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Black liquor – the main by-product of pulp industries utilizing the kraft process – is generally 
combusted in recovery boilers in order to recover energy and most of the chemicals required for 
the pulping process. In recovery boilers, black liquor is sprayed into the recovery boiler mostly 
with splash plate nozzles. The spray tends to flash due to the high temperature required, 
because of the high viscosity of black liquor, which causes a two-phase flow. Flashing increases 
the velocity of the spray, and generally also reduces the size of the droplets. The velocity and 
the droplet size of the black liquor exiting the spray nozzles are of great importance, as they 
decide where and how combustion is taking place. 

 

In this work the results from two different versions of a one-dimensional plug-flow spray model 
were compared to experimental measurements in order to validate the models. Mainly the 
velocities were compared, but the pressures were also compared in some cases. Model 1 
accounts e.g. for two-phase flows and also possible non-Newtonian effects, while model 2 – in 
addition to this – also considers the pressure drop caused by the splash plate. Two different 
sets of black liquor spray experiments were used for validation. Case 1: Rauma 2000 
measurements were conducted using a camera capturing multiple exposure images, and the 
Fast Fourier Transformation (FFT) method to solve the velocity. Case 2: Rauma 2012 
experiments were conducted using a high-speed camera and Particle Image Velocimetry (PIV) 
to obtain the velocity. This included the use of PIV-software DaVis – by LaVision – and a self-
made Microsoft® Excel spreadsheet to solve the velocity. In both cases the centerline velocity 
was used to represent the measured velocity. 

 

When comparing the velocity results obtained by simulations to the experimental results, it 
seemed like model 1 provided more accurate results compared to model 2. However, when 
comparing the pressures; model 2 seemed to be more accurate in this regard, in comparison to 
model 1. Both models had more or less deviations from the experiments, as could be expected. 
The most likely reasons to the deviations would be the initial parameters used in the 
simulations. Another cause to the differences in the velocities could be the usage of centerline 
velocity to represent the experimental velocity. Using an adapted average velocity instead, 
could possibly even out the differences somewhat. Errors in the measured velocities were also 
calculated, but were deemed minimal. 
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Svartlut är en biprodukt som bildas vid framställning av pappersmassa enligt sulfatprocessen. 
Svartluten förbränns oftast i en sodapanna för att återvinna energi och största delen av 
kemikalierna som används i processen. Svartlut sprutas in i eldstaden genom ett lutmunstycke, 
vilket kräver en relativt hög temperatur på grund av den höga viskositeten. Detta orsakar att 
svartluten börjar koka, vilket resulterar i ett två-fas flöde. På grund av kokningen ökar 
sprayhastigheten, och allmänt minskar droppstorleken. Storleken och hastigheten på partiklarna 
som sprayas är avgörande, eftersom de avgör var och hur förbränningen sker. 

 

I detta arbete jämfördes resultaten från två olika simuleringsmodeller med experimentella 
värden för att validera modellerna. Främst hastigheterna jämförs, men även trycket i några fall. 
Modell 1 beaktar bland annat svartlutens två-fas flöde och möjliga icke-Newtonska effekter, 
medan modell 2 även beaktar tryckfallet som uppstår vid munstycket. Två olika set av svartluts 
spray experiment användes för validering av modellerna. Fall 1: Rauma 2000 mätningarna 
utfördes med en kamera som fångade flera bilder i samma figur (multipel exponering), och 
använde en så kallad Fast Fourier Transformation (FFT) metod för att lösa hastigheterna. I fall 
2: Rauma 2012 användes en hög-hastighetskamera och Particle Image Velocimetry (PIV). 
Detta inkluderade även användandet av PIV-programmet DaVis från LaVision och en 
självkonstruerad Microsoft® Excel kalkyl för att lösa hastigheterna. Mittlinjehastigheten 
användes i båda fallen för att representera mätningshastigheterna. 

 

Då resultaten från simuleringarna jämfördes med mätningsresultaten förutspådde modell 1 
hastigheterna bättre än modell 2. Modell 2 förutsåg igen trycken bättre än modell 1. Båda 
modellerna avvek i någon mån från mätningarna, vilket var förväntat. Den främsta orsaken till 
avvikelserna torde vara begynnelse-parametrarna i modellerna. En annan möjlig orsak till 
avvikelserna i hastigheterna kunde vara att mittlinjehastigheten användes som 
mätningshastighet. Användande av en anpassad medelhastighet istället, kunde eventuellt 
jämna ut skillnaderna något. Felaktigheter i mätresultatens hastigheter räknades även, men 
ansågs som minimala. 

Datum:   22.9.2014 Språk:   Engelska Antal sidor: 82+8 

Nyckelord: Svartlut spray, spraymodell, particle image velocimetry 
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Mustalipeä on sellutuotannon sivutuote joka syntyy kun sellua tuotetaan sulfaattimenetelmällä. 
Mustalipeä poltetaan yleisesti soodakattilassa jotta energiasisältö voitaisiin hyödyntää, ja 
sammalla suurin osa kemikaaleista voidaan myös kierrättää. Mustalipeä ruiskutetaan 
useimmiten lusikkasuuttimilla tulipesään. Mustalipeän korkean viskositeetin takia, lämpötila on 
pidettävä korkealla; jolloin lipeä kiehuu ja poistuu suuttimesta kaksifaasivirtauksena. 
Kiehuminen nostaa ruiskun nopeutta, ja yleisesti myös pienentää pisarankokoa. 
Mustalipeäruiskun pisaran nopeus ja koko ovat tärkeitä, sillä ne ratkaisevat missä ja miten 
palaminen tapahtuu. 

 

Tässä työssä kahden eri mallien ennustuksia verrattiin kokeellisiin mittauksiin mallien 
validoimiseksi. Ensisijaisesti verrattiin nopeuksia, mutta myös paineet muutamissa tapauksissa. 
Malli 1 huomioi muun muassa mustalipeän kiehumisen sekä mustalipeän mahdollisen ei-
Newtonilaisen käyttäytymisen. Malli 2 huomioi tämän lisäksi painehäviön lusikassa. Kaksi eri 
mustalipeän ruiskutus mittaussarjaa käytettiin tämän työn validoimiseen. Tapaus 1: Rauma 
2000 mittauksissa käytettiin kameraa joka tallensi monta kuvaa samaan kuvaan 
(päällekkäisvalotus), ja käytettiin Fast Fourier Transformation (FFT) menetelmää nopeuden 
ratkaisemiseen. Tapaus 2: Rauma 2012 mittauksissa taas käytettiin suurnopeuskameraa ja 
Particle Image Velocimetry (PIV) menetelmää. Tähän käytettiin myös LaVisionin DaVis PIV-
ohjelmaa, sekä omatekoista Microsoft® Excel taulukkoa nopeuden laskemiseen. Kummassakin 
tapauksessa keskilinjan nopeus edusti mittaus-nopeuksia. 

 

Kokeellisiin tuloksiin verrattuna malli 1 näytti ennustavan nopeuden paremmin kuin malli 2. Malli 
2 kuitenkin ennusti paineet paremmin kuin malli 1. Odotetusti, molempien mallien ennustukset 
erosivat kokeellisista tuloksista jossakin määrin. Todennäköisin syy eroavaisuuksiin on 
malleissa käytetyt alkuparametrit. Toinen mahdollinen syy nopeuksien eroavaisuuksiin voisi olla 
keskilinjan nopeuden käyttö. Mukautetun keskinopeuden käyttö keskilinjan nopeuden sijaan 
voisi mahdollisesti pienentää eroavaisuuksia nopeuksissa. Mittaustuloksien nopeuksien virheet 
laskettiin myös, mutta katsottiin minimaalisiksi. 

Päivämäärä:   22.9.2014 Kieli:   Englanti Sivumäärä: 82+8 

Avainsanat: Mustalipeän ruiskutus, ruiskumalli, particle image velocimetry 
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Nomenclature 

Latin letters 

A Area, m
2
 

AR Area reduction, % 

a Amount of vectors, - 

C Hydraulic resistance coefficient, - 

Ct Trendline equation for C, - 

c Starting coordinate, - 

dn Diameter of component n in NozzleFlow© geometry, m 

ds,px Total amount of pixels, - 

e Total specific energy, J/kg 

h Enthalpy, J/kg 

F Force, N 

FC Force due to pressure drop in splash plate, N 

Fg Gravity force, N 

Fμ Frictional force, N 

ṁ Mass flow rate, kg/s 

Nb Bubble number density, 1/m
3
 

 ̇   
    Volumetric bubble nucleation rate, 1/m

3
s 

p Pressure, Pa 

S Cross sectional surface area, m
2
 

t Time, s 

u Velocity, m/s 

V Volume, m
3
 

   Volume-flow rate, m
3
/s 

v Vector, pixel 

y Mass fraction of steam, - 

Greek letters 

αn Angle from centerline, ° 

αns Angle of spray (nozzle) to z-axis in y,z-plane, ° 

αs Angle of measuring tool (scale) to x-axis in x,y-plane, ° 

βc Image angle of camera lens, ° 

βs Object angle of the measuring tool, ° 

Γ Volumetric vapor mass source term, kg/m
3
s 

γc Angle of camera to y-axis in y,z-plane, ° 

∆ Change, difference, displacement, distance, drop, error, - 

   
  Relative error from pixel count inaccuracy, - 

  
  Relative error in scale, - 

   
  Relative error from spray and camera angles, - 

    
  Relative total error, - 

ρ Density, kg/m
3
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Subscripts 

i Discrete, imaginary 

x x-direction 

y y-direction 

List of abbreviations 

AR Area Reduction 

BGM Bubble Growth Model 

BPR Boiling Point Rise 

ECF Elemental Chlorine Free 

FFT Fast Fourier Transformation 

FPS Frames Per Second 

HHV Higher Heating Value 

HRM Homogenous Relaxation Model 

LDA Laser Doppler Anemometry 

LHV Lower Heating Value 

LIF Laser Induced Fluorescence 

NHV Net Heating Value 

PIV Particle Image Velocimetry 

PDA Phase Doppler Anemometry 

SMD Sauter Mean Diameter 

TCF Total Chlorine Free 
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1 Introduction 

1.1 Background 

Pulp mills produce pulp for papermaking, but also black liquor as a by-product. Black 

liquor is the leftover from the cooking and washing process, after the fibers have been 

separated. The contents in black liquor are mainly water, organic wood residues, and 

inorganic chemicals. Black liquor has proven to be a viable fuel, if pretreated correctly. 

Pulp mills combust black liquor in recovery boilers in order to recover heat and chemi-

cals. Modern pulp mills are highly self-sufficient and even produce excess energy. [1, 2] 

 

Liquor guns spray black liquor into the furnace, where combustion occurs. Black liquor 

combustion consists of four main stages: drying, devolatilization, char combustion, and 

smelt reactions. A typical trait of black liquor combustion is swelling during drying and 

especially during devolatilization. [1, 3] 

 

The droplet size distribution of the black liquor sprayed is of great importance. Too 

small droplets may entrain, while too big droplets will not have enough time to dry be-

fore ending up in char bed. Small entrained droplets combust quickly, and the remaining 

inorganic residue can cause fouling of heat transfer surfaces; which may reduce the 

boiler efficiency. The bigger droplets – which reach the char bed while still wet – gen-

erally cause unstable combustion and can cause bed blackouts, which may have severe 

consequences. Too much water in the char bed may cause smelt-water explosions due to 

rapid steam forming, while bed blackouts may ultimately lead to gas explosions if the 

bed reignites. [1] 

 

Black liquor droplet size distribution is affected by different things, such as: black liq-

uor operating parameters, nozzle type, and black liquor quality. Black liquor spray is 

generally considered coarse compared to other industrial fuels. The most widely used 

nozzle type is the splash plate nozzle, which distributes the black liquor in a sheet that 

rapidly breaks down into droplets. Breaking of the black liquor sheet is due to surface 

tension, furnace gas flows, and flashing; flashing being the most dominant atomizer of 

high solid content black liquor. Flashing happens when pressurized and superheated 

black liquor is depressurized in the orifice of the nozzle. This produces steam bubbles 
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that increase the velocity of the spray exiting the nozzle, thus contributing to the break-

down of the black liquor sheet. [1, 4] 

1.2 Black liquor spray analysis 

Black liquor spray behavior – e.g. velocity, angle, and droplet formation – can be ac-

quired and studied by doing field experiments. In this study this was done with Particle 

Image Velocimetry (PIV), with fresh black liquor in a spray test chamber. PIV is a tool 

mainly used for velocity measurements in a flow [5]. The motion of the particles in the 

flow is obtained by comparing consecutive images of the flow. The images were taken 

using a high-speed camera, and processed into velocity vector fields using PIV-

software. Finally the vector field frames were processed into a more desirable outcome 

using a self-made Microsoft® Excel spreadsheet. Black liquor operating conditions 

were also measured, and black liquor samples were taken for analysis.  

 

Phase Doppler anemometry (PDA) is a commonly used tool for analyzing sprays or 

flows. However, for the case of black liquor the use of PDA is complicated, as it re-

quires a more or less transparent fluid. The droplets should also be quite small and 

spherical, which is not the case for black liquor [6, 7]. An alternative to analyzing black 

liquor sprays in a spray test chamber is to analyze it in the furnace with a furnace endo-

scope, which would capture real black liquor sprays in the actual combustion chamber. 

This was, however, not deemed necessary for this study; as measuring sprays in a test 

chamber gave more opportunities. Nevertheless, the results from experiments using a 

furnace endoscope in a test chamber were used in addition to the PIV results for further 

validation. These experiments were done using a camera taking multiple exposure im-

ages, meaning that it captures multiple images on a single frame. The Fast Fourier 

Transformation (FFT) method was used to acquire the velocities from these images [8]. 

 

Black liquor spray behavior can also be simulated. In this study the cases that were ex-

perimentally acquired, were also simulated with the NozzleFlow© model. This was 

done by entering the same operating parameters acquired by the experimental measure-

ments into the model. NozzleFlow© is a program that simulates a one-dimension plug 

flow. It is able to account for two-phase flows, such as flashing black liquor; while also 

taking into account possible non-Newtonian behavior that is typical for black liquor at 
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some operating conditions. NozzleFlow© is also designed to work with other liquids, 

and has earlier been tested with water. 

1.3 Objective of the thesis 

Experimental planning and executing is an expensive and time consuming process, and 

the analysis afterwards can also be quite time demanding. In contrast, simulation of 

black liquor sprays can be done with software in an office with little effort from the us-

er. By simulating, the behavior of black liquor sprays can be obtained by using suitable 

parameters; without the need of visiting an actual pulp mill. Of course, experimental 

validation is required before the model can be trusted. 

