
through the heat-up rate of surfaces during the formation process. Vakkilainen 
(2000) and Frederick (1997) have presented useful equations and values of 
black liquor properties, such as density, boiling point rise, viscosity and heat 
capacity. Black liquor chemical composition is mill specific and there is a very 
large variation in their spraying properties, which complicates the optimization 
of spraying.  

The DSC of black liquor is first mentioned when the properties of black liquor 
are considered. It varies from 60% for older recovery boilers to over 80% for 
modern boilers. In the case of high DSC, where a high temperature is necessary 
for controlling the viscosity of the fluid, the amount of water available for flash-
ing will have an essential impact on spray formation.  

For high DSC black liquor spraying, the most important variable is the excess 
temperature, ΔTe, which is the temperature difference between the black liquor 
spraying temperature and its boiling point. The spraying temperature is always 
above the boiling point. For example, when the boiling point is 120°C and the 
spraying temperature is 135°C, then the excess temperature is 15°C. The excess 
temperature defines the driving force of flashing and therefore affects droplet 
size and the velocity of the spray. 

The boiling point of black liquors varies between 110°C and 125°C depending 
mainly on the DSC. A variation of a few degrees Celsius with constant DSC is 
possible for different black liquors, as stated by Clay and Grace (1984).  

Frederick (1997) claims that reasonable values for the boiling point rise, that 
is to say the temperature difference between the boiling point of water and black 
liquor, can be calculated for liquors of DSC below 50% with the following equa-
tion: 

 

    (2.20) 

 

where ΔTbpr is the boiling point rise, ΔTbpr50 is the boiling point rise of black 
liquor at 50% DSC, and Ys is the actual DSC. When no data is available, using 
ΔTbpr50 equal to 13.5°C should produce acceptable accuracy. Above 50% total dry 
solids, the ΔTbpr of black liquor depends in a complex way on the solubility of 
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the inorganic components. Based on experimental boiling point values, Jä-
rvinen et al. (2015a) estimated that the ΔTbpr is approximately 30 C, when the 
DSC is 88%.  

The viscosity of black liquor at the nozzle varies between 30–450 mPa·s. The 
viscosity is controlled by the spraying temperature and liquor heat treatment 
systems. It is necessary to reduce the viscosity to enable convenient pumping of 
high DSC black liquor.  

In earlier droplet size studies with many fluids, carried out for example by 
Lefebvre (1989), it has been found that an increase in viscosity causes a slight 
increase in droplet size. In the case of high DSC black liquor, the viscosity is 
controlled by the spraying temperature. Still, high viscosity has an effect on 
droplet formation through two mechanisms. High viscosity impedes droplet 
and bubble formation. Slow droplet formation allows the drying of particle sur-
faces before the droplets are fully formed. The concept of surface tension be-
comes unclear. This may lead to larger droplets and non-spherical forms during 
drying and devolatilization processes. The high viscosity in the nozzle pipe de-
lays bubble growth, and therefore the spray velocity acceleration by flashing is 
slowed down and the droplet size is larger. 

It should be kept in mind that high DSC black liquors are not necessarily New-
tonian fluids. Co et al. (1982) and Söderhjelm (1988) found that some birch liq-
uors are both pseudoplastic (viscosity reduces as the shear rate increases) and 
thixotropic (viscosity reduces as a function of time although the shear rate is 
constant). However, pseudoplasticity was not apparent in temperatures above 
85°C. A recent study by Järvinen et al. (2015b) and by Kankkunen et al. (2016) 
showed experimental evidence of the non-Newtonian properties of black liquor. 

The shear rate is quite high in the nozzle pipe and at the splashplate. At the 
most important moment affecting droplet formation – the moment when the 
black liquor sheet and ligaments break up – the shear rate is small. Non-New-
tonian properties of black liquor may therefore slow down droplet formation. 
Unfortunately, there is not much information available on the non-Newtonian 
properties of high DSC black liquor. 

The surface tension of black liquor is not well known under spraying condi-
tions. Due to the high temperature and high DSC of black liquor, no trustworthy 
method for measuring the surface tension has been developed so far. 
Söderhjelm et al. (1994) estimated a range of 35–60 mN/m for black liquor sur-
face tension in spraying conditions.  

Söderhjelm (1988) found that the surface tension of black liquor is strongly 
dependent on time. As a new surface forms, the black liquor molecules try to get 
into an order where the active surface substances gather closest to the surface. 
The black liquor’s surface tension has been found to decrease as a function of 
time. The value of black liquor’s surface tension stabilizes within 10 s after the 
formation of a new surface. The droplet formation process has a timescale in the 
order of one second or less, and therefore it is unlikely that there could be any 
remarkable changes in surface tension. Therefore, defining a dynamic surface 
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tension is practical when considering spray properties. According to Backman 
et al. (1996), dynamic surface tension is lower compared to static surface ten-
sion.  

Surface tension has a dual role in droplet formation stages. During the early 
stage of droplet formation, the surface tension forces strive to tear and break up 
the liquid sheet into smaller pieces; high surface tension speeds up and in-
creases the efficiency of droplet formation. In the final stage of droplet for-
mation, the surface tension forces strive to stabilize the drops formed and pre-
vent them from breaking up. High surface tension both slows down and pre-
vents droplet formation (Nieminen, 1996). 

The spray velocity and the flow regime inside the nozzle may be affected by 
the surface tension. This is an important mechanism only when spraying takes 
place at a temperature above the boiling point of black liquor. High surface ten-
sion hinders bubble formation in the first moments after bubble formation and 
reduces the acceleration of fluid velocity in the nozzle pipe, as has been shown 
by Järvinen et al. (2006).  

The density of black liquor varies between 1250 kg/m3 and 1500 kg/m3, for 
low DSC and high DSC black liquor, respectively. Higher density black liquor 
needs more energy to be accelerated, and in principle this should lead to larger 
droplets. Density is tightly connected to other properties of black liquor through 
the DSC. Zaman et al. (1994) studied black liquor density with varying DSC and 
found applicable equations for density at temperatures below 100°C and with a 
DSC below 70%. 

Splashplate nozzles have been modeled in Aalto University during the last 
years. Models are based on physical phenomena and the black liquor properties 
shown above. Modeling of many-component, two-phase flow is extremely diffi-
cult, and models are developed based on experimental velocity and droplet size 
measurements carried out in test chambers, e.g. Kankkunen et al. (2003, 2005) 
and Miikkulainen et al. (2002a, 2002b, 2004, 2009). An important part of noz-
zle model is bubble growth presented by Järvinen et al. (2006). Models can be 
used to predict spray velocity and droplet size for non-flashing and flashing 
black liquor spraying as is shown by Järvinen et al. (2010, 2015b, 2015c,  2016).  

An important part of nozzle modeling is to know the velocity profile in the 
nozzle pipe and the location, where the bubbles are formed. This was studied by 
Haavisto et al. (2015) in a spray chamber test. They developed an ultrasound-
based measurement system to measure the velocity profile of flashing black liq-
uor flow in the nozzle pipe. Connected to the same experimental study, Kank-
kunen et al. (2016) measured velocity distribution in different spray angles for 
flashing black liquor spray. That kind of information is important for Computa-
tional Fluid Dynamics (CFD). 
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2.6 In-furnace and other studies in hot environments 

The environment of a spray and droplets is highly different compared to a 
spraying chamber, when spraying takes place in a furnace. Black liquor is 
sprayed into a very hot gas atmosphere. The temperature of flue gases is more 
than 1000 C and gas is full of particles. In addition, the gas direction is then 
perpendicular to the spray direction, which may affect droplet formation. Radi-
ation heat transfer to the nozzle, to the spray, and to the droplets is efficient, 
because of high temperature combustion in the furnace. 

Experiments are difficult to carry out in these circumstances, and it is always 
expensive to carry out mill tests. Therefore, studies have been carried out in sin-
gle particle reactors, where the temperature, gas atmosphere, and gas velocity 
can be controlled around burning particles. Also, the particle size can be chosen 
according to the needs of the experiment. 

IP et al. (2008), at Brigham Young University, carried out single particle tests 
in hot chambers and measured surface temperatures of burning particles with 
a single-shot camera and visible wavelengths using two-color pyrometry.  

Hupa (2014), at Åbo Akademi University, has carried out single particle com-
bustion tests using standardized methods. They measured burning properties 
in controlled gas atmospheres and temperatures. For example, they measured 
swelling curves, mass losses, and gas concentrations for burning black liquor 
droplets. This allowed them to compare combustion times and the behavior of 
different black liquors. Other studies in the single particle reactor were carried 
out by Viljanen et al. (2017) and Sorvajärvi et al. (2014). They measured K-spe-
cies and Na-species concentrations in gas atmospheres around the particle.  

Some mills have installed or are considering the possibility of lignin removal 
from black liquor. The objective of this is to reduce the amount of flue gases and 
to increase the capacity of the boiler. Older boilers are often the bottleneck of a 
pulp and paper mill. By introducing the lignin removal process, larger amount 
of black liquor can be processed. A few new recovery boilers are being con-
structed to behave as a part of a bio-refineries, which produce lignin to be used 
as a raw material for various industrial fields. Lignin is taken out of the black 
liquor, which leads to changed black liquor spraying and combustion behaviour. 
Experimental studies concerning lignin lean black liquor spraying have not been 
published. Vähä-Savo et al. (2014), at Åbo Akademi University, and Chen et al. 
(2016), at Jyväskylä Universitity, studied reduced-lignin black liquor combus-
tion in single particle reactors.  

Controlled droplet formation from black liquor jet falling in a hot tubular fur-
nace was studied by Bousfield (1990). He found that the length of the jet was 
decreased for black liquor at room temperature. In the case where the black liq-
uor temperature was 108 C, the jet length was increased by the hot furnace. He 
concluded that the viscosity was increased by the drying of the surface of the jet 
when black liquor temperature was near its boiling point.    

Most of the spray studies in furnace environments have been carried out by 
the group at Aalto University. They have developed methods and devices to 
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shoot spray images in the furnace. Kankkunen (1995) measured the spray ve-
locity in-furnace, locating the high shutter speed video camera behind the 
splashplate nozzle outside the furnace. The angle between spray direction and 
imaging direction was small, but velocity measurements showed similar results 
as spray chamber measurements in similar spraying cases. Later, Miikkulainen 
et al. (2000, 2004, 2008) developed an air-cooled furnace endoscope for stud-
ying sprays in the furnace. They studied spray velocities, black liquor sheet 
break-up mechanisms, and spray opening angles. Karami et al. (2010) studied, 
in co-operation with Aalto University, spray velocity, velocity distribution, and 
mass distribution based on furnace imaging. They formed an equation for drop-
let size utilizing black liquor properties and a dimensionless Jacob number. 
Kankkunen et al. (2010) studied black liquor droplet sizes, shapes, and veloci-
ties in the furnace of a recovery boiler using a furnace endoscope.  