 

The objective of this study was to validate the NozzleFlow© model. First, experimental 

data was acquired by analyzing black liquor sprays. The operating parameters acquired 

from the measurements were then inserted into the NozzleFlow© model, which simu-

lated the same cases. Finally the simulated results were compared to the experimental 

results in order to determine whether the model was able to predict acceptable results. A 

secondary objective in this study was to add a force due to the pressure loss in the 

splash plate into the NozzleFlow© model, resulting in a new model. Both models were 

simulated using the same operating parameters, and compared to the experimental re-

sults and each other. 

1.4 Scope and limitations 

The focus in this work is on analyzing black liquor sprays, which is why many parts 

considering pulp mill operation are left out. The focus is also on kraft process black 

liquor spraying, as the measurements were done in Metsä Fibre’s pulp mill in Rauma, 

which is utilizing the same process. The relevance of wood type – hardwood vs. soft-

wood – and pulping processes from other types of biomass will not either be considered 

in this work. The reasoning behind this is mainly that the focus is on black liquor spray-

ing under set circumstances in Rauma pulp mill, which happens to utilize softwood. 
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2 Background 

2.1 Kraft chemical process 

2.1.1 Overview 

The most commonly used material for papermaking is pulp. Pulp is a lignocellulosic 

fibrous material that is mainly produced by separating cellulose fibers from wood. The 

most widely used process to produce pulp today is the kraft chemical process, also 

known as kraft pulping process or sulfate process. Alternative processes for pulp pro-

duction include: acid sulfite, semichemical, mechanical and non-wood processes. [9]. 

 

The focus in this chapter will be on the kraft chemical process; first and foremost be-

cause the measurements in this work were conducted at Metsä Fibre’s paper mill in 

Rauma, which utilizes the kraft process. In addition the kraft process is the most com-

mon method for paper and pulp production because it recovers most of the chemicals 

and energy in the process. This makes the kraft process a more environmental friendly 

process which also has an economic advantage in comparison to most other methods. 

The objective of kraft pulping is to produce pulp by dissolving most of the lignin in or-

der to separate the fibers in wood. [9, 2]. 

2.1.2 Kraft recovery processes 

The main recovery processes include evaporation, combustion, and causticizing. Initial-

ly the black liquor – the by-product in the pulp production process – was considered as 

waste by the mills, and thus discarded. However, as the mills grew in size and became 

more advanced it also became more economical to recover the chemicals in black liquor 

instead of discarding them. Recovery of black liquor also has other advantages. The 

mills need power and heat in order to operate; by burning concentrated black liquor, the 

mills can become self-sustainable and even produce excess energy [10]. Most of the 

chemicals used in the kraft process can be recovered; however, some losses will still 

occur. A modern kraft mill recovers between 95 % and 97 % of the chemicals used [2]. 

The kraft liquor cycle is depicted in Figure 1. 
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Figure 1. Kraft liquor cycle. [2] 

 

First, wood chips of a certain size are cooked with white liquor in the digester. The 

pulp-chemicals mixture is then washed in order to separate the pulp and the black liquor 

[10]. The pulp is also bleached in order to remove colored impurities. Chlorine based 

oxidants have proven to be efficient; however, concerns about chlorinated organic com-

pounds in the effluents – that form during chlorine bleaching – have led to alternative 

methods of bleaching. The most dominant bleaching technology used today is the ele-

mental chlorine-free (ECF) bleaching process. In the ECF process the elemental chlo-

rine is substituted by chlorine dioxide in order to reduce the levels of chlorinated organ-

ic compounds in pulp mill effluents. An alternative to ECF bleaching is the totally chlo-

rine-free (TCF) bleaching process, which – as the name suggests – does not include the 

use of chlorine at all. In the TCF bleaching process the emphasis is on the use of alter-

native bleaching agents such as oxygen, hydrogen peroxide and ozone. [9] 

 

After the washing process the black liquor solution contains a lot of water. This low 

solid content black liquor is called weak black liquor. In the evaporation phase the weak 

black liquor is concentrated from 14 % - 18 % to 70 % or higher solid content [2]. This 

is done in order to increase the heating value gained from burning black liquor, other-
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wise the burning would require more energy than it could produce. The evaporation of 

weak black liquor also removes soap and produces tall oil, which is recovered [10, 3]. 

 

The concentrated black liquor contains organic wood residues and inorganic cooking 

chemicals, and about 45 % to 55 % of the wood chips entering the digester end up as 

fuel. The concentrated black liquor is combusted in a recovery boiler, where the organic 

part of the black liquor is converted to heat and the inorganic part is reduced from oxi-

dized sulfur compounds to sodium sulfide (Na2S) and sodium carbonate (Na2CO3). The 

heat is used to generate steam and electricity, while the chemicals – in the form of a 

molten smelt – are dissolved into water to form green liquor. [2]. 

 

Causticizing is the process of converting green liquor into white liquor. The causticiz-

ing, or recausticizing process has two objectives. One is to produce clean and hot white 

liquor, which is needed in the cooking process. The other objective is to prepare clean 

and dry lime mud to burn in the lime kiln for reuse as lime [10]. The green liquor is thus 

purified from impurities such as unburnt carbon from the black liquor, solids from the 

furnace construction, and finally from possible calcium compounds. In short sodium 

carbonate reacts with lime (CaO), and forms sodium hydroxide (NaOH) and lime mud 

(CaCO3). Finally in the lime kiln the lime mud is converted back to lime to complete the 

chemical loop [2]. 

2.1.3 Metsä Fibre, Rauma 

Metsä Fibre’s pulp mill in Rauma was started up in 1996. It was the world’s first mill 

solely built for the production of TCF (totally chlorine free) pulp. In the summer 2007, 

however, the mill changed from TCF bleaching to ECF (elemental chlorine free) 

bleaching. The annual wood consumption is 3.3 million m
3
, and the production capacity 

of Rauma mill is 650,000 tons of ECF bleached softwood pulp per year. The pulp quali-

ty is specialized for magazine paper and tissue paper. [11] 

 

Modern pulp mills are generally energy self-sufficient, and Rauma pulp mill is no ex-

ception with its 151 % energy self-sufficiency [11]. This means that all the energy the 

mill needs is produced by the mill with over a 50 % surplus, which is sold for additional 

revenues.  
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The measurements required for this work were conducted at Metsä Fibre’s pulp mill in 

Rauma. In Figure 2 below we see a chart of the pulp manufacturing process that is being 

utilized at Metsä Fibre’s pulp mill in Rauma. These same principles are widely used 

worldwide in pulp mills utilizing the kraft chemical process. 

 

 

Figure 2. A process chart of the pulp manufacturing process used at Metsä Fibre’s pulp mill in 

Rauma. [12] 

 

One aspect that does not always get mentioned in pulp and paper literature is the for-

mation of odorous gases in pulp mills. The first thing an outsider will remark when vis-

iting a pulp mill, even kilometers before entering the actual building, is the odor. The 

odor is due to different sulfur compounds such as organic sulfides and hydrogen sulfide. 

The compounds have a very pungent odor, even at low concentrations [13]. The odor 

can be picked up from a distance, but is significantly stronger inside the mill. Luckily, 

however, improvements have been done from earlier mills. In the 1970s to 1990s there 

were an abundance of studies and implementations that have greatly reduced the odor 

forming compounds [14]. 
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2.2 Black liquor properties 

2.2.1 General information 

Black liquor is the by-product of the pulp production process. Earlier in pulp production 

history the black liquor was discarded. Discarding of black liquor, however, had a nega-

tive impact on the environment. When pulp production became more competitive, dis-

carding of black liquor also had a negative economic impact. By recovering the energy 

and the cooking chemicals from black liquor, the pulping process can be made much 

more economical and environmental friendlier [9]. As an example – of using the poten-

tial energy in black liquor – we got Finland. The total energy consumption in Finland 

was 381 TWh in 2012. Out of this 24.2 % was produced from wood fuels, while black 

liquor – and other concentrated liquors from wood industries – alone accounted for 9.9 

% of the total supply, which is depicted in Figure 3 and Figure 4 [15, 16]. 

 

 

Figure 3. Total energy consumption by source in Finland in 2012. [16] 

 

 

Figure 4. Wood fuel shares of the total energy consumption. [16] 
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It’s difficult to generalize the properties of black liquor, because black liquor properties 

depend on different operating and process conditions and thus vary from mill to mill, 

and even from day to day in the same mill [1]. The most common way of black liquor 

recovery is combustion in recovery boilers, but gasification of black liquor is an alterna-

tive option which has gained more attention recently. Gasification of black liquor could 

boost the economic performance of pulp mills, depending on the development of future 

energy markets [17]. Black liquor gasification may well get even more attention in the 

near future when more currently existing recovery boilers are getting obsolete. So far, 

however, black liquor gasification has not yet been commercialized [18]. 

2.2.2 Composition 

Black liquor is a mixture of water, organic matter and inorganic salts. The composition 

of black liquor dry solids is about one third inorganic material and two thirds organic 

material [19]. Some of the inorganic chemicals make black liquor a highly alkaline solu-

tion. The pH is buffered and affected by several chemical species including: sodium 

sulfide, phenolate groups on lignin, sodium carbonate [1]. The pH of black liquor is 

typically around 10-13 [20]. 

 

Before entering the mixing tank black liquor is referred to as virgin black liquor. An 

elemental (ultimate) analysis of virgin black from Scandinavian softwood reveals that 

the main elements are: carbon, oxygen, sodium, sulfur, and hydrogen. Smaller amounts 

of potassium, chlorine and nitrogen are also present [10]. Trace amounts of calcium, 

iron and other metals can also be found [1]. Table 1 shows the typical elemental compo-

sition and the composition range of virgin black liquor from Scandinavian softwood in 

mass-percentages. 
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Table 1. Elemental composition of virgin black liquor from Scandinavian softwood, in mass-

percentages. [10] 

Element Typical m-% Range m-% 

Carbon, C 

Oxygen, O 

Sodium, Na 

Sulfur, S 

Hydrogen, H 

Potassium, K 

Chlorine, Cl 

Nitrogen, N 

Other 

35.0 

33.9 

19.0 

5.5 

3.6 

2.2 

0.5 

0.1 

0.2 

32-37 

33-36 

18-22 

4-7 

3.2-3.7 

1.5-2.5 

0.1-0.8 

0.06-0.12 

0.1-0.3 

Total 100.0  

 

2.2.3 Heating value 

Heating value describes the amount of heat a substance releases upon combustion. 

Higher heating value (HHV) – also calorimetric heating value – is the total amount of 

heat released during combustion; while the lower heating value (LHV) can be derived 

from the HHV by subtracting the heat of evaporation of water generated from the fuel 

and combustion of hydrogen. Net heating value (NHV) subtracts heat of evaporation of 

water and heat required for reduction of chemicals from the HHV; thus reflecting the 

heat available for steam generation more accurately for fuels with high ash contents, 

such as black liquor. The weak black liquor – as mentioned earlier – contains more wa-

ter, and is not a suitable fuel as such, because of its low or even negative heating value. 

By removing water from the black liquor in the evaporation stage, the heating value can 

be increased. In Figure 5 the net heating value and the adiabatic temperature of typical 

black liquors at various dry solid contents is depicted. The adiabatic temperature de-

scribes the combustion temperature, assuming that no heat transfer takes place. [10] 
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Figure 5. Net heating value of black liquor at different dry solid contents in the image on top, and 

their adiabatic temperatures in the image at the bottom. [10] 

 

In Figure 5 we see that the black liquor NHV break-even is at approximately 20 % dry 

solids. The dry solid content of concentrated black liquor intended for combustion is 

usually above 70 %, which gives a NHV of roughly 10 MJ/kg. Usually, when generaliz-

ing fuels, the heating values are presented in the form of LHV. The LHV for black liq-

uor is rather low compared to other industrial fuels. The reason for the low heating val-

ue of black liquor is mainly due to the fact that the ash content in black liquor is high 

because of the cooking chemicals [3]. However, taking into consideration that black 
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liquor is the by-product of pulp mills and recovery of chemicals is included in the pro-

cess, it can be considered as a respectable fuel; as can be seen from the figures of total 

energy consumption by source in Finland by Official Statistics of Finland in Figure 3 

[15, 16]. 

2.2.4 Viscosity 

Viscosity is commonly associated with how easily a fluid flows. More formally, vis-

cosity is defined as the ratio of shear stress to shear rate. The unit of viscosity is Pascal 

seconds, which it the same as kg / (s ∙ m). Viscosity goes from zero upwards; a lower 

viscosity value for a fluid means a more easily flowing fluid, while a higher viscosity 

value describes a thicker fluid. Weak black liquor contains a lot of water and is a rather 

thin fluid. At higher dry solid contents, the viscosity of black liquor increases and is also 

strongly affected by the temperature [1]. At very high dry solid contents, the tempera-

ture has to be increased to keep the viscosity low enough in order to be able to pump the 

black liquor [3]. 

 

Most common fluids are so called Newtonian fluids, meaning they have viscosities that 

are not affected by flow conditions such as shear rate. For these fluids the shear force is 

always directly proportional to the shear stress. Black liquor, however, is not behaving 

like a Newtonian fluid under certain conditions. At very low shear rates – with high dry 

solids content and at low temperature – the viscosity is constant and high, and black 

liquor can be treated as a Newtonian fluid. At higher shear rates, however, black liquor 

shows signs of shear thinning (pseudoplasticity); as the apparent viscosity decreases. 

Thus black liquor is referred to as a non-Newtonian fluid [1]. Figure 6 represents the 

apparent viscosity at different shear rates for typical Finnish black liquor, with a dry 

solid content of 74.4 % and a temperature of 137 °C. Figure 6 clearly shows the non-

Newtonian behavior of black liquor when the shear rates is increased. First the apparent 

viscosity decreases dramatically, and finally – at even higher shear rates – the apparent 

viscosity curve flattens out. 
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Figure 6. Apparent viscosity of black liquor at a temperature of 137 °C and dry solid content of 

74.4 %. [21] 

 

The size, shape and weight of the organic species in black liquor affect the viscosity. 

Larger molecules tend to entangle more easily than molecules with a more compact or 

spherical shape, thus increasing the viscosity. The alkali content in black liquor also 

affects the viscosity. Generally a higher pH will decrease the viscosity until the alkali 

content gets too high. After a certain point, an increase in pH will start increasing the 

viscosity instead. Another way of lowering the viscosity of black liquor is thermal 

treatment. By heating the black liquor above 140 °C for a long enough time with suffi-

cient amount of alkali present, high molecular weight lignin and polysaccharides may 

be depolymerized. [1] 

2.2.5 Boiling point rise and solubility limit 

Addition of soluble material to a liquid changes its boiling characteristics. The differ-

ence in boiling point between the solution and pure solvent at the same pressure is re-

ferred to as boiling point rise (BPR). For black liquor this means the difference in the 

boiling point of a certain dry solid content black liquor and water. An increase in solid 

content raises the boiling point of black liquor, which can clearly be seen in Figure 7. 