In-furnace black liquor spraying and combustion have been studied by CFD-
calculations. In these calculations, it is important, that appropriate initial data 
for spray properties is available. Li et al. (2017) and Engblom et al. (2013, 2014) 
have studied combustion and spray trajectories, when spray directions and 
droplet sizes are varied. They found that initial values of spray direction and 
droplet size affected the char bed growth and quality, and the location of com-
bustion. In addition to spray properties, for reliable CFD-modeling, it is neces-
sary to adapt a good model for droplet combustion. The most sophisticated sin-
gle-particle combustion model for black liquor droplets were developed by Jä-
rvinen (2002), which Järvinen et al. (2011) later simplified to be applicable for 
CFD-calculations.   
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3. The Focus and Objectives of the Pre-
sent Thesis 

 

The objective of the research reported in this thesis was to develop methods and 
devices for black liquor spray studies. The main goal was to measure the spray 
properties for relevant, industrial-scale splashplate nozzles with low and high 
DSC black liquors in spraying chambers and in-furnace conditions. In this 
study, droplet size, droplet-size distribution, droplet shape, and spray velocity 
were measured and are presented. This is essential information to better under-
stand the combustion processes and their locations in recovery boilers and to 
develop proper computational fluid dynamics (CFD) models to describe such 
processes. 

  



24 

 

  

4. Experiments on Industrial-Scale 
Splashplate Nozzles

 
Preliminary experiments prior to this thesis were carried out with small-scale 

nozzles and diluted black liquor in a laboratory. Small-scale tests were very im-
portant for learning about black liquor handling and spraying behavior, and for 
developing measurement instrumentation and methods. This was very benefi-
cial for industrial-scale experiments. Next four industrial scale nozzle experi-
ments were carried out.  

The first set of experiments in the recent study were carried out with the typi-
cal low solids content black liquor, which had a DSC of 70%. Most of the exper-
iments were carried out with industrial-scale nozzles in a large spray chamber 
next to the recovery boiler. The spraying chamber was vertical to ease imaging. 
In addition, spray velocity was measured in an operating recovery boiler fur-
nace. 

The second set of experiments was carried out with higher DSC (approxi-
mately 76%), which is typical for large boilers. The spraying chamber allowed 
horizontal spraying, which is the case in real spraying in a furnace.  

The third set of experiments was carried out with operating recovery boilers, 
using an air-cooled furnace endoscope to measure spray properties for six re-
covery boilers. The DSC of black liquors in the experiments was between 72% 
and 80%. 

The fourth set of experiments was carried out in furnace conditions with a 
splashplate nozzle modified to spray along the furnace wall. The droplet size and 
the velocity of this high DSC black liquor spray was measured through a nearby 
liquor gun port. 

General interaction of the spraying environment and black liquor properties 
are considered in chapter 4.1. Test mills and consequent black liquor properties 
are described in chapters 4.2 and 4.3, taking into account four experimental 
tests sets. Tested nozzles and experimental spraying environments are pre-
sented in chapters 4.4 and 4.5. Imaging and analysis methods for droplet size, 
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shape and velocity measurements for four experimental test sets are described 
in chapters 4.6 and 4.7 

4.1 Environments experienced by black liquor droplets 

It is important to understand in which circumstances sprays and droplets are 
studied. Depending on the black liquor droplet temperature and boiling point, 
and the temperature around the droplet, different phenomena may be faced by 
a droplet. There are four different possible conditions that a droplet may face, 
see Figure 4.1. The conditions are similar to different experimental and real con-
ditions. Condition 1 is similar to spraying non-flashing black liquor in a test 
chamber, as Kankkunen and Helpiö (1994) and Adams et al. (1990) studied. 
Heat is transferred out of the droplet and no boiling is present. Condition 2 is 
similar to spraying non-flashing black liquor into a furnace or carrying out a 
droplet combustion test in a single drop test furnace, e.g. Hupa et al. (1987). 
Heat is transferred to the droplet surface, but no boiling is present. Condition 3 
is similar to spraying flashing black liquor into a test chamber, which was stud-
ied by Helpiö and Kankkunen (1996) and Kankkunen and Miikkulainen (2003). 
Heat is transferred out of the droplet and surface viscosity is increased. Flashing 
inside the droplet increases the droplet volume. Condition 4 is similar to spray-
ing flashing black liquor into a furnace, as in the test sets 3 and 4 of the present 
study and earlier studied by Miikkulainen et al. (2004), (2009) and Kankkunen 
et al. (2010). Heat is transferred to the droplet. Flashing inside the droplet in-
creases the droplet volume to theoretical maximum and further, as was shown 
by Kankkunen et al. (2011). In all of the cases, heat transfer always changes 
droplet surface properties, and a superheated droplet will always try to form 
bubbles and increase its diameter. When there is enough superheated water in 
the droplet, the droplet will inflate and finally break.  A single droplet experi-
ment in a tube furnace for Condition 4 would be very interesting, but it would 
be very challenging because of difficulties on the handling of flashing black liq-
uor.  
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Figure 4.1. Four different possible conditions to be faced by a black liq-
uor droplet. 

4.2 Pulp mills 

The first set of experiments were carried out at a pulp mill in eastern Finland 
that was producing pulp from softwood. The recovery boiler capacity was below 
1000 tds/d of black liquor. A separate spray velocity measurement for in-fur-
nace spraying was carried out for another recovery boiler, with the capacity of 
2700 tds/d of black liquor.  

 The second set of experiments was carried out at a pulp mill in western Fin-
land that was producing pulp from softwood. The production capacity was 3000 
tds/d of black liquor and the process utilized the heat treatment of black liquor 
to decrease its viscosity.  

The third set of experiments was carried out in six recovery boilers. These boil-
ers were located both in eastern and western Finland, and had black liquor pro-
duction capacities ranging from 2500 tds/d to 3200 tds/d. All of them used soft-
wood black liquor.  

The fourth set of experiments was carried out at a pulp mill in western Finland 
that was producing pulp from mixed softwood and hardwood. The production 
capacity was 4450 tds/d of black liquor. 

4.3 Black liquors and test cases from 1 to 4 

The black liquors used in the experiments were taken directly from the black 
liquor pipe line going to the furnace (thus after the salt mixing tanks). This black 
liquor is referred to as “as-fired black liquor”. In the furnace measurement 
cases, spray properties were measured during the normal spraying practice of 
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the boilers. Spraying practices of test cases are presented in Table 4.1. The phys-
ical properties of black liquors are presented in Table 4.2. 

Table 4.1. Spraying practices of test cases. 

 

SW= softwood, M=mixed, V = vertical chamber, H = horizontal chamber, F = 
furnace 

Table 4.2. Average physical properties of black liquors.   

 

SW= softwood, M=mixed 

Case Liquor T DSC Mass flow Te Nozzle diameter Nozzle Test 
°C % kg/s °C mm type type

1a SW 112-126 70 0.9-8.1 0-12 15-27 A&B V
1b SW 123 70 10.4  9-16 23 A F
2 SW 130-135 76 4.3-6.1 14-18 27 A&B H
3 SW 119–133 72–80 2.8-7.3  2-19 27-28 A&B F
4 M 140–142 81–83 5.2-6.4 20-21 48 A F

Case Liquor DSC Viscosity BPR Density
% mPa·s °C kg/m3

1a SW 70 65 12.8 1400
1b SW 70 45 13.8 1380
2 SW 76 170 17 1450
3 SW 72–80 80-200 16–19 1390–1450
4 M 81–83 100-170 20–21 1458–1479
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4.3.1 1a and 1b:  Spraying chamber and in-furnace, low dry solids 

Spraying tests were carried out in a vertical test chamber with the as-fired black 
liquor from the boiler. The temperature and DSC of black liquor were controlled 
by direct steam and water injection to keep DSC constant. The spraying practice 
and physical properties for black liquor are presented in Tables 4.1 and 4.2, case 
1a. 

To obtain a qualitative reference to the spray chamber tests, a trial velocity 
measurement was carried out in a recovery boiler. The spraying practice and 
physical properties for black liquor  are presented in Tables 4.1 and 4.2, case 1b. 
The “as-fired” liquor was used in this test.  

4.3.2 2: Spraying chamber, high dry solids  

Spraying tests were carried out in a horizontal test chamber with as-fired black 
liquor from the boiler. The temperature and mass flow rate were controlled in 
co-operation with boiler operators. The DSC varied between 75% and 78%. 
Other black liquor values were calculated based on the measured densities and 
temperatures. The spraying practice and physical properties for black liquor 
during the experiments are presented in Tables 4.1 and 4.2, case 2. 

4.3.3 3: In-furnace, spray measurements 

Circumstances in an operating furnace and spray test chamber are different. 
During this set of experiments, droplet size could not be measured in a furnace. 
On the other hand, spray break-up mechanism and spray velocity could be stud-
ied in the furnace with the furnace endoscope. Therefore, a set of furnace meas-
urements was carried out to find out the similarities and differences between 
these circumstances. In addition, a large set of spray velocity measurements in 
operating boilers could be obtained. 

Velocity measurements and black liquor sheet break-up mechanisms were 
studied in six Finnish recovery boilers of various sizes and capacities with two 
splashplate nozzles. The difference to boiling point, ΔTe, varied between 2°C and 
19°C. All mills used softwood as their raw material. The spraying practice and 
physical properties for black liquor are presented in Tables 4.1 and 4.2, case 3. 

4.3.4 4: In-furnace, spray and droplet measurements 

It is important to measure droplet sizes in furnace circumstances. Experiments 
in real furnace environment may produce new, unpredictable observations of 
spray and droplet behavior.  

Normally, spraying with splashplate nozzles takes place horizontally towards 
the opposite wall of the furnace. Droplet formation takes place one to a few me-
ters from the nozzle. Spray studies at that distance from the furnace wall are 
extremely difficult. Therefore, an unusual measurement arrangement was 
needed for spray and droplet imaging. The spray was directed along the furnace 
wall, which arrangement allowed droplet size and velocity imaging through 
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nearby liquor gun port. The DSC was from 81% to 83% and ΔTe was 20°C. The 
spraying practice and physical properties for black liquor are presented in Ta-
bles 4.1 and 4.2, case 4.  

4.4 Nozzles

Black liquor is injected into the furnace of a recovery boiler through nozzles. 
The most common nozzle type is the splashplate nozzle. The inner diameter of 
the nozzle varies between 15 mm and 48 mm, which is very large compared to 
most of the other spray nozzle applications. This large diameter is needed be-
cause of high volume flow rates and to produce large droplets to control the char 
bed size at the bottom of the furnace. In addition, the large nozzle size hinders 
fouling and plugging of the nozzle. In this study, all test nozzles were industrial-
scale, splashplate nozzles.  

In the first test set, the orifice diameters of the nozzles were 15 and 27 mm, 
and the angle of the splashplate was 35°. The nozzles were manufactured for the 
tests from AISI316 stainless steel. The nozzles are presented in Table 4.3, set 1a. 
The velocity measurements in the furnace were carried out with a nozzle that 
had an orifice diameter 0f 23 mm. The nozzle is described in Table 4.3, set 1b.  

In test sets 2 and 3, the pipe diameter of nozzles A and B were 27 mm and 28 
mm, respectively. The nozzle pipe exit area of Nozzle A was throttled by 15% by 
the splashplate. The splashplate of Nozzle B was located at a distance of 2 cm 
from the nozzle exit, thus the splashplate was not throttling black liquor flow. 
The splashplate angles ( ) were 23° and 36° for nozzles A and B, respectively. 
The nozzles are presented in Table 4.2, sets 2 and 3. Images of the nozzles with 
pressure measurement connectors assembled for the experiments are presented 
in Figure 4.2.  