Knowledge of BPR is crucial in order to design effective black liquor evaporators and 

to determine whether black liquor will flash when sprayed from the nozzle. [1] 
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Figure 7. Black liquor boiling point rise data. [1] 

 

The inorganic material in black liquor is the dominant component in determining the 

BPR of black liquor. By removing water from the black liquor solution the BPR in-

creases. At some point, if enough water is removed, salts begin to precipitate. The con-

centration at which salts start to precipitate is called the solubility limit. The first salts 

starts to precipitate at around 50 % dry solids, depending on the temperature. With dry 

solids below 75 %, burkeite is the only precipitating salt. Precipitating salts can cause 

fouling of the evaporator or concentrator surfaces. [1] 

2.3 Black liquor spray 

2.3.1 Introduction 

Spray droplet size and size distribution are important variables in controlled black liq-

uor combustion. The spray droplets should be small enough in order to dry and partially 

pyrolyze before reaching the char bed. However, the particles should also be large 

enough in order to avoid being entrained in the furnace gas flow [1]. Another important 

aspect of a black liquor spray is the spray droplet velocity. The spray velocity also af-

fects the trajectories of the droplets and thus where the droplets will end up in the fur-

nace. The velocity depends on the nozzle used, black liquor mass flow, its temperature 

and pressure, and also the quality of the black liquor used [22]. 
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Black liquor is fired from liquor guns which are usually located on all four walls of the 

boiler. Depending on the size of the boiler, there can be between 1 and 16 liquor guns. 

The nozzles on the end of the liquor guns affect the droplet formation and size distribu-

tion. Other factors that influence droplet size distribution and formation include: black 

liquor operating variables, flashing, surface tension and air or gas resistance. A typical 

feature for black liquor nozzles is that they produce a fairly coarse spray compared to 

other fuels sprays. [1] 

2.3.2 Nozzles 

The nozzle at the end of the liquor gun distributes the black liquor spray so that it covers 

more of the furnace cross-section. Black liquor nozzles belong to the category known as 

pressure atomizing nozzles. The nozzles produce rather coarse droplets, which are usu-

ally about 0.5 to 5 mm in diameter. It’s difficult to specify the desired size of the drop-

lets, but generally droplets with about 3 mm diameter are considered to be of optimum 

size. Different spray nozzles are used to achieve different spray angles, while also the 

gun angle in comparison to the furnace wall affect the trajectory of the black liquor 

spray into the furnace. [1] 

 

The most commonly used nozzle type today is the splash plate nozzle. A splash plate 

nozzle is a simple construction consisting of a flat plate with a rounded cross-section 

attached at an angle on the end of a pipe. The plate at the end of the pipe, according to 

Adams et al. [1], is usually at an angle of approximately 45°; between 35° and 55°. The 

splash plate nozzles used to obtain the results used in this work, however, were mostly 

at a splash plate angle of about 25°; while the splash plate angles generally seem to vary 

between 20° and 35° [23, 24]. 

 

When black liquor flows through the pipe it hits the flat face of the plate, which flattens 

the flow into a sheet of liquid. This sheet of black liquor later breaks up into droplets. 

The arch of the sheet can be nearly 180°, depending on the exit velocity of the black 

liquor from the pipe. There are different types of splash plate nozzles, but their func-

tions are fairly similar. The schematic of a typical splash plate nozzle and a Babcock & 

Wilcox Co (B&W) splash plate nozzle are shown in Figure 8. [1] 
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Figure 8. Schematic of a typical splash plate nozzle to the left and a B&W splash plate nozzle to the 

right. [1] 

 

Another type of nozzle is the Combustion Engineering Inc. (CE) swirlcone nozzle. Alt-

hough the appearance of the swirlcone nozzle differs from the splash plate nozzle, its 

droplet formation function is quite similar. A block or swirl plate with spiral grooves 

cause the black liquor flow to rotate as it flows along the walls of the nozzle cap. The 

rotating hollow flow exits from the nozzle in the form of a conical sheet, which breaks 

down by the same mechanisms as in the splash plate nozzle. [1] 

 

The CE V-type nozzle consists of a cylindrical tube with a hemisphere at the end which 

is cut across the tip with a V-shaped channel. In this type of nozzle, black liquor flows 

at relatively low velocity until it gets to the hemispheric end part of the nozzle. Here the 

black liquor is accelerated and then discharged in a flat sheet. The U-type nozzle is 

similar to the V-type nozzle, but has a U-shaped channel instead of the V-shape. [1] 

2.3.3 Flashing 

As long as black liquor is in contact with a gas, water can evaporate from it at any tem-

perature. However, if black liquor is in an enclosed piping system, water can only evap-

orate if the vapor pressure of the water exceeds the local total pressure. It’s important to 

notice the elevated boiling point or boiling point rise (BPR) of condensed black liquor 

in comparison to weak black liquor or water due to higher solids content. An increase in 

pressure also increases the boiling point [1]. When the water in black liquor evaporates 
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it forms bubbles within the black liquor, and the rapid formation of these bubbles is re-

ferred to as flashing. 

 

Within the liquor delivery system, the pressure is significantly higher than the atmos-

pheric pressure; however, the pressure drops continuously when approaching the nozzle 

orifice. At the nozzle orifice the pressure reaches atmospheric pressure. Flashing occurs 

when black liquor with a temperature above its boiling point is depressurized in this 

way. If, however, the temperature of the black liquor is below its elevated boiling point, 

no flashing will occur [1]. Due to the nature of black liquor flow characteristics at high-

er dry solid contents, it has to be heated in order to pump it. A common practice is to 

superheat the black liquor about 15-20 °C in order to keep the viscosity acceptable lev-

els. The temperature difference between the superheated black liquor and black liquor 

boiling point is referred to as excess temperature [25]. 

 

Evaporation, or bubble forming, can also start – and usually will start – before the noz-

zle orifice, if the temperature is high enough or the pressure low enough. If the tempera-

ture is above the boiling point at a specific pressure inside the nozzle bubbles start form-

ing as long as the vapor pressure exceeds the local total pressure. The bubble formation 

intensifies when moving along the nozzle due to the continuous pressure drop inside the 

nozzle when moving towards the orifice. The steam bubbles have a volume of approxi-

mately a thousand times the volume of the water that evaporated. This results in an in-

creased velocity of the two-phase flow exiting the nozzle [1]. Due to vapor generation 

the velocity increase of the outflow may increase by a factor of 2-4 in comparison to the 

initial velocity [22]. Figure 9 illustrates flashing in a splash plate nozzle – where bub-

bles have already formed before the nozzle orifice – and a typical increase in velocity of 

the two-phase flow leaving the nozzle. 
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Figure 9. Flashing in a splash plate nozzle. [21] 

 

2.3.4 Black liquor droplet size distribution and formation 

Entrained black liquor droplets may cause fouling and plugging of the boiler. Fouling of 

the heat transfer surfaces reduces their ability to absorb heat from the flue gas, but may 

also cause corrosion. This reduces the efficiency of the boiler, while also requiring addi-

tional cleaning or replacement of degraded heat transfer equipment. [1] 

 

Too heavy black liquor droplets end up reaching the char bed before they are dry. Too 

much water in the char bed, on the other hand, may cause local or general bed blackouts 

or even smelt-water explosions. A general bed blackout does not stop the pyrolysis pro-

cess. If the liquor guns keep spraying in black liquor and the furnace has enough heat, 

the pyrolysis process will continue. As the volatile gases produced during the pyrolysis 

accumulate, there’s risk of a gas explosion in case the bed re-ignites. Smelt-water ex-

plosions are caused by very rapid vapor generation from water due to contact with hot 

smelt. The volume expansion due to the water vaporizing pushes the furnace gases away 

so rapidly that it generates a highly destructive detonation wave [1]. Figure 10 shows 

the possible trajectories of different sized black liquor droplets. 
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Figure 10. Possible trajectories of different sized black liquor droplets. [1] 

 

The black liquor droplets that reach the char bed as smelt are droplets that are just a 

little too small. As they swell their volume increases, which greatly reduces their densi-

ty. Having a low mass and a big surface, they are lifted upwards by the gas flows in the 

furnace. When they burn out – leaving only an inorganic part left – their volume is 

greatly reduced. Having a much smaller surface, the lifting force from the gas flows in 

the furnace cannot compete with the gravitational pull which pulls the droplets to the 

char bed. As they end up in the char bed as an inorganic smelt, they do not contribute 

carbon to the char bed. Carbon is needed in the char bed in order to keep it stable and 

actively burning. This way the temperature can be kept high enough in order to keep the 

inorganics molten, while also protecting sulfide from reoxidizing to sulfate. Carbon also 

contributes to the reactions that form sodium carbonate. [1] 

 

Black liquor nozzles produce sheets of liquid that later break down into droplets. The 

fundamental principle of disintegration of a liquid consists of increasing the surface area 

of a sheet until it becomes unstable and disintegrates. There are three modes of sheet 

disintegration mechanisms, namely rim, wave, and perforated-sheet disintegration. 

However, the main types of disintegration mechanisms for black liquor sheets are wave 

and perforated-sheet. Ligaments form first, and drops form from the ligaments. For a 
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flashing black liquor spray, the flashing dominates the disintegration of a black liquor 

sheet in addition to the wave and perforate-sheet disintegration. In case of heavy flash-

ing, large ligaments will not exist. [4] 

 

In the perforate-sheet disintegration disturbances puncture the sheet when it’s thin 

enough. Holes appear in the sheet, and expand due to surface tension. For the wave dis-

integration wave disturbances caused by the surrounding gas disintegrate the sheet per-

pendicularly to the radial direction [4]. Due to the black liquor mass flow – which can 

be controlled by temperature and pressure – flashing can happen at the end of the noz-

zle, which increases the velocity of the spray significantly. The velocity of a black liq-

uor spray depends on many variables such as nozzle design, black liquor quality, and 

black liquor operating parameters; but is generally around 10 to 15 m/s at the center of 

the spray when flashing [22, 26, 27]. Atomization due to rapid escape of gas exiting the 

nozzle and shear forces between the liquid sheet and the surrounding gas in the furnace 

– which is dependent on the velocity of the spray – contribute to breaking of the liquid 

sheet into droplets [1, 4]. 

 

The average size and size distribution of black liquor droplets is difficult to determine, 

mainly because of all the different kind of shapes that the droplets can have. It’s also 

difficult to generalize the sizes found on a specific mill, as different mills have different 

designs and operating conditions. It’s also difficult – if not impossible – to determine 

spray droplet sizes in a furnace, as the droplets are affected by the furnace gas flows and 

may have started combusting. This is why measurements are mostly done in spray test 

chambers. [25] 

 

In a study by Kankkunen et al. [25] black liquor particles were assumed to have an el-

lipsoidal shape. The diameter of the particles was calculated using Sauter mean diame-

ter (SMD). SMD is the volume-to-surface-area mean diameter. The diameter of a drop 

is the diameter of a uniform equivalent drop set with the same total volume and surface 

area of all the drops in the real set. The study found that the SMD at typical spraying 

conditions in Finland for a flashing black liquor spray was 4.2 mm. The SMD varied 

between 3.6 and 7.7 mm in the 9 test cases of their study. Figure 11 shows images of 

sprays for the 9 cases with different spraying parameters. The tests were conducted in a 

test chamber set up next to a recovery boiler, and the nozzle was an industrial scale 
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splash plate nozzle with an inner diameter of 27 mm. The images were taken at a point 4 

m from the spray nozzle, and the height of each image is 75 mm. 

 

 

Figure 11.Images of black liquor sprays at varying spraying parameters. [25] 

 

The most important parameters are mass flow and temperature difference between the 

actual spray and the spray’s boiling point, which can be found separately for each case 

below the case image. As can be seen from Figure 11, the shapes of the droplets can be 

rather peculiar; which is why it can be quite difficult to determine the precise diameter 

or surface area of the droplets. 

2.3.5 Combustion phases 

Combustion of black liquor occurs either as a droplet sprayed to the furnace or in the 

char bed at the bottom of the recovery boiler furnace. The droplets are not finely atom-

ized and are thus rather coarse. The average diameter of the droplets varies widely, but 

is in general around 4 mm [25]. A typical characteristic of black liquor during combus-

tion is swelling [3]. In Figure 12 the swelling and compression of black liquor during 

combustion is depicted. 
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Figure 12. Swelling and compression of black liquor during combustion. [1] 

 

During combustion the black liquor droplets go through four main phases: drying, devo-

latilization, char combustion, and smelt reactions. In the drying phase water evaporates 

from the black liquor droplet and its diameter increases very rapidly to about 1.3 to 1.6 

of the original size, but does not change much after the initial swelling while drying. As 

the droplet has dried it swells even further and releases volatile gases. This swelling 

during devolatilization is significantly more dramatic, as the volume expands by a factor 

of 20 to 50 under usual furnace conditions. The devolatilization phase is also character-

ized by a visible flame under normal furnace conditions, where oxygen is present. The 

gas release during this phase is usually large enough to prevent oxygen from contacting 

the droplet surface, which causes devolatilization of black liquor to closely resemble 

pyrolysis. After the volatile release is finished the combustible material remaining is 

mostly carbon, referred to as fixed carbon. This highly porous fixed carbon burns with-

out a visible flame, while constantly decreasing the size of the particle. Char burning 

continues until only inorganic matter is left in the form of a molten smelt. In the smelt, 

oxidized forms of sulfur – primarily sulfate – is reduced into sulfide. Carbon is required 

for the process, and is provided by the larger black liquor spray particles that do not 

burn up before reaching the bed. If oxygen contacts the smelt, sulfide can reoxidize into 

sulfate; which is not wanted. Thus it’s important that there is enough reacting material 

on top of the smelt in order to avoid reoxidation of the sulfide into sulfate. [1, 3] 
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3 Experimental measurements using PIV 

3.1 Overview 

Particle image velocimetry (PIV) is a widely used tool for velocity field measurements 

in a flow. The motion of a flow is obtained by taking consecutive camera images of a 

certain location in the flow. The flow field in question may first be seeded with tracer 

particles, which are assumed to faithfully follow fluid flow dynamics. This is done for 

more transparent fluids. In order to capture the particles into suitable images, a high-

speed camera may be needed in order to get a high enough frame rate; otherwise the 

particles may move beyond the imaging area in the next frame. It’s also possible to use 

multiple cameras in order to measure three-dimensional velocities for more complex 

flows [5]. In this study, however, there was no need to seed the black liquor spray with 

additional particles, as it had more than enough contrast against the illuminated back-

ground. As there also was no need for three-dimensional velocities, only two-

dimensional velocities were measured. 