 

A

B

Figure 4.2. Nozzles A and B, including pressure measurement connectors. 
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All experiments in the six furnace test series were measured with two mill-
scale, commercial-type nozzles, nozzles A and B, as presented in Table 4.2, set 
3 and in Figure 4.2. The main respective difference between nozzle types A and 
B relates to whether the nozzle pipe was throttled by the splashplate or not. The 
diameter of the nozzles normally used by these six recovery boilers was between 
26 mm and 40 mm. 

The set of furnace experiments was carried out with an industrial-scale, throt-
tled splashplate nozzle, as presented in Table 4.3, set 4. The diameter of the noz-
zle was 48 mm, and the nozzle was constructed to allow spraying along the fur-
nace wall. The velocity and droplet size was measured for along the furnace wall 
spraying at the distance of 230 cm from the nozzle Velocity measurement at 
distances of 50 cm and 100 cm took place by similar arrangement as in set 3, so 
spraying took place horizontally. The typical range of spraying practices is pre-
sented in Table 4.1. Three volume flow rates 5.2 l/s, 5.8 l/s and 6.4 l/s were 
studied.   
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Table 4.3. Test nozzles 

Set Nozzle

type

Diameter 

mm

Nozzle exit/ 
splashplate angle

Image 

1a A 

B 

27

15

T/35° 

O/35° 

1b A 23 O/35 

2 A 

B 

27 

28

T/23° 

O/36° 

3 A

B 

27 

28

T/23° 

O/36° 

4 A 48 T/23° 

T = Throttled by the splashplate, O = Open exit  
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4.5 Spraying chambers and measurement environments

Droplet size measurements in furnaces are very difficult. Therefore, spraying 
chambers are necessary for droplet size measurements. Chambers also give the 
possibility to study the detailed mechanisms of how droplets are formed. Im-
portant variables affecting the droplet formation are spray velocity, black liquor 
sheet length, and sheet break-up mechanisms.  

Measurements for vertical spraying are easier, because spray behaves like an 
ejector and keeps chamber windows clean. In the furnace, spraying takes place 
in a horizontal direction. Therefore, it was necessary to overcome the challenges 
of a horizontal spraying chamber in order to achieve the most natural spraying 
conditions in a spray test chamber.   

4.5.1 Vertical spraying chamber 

In the first set of measurements, case 1a, the studies were conducted in a ver-
tical spray chamber that was 1 m by 3 m in cross-section and 4.5 m in height. 
Steam was used to control the temperature of the black liquor and to heat up 
the black liquor line. The black liquor delivery system is described in Figure 4.3. 

The process data was collected with a data acquisition unit (Hewlett-Packard 
3852A) and saved on a hard drive. The nozzle was attached to the spraying line 
as shown in Figure 4.4. The nozzle was at the top of the chamber and the direc-
tion of the flow was downwards. The nozzle was tilted 35° so that the splashplate 
was in a vertical position. 

A spraying line (2”) was connected to the mill liquor system and had a Coriolis 
mass flow meter (Schlumberger 2”) and a control valve. Black liquor pressure 
and temperature were measured just before the nozzle. To prevent plugging, the 
spraying line was steam heated before black liquor spraying. A steam line was 
also mounted beside the spraying line inside the same thermal insulation to 
keep the line warm when there was no flow in the pipe. A pressurized steam line 
was connected to the spraying line for black liquor heating by steam injection. 
There was a 4 m length of line between the steam injection point and the mass 
flow meter. There was another 4 m length metal hose between the mass flow 
meter and the nozzle.  

 

 



Experiments on Industrial-Scale Splashplate Nozzles

33

Figure 4.3. The black liquor delivery system. 

The drop-size distributions were measured 4 m downstream from the nozzle. 
Air and odorous gases from the spraying chamber were led to the mill’s dissolv-
ing tank vent gas line. The air and gas suction was located in the lower part of 
the chamber. 

Figure 4.4. The experimental setup and the vertical spraying chamber.

Case 1b, the velocity of the spray was measured through a liquor gun port of 
the furnace. The camera was located behind the nozzle, as shown in Figure 4.5. 
The video camera (PCO Flashcam) was in triple exposure mode. The distance 
between exposures was measured manually from the video material afterwards. 
The velocity was then calculated when the angle of the camera, angle of the 
spray, and the distance between the camera and spray were known. 
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Figure 4.5. The placement of the camera behind the black liquor nozzle at 
liquor gun port. 

4.5.2 Horizontal spraying chamber 

Case 2, the experiments were carried out in the horizontal spray test chamber 
presented in Figure 4.6. The length of the chamber was 5.5 m. The width of the 
chamber was 120 cm in the first section, where the nozzle was located, and 60 
cm in the last section, where droplet size measurements took place. The cham-
ber was equipped with windows, which enabled the measurement of spray 
height. Another window, the control window in Figure 4.6, was used to ensure 
the right spray location for the droplet size measurement. The spray width was 
restricted by baffles so that only a narrow part of the spray was allowed to reach 
the droplet size measurement chamber. The nozzle was located horizontally to 
ensure a close similarity to spraying in a furnace. Odorous gases were sucked 
away through the end wall and the top of the chamber.  The pulp mill’s dissolv-
ing tank’s vent gas line was used to take gases out from the spraying chamber. 
Substituting air entered the chamber through the liquor gun hole. The temper-
ature in the chamber was 60–80°C. The black liquor was returned, after dilu-
tion, to the recovery cycle.  
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Figure 4.6. The spray test chamber and experimental configuration (Kank-
kunen and Miikkulainen, 2003). 

4.5.3 Velocity measurements in furnace with endoscope 

Test case 3 was carried out by directing the furnace endoscope through the 
nozzle gun port in the furnace. One of the test cases was in the same mill where 
the horizontal spray test chamber was built and the other five cases were meas-
ured in other mills without a chamber. 

The furnace endoscope is a 3-meter-long, air-cooled optical pipe with a high-
shutter-speed CCD camera at one end of the pipe and a furnace lens at the other. 
The nozzle and the endoscope both enter the furnace from the same liquor gun 
hole. The idea is to get a right-angle view from above the black liquor spray at 
different horizontal distances from the nozzle. 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 afterwards with 
image analysis software to measure the characteristics of the spray. The meas-
urement arrangement is presented in Figure 4.7. The endoscope is presented 
more precisely by Miikkulainen et al. (2000, 2004). 
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1 Furnace endoscope
2 CCD-video camera 
3 Video recorder or hard disk 
4  Pressure sensor 
5  Temperature measurement 
6 Mass flow meter
7  Data acquisition / Control unit 
8 Computer 
9 Splashplate nozzle
10 Furnace wall
11  Black liquor from ring header 

Figure 4.7. The experimental configuration in an operating recovery boiler 
(Miikkulainen et al., 2000).  

4.5.4 In-furnace droplet size measurements 

Test case 4 was carried out by spraying along the furnace wall. For droplet size 
measurements at a distance of 230 cm from the nozzle, the splashplate was po-
sitioned to spray along the furnace wall, see Figure 4.8. The length of the endo-
scope was 3 meters. The tip of the endoscope could be moved on a rail at varying 
distances from the furnace wall, see colored measurement points in Figure 4.8. 
The method enabled definition of the spray dimensions, velocity, and droplet 
size at that distance as shown by Kankkunen (2017). 

A computer-controlled, high-shutter-speed camera, Sensicam, was used to 
shoot images, which were saved to a hard disk. The resolution of the image sen-
sor was 1280 x 1024, and the sensitivity was 12 bit, which was needed for imag-
ing in a difficult in-furnace environment. The scale of the image was defined 
before every imaging set.  
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Figure 4.8. Spraying arrangement along the furnace wall, downwards view. 

Spraying practice used in the tests was similar to the operating furnace, with 
48 mm splashplate nozzle. The difference to boiling point, ΔTe, was about 20°C. 
Black liquor was mixed with softwood (50%) and hardwood (50%).  The  black 
liquor spraying practice is present in Table 4.1, case 4.

The depth of the focus was approximately 7 cm for images taken at a distance 
of 230 cm from the nozzle. The width of the image was 78 mm and the height 
was 62 mm. Three different locations of the spray were studied at that distance, 
upper edge (blue), center line (green) and bottom edge (brown) as shown in 
Figures 4.8 and 4.9. At distances of 50 cm and 100 cm, the image widths and 
heights were approximately 48 mm and 38 mm. Consequent images for a vol-
ume flow rate of 5.8 l/s are shown in Figure 4.9.
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Disintegrating black liq-
uor sheet

Ligaments and  drop-
lets

Droplets and sparks

Figure 4.9. The spray at three measurement distances with consequent im-
ages.

4.6 Droplet size and shape measurements in spraying chambers 
and furnace

Droplet size was first measured by a laser diffraction–based Malvern particle 
sizer, similar to the method of Spielbauer et al. (1989) for measuring droplet 
size with small-swirl cone nozzles. It was discovered that a normal Malvern 
2600c could not measure particle sizes for small-scale splashplate nozzles even 
with diluted black liquor, as the droplet size was too large. Therefore, a tele-
scope, meant for star observation, was assembled as the optics for Malvern. 
Measurements with the modified Malvern were successfully carried out with di-
luted black liquor and substitute fluids. During these tests, it was established 
from the photographs that particle shape was not spherical if the DSC of black 
liquor was higher than 60% and the temperature was below its boiling point.

A new method for droplet size measurement was required. Fortunately, com-
puters and frame grabbers were available by that time, thus we could move to 
image-based droplet size measurements. Later, with better cameras and furnace 
endoscopes, even measurements in-furnace became possible.
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4.7 Image analysis

4.7.1 The image analysis method for the low dry solids content case 

Rantanen et al. (1993) developed an image-analysis-based method for analyz-
ing  black liquor droplets produced by small-scale nozzles. This method was de-
veloped further in the present thesis for industrial-scale nozzles. The method 
was based on using a video camera, video recorder, frame grabber, and an image 
analysis program on a computer.  

Droplet-size measurement consisted of four phases. First, droplets were shot 
by the video camera and recorded by a video recorder. Then, an image was dig-
itized from videotape to enable handling by the computer. The droplets that 
were not in focus, droplets touching the boundaries of the image, and non-
spherical droplets were rejected, as presented in Figure 4.10. Then, single drop-
lets were accepted and their droplet sizes measured using the image-analysis 
program. The fourth phase was to calculate droplet-size characteristics based 
on the measured values of individual droplets.  

 

   

Figure 4.10. An example image of low DSC droplets with edge contact and 
out-of-focus particles.  