 

After recording, the images are generally processed by software. The motion of the par-

ticles is used to measure the velocity, without disturbing the actual flow field. This is 

done by comparing the movement of the particles in two or more separate frames. In 

this study the images were processed with DaVis, by LaVision. As a result the veloci-

ties were obtained as vector field images. The vector field images give both the veloci-

ties and the directions of the velocities. 

 

Two different sets of measurements were used in this study. Case 1 measurements were 

conducted in 2000 and reported by Miikkulainen et al. [22] in 2009, while case 2 meas-

urements were conducted in 2012 and reported by Järvinen et al. [24] in 2013. The 

methods used during these two experiments, and the methods used for obtaining the 

velocities from them, diverge from each other. Case 1 measurement methods included 

the use of multiple exposure imaging and the fast Fourier transformation (FFT) method 

to solve the velocity. Case 1 methods and equipment are described briefly in this work, 

but are reported in greater detail elsewhere [8]. Case 2 measurements, on the other hand, 

will be described more comprehensively in this work; as the focus in this work is on 

black liquor spray model validation with PIV measurements. The results from the case 1 

experiments are still very valuable, thus they are also included in this study. 
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3.2 Measurements 

3.2.1 Procedure 

At Metsä Fibre’s pulp mill in Rauma, black liquor sprays were recorded in spray test 

chambers. Because the area of focus when recording is rather small and the velocity of 

the black liquor spray can be quite high, the images were recorded using a high-speed 

camera. In order to get the images into scale, a tool with a known length was captured 

on an image on the same location where the spray was. The mass flow, density, pres-

sure, and the temperature of the black liquor being sprayed were also measured. 

 

Fresh black liquor samples were taken for laboratory analysis in a specially constructed 

tube. A laboratory analysis reveals the dry solid content, boiling point rise, viscosity and 

non-Newtonian characteristics. The samples were analyzed in Labtium laboratories in 

Finland. 

 

The images recorded were later processed with software – Davis – in order to get the 

required data. Finally the data from DaVis was exported to an Excel® spreadsheet mac-

ro with the additional measured data, where they were further processed into more de-

sirable outcome. 

3.2.2 Equipment 

The equipment used in the PIV measurements were the following: a camera, lenses for 

the camera, software for setting up the camera, a computer for the camera software, 

backlights, diffusion paper, tools for defining the scale, mass flow measuring tools, 

pressure and temperature transmitters, a computer including software for analyzing and 

recording the mass flow, pressure and temperature, spray test chamber with equipment, 

pipes with insulation, nozzles, and stands for different purposes. 

 

The camera used was a Photron Fastcam SA3 model 120K black-and-white high-speed 

camera with a maximum resolution of 1024 × 1024 pixels at 2000 frames per second 

(FPS). The high-speed camera bundle included a software package, Photron Fastcam 

Viewer (PFV), which was installed on a separate computer. PFV is used to configure 

the recording options, start and stop the recording, and save the results. Two 2 kW stu-
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dio lamps were used to light up the background, while diffusion paper was taped on the 

back of the spray test chamber in order to spread out the intensity of the light. 

 

The tool used for measuring the mass flow and density of the black liquor was a 

Schlumberger 2” mass flow meter. The pressure and temperature transmitters – manu-

factured by Trafag sensors & controls – were used to measure the pressure and tempera-

ture at their specific locations in the nozzle. A computer, including software, was used 

to display and save the time and data from the pressure and temperature transmitters and 

also the data from the mass flow meter. 

 

A schematic of the test chamber used in case 2 measurements is depicted in Figure 13 

below. As can be seen from Figure 13, the spray test chamber has a vertical spray sys-

tem. A different spray test chamber was used in case 1 measurements. The test spray 

chamber used in case 1 was of a horizontal spray design. 

 

 

Figure 13. Schematic of the spray test chamber used in case 2 measurements. [21] 
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The spray test chamber, depicted in Figure 13 above, is a custom built system. The ma-

terial used in the test spray chamber is corrosion resistant stainless steel – in order to 

minimize corrosion due to the high pH of black liquor – and polycarbonate windows. It 

also includes a holder for the black liquor flow pipes and nozzle on top of the chamber, 

while the spray is directed vertically downwards. The black liquor sprayed is taken di-

rectly from the boiler liquor system with a 2” and 10 m long flexible hose. There is a 

drain for the sprayed black liquor, and gas suction for removal of odorous gases and 

fumes. The chamber also has a washing system that can wash away black liquor that is 

sticking to the chamber windows, which may otherwise disturb the recording process. 

Figure 14 below gives a rough view on the arrangement of the equipment used during 

case 2 measurements. 

 

 

Figure 14. Arrangement of the equipment at the mill in case 2, looking from above. 
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3.2.3 Nozzle setups 

The experimental measurements used for validation in this study were done on two dif-

ferent occasions. The first measurements were done in the year 2000 (case 1). The re-

sults from one type of splash plate nozzle geometry, used during the case 1 experiments, 

were used in this work. The second measurements were performed in 2012 (case 2). In 

the case 2 experiments, three different splash plate nozzle geometries were used. In case 

2, measurements were also done using a pipe nozzle; without a splash plate at the end of 

the nozzle. It has to be noted that the methods used to obtain the results were different 

in both cases. 

 

Figure 15 shows the A-type splash plate nozzle used in case 1. The additional pipe at-

tached to it was used for pressure measurements. The A-nozzle has a splash plate angle 

of 23° and is throttled at the nozzle orifice, which results in an area reduction of 15 %. 

 

 

Figure 15. Case 1 nozzle type A. Used in measurements conducted in the year 2000 in Rauma pulp 

mill. [28] 

 

Dimensions of the nozzle base of the case 2 nozzle – used in measurements in Rauma 

pulp mill in 2012 – is depicted in Figure 16. Point T is where the temperature was 

measured, while point p is where the pressure was measured. The dimension of the base 

of the nozzle was the same on each subcase. However, the tip of the nozzles had three 

different alternatives; which are illustrated in Figure 17. All three were splash plate noz-

zles, but with different amount of throttling. The nozzle tip at the top of Figure 17 is not 

throttled, while the nozzle tip in the middle has a throttle resulting in an area reduction 

of 15 %, and the nozzle tip at the bottom is throttled to 50 % area reduction. A pipe 

nozzle with the same base but no splash plate at the end of the nozzle was also used. 
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Figure 16. Case 2 nozzle, used in measurements conducted in the year 2012 in Rauma pulp mill. 

[21] 

 

 

 

Figure 17. Geometry of the tip of the case 2 nozzles. [24] 
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3.3 Software processing 

3.3.1 LaVision – DaVis 

DaVis, by LaVision, is a program used for image processing. DaVis features different 

imaging techniques like particle image velocimetry (PIV) and laser induced fluores-

cence (LIF). Support for multidimensional imaging is also available, depending on the 

imaging package in use [29]. In this work we used DaVis version 7.2.2.163 for two-

dimensional PIV processing. 

 

The images (or pictures) recorded of black liquor sprays were imported into DaVis for 

processing. The raw images were then combined in DaVis to create vector field frames, 

which contain a certain amount of vectors representing the pixel displacement of black 

liquor particles in the raw images. By combining images 0 and 1 the vector field frame 

1 is obtained, by combining images 1 and 2 the vector field frame 2 is obtained; and so 

on. In Figure 18 we see an example of two raw images taken with a very short delay 

between them. 

 

 

Figure 18. Example of raw images taken with a camera speed of 2000 frames per second. 

 

The raw images in Figure 18 are taken with a camera speed of 2000 frames per second 

(FPS), which means that the time interval between each image is 0.0005 seconds. When 

comparing the two images, they may at first look identical. However, on closer look we 

can see for ourselves the displacement of a single black liquor droplet. Doing this by 

hand for hundreds of images – and for more than a single black liquor droplet per image 
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– would be a very time consuming process. DaVis, however, can process hundreds of 

images in matter of minutes depending on the settings used. 

 

The vector field frames produced by DaVis have a certain amount of vectors in x- and 

y-direction, and thus a total amount of vectors in the vector field frame can be calculat-

ed with the following formula: 

 

          , (3-1) 

 

where ax is the amount of vectors in x-direction and ay is the amount of vectors in y-

direction. 

 

Each of the vectors have a defined x- and y- starting coordinate defined by the settings 

used in Da is. The starting points are at the distance ∆cx and ∆cy from each other. The 

value of ∆cx and ∆cy depends on the amount of vectors in the vector field frame, and can 

thus be defined by the settings in DaVis. Vectors, by default, also have a physical mag-

nitude and a direction; the same applies to the vectors produced by DaVis. If, however, 

there’s no activity in some part of the raw images; there will be no visible vector in the 

same location in the vector field frame either. The amount of vectors per vector field 

frame will still be considered constant, even though there may be frames that visually 

have fewer vectors than other frames due to less activity or no activity at all. An exam-

ple of a vector field frame – produced by DaVis from the raw images in Figure 18 

above – is depicted in Figure 19. The amount of vectors displayed in the vector field 

frame has been reduced, and their displacements have been exaggerated in order to gen-

erate a suitable image for representation here. As a comparison, Figure 20 is represent-

ing the same example vector field frame as Figure 19, but the image has not been ma-

nipulated. 
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Figure 19. Example of a visually manipulated vector field frame image. 

 

 

Figure 20. Example of a original vector field frame image. 
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Vector field frames may be more pleasant to the eyes than plain numbers, but in order to 

further process the information from DaVis the vector field frames have to be converted 

to more suitable data. There are different ways to export the data from DaVis. The most 

convenient method, in this case, is to convert the vector field frames into ASCII *.txt-

files. This way we get a number on the displacement of black liquor particles in pixels 

per frame. Positive y-values for the vectors are in the downwards direction – because 

most of the flows will be downwards due to the setup – which can be seen in Figure 19 

and Figure 20 above. Positive x-values for the vectors are to the right. 

3.3.2 Excel® spreadsheet and macro 

The data gained from DaVis are reprocessed in a Microsoft® Excel spreadsheet macro. 

The objective of the macro is to import the data from DaVis, sort it, and calculate the 

amount of vectors in x- and y-direction. The Excel® spreadsheet then calculates the 

velocity of the black liquor spray at different arcs from the spray nozzle and presents the 

results in charts. This requires calibration input from the user in order to convert pixels 

into metric units. As the black liquor spray is captured in images where the flow is 

downwards, the Excel® spreadsheet was also designed to only work in downwards (y-

direction) flow cases. 

 

First the vector field data is imported into the Excel® spreadsheet. A maximum limit of 

50 vectors in either x- or y-direction and a limit of 1200 vectors in total per vector field 

frame restrict the Excel® spreadsheet macro from growing too large in size. Up to 104 

vector field frames can be processed simultaneously by the Excel® macro. The vector 

field frames are split up on 4 sheets, each containing up to 26 vector field frames. All of 

the 26 vector frames found on each sheet are averaged separately on each sheet. The 

reasoning behind the flexibility of the Excel® spreadsheet is that it can be used outside 

this study to some extent as well. 

 

To be able to determine the velocity of the black liquor spray in a certain arc from the 

spray nozzle, the vector field frame has to be put into a suitable coordinate system. The 

black liquor spray centerline is estimated by averaging the absolute displacement of all 

the vectors in x-direction for each starting x-coordinate. The amount of vectors is de-

termined by Equation (3-1), which means that a total of ay vectors for each x-direction 

starting coordinate will be averaged. The starting x-coordinate with the lowest dis-



 

 

42 

 

placement in x-direction is assumed as the centerline of the black liquor spray, as this is 

where the nozzle is. It’s important to note that the black liquor centerline is usually lo-

cated in the middle of the vector field frame image, but the starting x-coordinate – cx – 

is not defined as 0 here; cx is defined as 0 in the leftmost edge of the image. The value 

on the starting y-coordinate – cy – at the black liquor spray nozzle, however, is defined 

as 0. 

 

After the centerline has been established and a wanted distance has been defined – typi-

cally on a 30 cm and 50 cm arc from the nozzle – the closest vectors (by starting coor-

dinate) to the 30 cm and 50 cm arcs are acquired from the averages on each sheet. All 

the possible starting x-coordinate values are included as long as they are within the arc. 

Each possible vectors’ imaginary starting y-coordinates are obtained by moving ∆cx in 

either of x’s directions from any of x’s starting coordinates along the arc. The equation 

for obtaining a vector’s imaginary starting y-coordinate is: 

 

 
      √     

         , 
(3-2) 

 

where ci,yn is the vector’s imaginary starting y-coordinate n times ∆cx steps from the 

centerline, ci,y0 is the distance from the nozzle to the arc and also the imaginary starting 

y-coordinate when moving from nozzle straight down to the arc, n is the amount of 

steps moved in x-direction and ∆cx is the distance between two adjacent vectors’ start-

ing coordinates in x-direction. 

 

The imaginary starting y-coordinate is where the vector’s starting point would be, if 

there was an infinite amount of possibilities where the vector could have its starting 

point in y-direction. As there’s a defined, finite amount of starting points for the vectors, 

the vector’s real starting point is obtained by selecting the closest starting point to the 

imaginary starting point. Figure 21 represents the coordinate system and how the imagi-

nary y-coordinate is obtained. 
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Figure 21. Procurement of the imaginary y-coordinate in the vectors’ coordinate system. 

 

Finally the real starting y-coordinate for the vector is acquired by selecting the closest 

possible starting y-coordinate to the imaginary y-coordinate as shown in Figure 22. This 

is done with numerical values in the Excel® spreadsheet; Figure 22 is just a visual rep-

resentation of where the real starting y-coordinates would be. It has to be noted that the 

vectors in Figure 22 have been manipulated in order to make the image visually clearer. 

Generally the vector density would be much higher, and the vectors would also be 

shorter. Figure 20, presented earlier in this work, displays the vector density and vector 

lengths that could be expected from a genuine vector field frame image. 
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Figure 22. Visual representation of how the real starting y-coordinate is acquired. The vectors in-

side the red circles are the vectors that would represent the velocity along the arc. 

 

After the correct starting coordinates for each vector have been acquired, the velocities 

of the vectors are calculated. Both the x- and y-components of the vectors are taken into 

consideration when calculating the velocities. The results are presented in the form of 

velocity in the angle αn at a certain distance from the nozzle. The direction of the veloci-

ty vector is, however, not considered in the results. The angle αn is the angle between 

the centerline and the imaginary starting y-coordinate n ∆cx steps from the centerline. 