The duration of the videotaping of an individual spraying case was 10 minutes. 
The droplet size analysis took almost two days for one case. One case consisted 
of 2,000 to 5,000 images and data on 300 to 5,000 droplets was obtained. A 
Jaivision 718 HCCD with 2/3” CCD chip was used for imaging. The CCD sensor 
was 756 x 581 pixels. Pixels were square, with a width of 11 μm. Video images 
were recorded with a Panasonic AG-7355 video recorder to SVHS tapes. The 
horizontal resolution was 400 vertical lines. The background of the droplets was 
lighted by a stroboscope (Drelloscope 249). The energy of each flash was 2 J and 
the flash duration was 2 μs. Fast flash enabled stopping the images of the drop-
lets. The optics used had a focal length of 250 mm with an extension ring of 109 
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mm. The distance between the objective and the plane of focus was 1280 mm. 
The image area was 17.2 mm x 25.6 mm. Droplet sizes were analyzed by an in-
house-developed C-program called “Pisara”. The computer running the pro-
gram was a 50 MHz 486 microcomputer. The frame grabber was a Digihurst 
Microeye with a 720 x 512 pixel image resolution. The schematic equipment 
setup is shown in Figure 4.3. The new method was compared to Malvern and a 
phase-Doppler droplet-size analyzer. Although these methods produce different 
types of information, we could ensure the accuracy of droplet size measure-
ments carried out by the image-based method, as shown by Rantanen et al. 
(1993). 

4.7.2 Image analysis for the high dry solids case 

For high DSC tests, a new image analysis program, WinDrop, was developed. 
This program enabled the detection of non-spherical droplets and spherical 
droplets. Also, all other devices were replaced with faster and better ones com-
pared to the low DSC case. 

Droplets were recorded by a Jai CV M-50 video camera at a distance of 4 m 
from the nozzle. The width of the spray was restricted by baffles, such that the 
maximum width of the spray was 25 cm. Images were recorded on an SVHS 
videotape in the standard PAL format. The distance between the focal plane and 
the camera was 1.8 m. A stroboscope was located at the opposite side of the 
spray, as presented in Figures 4.6 and 4.11. A diffusion plate was located be-
tween the spray and stroboscope to produce diffuse backlighting for the spray. 
The exposure time of the stroboscope was 1 μs, which ensured still images of the 
spray. The velocity of droplets was measured to be 10–15 m/s when leaving the 
nozzle, and the velocity was roughly 4–10 m/s at the droplet size measurement 
point. The time difference between the PAL frames was 40 ms, and during this 
time, particles moved 160–400 mm. The maximum width of an image was 91 
mm, so the particles were not expected to be analyzed twice in any situation. 
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Camera
Stroboscope

Diffusion plate

Figure 4.11. The spray imaging arrangement. 
The droplet size and shape were determined by a system based on a video 

camera and image analysis. The video camera was used to record the spray at a 
measurement distance of four meters from the nozzle. The droplet size and 
shape were assumed to be complete at that distance.  

The focal length of the optics was 102 mm. The optics gave reliable infor-
mation concerning the volume median diameter and large particles but inaccu-
rate information about particles smaller than 1 mm. In two high-magnification 
cases, the focal length of the optics was 250 mm in order to facilitate the study 
of the relevancy of the normal optics tests. The equipment was principally sim-
ilar to that used earlier in the low DSC case. Two example images obtained with 
normal optics are presented in Figure 4.12.    
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20 mm 20 mm

     4.2 kg/s, 135°C       6.1 kg/s, 130.4°C 

Figure 4.12. High DSC black liquor droplets in two spraying situations at a 
distance of 4 m from the nozzle (Kankkunen and Miikkulainen, 2003).  

Each test session took 11 minutes. Ten minutes of video material was available 
for analysis corresponding to 15,000 video images. In total, 1,500 frames were 
studied for each case. However, about 2,500–10,000 particles could still be ob-
served. Two high-magnification cases were studied providing 15,000 frames in 
order to study the relevancy of the tests.  

Images on videotapes were digitized with a black and white type frame grab-
ber. The pixel array of these images was 576 horizontal by 704 vertical. Images 
were captured and analyzed using the program WinDrop, developed for particle 
size measurements. A flow sheet of the operations performed by the WinDrop 
program is presented in Appendix 1. Each image frame consisted of two sepa-
rated fields. Objects were detected with two thresholding values. The Feret's 
minimum and maximum lengths, minimum and maximum diameters, area, pe-
rimeter, and angle were measured. Consequent pairs were compared to select 
particles that were in focus. The sphericity, volume, and surface area of three-
dimensional particles were calculated. Data from all images were processed 
similarly and particles were classified into size classes. Spherical and non-
spherical particles were processed separately. Non-spherical particles were cal-
culated as ellipsoids with the measured aspect ratio based on Feret maximum 
and minimum diameters, as is shown in Figure 2.2. Droplets touching image 
boundaries were rejected. The probability of touching boundaries was calcu-
lated for each droplet size and the droplet-size distribution was corrected with 
this correction factor.  

 The velocity measurements at the spray centerline were based on the triple-
exposure mode of the camera and on the image-analysis system. An example 
image is presented in Figure 4.13. Velocity was measured by the fast Fourier 
transformation (FFT) -based method. Knowing the image scale and exposure 
frequency, the velocity was obtained automatically by the image analysis pro-
gram after FFT. In order to calculate the spray velocity, the trajectory of the 
spray had to be determined. In addition, the shape and the length of the black 
liquor sheets were measured and the sheet break-up mechanism was deter-
mined. These results are reported by Miikkulainen et al. (2002a, 2002b, 2004). 



Experiments on Industrial-Scale Splashplate Nozzles

43 

 

 

Figure 4.13. A triple-exposure image of the spray at a distance of 0.5 m from 
the nozzle. 

4.7.3 Image analysis for in-furnace cases 

In-furnace environment imaging is challenging. There are only few openings 
in furnace walls, which allow imaging to the furnace. Every now and then, 
smoke and sparks gush from the furnace to surround through the openings, be-
cause of sudden pressure change in the furnace. Therefore, appropriate protec-
tion of imaging devices and people is necessary. 

In addition to normal out-of-focus and partly overlapping particles, there are 
special difficulties for imaging in-furnace environments. Circumstances in a re-
covery boiler furnace are changing continuously. Therefore, the brightness of 
flames, sparks, and droplets in imaging areas are changing continuously. This 
is a challenge for an imaging device and especially for the analysis program. The 
background of a droplet is never stable. Many analysis methods available for 
local analysis around a particle were adapted. A semiautomatic analysis method 
could be developed based on an analysis program. 

Image analysis was used for droplet size analysis at a distance of 230 cm from 
the nozzle. The particles touching the edges of the images were rejected. The 
values of the long diameter and the perpendicular short diameter were meas-
ured. Here, the particles were assumed to be perpendicular to the camera. These 
diameters were used as diameters of an ellipsoid, which volume was converted 
as the droplet diameter. Some of the particles were partly out of focus. The shape 
of especially large particles was lumpy and irregular. The number of particles 
detected in each case was from 150 to 1,260 particles. Examples of the images 
for droplet size analysis are presented in Figure 4.14. An example of velocity 
measurement by triple exposure method is presented for the case of 6.4 l/s in 
Figure 4.14. 
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5.2 l/s 5.8 l/s 6.4 l/s

Figure 4.14. Droplets in the spray center line at a distance of 230 cm from 
the nozzle (Kankkunen et al. 2017). 

Bright particles were detected in the images at the distance of 230 cm from 
the nozzle. They were found to be sparks originated from the nozzle as can be 
concluded from Figure 4.14 (the case of 6.4 l/s), where the direction of the 
sparks can be seen. All sparks were counted, although sometimes there were two 
or more sparks connected to a large particle.  

Spray velocity was measured at distances of 50 cm, 100 cm, and 230 cm from 
the nozzle. At a distance of 230 cm, the velocity of small, less than 2 mm, and 
large droplets, more than 5 mm, were measured separately. Particles touching 
image boundaries were not analyzed.  
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5. Results

These spraying experiments were carried out with rather similar splashplate 
nozzles. The nozzle size varied between 15 mm and 48 mm, and the mass flow 
rate was from 0.9 kg/s to 7.3 kg/s. Black liquor was, in all cases, taken directly 
from the boiler ring header. Solid content varied between 70% and 83%, and the 
excess temperature varied from slightly below boiling point to 20 C above boil-
ing point. Four spraying environments were used. Vertical and horizontal spray 
tests chambers, normal horizontal spraying in-furnace, and spraying along the 
wall in-furnace. 

5.1 Test chamber measurements

The droplet size, size distribution, and droplet shape have a paramount effect 
on the flight paths and combustion of droplets, and on char bed quality, size, 
and shape. Gas flows and spray dimensions in a spray test chamber can be con-
trolled in a way that allows reliable measurements. Background illumination in 
a test chamber can be controlled, which makes image analysis easier compared 
to a furnace environment.  

5.1.1 The shape of the droplets 

Low DSC cases produced nearly spherical droplets. Therefore, sphericity was 
not studied for those cases. High DSC spraying produced mostly non-spherical 
droplets. Therefore, new methods had to be developed to classify the shape and 
the size of non-spherical particles.Three mass flow rates – 4.3 kg/s, 5.2 kg/s, 
and 6.1 kg/s – were studied and three temperatures – 130.5°C, 133°C, and 
134°C, which are referred to as cold, normal, and hot cases, respectively. Single 
images from each spraying situation are presented in Figures 5.1 and 5.2. In 
each 3 by 3 image matrix, the temperature increases upwards and the mass flow 
rate increases from left to right. It can be seen that increasing the temperature 
increases the particle number and decreases the particle size. The effect of the 
mass flow rate seems to be quite small. Some of the particles have a ligament-
like long thin “tail”. 
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18.0°C, 4.3 kg/s 18.0°C, 5.2 kg/s 18.0°C, 6.1 kg/s

17.4°C, 4.3 kg/s 17.5°C, 5.2 kg/s 17.5°C, 6.1 kg/s

 
13.8°C, 4.3 kg/s 13.8°C, 5.2 kg/s 13.8°C, 6.1 kg/s

Figure 5.1. Images for droplet size measurements obtained at varying mass 
flow rates and excess temperatures for Nozzle A (Kankkunen and Miikkulainen, 
2003). 
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18.1°C, 4.3 kg/s 18.1°C, 5.2 kg/s 18.2°C, 6.1 kg/s

17.5°C, 4.3 kg/s 17.5°C, 5.2 kg/s 17.3°C, 6.1 kg/s

 
14.3°C, 4.3 kg/s 14.3°C, 5.2 kg/s 14.2°C, 6.1 kg/s

Figure 5.2. Images for droplet size measurements obtained at varying mass 
flow rates and excess temperatures for Nozzle B (Kankkunen and Miikkulainen, 
2003).

Droplet shapes were studied thoroughly for Nozzle A. The measured number 
of mean characteristics for 2-D and 3-D variables are presented in Table 5.2. 
Consequent spraying parameters for test cases are presented in Table 5.1. The 
aspect ratio of the droplets for different spraying practices was between 3.3 and 
4.0, and the consequent standard deviation varied between 1.7 and 2.4. Sphe-
ricity varied between 0.85 and 0.89 and consequent standard deviation varied 
between 0.11 and 0.13. The number of particles varied in these tests between 
2,500 and 10,200. The Sauter mean diameter varied between 3.6 mm and 7.7 
mm. 
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Table 5.1. Spraying parameters for test cases. 

 

 

Table 5.2. The average values of 2-D and 3-D measures for nine spraying 
conditions for Nozzle A (Kankkunen, 2005). 

 

 

The next three cases were chosen to present occurrence of maximum flashing 
(case 1, hot), normal spraying practice of the mill (case 5, normal), and slight 
flashing (case 9, cold). The average aspect ratio in different size classes of these 
three test cases is presented in Figure 5.3. The average aspect ratio was almost 
constant at approximately 4, with a standard deviation of roughly 1.9. The as-
pect ratio seems to be independent of spraying practice. Scattering in larger size 
classes is a result of the small number of droplets. Sphericity in the different size 
classes of the three test cases is presented in Figure 5.4. It was rather constant 
from 0.8 to 0.9, with a standard deviation of 0.11. Sphericity seems to be rather 
independent of spraying practice. 

 

Case Te Mass flow
C kg/s

1 18.0 4.3
2 18.0 5.2
3 18.0 6.1
4 17.4 4.3
5 17.5 5.2
6 17.5 6.1
7 13.8 4.3
8 13.8 5.2
9 13.8 6.1

2-D 2-D 3-D 3-D 3-D
Case Roundness Perimeter Long/Short Aspect ratio Sphericity SMD Number

mm
1 2.17 11.38 3.41 3.46±1.79 0.87±0.11 3.57 8751
2 2.39 14.60 3.76 3.81±2.00 0.85±0.12 4.54 5346
3 2.29 13.21 3.55 3.56±1.98 0.87±0.12 4.14 5845
4 2.13 11.11 3.43 3.50±1.93 0.87±0.12 3.57 10228
5 2.38 12.30 3.43 3.38±1.73 0.88±0.11 4.17 7661
6 2.49 13.31 3.12 3.26±1.74 0.89±0.11 4.28 8227
7 2.61 22.31 3.84 3.96±2.38 0.85±0.13 6.62 2487
8 2.52 11.68 3.73 3.86±2.20 0.85±0.12 7.14 3925
9 2.58 21.73 3.80 3.76±2.07 0.86±0.12 7.74 4225
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Case 1, 18.0 C 4.3 kg/s       Case 5, 17.5 C 5.2 kg    Case 9, 13.8 C 6.1 kg/s 

Figure 5.3. Average aspect ratio in size classes for hot case, normal case, and 
cold case (Kankkunen, 2005). 

Case 1, 18.0 C 4.3 kg/s Case 5, 17.5 C 5.2 kg  Case 9, 13.8 C 6.1 kg/s 

Figure 5.4. Average sphericity in size classes for hot case, normal case, and 
cold case (Kankkunen, 2005). 

5.1.2 A comparison of droplet size distribution functions and measure-
ments

Droplet-size distribution functions and measurements are compared in Fig-
ures 5.5 and 5.6. All accepted objects are assumed to form spherical droplets, 
fractioned into size classes, and the corresponding size distribution is then 
formed. The temperature increases upwards and mass flow rate increases from 
left to right, as seen in Figures 5.5 and 5.6. An increased mass flow rate and 
decreased temperature seem to increase the mean size and the width of the
droplet-size distribution. (Kankkunen et al., 2002) 

Although it is better to use the original measured size distribution for each 
spraying condition, there is a need for a general form of particle size distribu-
tion. This kind of distribution function could then be adapted for the interpola-
tion and extrapolation of the measured size distributions. When adapting dis-
tribution functions, one must be aware of the possibility of a change in the sheet 
break-up mechanism or in the droplet formation mechanism. These changes are 
caused, for example, by a change in the DSC, in the temperature, in the mass 
flow rate of black liquor, or by a change in the nozzle geometry. A general form 
of particle size distribution function enables, for example, the calculation of the 
volume fraction of a spray in the preferred size classes for CFD modelling.  
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Rosin-Rammler distribution, normal distribution, square-root-normal distri-
bution, and log-normal distribution were fitted to experimental data for the par-
ticle size distributions. The graphical results and measured data values are pre-
sented in Figures 5.5 and 5.6. The width of each size class is 1 mm. The best 
estimated mean and width parameters and consequent least-square differences 
are presented in Tables 5.2 and 5.3. All the studied distribution functions fit the 
experimental data quite well, especially in the mean part of the distribution. The 
smallest least-square difference (colored yellow in Tables 5.3 and 5.4) was 
achieved most often by the square-root-normal distribution function. The log-
normal distribution function produced the next best fit. The normal distribution 
and Rosin-Rammler distribution overestimated the fraction of small particles. 
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Figure 5.5. The particle size distribution of Nozzle A with fitted size distribu-
tion curves for nine spraying experiments (Kankkunen and Miikkulainen, 
2003).
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Figure 5.6. The particle size distribution of Nozzle B with fitted size distribu-
tion curves for nine spraying experiments (Kankkunen and Miikkulainen, 
2003).
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Table 5.3. Estimated parameters for size distribution functions and least-
square differences for nine spraying experiments for Nozzle A (Kankkunen and 
Miikkulainen, 2003).  

 

 

 

Table 5.4. Estimated parameters for size distribution functions and least-
square differences for nine spraying experiments for Nozzle B (Kankkunen and 
Miikkulainen,2003). 

 

The width of the size distribution is presented by span factor. The span of the 
experimental droplet-size distribution is presented in Figure 5.7. The span was 
normally about 0.95–1.4. In the high magnification case for Nozzle B, the span 
was exceptionally low at 0.6. This exception was probably caused by the rejec-
tion of the largest particles because of image edge contact, as Figure 4.10 shows. 

EXP

RR Norm Sqrt LN RR Norm Sqrt LN RR Norm Sqrt LN

17.8/4.3 6.81 5.88 6.03 6.43 2.75 2.43 0.51 1.56 0.0025 0.0032 0.0012 0.0016

17.9/5.2 8.85 7.52 7.73 8.2 2.56 3.36 0.62 1.61 0.0024 0.0033 0.0016 0.0014

17.9/6.0 8.28 7.04 7.23 7.69 2.56 3.13 0.59 1.61 0.003 0.004 0.0021 0.0021

17.4/4.3 7.1 6.13 6.25 6.61 2.72 2.56 0.52 1.56 0.0027 0.0035 0.002 0.003

17.4/5.2 7.44 6.24 6.55 7.29 2.5 2.87 0.59 1.68 0.011 0.0114 0.0095 0.0085

17.4/6.1 8.58 7.28 7.46 7.9 2.53 3.3 0.61 1.62 0.0018 0.0028 0.001 0.0009

13.7/4.3 12.7 11.22 11.41 11.87 3.07 4.16 0.63 1.49 0.0078 0.008 0.0079 0.0085

13.8/5.1 14.52 12.46 12.61 13.08 2.58 5.58 0.79 1.61 0.0054 0.0059 0.0055 0.0061

13.9/6.1 16.37 13.99 14.26 14.89 2.55 6.31 0.85 1.63 0.0081 0.0086 0.0082 0.0087

MEAN PARAMETER WIDTH PARAMETER LEAST-SQUARE DIFFERENCE

EXP

RR Norm Sqrt LN RR Norm Sqrt LN RR Norm Sqrt LN

18.1/4.3 5.67 4.89 5 5.38 2.73 2.04 0.46 1.57 0.002 0.0029 0.0007 0.0016

18.1/5.2 8.62 7.28 7.44 7.87 2.46 3.42 0.63 1.64 0.0021 0.0033 0.0015 0.0017

18.2/6.1 7.42 6.35 6.5 6.9 2.63 2.74 0.55 1.59 0.0026 0.0036 0.0017 0.0021

17.5/4.3 8.39 7.22 7.32 7.69 2.64 3.14 0.58 1.58 0.0039 0.0052 0.0043 0.0044

17.3/5.2 8.85 7.52 7.77 8.27 2.58 3.32 0.62 1.61 0.0057 0.0063 0.0048 0.0049

17.3/6.0 9.06 7.61 7.81 8.29 2.42 3.64 0.66 1.66 0.0022 0.0033 0.0016 0.0017

14.3/4.3 13.02 11.11 11.38 11.85 2.63 4.77 0.71 1.55 0.007 0.0076 0.0061 0.0058

14.3/5.2 12.76 11.32 11.51 11.86 3.17 4.05 0.61 1.46 0.0017 0.0017 0.0015 0.0023

14.2/6.1 13.1 11.27 11.59 12.13 2.7 4.72 0.71 1.56 0.0042 0.0044 0.0037 0.004

MEAN PARAMETER WIDTH PARAMETER LEAST-SQUARE DIFFERENCE
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Figure 5.7. The effect of mass flow rate on the span of experimental droplet 
size distribution for nozzles A and B (Kankkunen and Miikkulainen, 2003). 

5.1.3 Median droplet size 

The low DSC black liquor spraying was studied in the vertical spraying chamber. 
The mean droplet size for changing temperature at constant mass flow rate is 
shown in Figure 5.8. Below boiling point (113°C), the droplet size is known to 
decrease when the temperature increases. This is because of decreased viscosity. 
At temperatures that are slightly above boiling point, the droplet size increases 
when the temperature increases. This is caused by the change in the liquid sheet 
break-up mechanism. At 8°C above boiling point, an increase in the tempera-
ture causes a deep decrease in the droplet size. This is because of flashing. Most 
interesting flashing cases were repeated to ensure results. Minor variation can 
be seen in Figure 5.8. 

Figure 5.8. The effect of temperature on the droplet size measured of low 
solids content black liquor, nozzle diameter 15 mm, 1.6 kg/s (Helpiö and 
Kankkunen, 1996) . 

The high DSC spraying was studied experimentally in the horizontal spraying 
chamber. The median diameter of the experimental measurements varied from 
4.5 mm to 13.8 mm and increased as a result of either a decrease in temperature 
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or an increase in the mass flow rate. An increase of 4°C in spraying temperature 
decreased the median drop size by approximately 50%. An increasing mass flow 
rate increases the median drop size slightly for Nozzle A. The median droplet 
size for Nozzle B was not as clearly affected by mass flow rate (see Figure 5.9). 
The fraction of non-spherical particles was high, varying from 60 % to 90 %. In 
this study, these fractions are assumed to form spherical particles. High-magni-
fication tests, marked by black triangles in Figure 5.9, produced very similar re-
sults compared to actual tests. Therefore, the optics used in actual tests seemed 
to be relevant. 

Figure 5.9. The effect of mass flow rate on combined median drop size for 
nozzles A and B (Kankkunen and Miikkulainen, 2003). 

5.1.4 Velocity 

The first set of experiments was carried out with black liquor of 70% DSC. The 
velocity increased from 10 m/s to 17 m/s when the temperature was increased 
from 112°C to 125°C at a constant mass flow rate of 1.6 kg/s, as shown in Figure 
5.10. The boiling point of the black liquor was 112.8°C.  

Figure 5.10. Spray velocity as a function of liquor temperature for a 15 mm 
nozzle (Helpiö and Kankkunen, 1996).   

Similar spray velcocity increase was obtained in the preliminary in-furnace 
tests, the principle is shown in Figure 4.5, for the operating furnace (case 1b). 
The velocity was almost doubled from 15 m/s to 26 m/s, when black liquor tem-
perature was raised from 123°C to 130°C. This measurement was carried out 
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through the spray gun port and consequently inclined the imaging angle, which 
decreased the measurement accuracy. 

The second set of experiments was carried out with black liquor of 75–78% 
DSC. The excess temperature varied from 14°C to 18°C when spraying temper-
atures varied from 130°C to 135°C. The velocity at the spray centerline varied 
from 9.7 m/s to 14.5 m/s for Nozzle A and from 10.2 m/s to 15.3 m/s for Nozzle 
B, as can be seen in Figure 5.11. For both nozzles, increasing excess temperature 
increased the velocity of the spray, but the effect of the mass flow rate was not 
so pronounced for Nozzle B.  