The equation for acquiring the absolute value of αn is as follows: 

 

 |  |       (
    

     
). 

(3-3) 

 

It’s important to notice that αn is the angle from the imaginary starting y-coordinate to 

the centerline. This is because the Excel® spreadsheet has evolved from its earlier stag-

es due to changes along the way. This will, however, only affect the results marginally; 

especially since the velocities at the centerline (α = 0) are of most interest. The errors 

are not cumulative either, so there will only be a slight error for each individual starting 

coordinate. Correcting the error would not be difficult, but a rather time consuming pro-
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cess. Correction of the error was thus not deemed relevant; especially since the error is 

minimal. 

 

The displacement per frame (in pixels) of the desired vector at a certain starting coordi-

nate is calculated with the equation below: 

 

 
     √   

     
 
, 

(3-4) 

 

where ∆vx is the displacement of the vector in the x-direction, and ∆vy is the displace-

ment of the vector in y-direction provided by DaVis at the frame and given starting co-

ordinates. 

 

The Excel® spreadsheet also has a user interface sheet. On the user interface sheet the 

conversion from pixels to metric distance units is implemented, as the vector field data 

from DaVis is in pixels. The scale is obtained by using a captured image of an object 

with a known length (in metric units) from a certain distance, and then calculating the 

length of the object in pixels from the image. On the user interface sheet the amount of 

frames per second used when taking the images is also defined. The location of the noz-

zle in comparison to the top of the picture can be defined, but is assumed to be at the 

upper edge of the image without any input by the user. All this enables the Excel® 

spreadsheet to return the distances in meters instead of pixels, and the velocities in me-

ters per second instead of pixels per frame. The centerline can also be overwritten by the 

user if deemed necessary. The default range arcs of 30 cm and 50 cm from the nozzle 

are always calculated, but calculations from any desired range can also be achieved by 

typing in the range for z cm in the user interface section. 

3.4 Alternative methods and similar research 

One of the most sophisticated methods for spray analyzing is phase Doppler anemome-

try (PDA), which is generally used in fuel spray analysis. PDA is a variation of laser 

Doppler anemometry (LDA), with the main difference being that PDA is able to identi-

fy spatial structures within the measurement volume if the particles are big enough. The 

basic principle of PDA and LDA includes sending light (laser) through a substance into 

a receiver, and the analysis of light scattering in the receiver [30]. For the case of black 
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liquor, however, PDA can be very challenging. This is mainly due to the fact that PDA 

requires a rather transparent substance of focus, but also fully spherical and quite small 

droplets; while black liquor – being rather opaque, having quite large and non-spherical 

droplets – is quite the opposite. [6, 7] 

 

An alternative to imaging of a spray in test chamber is imaging of an actual spray in the 

furnace with a furnace endoscope. The endoscope can naturally also be used in a spray 

test chamber. The furnace conditions are not only very hot, but also corrosive, and 

sticky black liquor particles may hinder the measuring equipment’s functionality. In a 

study by Miikkulainen et al. [8] a furnace endoscope was used to study the velocity, 

shape, trajectory, and disintegration mechanism of a black liquor spray. Figure 23 is a 

schematic drawing of a furnace endoscope setup, which shows how this imaging meth-

od was executed. 

 

 

Figure 23. Setup for in-furnace spray measurements with a furnace endoscope. [8] 

 

In their study the imaging with the furnace endoscope was done using triple-exposure 

imaging method, which means that the camera triggers several images in the same 

frame. Image analysis software was then used to analyze the images with the fast Fouri-

er transformation (FFT) method. In short FFT is an algorithm that can convert time or 

space into frequencies. FFT was carried out twice, first to yield a fringe pattern, and 

again to produce the displacement field. A furnace endoscope in a spray test chamber 

and the FFT method was used to acquire case 1 experimental results used in this work. 

[8] 
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Surprisingly, a furnace endoscope is not that expensive. Doing measurements with a 

furnace endoscope, however, is quite challenging. This is mainly due to the fact that 

objects being put into the furnace have to be well controlled – meaning that they require 

special authorization from the mill operators – and usually they cannot be water cooled, 

due to risk of smelt-water explosions [8]. Furnace endoscope measurements using a 

high-speed camera and PIV analysis would also be a possible option. 

 

There are alternative PIV software options to DaVis, but as we already had DaVis 

available and were familiar with it, it was chosen for this study. There are also other 

image analysis software alternatives, such as Image-Pro®. In an earlier study by Kank-

kunen et al. [25] Image-Pro® Plus was used. Image-Pro® Plus is, however, more suita-

ble for smaller areas of focus. The usage of Image-Pro® Plus also include some manual 

work, and is thus more time consuming compared to DaVis for the purpose of particle 

velocity analysis. 

 

The velocities of the black liquor particles can also be calculated manually by compar-

ing frame to frame. Manual calculation could provide a somewhat more accurate value 

for the velocity of a certain particle at a specific time. However, providing average val-

ues for hundreds of particles over hundreds of images would, in general, not be easy to 

accomplish. Manual calculation would take a very long time – especially if done on the 

same scale as done by DaVis combined with the Excel® spreadsheet and macro in this 

study – and would be more prone to human error. In this study manual calculations 

were used to verify the results obtained by DaVis. 
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4 NozzleFlow© simulation software 

4.1 Background 

Black liquor spray data acquisition by experimental measurements can be quite expen-

sive and time consuming. Black liquor spray behavior is important and needed for in-

dustrial engineering in black liquor nozzle design development, and also for recovery 

boiler CFD combustion simulations. Experimental measurements with black liquor 

sprays were necessary for this study. In the future, however, black liquor spray data 

could instead be acquired by simulation. 

 

NozzleFlow© is a computational flow model designed for black liquor spray behavior 

prediction and analysis. Although it’s designed to work with black liquor, it has been 

tested with water and could also be used with other liquids. One of the most important 

features is that the model works both under flashing and non-flashing conditions. An-

other important feature is that possible non-Newtonian effects are considered in the 

model. 

4.2 Operation principle 

NozzleFlow© is simplified to a one-dimensional plug-flow model. This means that the 

piping is divided into tiny cells with a cell length of 2 mm, which are each modeled in-

dividually. In the model the effects of rheology and turbulence are included in an effec-

tive viscosity, which then is used to estimate viscous pressure loss. The main flow field 

is only roughly approximated due to this, but it still gives a good picture of the velocity 

and pressure distributions in the nozzle. The operation principle of NozzleFlow© is 

described only briefly in this work, while in greater detail in papers by Järvinen et al. 

[21, 31]. 

 

The basic principles of the flow model are depicted in Figure 24. As we can see from 

Figure 24, the pressure (p) drops as the flow moves along the z-axis. The velocity (u) 

increases as the diameter of the pipe decreases. At the end of the nozzle the pressure 

drops to ambient pressure, while the velocity increases. This increase in velocity is 

caused by black liquor flashing, which can be concluded from the fact that the bubble 

diameter db increases. 
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Figure 24. Flow model principles. [21] 

 

A five equation model by Blinkov et al. [32] was used to describe the system in the 

NozzleFlow© model. The equations include the conservation of mass (4-1), linear mo-

mentum (4-2), energy (4-3), mass of vapor (4-4), and bubble number density (4-5). 

These are all presented for a general discrete control volume (  ), see Figure 24. 
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In Equations (4-1) to (4-5) ṁ is the mass flow, V is the volume, ρ is the density, t is the 

time, u is the plug flow velocity, S is the cross sectional surface area of the computa-

tional cell faces, Fμ is the frictional force, Fg is the gravity force, h is the enthalpy, e is 

the total specific energy, y is the mass fraction of steam, Γ is the volumetric vapor mass 

source term,    is the volume-flow rate, Nb is the bubble number density, and  ̇   
    is the 

volumetric bubble nucleation rate. Mass-momentum coupling was solved by the SIM-

PLE method, scalar equations solved by fully implicit control volume method, while 

fluxes of all the scalar variables were calculated using MUSCL equation. 

 

Shear rates in recovery boiler pipe flows are usually between 50 and 2500 1/s. At these 

shear rates the non-Newtonian effects do not play a major role. However, in some cases 

– as in the case of transient bubble growth and droplet formation – the shear rate can be 

small and thus the effects of viscosity can be considerable. This is why the non-

Newtonian characteristics are still considered in NozzleFlow©, even though they are 

not always needed. 

 

NozzleFlow© allows two different types of vapor generation modes: the homogenous 

relaxation model (HRM), and a detailed bubble growth vapor generation model (BGM). 

Trials with NozzleFlow© have, however, revealed that the HRM is not as accurate as 

the BGM, and thus the BGM will be used in this work. The HRM has only one un-

known parameter, relaxation time, which can be obtained iteratively. The HRM model 

is based on assumption that the vapor generation rate is proportional to the difference 

between local equilibrium quality and local quality of the steam divided by the relaxa-

tion time constant. The BGM, on the other hand, considers the growth of single vapor 

bubbles within the flow. In the initial stages the bubble growth is controlled by surface 

tension and viscous forces, while later on it becomes limited by external heat transfer to 

the bubble surface. The BGM requires the initial nuclei density and size, which – like 

the relaxation time – can also be obtained iteratively. The initial nuclei density describes 

the amount of nuclei present in the flow per cubic meter, while initial the nuclei size 

describes the size of the nuclei before bubble growth. 

4.3 User interface 

The spray model user interface has different input options. First the user has to choose 

firing parameters, where the user can choose either mass flow rate or firing pressure as 
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inlet boundary type. Second there are two different vapor generation modes to choose 

between; the relaxation model and the bubble growth model. There are also iteration 

parameters that are determined in order to define the precision of the calculated results. 

Finally the geometry of the piping is needed in order to start the simulation. Figure 25 

shows an example image of the user interface in NozzleFlow©. 

 

The dry solid content and the firing temperature are input firing parameters that are al-

ways defined. The model allows the choice of either pressure or mass flow rate as the 

final firing parameter. From the vapor generation modes, the relaxation model requires 

the relaxation time, while the bubble growth model requires the bubble nuclei density 

and the initial nuclei size. However, trials in earlier research have revealed that the bub-

ble growth model is more accurate, and is thus the only vapor generation mode used in 

this work. Earlier research has also iteratively found the nuclei density to be       

1/m
3
 and the nuclei size to be 40 μm, while trials have revealed that the number of itera-

tions required for accurate calculations is 2000 for the cases of this study. The rest of 

the iteration parameters were predefined. 

 

The geometry and dimensions of the system is entered in the geometry data sheet. There 

is also an option to import the geometry data from a file. The geometry data consists of 

the following parameters: diameter, length, angle, and type. The angle is defined as 

+90° when going vertically upwards, -90° when going vertically downwards, and 0° 

when going horizontally (forwards). The type of the piping component is defined either 

as hose or pipe (h/p). When a nozzle with area reduction is used, the diameter of the 

nozzle orifice is always calculated as a round pipe; as NozzleFlow© is designed to only 

handle circular pipes because of the limitation to one dimension. As an example, a noz-

zle with a diameter of 15.00 mm with a 50 % area reduction is entered as nozzle with a 

diameter of 10.61 mm in the geometry. It has to be noted that the diameter is not re-

duced by 50 % in the case of 50 % area reduction of the nozzle, because of the circular 

shape preservation; even if the shape in reality would look different. The geometry is 

important as the system is divided into tiny cells that are each modeled individually, as 

previously mentioned. The specific geometries used for each nozzle are presented in the 

results.  
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After the calculations are complete, the results can be found on a separate results section 

in the user interface, as can be seen in Figure 25. The results are also printed on a sepa-

rate *.txt file, from which each modeled cell data can be found separately. The result 

section displays the firing temperature, firing pressure, dry solid content, density, vis-

cosity, mass flow rate, outlet velocity, mass flux, excess temperature, dimensionless 

velocity, used flash potential, and exit void fraction. The seven first of these should be 

familiar. The mass flux is defined as mass flow rate per area, while it’s important to 

note that the unit is g/mm
2
s. The excess temperature is the difference between the black 

liquor firing temperature and its boiling point. The dimensionless velocity is the ratio 

between the actual outlet velocity and the outlet velocity in a non-flashing case. This 

means that the dimensionless velocity is 1 in a non-flashing case for pipe-flow – with-

out a splash plate throttling the flow. If a splash plate is throttling the flow, the dimen-

sionless velocity can be between 1 and 1.5, and larger than 1.5 if flashing occurs. Used 

flash potential describes the amount of heat used for flashing in comparison to the ex-

cess temperature, meaning temperature drop to excess temperature ratio. Finally the 

steam volume-flow in the total volume-flow is defined as the exit void fraction. 

 

 

Figure 25. Example image on the user interface in NozzleFlow©. 
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4.4 Implementation of splash plate model 

NozzleFlow© is designed to only consider the black liquor flow in the piping. However, 

there’s a significant pressure drop due to the splash plate at the end of the nozzle in a 

black liquor spray system, which was not considered in the earlier version Noz-

zleFlow©. To account for this, a force due to pressure drop in the splash plate has to be 

added to the calculations. 

 

N. Vadivelu studied the phenomenon of pressure drop in a splash plate nozzle in his 

Master’s thesis. In his study he calculated the hydraulic resistance coefficient (C) based 

on measurements done with water on a splash plate nozzle. He found that the pressure 

drop in the splash plate is due to variables such as: plate angle, plate distance and area 

reduction of the nozzle outlet. He also made a couple of mathematical models on how to 

acquire the hydraulic resistance coefficient based on the Reynolds number (Re). [33] 

 

In this study we used  adivelu’s measured values for the hydraulic resistance coeffi-

cient – acquired with measurements with water – for simulating black liquor flow con-

ditions. To simplify the problem, the averages for different mass flows at a splash plate 

angle of 25° were used, as the mass flows in this study are within the same range. The 

distance to the splash plate was constant in these experiments. The averages for the hy-

draulic resistance coefficient were plotted on a chart as a function of area reduction 

(AR), as can be seen in Figure 26. The green marks are fitted to the data points, while 

the black line is a second degree polynomial trendline for the curve. 
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Figure 26. Hydraulic resistance coefficient as a function of area reduction for a splash plate angle of 

25°. 

 

The trendline equation was used to acquire the hydraulic resistance coefficient in Noz-

zleFlow©, in order to get the fore due to pressure drop in the splash plate. The trendline 

equation for C is: 

 

                                    , 

 

(4-6) 

 

where AR is the area reduction in percentages. In NozzleFlow© the area reduction is 

acquired from the geometry input, thus no additional input is required. The equation for 

area reduction is: 

 

 
      (  (

  

    
)
 

), 
(4-7) 

 

where dn is the last component’s diameter in the geometry of NozzleFlow© and dn-1 is 

the second last component’s diameter. 
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The equation for pressure drop is as follows: 

 

     
 

 
   , (4-8) 

 

where C is the hydraulic resistance coefficient, ρ is the density, and u is the velocity [1]. 

 

The relationship between force and pressure is: 

 

   
 

 
, (4-9) 

 

where F is the force, p is the pressure, and A is the area. 

 

Combining Equations (4-8) and (4-9) we get the force due to pressure drop in the splash 

plate: 

 

      
 

 
   . (4-10) 

 

Finally by adding (subtracting) the force due to pressure drop in the splash plate – Equa-

tion (4-10) – to the linear momentum Equation (4-2) we get the new linear momentum 

equation, that accounts for the pressure drop due to the splash plate: 

 

  ̇         ̇                                  

                 
       

  
. 

(4-11) 

 

The model using Equation (4-2) as linear momentum equation is referred to as model 1, 

while the other model – using Equation (4-11) as linear momentum equation – is re-

ferred to as model 2. The two models are identical in every other aspect. 
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5 Experimental and simulation results 

5.1 Case 1: Rauma 2000 

Six data points from the Rauma 2000 measurements were used in this study. The data is 

presented in Table 2. The excess temperature of three of the data points is about 14 de-

grees, while the other three have an excess temperature of about 17.4 degrees. As can be 

seen from the table, the mass flows are similar in both groups with the three data points. 

 

Table 2. Data from Rauma 2000 measurements. [23] 

 

 

The experimental results for the case 1 study used for comparison in this work are all 

measured with the A-type nozzle. Table 3 shows the geometry data of the A-type nozzle 

used in simulations. 

 

Table 3. Rauma 2000 A-type nozzle geometry data. 

 

 

In all of the Rauma 2000 cases, the dry solid content of the simulated black liquor was 

kept constant at 74.9 %. In half of the cases, the firing temperature was kept constant at 

131 °C to gain about 14 °C of excess temperature. In the other half of the simulations 

the temperature was kept constant at 134.4 °C, in order to get about 17.4 °C of excess 

temperature. This was done in order to match the experimentally measured results to 

some extent. The mass flow was increased for each simulation step. The simulations 

were done for mass flows from 3 kg/s to 10 kg/s, with an increment of 0.5 kg/s until 

d[m] L[m] alfa [deg] type [h/p]

0.0508 0.000 -90 h

0.0508 1.000 -90 h

0.0508 1.000 90 h

0.0355 0.010 90 p

0.0355 0.070 90 p

0.0355 0.180 0 p

0.0355 0.59 0 p

0.0270 0.010 0 p

0.0270 0.160 0 p

0.0270 0.060 -23 p

0.0270 0.140 -23 p

0.0249 0.010 -23 p
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reaching a mass flow of 7 kg/s, and 1 kg/s increment after the mass flow reaches 7 kg/s. 

The simulations were done with both model 1 and 2, using the bubble number density 

value of       1/m
3
 and initial nucleus size of 40 μm in all the cases. The simulation 

results of the Rauma 2000 cases can be found in the Appendix A. 

5.2 Case 2: Rauma 2012 

Table 4 represents the nozzle geometries used to simulate the Rauma 2012 subcases. 

Both nozzle types 0 and 1 were not throttled. The only difference between nozzle types 

0 and 1 was that nozzle type 1 had a splash plate at the tip, while nozzle type 0 was just 

a pipe. Thus nozzle types 0 and 1 were simulated using the same geometries. Nozzle 

types 2 and 2t were geometrically identical; however, nozzle type 2t was partially made 

of Teflon. Both nozzles had an area reduction of 15 % at the nozzle orifice. Nozzle type 

3t was also partially made of Teflon, but had an area reduction of 50 %. 

 

Table 4. Nozzle geometries used to simulate Rauma 2012 cases. 

 

 

The measurements in Rauma 2012 subcases were done with 3 different nozzle geome-

tries partly in order to determine the effects of nozzle throttling on the spray. In Table 5 

parts of the most important results from simulations are combined with results obtained 

by experiments from Rauma 2012 subcases. The difference between model and experi-

ments are emphasized in the table. The simulations were done with both model 1 and 2, 

for the cases that actually have a splash plate. The bubble number density was also 

      1/m
3
 and the initial size of the nuclei was 40 μm in all the subcases of case 2. 

Case 2: Rauma 2012 measurements had more accurate pressure measurements com-

pared to case 1: Rauma 2000 measurements, which is why the difference between 

measured and model pressures was considered here. 

 

d[m] L[m] alfa [deg] type [h/p] d[m] L[m] alfa [deg] type [h/p] d[m] L[m] alfa [deg] type [h/p]

0.0508 0.00 90 h 0.0508 0.00 90 h 0.0508 0.00 90 h

0.0508 2.50 90 h 0.0508 2.50 90 h 0.0508 2.50 90 h

0.0508 1.00 -65 h 0.0508 1.00 -65 h 0.0508 1.00 -65 h

0.0553 0.01 -65 p 0.0553 0.01 -65 p 0.0553 0.01 -65 p

0.0553 0.20 -65 p 0.0553 0.20 -65 p 0.0553 0.20 -65 p

0.0150 0.07 -65 p 0.0150 0.07 -65 p 0.0150 0.07 -65 p

0.0150 0.93 -65 p 0.0150 0.93 -65 p 0.0150 0.93 -65 p

0.0150 0.01 -65 p 0.0138 0.01 -65 p 0.0106 0.01 -65 p

Nozzle type 3tNozzle type 0, 1 Nozzle type 2, 2t
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Table 5. Combined table of measured and model data for Rauma 2012 cases. 

 
 

Simulations were also done for an imaginary nozzle with varying area reductions. As 

with the other cases, simulations were done with both model 1 and 2 using the bubble 

number density value of       1/m
3
 and initial nucleus size of 40 μm. Mass flow and 

excess temperature was kept constant at about 1.2 kg/s and 14 °C respectively. The area 

reduction range varied from 0 to 60 %, with a 5 % increment between cases. The results 

of these simulations are presented in the Appendix A. 

 

  

Test Nozzle t ys ṁ ρ (model) μ (model) Δt (model) Method u Difference u* Difference p Difference

# # °C % kg/s kg/m3 mPa °C - m/s % - % bar %

Experiments 11.8 - 1.75 - 1.86 -

Model 1 9.8 -16.8 1.42 -18.7 1.65 -11.3

Experiments 11.1 1.88 - 1.61 -

Model 1 9.6 -13.6 1.59 -15.6 1.42 -11.7

Experiments 12.0 - 2.55 - 1.23 -

Model 1 9.6 -20 1.99 -21.8 1.12 -9.2

Experiments 12.7 - 1.90 - 1.81 -

Model 1 9.6 -24.3 1.40 -26.1 1.53 -15.5

Model 2 9.0 -29.3 1.32 -30.6 1.54 -14.9

Experiments 11.8 - 2.12 - 1.57 -

Model 1 9.2 -22.1 1.62 -23.9 1.26 -19.8

Model 2 8.6 -27.3 1.52 -28.6 1.27 -19.2

Experiments 10.9 - 2.35 - 1.23 -

Model 1 9.2 -15.4 1.96 -16.6 1.03 -16.3

Model 2 8.6 -21.1 1.82 -22.5 1.05 -14.9

Experiments 12.8 - 1.62 - 1.80 -

Model 1 9.4 -26.6 1.18 -27.5 1.58 -12.5

Model 2 8.4 -34.3 1.06 -34.6 1.62 -10.1

Experiments 11.6 - 1.72 - 1.47 -

Model 1 9.0 -22.3 1.32 -23.2 1.32 -9.9

Model 2 8.0 -31.2 1.18 -31.5 1.35 -8.2

Experiments 10.6 - 2.02 - 1.08 -

Model 1 9.0 -15.5 1.70 -15.6 1.02 -5.9

Model 2 7.9 -25.9 1.49 -26.1 1.04 -3.5

Experiments 13.2 - 1.78 - 1.86 -

Model 1 9.3 -29.5 1.25 -30.1 1.46 -21.6

Model 2 8.3 -37.2 1.12 -37.4 1.49 -19.9

Experiments 12.3 - 1.93 - 1.58 -

Model 1 9.2 -25.7 1.42 -26.3 1.24 -21.3

Model 2 8.1 -34.3 1.26 -34.4 1.27 -19.9

Experiments 13.5 - 1.84 - 1.85 -

Model 1 9.4 -30.3 1.27 -31.1 1.42 -23.1

Model 2 8.4 -38 1.14 -38.3 1.45 -21.6

Experiments 14.2 - 1.47 - 1.92 -

Model 1 9.3 -34.4 1.00 -32.1 1.57 -18.2

Model 2 9.1 -36 1.00 -32.1 2.14 +11.2

Experiments 11.9 - 1.49 - 1.42 -

Model 1 7.7 -35.5 1.00 -33 1.12 -21

Model 2 7.5 -37.1 1.00 -33.1 1.50 +5.6

Experiments 9.6 - 2.01 - 0.70 -

Model 1 8.5 -11.1 1.90 -5.5 0.66 -5.7

Model 2 5.7 -40.2 1.28 -36.3 0.71 +0.9
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6 Error analysis, validation and discussion 

6.1 Error analysis 

6.1.1 Factors affecting the accuracy of the velocity measurements 

Accuracies of the results of the experiments conducted in Rauma in 2000 (case 1) were 

calculated by Miikkulainen et al., and are reported elsewhere. They also tested their 

method on a rotating disc with a known velocity at the edge, and got very accurate re-

sults. [8] 

 

The principles behind the accuracy calculations for the subcases of Rauma 2012 (case 

2) measurements are the same, even though there are some minor variable differences 

that can affect the specific error of each subcase. The relative error – multiplied by 100 

– describes how much the measured value deviates from reality in percentages. In order 

to get a value for the relative maximum error, worst case scenarios were applied to eve-

ry calculable partial error. The factors that can affect the results are: high-speed camera 

shutter time, DaVis inaccuracies, the length of the measuring tool in metric units and in 

pixels, the angle of the measuring tool, the distance from the high-speed camera to the 

spray, the angle of the high-speed camera and the angle of the black liquor spray from 

the nozzle. Values on some of these factors could not be determined. Figures explaining 

the geometries and how the equations presented below were acquired can be found in 

the Appendix B. 

 

The high-speed camera shutter time was set to 1/50,000 s and below, which would re-

sult in an error of less than 1 pixel per frame when using frame rates of 2000 FPS. The 

error would also persist in all the images in the series in question, which means it would 

not be cumulative. The velocity is also calculated as an average from 105 images, which 

would further reduce errors that could possibly occur due to the shutter time. The shut-

ter time was thus deemed to be fast enough to not cause measurable errors in the imag-

es, and thus also ignored in the error calculations. 

 

Possible errors caused by inaccuracies in DaVis could neither be observed nor meas-

ured. The image series selected for processing was manually chosen to avoid possible 

disturbances that could occur in some images. The results from DaVis were also com-



 

 

60 

 

pared against manually calculated results, which seemed to agree on the results. The 

possible errors caused by DaVis were thus disregarded in this study. 

 

Two different measuring tools were used as reference lengths in order to define the 

scale on the images in a case; however, only one measuring tool was used per subcase. 

One of the tools had gaps with lengths of 100 mm, while the other tool had gaps with 

lengths of 50 mm. Unfortunately, the measuring tools could not be found after the 

measurements; thus their actual precise lengths could not be verified. This forced us to 

use the known lengths as true values, and possible errors had to be disregarded. The 

length of the measuring tool in pixels could, however, be measured. The pixel amount 

varies from case to case, because of different zoom or distance from camera to spray for 

example. The maximum error in pixel count per case, however, stays constant, as the 

pixels are counted manually. The error was approximated to be 2 pixels at most, 1 pixel 

in each end of the measuring tool. The relative error from pixel count inaccuracy would 

thus be: 

 

    
  

      

            
, 

(6-1) 

 

where Δds,px is the error in pixel count and ds,px is the total amount of pixels counted 

when defining the scale. The error from inaccuracy in pixel count can either overstate or 

understate the velocity, and becomes larger the fewer pixels the measuring tool in the 

scale image has. 

 

The measuring tool was held in place by hand when capturing it on images. This ena-

bles the possibility that the tool could be twisted around its z-axis while being captured 

on images. Twists around the x- and y-axis would not result in errors, unless they hap-

pen simultaneously with twists around the z-axis. However, the tool was visually quite 

straight; thus a twist around the z-axis affects the measured scale in pixels the most. The 

possible twist around the z-axis was approximated to be a maximum of 5°. The relative 

error resulting from a twist around the z-axis would be: 

 

   
  

                        ⁄  

                      ⁄  
, 

(6-2) 
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where αs is the angle to the x-axis in the x,y-plane due to the measuring tool being 

twisted around the z-axis, and βs is the camera object angle. If the measuring tool is at 

an angle, the measured velocity will always be larger than the actual velocity. 

 

The distance between the high-speed camera and the spray is generally not needed for 

the velocity calculations when the scale is defined. The distance is, however, needed in 

order to define the image angle of the camera lens βc. The image angle of the lens does 

not change unless zoom or shutter is changed, or the lens is changed. The image angle 

of the lens is needed as it influences how much the camera tilt and spray tilt angles af-

fects the results. The wider the image angle of the camera lens is, the larger the error 

becomes, ceteris paribus. The angle of the camera lens was determined to be 20 degrees 

as most. It has to be noted that only half of the angle is used in the calculations. 

 

Both the high-speed camera and the nozzle – or the spray from the nozzle – tilt or angle 

to their supposed ideal positions affects the error in velocity. Ideally the nozzle – or the 

spray – is supposed to be parallel with the z-axis, while the camera should be parallel to 

the y-axis. Visually both the spray and the camera seemed to not be angled. An approx-

imation of maximum 3° angle to their individual ideal location would result in the max-

imum deviation from the actual velocity. The relative error resulting from angling of the 

spray and the camera is: 

 

    
  

                                ⁄  

                              ⁄  
, 

(6-3) 

 

where αns is the angle of the spray to the z-axis in the y,z-plane, and γc is the angle of 

the camera to the y-axis in the y,z-plane. Both angles are due to spins around their x-

axis. In any case of angling, the measured velocity will become smaller than the actual 

velocity. 