Increasing the mass flow rate decreased the effect of excess temperature on 
velocity. The spray velocity is highly dependent on the spraying temperature 
and pressure; at a higher temperature, flashing produces water vapor, which has 
a large specific volume and, as a result, it accelerates the flow. At lower pres-
sures, i.e. at a lower mass flow rate, flashing takes place more easily, as can be 
seen in Figure 5.12. Low pressure allows flashing and bubble formation earlier 
in the nozzle pipe compared to te case of high mass flow rate and high pressure. 

Some of the experiments were carried out both in the spray test chamber and 
in the operating furnace with the same black liquor for measurement case 3. 
Spray velocity was approximately the same in both cases. 

 

 

Figure 5.11. Spray velocity as a function of the excess temperature for three 
mass flow rates. Open and closed symbols represent the test chamber and fur-
nace, respectively (Miikkulainen et al., 2002a). 

 

A useful way to describe flashing with a numerical value is dimensionless ve-
locity. It gives the possibility to adapt measured velocities around the measured 
range and even to slightly extrapolate the velocities. It can be adapted to varying 
nozzle sizes. The dimensionless velocity can be calculated by the following equa-
tion:  

 

    (5.7) 
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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. 

 
Figure 5.12. Dimensionless velocity as a function of the excess temperature for 
three mass flow rates. The open and closed symbols represent the test chamber 
and furnace, respectively (Miikkulainen et al., 2002a). 

5.1.5 Black liquor sheet disintegration mechanisms 

The transition zone from non-flashing spraying below boiling point to slightly 
flashing spraying above boiling point changes the break-up mechanism from 
wave formation to perforation. The flash break-up mechanism dominates when 
the spraying temperature is well above boiling point. These three sheet disinte-
gration mechanisms studied in the vertical spraying chamber can be viewed in 
Figure 5.13.  

 

         Non-flashing 

         ΔTe = -4.1°C 

          Transition 

          ΔTe = 4.7°C 

               Flashing 

               ΔTe = 14.8°C 

 

 Figure 5.13. Three temperature ranges for black liquor spraying and three 
spray disintegration mechanisms. From the left: wave formation, perforation, 
and flashing. DSC is 69% (Kankkunen and Nieminen, 1997). 
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Droplets are formed by varying black liquor sheet disintegration mechanisms. 
High DSC spraying tests allowed the study of these mechanisms. In Figure 5.16, 
there are nine example pictures of the spray disintegration in a horizontal spray-
ing chamber with Nozzle B. The normal excess temperature used by the mill was 
from 16°C to 18°C, with a mass flux of 8.4 g/mm2s. The liquor hose was cooled 
with water so that the excess temperature decreased to 14°C. In the case of de-
creased spraying temperature, a long uniform liquid sheet was formed. The cor-
responding dimensionless velocities (u*) are marked in the picture. 

As Figure 5.14 shows, the disintegration mechanism clearly changed when the 
excess temperature was lowered by only 2°C, from 16°C and 14°C. Looking at 
the same mass flux images with different excess temperatures clearly shows how 
the sheet break-up mechanism changed and produced totally different droplet 
sizes, as can be seen in Figure 5.14. 

Figure 5.14. Spray disintegration mechanisms as a function of excess tem-
perature and mass flux (Miikkulainen et al., 2009).

Figure 5.15 shows the cases of excess temperature of 14°C and 16°C and three 
mass flow rates (the lower six images in Figure 5.14) for Nozzle B. The dimen-
sionless velocities were measured inside the recovery boiler furnace, while the 
droplet sizes were measured inside the spraying chamber next to the boiler. 
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Figure 5.15. Dimensionless velocities and corresponding droplet sizes at the 
excess temperatures of 14°C and 16°C (Miikkulainen et al., 2009). 

The smaller the mass flux, the greater the effect of temperature on dimension-
less velocity. The effect on the droplet size and shape was clearly noticeable as 
can be seen in Figure 5.15. Clear flashing cases (upper trendline) resulted in vol-
ume median droplet sizes between 4.5 mm to 6.5 mm. The lowered temperature 
increased the droplet size by more than 100% with a temperature change of 2°C 
at a mass flux of 7 g/mm2s.  

Sheet break-up could be followed in the furnace by using the furnace endo-
scope. Similar break-up mechanisms were detected in the furnace as were de-
tected in the test chamber. The high spray velocity connected to the high mass 
flow rate probably hinders the furnace environment effect on the sheet break-
up. 

5.2 In-furnace measurements

In-furnace measurements can produce the most objective results, because 
spray is studied in the real spraying environment. Temperature, radiation, and 
gas turbulence are similar to the real spraying practice of a recovery boiler fur-
nace, and phenomena experienced by the spray and droplets are authentic. In 
addition, new phenomena, like number of sparks at varying locations, can be 
detected. On the other hand, imaging and image analysis are more challenging 
compared to the spray test chamber measurements. The excess temperature Te 
was 20 C, which is more than in other experiments in this study. Also, the nozzle 
size was the largest, nozzle pipe diameter was 48 mm.  
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5.2.1 Droplet size, size distribution and shape

Some of the particles seem to be hollow, and the density may be different com-
pared to the original black liquor. Droplets formed in the upper part of the spray 
were often more spherical and smaller compared to the droplets formed in the 
lower part of the spray. Spray locations are explained in Figures 4.8 and 4.9.
Example images are presented in Figure 5.16. Volume mean diameters for dif-
ferent volume flow rates at spray center line and near spray bottom boundary 
and near spray upper boundary are presented in Figure 5.17.

Droplets near upper 
edge of the spray

Droplets in the center 
line of the spray

Droplets near bottom 
edge of the spray

Figure 5.16. Droplets at different locations in the spray center line at a dis-
tance of 230 cm from the nozzle, when flow rate is 5.8 l/s.

Figure 5.17. Volume median diameter at the center line and near upper and 
lower spray edges Kankkunen et al. (2011).

The volume median diameter was from 4 mm to 16 mm, smaller in the upper 
edge and larger at the bottom edge of the spray.An important observation was 
that the droplet shape in the furnace is different compared to the earlier test 
chamber tests by Kankkunen and Miikkulainen (2003). On average, droplets 
were more spherical in the furnace, and the droplet shape was often lumpy. This 
could be affected by the very high heat transfer from the furnace to the surface 
of the droplets. Moreover, the density of the measured droplets was seemingly
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not the density of the original black liquor. Some of the larger particles appeared 
to be hollow. That droplet expansion is probably caused by the increase of steam 
bubbles accumulated in the black liquor before achieving atmospheric pressure 
as presented in Figure 4.1 for condition 4.   

The droplet size distribution was measured for the case of 5.8 l/s from the 
spray center line. The cumulative droplet size distribution at a distance of 230 
cm from the nozzle is presented in Figure 5.16. The width of each size class is 1 
mm. The number of droplets was 1260 in 70 images. The best fit to experimental 
data was obtained with Rosin-Rammler size parameter X is 11.57, and the width 
parameter q is 2.25. The size parameter D of square-root-normal distribution is 
10.85, and the width parameter s is 0.81. 

Figure 5.18. Experimental droplet size distribution at the spray center line 
230 cm from the nozzle.

5.2.2 Spark number

The high number of sparks in each case shows that drying and devolatilization 
take place much faster than was assumed earlier by Hupa et al. (1987). Average 
spark and ignited particle numbers per image at a distance of 230 cm from the 
nozzle is presented in Figure 5.19. The average number of sparks per image is 
5.7, and the average spark diameter is 1.5 mm in the case of 5.8 l/s. A high num-
ber of sparks shows that drying and heat transfer is very fast. It takes less than
0.2 seconds for small particles to ignite. The reason for high spark number in 
the spray center line at 5.2 l/s, 25 sparks/image, is not known. Small mass flow 
rate could lead to faster fragmentation of particles and cause faster ignition. 
Similar effect is caused for small mass flow rate sprays, because gas inside the 
spray is not cooled as effectively as for higher mass flow rates. Also, small parti-
cle size enables faster ignition as Figure 5.20 shows. 
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Figure 5.19. Average spark number at the spray center line and near upper 
and lower spray surface.

Figure 5.20. Average spark number at the spray center line and near upper 
and lower spray surface compared to the mass median diameter.    

5.2.3 Velocity

The velocity of the spray decelerated surprisingly fast. This may be connected 
to the decreased density of the droplets or the increased surface area of the 
spray. It may also be connected to the gas ejected from the particles or an op-
posing flue gas velocity.

The dimensionless velocity increased from 4.2 to 5.2, when volume flow was 
decreased from 6.4 l/s to 5.2 l/s. Also the velocity of the spray was more than
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four times higher near the nozzle than was expected for non-flashing flow, when 
Te was 20 C. This very high value of dimensionless velocity was expected by 

extrapolating the fictional curve of Texcess =20 C and mass flux 5.4 g/mm2s in
the flashing map, Figure 5.22.

At a distance of 230 cm, the velocity of small droplets was slower compared to 
larger droplets, as can be seen in Figure 5.21. The deceleration of especially 
small droplets was fast. The same phenomenon was detected even at a distance 
of 100 cm from the nozzle. The deceleration is probably caused by the increased 
drag of droplets. Ignited particles had the slowest velocity, which may show that 
pyrolysis swelling has occurred, reducing the velocity.

Figure 5.21. Spray velocity at three distances from the nozzle for large drop-
lets (>5 mm) and small droplets (< 2 mm) (Kankkunen et al., 2011).

5.2.4 Sheet disintegration mechanisms

Black liquor sheet disintegration mechanisms in a furnace environment are 
evaluated to be similar to spray chamber tests, although proper studies of this 
are challenging. The transition zone from non-flashing spraying below boiling 
point to slightly flashing spraying above boiling point changes the break-up 
mechanism from wave formation to perforation. The flash break-up mechanism 
dominates when the spraying temperature is well above boiling point. 

Sheet disintegration was studied both in the spray test chamber and in the 
furnace. The liquor, nozzle, mass flow rate, and temperature were the same as 
in test sets 2 and in a few measurement points in test set 3. Although image size 
and background illumination are different taken by the camera in the spray 
chamber and taken in-furnace through furnace endoscope, the break-up mech-
anism and the length of the sheet was found to be similar as presented by Miik-
kulainen et al. (2002b) and by Miikkulainen et al. (2005). For comparison, 
spray chamber sheet break-up was also imaged by the furnace endoscope.
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The mass flow rate coming out from the nozzle is so high that radiation and 
gas flows in the furnace cannot dominate sheet break-up in the furnace when 
the spray is flashing and the black liquor sheet is short. 

5.3 The flashing map 

It is essential to be able to predict the effects of changes in spraying parame-
ters in order to control the shape of the char bed and the location of the com-
bustion processes in the furnace. In addition, a good control of carry-over for-
mation is achieved by a proper droplet size and spray velocity. The spraying-
related parameters of a furnace operation that can be controlled are the firing 
rate, the number of nozzles used (that is to say that flow through a nozzle), DSC, 
pressure and the spraying temperature. The physical properties (viscosity, sur-
face tension, density, and boiling point rise) are determined by the composition 
and temperature of the black liquor.  