 

By adding up Equations (6-1), (6-2), and (6-3) we get the combined total relative error: 

 

     
      

    
     

  (6-4) 

 

Using Equation (6-4) with all the worst case scenarios we get the maximum total rela-

tive error of 4.0 %. The total relative error is multiplied by 100 to get the result in per-
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centages. Worst case scenario means that the angles are tilted in a way to maximize the 

errors, and the individual case-specific errors that produce the maximum total relative 

error are assumed to represent the whole case. 

 

In reality, however, an angle on the measuring tool – when defining the scale – will 

overstate the velocity, while an angle on the spray and camera will understate the veloc-

ity. This means that maximizing the value on both individual errors simultaneously 

would actually reduce the total error. Maximizing the combined total error in reality 

would thus require the measuring tool to not be angled, and the camera and spray to be 

angled to their maximum. This is because the maximum error from angling the measur-

ing tool results in a smaller error than the maximum error from angling the spray and 

the camera; and if both act simultaneously, they counteract each other. The pixel count 

inaccuracy also has to be maximized so that it understates the velocity, in order to suite 

in with understating the velocity because of spray and camera angling. When account-

ing for this counteraction, the maximum realistic total relative error would be 3.0 %. 

Alternatively the maximum angle of the measuring tool would have to be increased far 

beyond its determined maximum angle in order for this error to become larger than the 

error from angling the spray and camera. This would, however, be easily noticeable and 

correctable when capturing images of the measuring tool. In any case, the measurements 

seem to be fairly accurate; as the total relative error and the realistic total relative error 

are both calculated for the worst case scenarios. 

6.1.2 Factors affecting the accuracy of the simulations 

Analyzing the errors in the simulations has proven to be rather difficult. The code be-

hind NozzleFlow© is quite extensive, which is why deducing which factors affect the 

results and how they affect it is not a simple task. An alternative would be to simulate 

new cases with maximum and minimum values separately. However, this would not 

necessarily provide the correct error margins as some inputs may provide larger results 

with minimum values, while other with their maximum values. There are also coded 

factors in NozzleFlow© that are set to specific values, which may differ from case to 

case. These factors require changes in the code and cannot be changed from the user 

interface. An example of a coded factor would be the viscosity. NozzleFlow© does, 

however, calculate the viscosity based on the current dry solid content, but using a for-

mula based on an earlier black liquor sample. 
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In order to clarify the simulation results, the error margins of the firing parameters are 

presented next. The firing parameters are measured with different equipment that has 

certain accuracies, which are provided by their respective manufacturers. The Schlum-

berger 2” mass flow meter measures the mass flow rate with an accuracy of ± 0.15 % ± 

zero stability. Zero stability is defined as ± 0.1901 kg/min, which is about ± 0.00317 

kg/s. The mass flow meter also measures the density of the flow with an accuracy of ± 

0.001 g/cc (± 1 kg/m
3
). The Trafag pressure transmitter has a maximum operating pres-

sure of 4 bar, and an accuracy of ± 0.1 % of full scale (± 4 mbar). The operating tem-

perature range of the Trafag temperature transmitter is between -30 and 350 °C, and the 

accuracy is ± 0.15 °C. 

 

The dry solid content of the black liquor was taken from the mill data. The mill 

measures the dry solid content average on a minute basis, and thus reports the values 

every minute. The accuracy of the dry solid content measurements provided by the mill 

was, however, not available. The data was assumed accurate enough though, as it af-

fects the mill in many ways. The stream used for our measurements can, however, di-

verge from the black liquor mix; especially if lump of inorganics happens to enter the 

system. Generally the mix should be rather uniform, and the mass flow meter would 

show a change in density if something unexpected would enter the system. 

6.2 Validation of spray model 

6.2.1 General 

The velocities acquired from the experiments are two-dimensional, as they are produced 

from two-dimensional images. The spray model, however, is producing one-

dimensional results. The centerline velocities from the experiments were used to repre-

sent the velocities of the experiments, and thus used to validate model velocities in this 

study. 

 

Experimental results are presented with red markers in the charts, as they are more lim-

ited and assumed rather precise. The simulations were done for multiple similar cases 

with either different mass flows or nozzle area reductions. This is why the simulation 

results are presented as a curve rather than with markers, as a curve also shows the trend 

more clearly. The (bright) green lines represent simulation results when accounting for 
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the pressure drop due to a splash plate at the end of the nozzle, while the (dark) blue 

lines represent simulation results when not accounting for it. The blue lines are referred 

to as model 1, while the green lines are called model 2. 

 

The error margins of the experiments were found to be small enough that they were not 

inserted into the charts, as the difference between maximum and minimum would barely 

have been noticeable. Also the errors caused by the simulations would not have been 

easily obtainable, which is why they were not presented either. Error margins from the 

models would also assume that the parameters used in the models were optimized, 

which cannot be claimed yet at least. 

6.2.2 Case 1: Rauma 2000 

In Figure 27 the exit velocity as a function of mass-flux is presented for experimental 

points and simulations. The excess temperature is about 14 °C on the chart to the left 

and about 17.4 °C on the chart to the right. Mass-flux is used rather than mass flow in 

order to highlight the flow per unit of area. This way the results are more easily compa-

rable to other possible results, which may have been performed with different nozzles or 

mass flows for example. The dotted line in black is the non-flashing line, which repre-

sents the velocity if no flashing would occur. It has to be noted that the velocities ob-

tained from the experiments in case 1 were acquired from multiple exposure images 

using the FFT method. 

 

 

Figure 27. Exit velocity as a function of mass-flux for experiments and models 1 and 2, at excess 

temperatures of 14 °C and 17.4 °C. 
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Figure 28 below shows the dimensionless velocity as a function of mass-flux for exper-

iments and simulations. Here, again, the excess temperature is about 14 °C on the chart 

to the left and about 17.4 °C on the chart to the right. 

 

 

Figure 28. Dimensionless velocity as a function of mass-flux for experiments and models 1 and 2, at 

excess temperatures of 14 °C and 17.4 °C. 

 

In Figure 27 we see that both models predict a minimum velocity for the black liquor 

spray. Before the minimum, the velocity is higher but decreasing. The higher velocity is 

due to more intensive flashing happening before the nozzle orifice. Increasing the mass 

flow does actually reduce the exit velocity at first, because of diminished flashing. In-

creasing the mass flow further causes an increase in the velocity due to an increased 

flow speed in the nozzle pipes. Increasing the mass flow even further results in the ve-

locity becoming linearly increasing, following the non-flashing line; represented in the 

figure as a black dotted line. 

 

It has to be noted that in the simulations the excess temperature could be held constant, 

while in the experiments the excess temperature was slightly fluctuating; as can be seen 

when comparing Table 2 in chapter 5 with the simulation results for case 1 found in the 

Appendix A. This may be a part reason to why the velocities of the experiments are 

partly above and partly below the model 1 curve in the left image in Figure 27. As the 

excess temperature affects the flashing, it also affects the velocity. This can be seen in 

Figure 27, where at higher excess temperatures of 17.4 °C the velocities are clearly 

higher than at excess temperatures of 14 °C.  
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It would also seem like both models start deviating more from the experimental data at 

higher excess temperatures, which can be seen when comparing the left chart to the 

right chart in Figure 27. This conclusion could also be drawn from the chart to the left; 

considering the fact from Table 2, that the excess temperature of the experimental data 

at the lowest mass-flux has a slightly higher excess temperature than the other two. This 

could suggest that the model is unable to handle flashing properly; however, the most 

likely explanation would be the usage of not optimized vapor generation parameters. In 

any case, more simulations and experiments would be required to prove the claim. More 

experimental data would also be required in order to better show the trend of the exper-

imental data. With only a few data points, the data may be deviating from the trend 

without the observer noticing. With more data points; however, the deviations would be 

more obvious, and thus most likely noticeable by the observer. 

 

The dimensionless velocity, which can be seen in Figure 28, tells the relationship be-

tween the actual velocity at the outlet and the velocity at the outlet in a non-flashing 

case. Mathematically this means actual outlet velocity divided by non-flashing velocity. 

The dimensionless velocity is typically between 1 and 1.5 in a non-flashing case, de-

pending on the nozzle. As can be seen from Figure 28, the dimensionless velocity seems 

to be slightly higher in the experiments compared to models 1 and 2. One experimental 

point in the left chart in Figure 28 seems to be spot on with model 1. When comparing 

to the absolute velocities in Figure 27 we see that the same experimental point is below 

the value predicted by model 1. As the model actual velocity is larger than the experi-

mental actual velocity, the non-flashing velocity also has to be larger in the model than 

in the experiments. This would suggest that either the nozzle outlet area, the density of 

the black liquor, or both, are too small in the model. Comparison of model and experi-

mental densities revealed that the density in fact is slightly too small in the model in 

comparison to the experiments, which solves the problem. 

 

In Figure 29 we see results of the experiments and simulations of the same Rauma 2000 

cases acquired by Järvinen et al. [24] in 2011. The markers represent experiments, while 

the lines are model results. The markers filled with black represent experiments with 

excess temperatures of 17.4 °C, while the white markers represent experiments with 

excess temperatures of 14 °C. Noteworthy is the fact that the model has been modified 

since. The most recent addition to the model was the addition of the force due to the 
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pressure drop in the splash plate at the end of the nozzle; which is referred to as model 2 

in this study. 

 

 

Figure 29. Exit velocity and dimensionless velocity as a function of mass-flux for experiments and 

older model. [24] 

 

The results in Figure 29 are modeled with the same initial values as models 1 and 2 in 

this study. The model results are not exactly the same though, because the model has 

received modifications since these results were calculated. It may seem like the modifi-

cations to the model have made it worse, but this is not necessarily the case. Some ini-

tial values – like bubble number density and initial bubble size – were iterated to fit the 

old model. The same initial values are used in the new models, and they do not seem to 

fit in as well in the new models as they did in the old model. The true or correct values 

for these can be rather difficult to define, which is why values that fit into the model 

was used in the old model in the first place.  

 

By examining model 1 and 2 results, and comparing them to the old model results, one 

can clearly see that model 1 simulations provide results closer to the results of the ex-

periments. This does not necessarily mean that model 1 is better than model 2. Initial 

parameters in the models could possibly change this. Also noteworthy is the fact that 

everything that can affect the exit velocity of the spray is not compared here. Other val-

ues – like pressure – may be more off in model 1 compared to model 2; even though the 

velocity is closer to the experiments in model 1. Generally, both models seem to have a 

good trend by following the experimental data points in the same manner. 
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6.2.3 Case 2: Rauma 2012 

The focus in case 2 is on the effects of nozzle orifice area reduction on the black liquor 

spray, as the measurements were done with several different nozzle tips. Another point 

of interest is the fact that the firing pressure was measured more accurately in case 2 

compared to case 1, which is why the pressure is also being validated for case 2. The 

difference between the pressure at the measured point and the ambient pressure is de-

fined as firing pressure. Finally a point of note is that a few of the nozzles in case 2 were 

Teflon nozzles. The point of using the Teflon nozzles was to conduct viscosity research, 

and should not have much effect on the measurements otherwise; compared to the 

standard nozzles. 

 

The model results were simulated with a constant firing temperature of 131.3 °C to 

achieve an excess temperature of about 14 °C, constant dry solid content of 75.3 %, and 

a constant mass flow of 1.2 kg/s. The experimental results had minor fluctuations in 

these values, but could generally be assumed to be the same. 

 

Figure 30 charts show the exit velocity to the left and the dimensionless velocity to the 

right, both for the models and experiments, as functions of nozzle area reduction. Figure 

31 shows the firing pressure as a function of nozzle area reduction, also for the models 

and the experiments. 

 

 

Figure 30. Exit velocity and dimensionless velocity as a function of nozzle area reduction for exper-

iments and models 1 and 2. 
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Figure 31. Firing pressure as a function of nozzle area reduction for experiments and models 1 and 

2. 

 

Figure 30 shows how the velocity is affected by a nozzle orifice area reduction. As for 

case 1, the models predict a minimum for the velocity. Model 1 minimum appears to be 

at about 40 % area reduction, while model 2 predicts the minimum in velocity to be at 

about 30 % area reduction of the nozzle outlet. The velocity appears to decrease as a 

result of reduced flashing, due to a reduction of the nozzle exit area. By examining the 

dimensionless velocity of the flow at different area reductions of the nozzle, one would 

come to the same conclusion. Both models seem to be following the trend of the exper-

iments in some manner, albeit at a lower level. 

 

From Figure 31 we can clearly see that the effect of pressure drop in the splash plate 

affects model 2 results, especially at higher nozzle area reductions. Both models seem to 

predict a too low firing pressure for the case of no area reduction, while at 15 % of area 

reduction both models predict the pressure very well. At 50 % area reduction model 2 

clearly predicts much closer to the experimental value, than model 1. In the case of 

pressure comparison model 2 results seem to predict values closer to the experimental 

results, compared to model 1. It has to be noted that the experimental data points had 

minor fluctuations in their mass flows, for example. This may result in small deviations 

for the experimental data points from their ideal locations, as they are assumed to be at 

constant mass flows in the chart. 

 

Figure 32 shows black liquor spray example images of the same experimental data 

points used in Figure 30 and Figure 31. The image to the left has no area reduction, the 

middle image has 15 % area reduction, and the image to the right has 50 % area reduc-

tion of the nozzle outlet. 
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Figure 32. Effects of nozzle orifice area reduction on flashing. 

 

Judging from the images in Figure 32 we can also see the effects of area reduction on 

flashing. The black liquor sprays in the images to the left and in the middle seem to be 

flashing inside the nozzle, as they spray coming out from the nozzle is already perforat-

ed. However, the spray on the image to the right does not seem to be flashing inside the 

nozzle, as the spray sheet perforates after exiting the nozzle. 

 

In Figure 33 and Figure 34 we see the same experimental and model results with same 

initial parameters as in Figure 30 and Figure 31, acquired by Järvinen et al. [24] in 

2012. It should be noted, however, that the results are presented as a function of open 

area ratio instead of area reduction. This can easily be converted to nozzle area reduc-

tion by subtracting the open area ratio from 1, and multiplying what’s left by 100. The 

easiest way is to see the chart types as the same, just starting from the opposite ends of 

the x-axis. 

 

 

Figure 33. Exit velocity and dimensionless velocity as a function of open area ratio for experiments 

and older model. [24] 
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Figure 34. Firing pressure as a function of open area ratio for experiments and older model. [24] 

 

As we can see when comparing the older model results with model 1 results, there are 

slight differences. Naturally the older model results differ more from model 2 results, as 

model 2 has more modifications made to it. It has to be noted that the dimensionless 

velocity in the older model does not reach the value of 1, as it was multiplied by a factor 

of 1.2 in order to compensate for the effects of the splash plate at the end of the nozzle. 