The third set of experiments was carried out in six Finnish recovery boilers. 
The black liquor’s DSC varied between 72% and 80%. Spray velocity was meas-
ured with the furnace endoscope. The measured average velocities at the spray 
centerline were between 9–16 m/s. Dimensionless velocity varied between 1.2 
and 3.4. Most of the measurements were carried out within the normal opera-
tional range of the recovery boiler. It was found that the lower the mass flux 
through a nozzle and the higher the firing temperature, the higher the dimen-
sionless velocity and the degree of flashing. When the different excess tempera-
ture ranges are plotted as a function of mass flux and dimensionless velocity, 
the result is a nozzle type–specific flashing map. A flashing map presents the 
effect of changes in spray temperature or mass flow rate on the velocity of the 
spray, as presented in Figure 5.22. A flashing map is useful when the nozzle ge-
ometry is similar to the test cases and the DSC is approximately in the same 
range as in the tests.  

The maps are divided into three regions. The inapplicable region corresponds 
to the choking condition of the flow in the nozzle. This limit is obtained by set-
ting the pressure gradient in the momentum equation to infinity. This defines 
the maximum steady state mass flow rate through the nozzle. The zone between 
flashing and non-flashing regions is an approximation based on the experi-
ments and observations of spray disintegration mechanisms. The trend lines are 
to make the observation of different excess temperature ranges easy. Measured 
data points at a particular excess temperature are mainly from a particular re-
covery boiler in Figure 5.23. Different boilers seem to require different firing 
regimes. 

When the excess temperature was below 7°C, the dimensionless velocity did 
not significantly depend on the mass flux, as is shown in Figure 5.23. It was 
between 1 and 1.5. A dimensionless velocity of 1.5 can be considered as an ap-
proximate limit for non-flashing and flashing cases. If the dimensionless veloc-
ity is slightly above the 1.5 limit, the spraying case is not necessarily a flashing 
case with respect to spray disintegration and droplet formation, but it is very 
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sensitive to minor changes in mass flux or spraying temperature. All the cases 
above 10°C were mostly in the flashing region of the flashing map. Increasing 
mass flux at a constant excess temperature brings the spraying case closer to the 
1.5 limit and non-flashing region.

Figure 5.22. A flashing map showing the effect of the temperature and mass 
flux on spray velocity. Dimensionless velocities are measured in five recovery 
boiler furnaces with Nozzle A as presented by Miikkulainen et al. (2009).

The sensitivity of dimensionless velocity to mass flux and excess temperature 
from a different point of view is shown in Figure 5.23. The effect of excess tem-
perature is more significant at 7 g/mm2s than at 12 g/mm2s. It is interesting to 
establish that all linear trend lines seem to meet when dimensionless velocity is 
1.2 and the excess temperature is 8 C.

Figure 5.23. The sensitivity of dimensionless velocity to excess temperature, 
for Nozzle A (Miikkulainen et al., 2009).
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6. Error Analysis

An error analysis of droplet size and shape measurements is challenging. The 
3-D assumption used here gives better estimations of droplet shape than using 
the 2-D droplet shape that is available directly in the image. Using the 3-D cor-
rection factor based on the droplet orientation gives a better estimation than not 
using a correction factor. Droplets with a larger diameter have a higher possi-
bility of edge contact; therefore, their number in size classes must be corrected 
by a correction factor. In this work, the goal has been to find as good an estima-
tion of droplet size, shape, and size distribution as possible for in-spray chamber 
tests. In the case of in-furnace measurements, the accuracy is not very good be-
cause of a difficult imaging environment. Semiautomatic droplet size analysis 
allows only rather small samples, which produce good tendencies of droplet 
size, shape, and size distribution. Small sample size increases uncertainty of av-
erage values and even more the uncertainty of the shape of the size distribution.  

6.1 Size distribution functions

The important advantage of using a size distribution function is its capability 
to be adapted to varying situations. It is especially important to be able to ex-
trapolate droplet size below a measurement limit. Of course, if extrapolation is 
adapted, there should be a good reason to believe the form of the distribution to 
be acceptable in the range in question. This can be achieved by measuring the 
lower end of the droplet-size distribution for some cases with an adequate mag-
nification of the optical configuration. 

Paloposki (1989) discussed the estimation of parameter values from experi-
mental data. Instead of using number distributions, as was preferred by Palopo-
ski (1994), in this work, the parameter values are estimated from volume distri-
butions. Volume distributions are more suitable than number distributions in 
cases where the volume median diameter and large particles are important.  

Parameter values for distribution functions are estimated by comparing the 
measured volumes in each size class to volumes obtained from distribution 
functions. The parameter values for each distribution function are obtained by 
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minimizing the value of the least-square difference between measured and cal-
culated values.The number of size classes should be defined by the number of 
detected particles. Paloposki (1994) stated that the number of particles in each 
size bin should be five or more.  

Heald (1984) suggests a method for determining a sufficient size class width for 
Gaussian-type (normal) number distribution. He concluded that a good approx-
imation of the minimum size class width is defined by the equation 

 

 
5/1)/20( NsD    (6.1) 

 

where s is the standard deviation and N is the number of data points. Our earlier 
experience with black liquor droplets is that the standard deviation of the num-
ber-based distribution is about 1.5. Assuming the standard deviation to be 1.5 
and the number of data values to be 100, we obtain a size class width of 1.1. 
Assuming the number of data values to be 1,000 and 10,000, we obtain size 
class widths of 0.69 and 0.43, respectively. Therefore, the size class width of 1 
mm used in this study is enough for 1,000 or more particles.  

The distribution functions described in this thesis have been unimodal. There is 
no reason why the distribution could not be bimodal or even multimodal. For 
simplicity, bimodal or higher modal distribution functions are not considered 
here. Although the distributions obtained mostly seem to be unimodal, it should 
be noted that the large number of particles obtained in the present study would 
permit the study of higher modals. That would allow studies of connections be-
tween break-up mechanisms and droplet sizes.  

6.2 Sample size and accuracy

Sample size is discussed by Lefebvre (1989). According to Lefebvre (1989), 
Bowen and Davies suggested that 5,500 drops are enough to achieve an inaccu-
racy of ±5%, and 35,000 drops are enough to obtain an inaccuracy of 2%, with 
a confidence level of 95%. According to Dragoo et al. (1987), an image analysis 
method needs the analysis of the order of 10,000 images to obtain satisfactory 
accuracy. A study on sample size is published by Paine (1993). He suggests that 
the necessary sample size depends on the broadness of size distribution. The 
accuracy is always lowered when the shape of the particles is not spherical. 
Therefore, a large number of particles are needed for the droplet size measure-
ments of the high DSC black liquor spraying. 

The usual number of analyzed images in spray chamber tests was 1,500 for the 
droplet-size distribution. In two cases, high magnification optics were used to 
decrease the focus area, and 15,000 images were analyzed. The number of drop-
lets and non-spherical particles detected by the image analysis system was high 
enough to give sufficient accuracy. The number of spherical droplets varied be-
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tween 1,051 and 6,336, and the number of non-spherical particles varied be-
tween 1,436 and 4,521 in normal cases. In principle, the smaller droplets pro-
duced by higher spraying temperatures increased the number of particles. Two 
validation measurements with high magnification optics resulted in a doubled 
number of droplets per image when the number of analyzed images was 15,000. 
High magnification tests produced very similar results compared to normal 
tests. The difference was approximately 5%. Therefore, the optics used in nor-
mal tests seem to be relevant, and the measurement error was small, at least for 
the volume median diameter. 

In-furnace droplet size distribution consists of 1,260 droplets. The number is 
acceptable especially in the range of small size classes, below 10 mm. The num-
ber of droplets in the largest size classes, above 15 mm, is small, and size classes 
show only a rough tendency. Curve fittings of Rosin-Rammler and square-root-
normal distributions seems to be good.     

The smallest droplets are automatically rejected by image analysis. They are 
not clearly in the focus with two threshold levels. Droplets larger than the image 
width and height cannot be detected because particles having edge contact in 
the image are rejected. Preliminary tests gave us a good understanding about 
droplet size; thus a suitable image area could be chosen.  

6.3 Velocity measurements

The error of velocity measurements using the furnace endoscope was analyzed 
by Miikkulainen et al. (2004). Important factors affecting the accuracy of veloc-
ity measurements were the distance between the endoscope and the spray, and 
the velocity of the spray. They established that there is an optimum measure-
ment distance for each spray velocity. The inaccuracy of velocity measurements 
with the furnace endoscope was found to always be below 10% when the dis-
tance between the endoscope and spray was relevant and the velocity of the 
spray was from 5 m/s to 20 m/s. 

Velocity measurements for in-furnace conditions at the distance of 2.3 meters 
from the nozzle are more reliable. The depth of focus was 7 cm and imaging 
distance was 3.2 meters. That causes a maximum error of 1 %. The error caused 
by ccd-sensor resolution is less than 1%. Altogether, the accuracy of a single ve-
locity measurement is estimated to be better than 5%.    

 

 

 

 

   
  



Discussion and Conclusions

69 

7. Discussion and Conclusions

The first set of experiments was carried out with a black liquor having 70% DSC. 
It was found that flashing significantly affects the droplet size of black liquor 
spray. The measured volume median diameters of low DSC black liquor varied 
from 2.0 mm to 4.8 mm. At a constant mass flow rate, the droplet size slightly 
decreased when the temperature was increased below the boiling point of black 
liquor. This was caused by the decrease in viscosity. When the temperature was 
increased above the boiling point, the black liquor sheet break-up mechanism 
changed and droplets were formed at the thicker part of the sheet. The droplet 
size therefore increased. Increasing the temperature further decreased the 
droplet size sharply. This is a consequence of increased spray velocity and flash-
ing. Droplet formation starts at the splashplate or even inside the nozzle pipe 
when the spraying temperature is high enough.The spray velocity increase 
seems to be linear when the temperature of the black liquor was increased above 
boiling point. As an example, for the 15 mm nozzle, the velocity increased from 
10 m/s to 17 m/s when the temperature was increased from 112°C to 125°C with 
a constant mass flow rate of 1.6 kg/s.  

The second set of experiments was carried out with a black liquor of 75–78% 
DSC. The consequent excess temperature was from 14°C to 18°C when spraying 
temperatures were between 130°C and 135°C. In spite of the high excess tem-
perature, this high DSC black liquor produced larger droplets compared to ear-
lier measurements. The volume median diameter varied from 4.5 mm to 13.8 
mm. In addition, the droplet shape was mostly non-spherical. Non-spherical 
droplets were converted numerically to be spherical ones so that droplet-size 
distributions could be formed. Four droplet-size distribution functions were 
compared to the experimental droplet-size data. Square-root-normal distribu-
tion gave the best fit to the data and log-normal distribution was almost as good. 
These distribution functions are available in CFD programs, thus the utilization 
of experimental results as initial data for CFD furnace simulation is possible.  

The shape of high DSC black liquor droplets was mostly non-spherical. The 
aspect ratio seems to be independent of spraying practice and was about 4. The 
sphericity of particles was between 0.85 and 0.89. The non-spherical shape of 
droplets affects the flight paths and combustion properties of the spray. Com-
bustion of non-spherical droplets is faster than it is with spherical droplets with 
the same volume. The flight path is shorter because of the increased surface area 
and the increased drag coefficient of non-spherical droplets. 
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There is a direct connection between the spray velocity and the droplet size 
when excess temperature is high enough. Increasing velocity decreases the 
droplet size. In the case of high DSC black liquor the velocity at the spray cen-
terline varied from 9.7 m/s to 14.5 m/s for Nozzle A and from 10.2 m/s to 15.3 
m/s for Nozzle B. For both nozzles, increasing excess temperature increased the 
velocity of the spray, but the effect of the mass flow rate was not so pronounced 
for Nozzle B.  

Increasing the mass flow rate decreased the effect of excess temperature on 
the velocity. The spray velocity is highly dependent on the spraying temperature 
and pressure; at a higher temperature, flashing produces water vapor, which has 
a large specific volume and, as a result, it accelerates the flow. At lower pres-
sures, i.e. at a lower mass flow rate, flashing takes place more easily and accel-
erates the velocity of the spray. 

The third set of experiments was carried out in six Finnish recovery boilers. 
Black liquor’s DSC varied between 72% and 80%. The spray velocity was meas-
ured with the furnace endoscope. Black liquor sheet break-up could be studied 
with the furnace endoscope. The spray velocity varied from 9 m/s to 16 m/s. 
Dimensionless velocity varied from 1.2 to 3.4. The velocity affects droplet tra-
jectory and combustion behavior. In particular, the location where particles hit 
the char bed will change depending on the velocity as demonstrated in CFD 
models where the spray velocity parameter has been changed. The flashing map, 
based on mass flux, dimensionless velocity, and excess temperature, was formu-
lated to be able to define the spray velocity for varying spraying conditions. This 
can be used as a tool for boiler and nozzle design or for optimizing boiler oper-
ation and for problem solving. 

The fourth set of experiments was carried out in the furnace of a large pulp 
mill using mixed softwood/hardwood black liquor. The dry solids content varied 
between 81% and 83% when excess temperature was from 20°C to 20.7°C. The 
droplet shape was lumpy and a part of droplets was seen to be hollow. Volume 
median diameter varied between 8 mm and 11 mm at the spray centerline. Vol-
ume median diameter varied between 4 mm and 16 mm when the upper and 
lower part of the spray was studied. At the distance of 2.3 meters from the noz-
zle, part of the droplets was already ignited. The velocity near the nozzle varied 
from from 16 m/s to 18 m/s near the nozzle. The velocity was also measured 230 
cm from the nozzle, where velocities were decelerated. The velocity of large 
droplets, above 5 mm, were from 12 m/s to 15 m/s. The velocity of small drop-
lets, below 2 mm, was from 7 m/s to 8 m/s.  

Sheet break-up mechanisms were studied both in spray test chambers and in 
operating furnaces. The break-up mechanisms were observed to be similar in 
these very different environments, at least when the excess temperature is from 
14°C to 18°C. The high mass flow rate and high velocity of the spray  hinder the 
effect of the furnace environment on the sheet break-up mechanism. In other 
spraying practices, break-up mechanisms are not necessary similar in spray test 
chambers and in-furnaces.      
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 The transition zone from non-flashing conditions to slightly flashing condi-
tions above the boiling point of black liquor changed the break-up mechanism 
from wave formation to perforation. Increasing the temperature always de-
creased the length of the black liquor sheet. The change in sheet length was em-
phasized at low mass flow rates. Even a 2°C change in spraying practice essen-
tially changed the break-up mechanism and the consequent droplet size and, for 
example, the droplet size was doubled when the temperature was decreased 4°C 
at a constant mass flow rate.  

The most important spray property of high DSC black liquor is its flashing po-
tential, described here by the excess temperature. Flashing potential signifi-
cantly affects spray velocity, the sheet break-up mechanism, and the droplet 
size. Moreover, the density of the measured droplet was not necessarily the den-
sity of the original black liquor in flashing cases. Some of the larger particles 
appearing in furnace conditions were seen to be hollow. The detected droplet 
expansion is probably caused by the growth of steam bubbles accumulated as 
excess temperature in the black liquor before achieving atmospheric pressure 
as presented in Figure 4.1 for condition 4. Qualitative and quantitative under-
standing of these spray properties gives us the possibility to control furnace op-
eration in a more effective way.  

 The nozzle types used most often in the recovery boilers in pulp mills are 
splashplate nozzles. There are some differences in the details of the nozzles be-
tween mills. For example, the splashplate angle, splashplate shape or size, and 
the distance between the splashplate and the nozzle pipe opening may vary. 
Small differences may cause essential differences between nozzles, but generally 
the trends concerning spray behavior presented here are supposed to be similar 
for all splashplate nozzle types. 

 Utilization of these experimental measurements are possible in several ways. 
For example, boiler manufactures and other companies with good simulation 
capability can utilize results for problem solving of for developing better recov-
ery boiler furnaces with new information of spray properties. Boiler operators 
can utilize their increased understanding of spray properties for boiler opera-
tion optimization and problem solving.    

Measured spray values can be used as initial information of spray properties 
like droplet size distribution, droplet shape and velocity for CFD simulation. 
Proper simulation model must be able to calculate droplet combustion accu-
rately and effects of air injection to furnace processes. Good simulation may al-
low modelling of new types of furnaces with economical structure, high effi-
ciency and less emissions. Changes caused by new processes, for example lignin 
lean black liquor, can be simulated more precisely, when experimental spray 
information is available. The calculation is challenging and reasonable simpli-
fying is necessary. 

Boiler operators can optimize for example char bed size by utilizing flashing 
maps to understand essential differences between spraying practices for steady, 
decreasing and increasing char bed. Naturally, they must take into account the 
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inclination of spray nozzles, droplet size and air distribution. Sometimes spray-
ing to a walls might occur, which boiler operator want to avoid. They could use 
the flashing map to decrease spray velocity by changing nozzle size, nozzle num-
ber, mass flow rate or spraying temperature to avoid spraying to the wall. 

7.1 The contribution of the work 

Recovery boilers still have many operational challenges. The fouling of the 
heat transfer surfaces and plugging of the flue gas passages by fireside deposits, 
pipe corrosion, and cracking and floor pipe damage are caused by the wrong 
temperature and poor spray control. Unsteady smelt run-off, high dregs in 
smelt, poor smelt reduction, low steam production, blackouts, and air emissions 
are also problems that are affected by black liquor spraying (Tran and Vakki-
lainen, 2007). 

All new recovery boilers burn high DSC black liquor because of its advantages 
,such as lower emissions and more effective chemical and steam production. 
High DSC liquor requires a higher temperature to enable pumping and spray-
ing. The spraying temperature must be above the boiling point of black liquor, 
resulting in flashing.  

Experimental droplet size was measured in spray test chambers for black liq-
uors with a DSC of 70% and from 75% to 78%. Droplet size was also measured 
in furnace conditions for black liquor with DSC from 81% to 83%. The first case 
is useful for older boilers and helps to understand the effect of flashing on spray-
ing. The higher DSC ranges are relevant to modern boilers. An important find-
ing is the existence of hollow and expanded droplets in-furnace conditions at 
the distance of 2.3 meters from the nozzle. Similar measurements in spray test 
chamber or in-furnace conditions have not been carried out earlier for high DSC 
black liquor. 

 Experiments showed that the shape of the droplets were not spherical as was 
the original assumption. Therefore, traditional laser-based methods were not 
applicable, so it was necessary to develop new image-analysis-based methods.   

Four droplet-size distributions were compared to experimental droplet-size 
data. Square-root-normal and log-normal distributions were found to give the 
best fit to the experimental data for high DSC black liquor spray. Parameters for 
varying spraying practices are presented, which enables the use of droplet-size 
distributions, for example, in CFD simulation. In addition, it was found that 
droplets are mostly non-spherical, which affects flight path and combustion.  

The velocity of flashing black liquor sprays was measured and analyzed in de-
tail for the first time. In all cases, the mass flow rate was another important var-
iable in addition to the spraying temperature. The velocity was measured in-
furnace conditions at three distances from the nozzle. The velocity of droplets 
decreased quickly, when the distance to the nozzle increased. This makes the 
results practical in establishing the proper spraying practices for each boiler.  
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The measured droplet size and size distribution information connected to the 
proper droplet combustion model and CFD program enables a good simulation 
of furnace operation. The effect of excess temperature and mass flux on the 
spray velocity is available in the flashing maps. This allows evaluation of spray 
velocities for varying spraying practices. Without reliable knowledge of droplet 
size, size distribution, and spray velocity, reliable calculations would be impos-
sible. Boiler operators can use the results of this study to better understand their 
possibilities to control furnace operation by controlled spraying. Especially 
flashing maps will be useful for boiler optimization and for solving problems 
connected to spraying. 

7.2 Plans for future work

Understanding the phenomena of flashing, bubble formation and growth 
caused by mass and heat transfer, and pressure change caused by a two-phase 
flow gives useful tools for experimental work. It would be possible to create a 
physical black liquor spraying model that includes nozzle design, internal nozzle 
flow, spraying temperature, and mass flux, in addition to liquor-specific prop-
erties. As a result, the planned model would give a final droplet size and droplet 
size distribution with an initial velocity. The initial droplet size and velocity val-
ues have earlier often been adjusted to give the proper calculation results. Con-
necting this new spraying model to a good CFD model would lead to increased 
accuracy for the furnace and char bed simulations. Boiler manufacturers could 
design more efficient, cheaper, and less-polluting boilers. Boiler operators could 
control their boilers for higher chemical recovery and higher energy efficiency 
with less troubleshooting and environmental impacts. 

Flashing maps for spray velocity estimation should be developed for new noz-
zle types and spraying practices. General form taking into account nozzle size 
and variations in nozzle geometry would allow standardized spraying practices 
for each furnace and black liquor for CFD simulations. A systematic test set of 
experiments for a standard nozzle and varying excess temperature, mass flux 
and dry solids content with proper ranges, would be very useful. Similar ad-
vantages as by the physical black liquor spraying model would be available, but 
in addition boiler operators would be able to utilize flashing maps directly in 
their everyday work. For example operators could decide how they change the 
number of nozzles or temperature, when mass flow rate or quality of black liq-
uor changes. 

The formation of intermediate particle size, ISP, in the furnace is not under-
stood. Three possible reasons for that are ejecta from burning particles, frag-
mentation of thin ligaments and break-up of droplets expanded by steam bub-
bles. All these can be studied in furnace conditions by varying optical systems. 

Furnace measurements around spray properties should be continued and im-
age analysis program for difficult in-furnace circumstances should be developed 
further. Especially the density of droplets for flashing sprays should be meas-
ured for furnace conditions and this information should be connected to droplet 
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size. Although the sheet break-up mechanism was found to be the same in the 
test chambers and furnace, the fate of droplets in the furnace may be different 
compared to the test chamber. Heat radiation, convection, and gas flows around 
the spray in the furnace may cause phenomena that are difficult to predict with-
out experimental studies. Especially experimental in-furnace spray studies are 
expected to give much more understanding of recovery boiler furnace operation 
and possibilities to control it. For this purpose, droplet size, droplet density, 
spray velocity, and spray trajectory studies in furnace conditions are planned. 
These methods are applicable for other interesting nozzle types, like beer can or 
other swirl-cone nozzle types.    
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