 

Unfortunately there were no experimental data points available for 30 % and 40 % area 

reductions of the nozzle orifice. These data points would give much needed information, 

as model 1 and the old model seems to have their minimums in velocity at about 40 % 

area reduction, while model 2 seems to have the same at about 30 % area reduction. The 

dimensionless velocity also reaches a constant state, while the firing pressure starts ris-

ing at these points in their respective models. 

 

Considering all the cases, it would seem that model 1 generally gives velocity predic-

tions closer to the data points obtained through experiments than model 2. The old mod-

el, again, is clearly predicting the most suitable values in the case of velocity. Model 2, 

while predicting velocity values that deviate more from the experiments than the other 

models, seems to be following the trend of the experiments very well. Model 2 also pre-

dicts the best pressure values. The same conclusions could also be drawn from Table 5 

in chapter 5. 

 

It’s difficult to draw a general conclusion on which model works better just based on the 

results presented here, as modifications to the iteration parameters – especially vapor 
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generation parameters – may change the way the models predict. However, it has to be 

noted that model 2 does take more real life factors into account in the simulation; which 

is why model 2 should produce more accurate results, assuming the initial parameters 

are correct. Generally, more data points per case would improve the overall reliability of 

the experimental results; which would give more accurate experimental results to strive 

to reach in the models. Also studying the cases has shown that data points for 30 % and 

40 % area reduction would have been of outmost interest. 

6.3 Discussion 

Black liquor and black liquor spray characteristics vary from mill to mill. Certainly al-

ternative experimental results could have been procured at another pulp mill or even at 

the same mill at different times. Rauma pulp mill, however, represents a vast majority 

of pulp mills in Finland; which is why the experimental results obtained from the mill 

can generally be considered what would be expected from a pulp mill in Finland. 

 

Geometrical factors in the nozzle certainly do affect the results. Different nozzle types 

produce different spray patterns, and react to increases or decreases in for instance mass 

flow in certain ways. Besides geometrical factors, other factors such as fluctuations in 

pressure, excess temperature, dry-solid content, or mass flow of the black liquor spray 

would also affect the experimental results. These would generally be seen in the meas-

urement data, but could also possibly go unnoticed if they happened as a quick impulse; 

too quick for the measuring equipment to have time to react to. However, the velocities 

for each subcase calculated from Rauma 2012 cases are averages for over a hundred 

images; which would generally reduce possible errors from very short time fluctuations. 

Yet the image series are mostly taken with a camera speed of 2000 FPS, which would 

mean that 105 images – which are usually used per case – would only take 0.0525 sec-

onds to produce. As the time per case is so short, something unnoticeable by the equip-

ment happening cannot completely be ruled out; but not directly measured either if it 

would happen. 

 

It also has to be considered that inaccuracies in the experiments – and how they are pre-

sented – affect the results. As an example, small differences in excess temperature can 

affect the results – especially the outlet velocity – much more than one would expect. 

These experiments are still presented as about the same in this work, as it is difficult to 
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obtain exactly similar cases when doing the experiments. Also noteworthy is that ana-

lyzing the experimental results afterwards, usually gives a better understanding on how 

the experiments should have been done in the first place. As final point of note the Tef-

lon nozzles used in some of the case 2 experiments could have had some minor impact 

on the experimental results obtained. 

 

When comparing the model results with the experiments, the model results slightly de-

viate from the experiments. Obviously the old model is adapted to the experimental re-

sults, which is why the old model results seem to follow the experimental results more 

closely. It also has to be noted that the older model did not account for the splash-plate 

at the end of the nozzle. Model 1 is only slightly modified from the old model, while 

model 2 is more modified; which is why model 1 – in comparison to model 2 – would 

seem to predict results closer to the measured results. 

 

The reason to preferring model 2 to model 1 is the fact that it accounts for the effects of 

a splash plate at the end of the nozzle. The hydraulic resistance coefficient used in the 

model is adapted from averages gained by water tests, and is by no means considered 

perfect. The coefficient is, however, used as a best possible temporary solution anyway. 

Without it, the effects that the splash plate has on the spray would not be considered at 

all. It also has to be noted that the coefficient is adapted for a constant splash plate angle 

of 25 °, and a constant distance from the nozzle orifice to the splash plate. In order to 

simulate more exact effects caused by the pressure drop due to the splash plate, a math-

ematical model for the hydraulic resistance coefficient for black liquor as a function of 

area reduction, plate angle, and plate distance would have to be procured. N. Vadivelu 

[33] did a mathematical model for this purpose. However, this model did not produce 

the expected results with the initial given parameters. Thus the model was deemed in-

complete, and an alternative temporary solution was adapted to this work instead. 

 

Possible reasons to the deviation of model data compared to data obtained by experi-

ments are the initial vapor generation parameters: bubble nuclei density and initial nu-

clei size. In a paper Järvinen et al. [31] the bubble number density was iteratively de-

termined, and the value       1/m
3
 gave the best results. However, they also men-

tioned that the typical value obtained in studies on black liquor evaporation has been 
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much higher, between        and        1/m
3
. In this study the value       

1/m
3 

was used on all the models. 

 

Some simulation tests were done with the results available from measurements conduct-

ed in Rauma in 2014. The results from these measurements are partly incomplete, and 

are not included in this work. However, the tests conducted did seem to support the 

claim that modifications to the vapor generation parameters in the model would produce 

results closer to those of the experiments. In these tests a value of        1/m
3 

on the 

bubble number density was used on the models, which seemed to give results very close 

to the experiments for both velocity and pressure. This value would also fit the range 

mentioned earlier. However, more studies on this matter – when all the required data is 

available – would be required in order to prove this. The value would also have to be 

tested on the other cases. 

 

Another possible reason to the deviation of velocity in the models from the experiments 

is the usage of centerline velocities as velocities in the experimental results. The results 

obtained by PIV did show a clear velocity distribution, where the peak of the velocity 

was reached at the centerline of the black liquor spray. Figure 35 shows an example 

image of the black liquor velocity distribution obtained by PIV measurements. It has to 

be noted, however, that most of the mass flow flows through or close to the centerline. 

 

In the models, the flow is assumed as a one-dimensional plug-flow, where the velocity 

is only presented as one value. By using an adapted average velocity – obtained from 

the velocity distribution – the velocity of the experiments would be lower, which would 

cause the model results to be closer to that of the experiments. When implementing the 

adapted average velocity, the different mass flow rates at different angles would have to 

be considered; as most of the mass flows through and close to the centerline. However, 

the adapted average velocity would not explain the differences in pressures in the mod-

els and experiments. 
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Figure 35. Example of black liquor velocity distribution obtained by PIV measurements. 

 

When comparing the results from case 1 and case 2 simulations it would seem that the 

velocity is slightly higher in case 2, considering the similar cases of about 14 °C excess 

temperature. Naturally the velocity is higher at higher excess temperatures, as previous-

ly stated. In both cases the centerline velocity was used to validate the model. It has to 

be noted that the experiments were done 12 years apart, and that the conditions and 

methods were different. A possible reason to the deviation could be different velocity 

profiles provided by the nozzle. Using an adapted average velocity instead of the center-

line velocity could possibly even out the differences. However, in order to clarify possi-

ble differences in the results between the methods properly, both methods would have 

to be used at on the same experiments. 

 

Testing the models with non-boiling water is a good way to see how the models work, 

without flashing – or possible non-Newtonian effects – occurring. Water test experi-

mental data for a similar splash plate nozzle as in case 2 in this study were available, 

and thus simulations with water were also done. However, the results obtained were 

deemed unreliable due to some inconsistencies in the experimental data. The results 

were thus not included in this work. 
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An interesting additional feature with the model is that it simulates every cell of the 

given geometry individually. This means that in addition to simulating what’s coming 

out from the nozzle, it also simulates what’s happening inside the nozzle. Some of the 

information provided by the model can be very challenging to measure, if not even im-

possible. This way the model can explain what’s going on inside the nozzle, provided 

that the model is optimized correctly. The model can thus predict where flashing starts 

to occur inside the nozzle for example. 

 

Finally it has to be pointed out that this study is very similar to studies by Järvinen et al. 

[21, 24], where spray model predictions were also compared with experimental results. 

The main difference between the studies is the addition of the splash plate model, de-

scribed in greater detail in chapter 4.4 in this study. 
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7 Conclusions 

Two different sets of experiments, case 1 and case 2, were used for validation of the 

models in this work. Both were conducted at Rauma pulp mill in 2000 and 2012 respec-

tively. The experiments of case 1 were conducted using a furnace endoscope in a spray 

test chamber with a horizontal spray design, using a camera capturing several images in 

the same frame and the FFT method to calculate the velocity. Case 2 experiments were 

conducted in another spray test chamber with a vertical spray design, using a high-speed 

camera and PIV software with a self-made Microsoft® Excel worksheet to acquire the 

velocity. The possible errors in the experiments were analyzed and found to be very 

low. The data obtained through experiments was compared to model data, in order to 

validate the models. The models used in this work were also compared to an older ver-

sion of the model. 

 

Two different simulation models were used in this study: model 1 and model 2. The 

only difference between the two models is that model 2 accounts for the pressure drop 

caused by a splash plate at the end of the nozzle. A complete error analysis of the mod-

els was deemed too challenging for the time schedule available, thus the error margins 

of the equipment – which provide the input values for the models – were only present-

ed. 

 

The pressure drop due to the splash plate at the end of the nozzle is obtained by a hy-

draulic resistance coefficient, which is defined as a function of area reduction of the 

nozzle orifice. The hydraulic resistance coefficient is adapted from water experiments, 

and does not account for changes in splash plate angle or distance to the nozzle orifice. 

 

By comparing model 1 and 2 simulations to the results from the experiments, it would 

seem like both models predicted slightly too low exit velocities and densities – and thus 

also dimensionless velocities – for the black liquor sprays. The velocities from the ex-

periments are presented as the centerline velocities. The actual velocities obtained by 

the experiments are distributed in such a way that the peak velocity is at the centerline 

of the black liquor spray. The velocities obtained from the models are one-dimensional, 

and thus have no distribution. By using an average of the velocity distribution obtained 

by the experiments – instead of the centerline velocity – one could partly compensate 
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for the model velocity deviation from the experiments. However, it has to be noted that 

this does not affect the pressure in any way; which could still be deviating from the ex-

perimental results. 

 

The use of vapor generation parameters not optimized for the models also caused devia-

tions from the experimental results. The vapor generation parameters were iteratively 

obtained by fitting them into an older model, and would require adjustments in order to 

fit the new models. Modifications to the vapor generation parameters – unlike exchang-

ing the centerline velocity for an adapted average velocity – can also affect the pressure 

outcome of the models. 

 

Model 1 generally predicted velocities closer to the measured values in comparison to 

model 2. Model 2, again, predicted pressures closer to the measured values in compari-

son to model 1. This was expected of model 2, as it did account for the pressure drop at 

the splash plate; while model 1 did not. The old model clearly produced velocity results 

more close to the experimental results than both models 1 and 2. The vapor generation 

parameters were, however, optimized to fit the old model. 

 

Even though model 1 predicted the velocities better than model 2, model 2 seemed to 

follow the pattern of the experiments very well. By optimizing the input parameters and 

using an adapted average velocity instead of the centerline velocity, model 2 predictions 

would most likely produce better predictions than model 1 in the case of velocity as 

well. It also has to be noted that model 2 does account for more factors than model 1, 

which is why model 2 should be preferred; assuming it was optimized. 

 

Suggestions for further work would – from the experimental point of view – be to in-

crease the amount of experimental cases. First off, doing multiple experiments with the 

same parameters would increase the reliability of the experiments. Using only one ex-

perimental data point to compare to the models is prone to errors. Also doing more ex-

periments with different parameters would fill in some gaps that were left in the charts 

used for validation, especially in the case of area reduction effects on the spray. The 

experiments were also done with two different methods for the two cases presented in 

this work. Using both methods to obtain the velocities from one case would also show 

possible deviations by method in the experimental results. Also using an adapted aver-
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age velocity – instead of the centerline velocity – to represent the experimental velocity 

would most likely be more comparable to the one-dimensional velocities produced by 

the model; while also possibly explaining potential velocity deviations caused by differ-

ent experimental methods. 

 

Suggestions considering the models would first be to fully simulate the new – partly 

incomplete – experimental results from measurements conducted in Rauma in 2014, and 

compare them with case 1 and 2 results. These cases are most interesting, as they were 

conducted with a peculiar nozzle. The nozzle should, supposedly, not allow any flashing 

to occur inside the nozzle. Second, in order for the model to possibly be used as a re-

placement for measurements in the future; the hydraulic resistance coefficient needs to 

be made into a more precise mathematical model. Also obtaining a new parameter for 

the bubble number density in conjunction with the adapted average velocity would be of 

outmost importance. The model could also possibly be upgraded into a two-dimensional 

model in the future. This would allow more realistic nozzle shapes to be used in the 

geometry for example, especially in the case of nozzles with area reductions that cause 

the nozzle orifice to be non-spherical. The velocity exiting the nozzle could also have a 

velocity profile, instead of being a one-dimensional flow. These changes would, how-

ever, be very challenging operations, and thus of secondary importance. Finally, one 

interesting feature in the model – that may be of future use – is the fact that it also simu-

lates what’s happening inside the nozzle. For instance; if the model is optimized cor-

rectly, there’s a possibility to study at what point flashing starts occurring inside the 

nozzle. Obtaining some of this information by measurements can be very challenging, if 

not even impossible. 
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Appendix A. Simulation results 

Case 1: Rauma 2000 

 

Table. Model 1 simulation results. Nozzle type A: 15 % area reduction, excess temperature 14 °C. 

 

 

Table. Model 1 simulation results. Nozzle type A: 15 % area reduction, excess temperature 17.4 °C. 

 

 

Table. Model 2 simulation results. Nozzle type A: 15 % area reduction, excess temperature 14 °C. 

 

 

Table. Model 2 simulation results. Nozzle type A: 15 % area reduction, excess temperature 17.4 °C. 

 

 

  

Firing temperature, °C 131.000 131.000 131.000 131.000 131.000 131.000 131.000 131.000 131.000 131.000 131.000 131.000

Firing pressure, bar 0.520 0.579 0.642 0.711 0.820 0.917 1.023 1.220 1.365 1.692 2.092 2.846

Dry solids content, % 74.900 74.900 74.900 74.900 74.900 74.900 74.900 74.900 74.900 74.900 74.900 74.900

Density, kg/m³ 1392.589 1392.589 1392.589 1392.589 1392.589 1392.589 1392.589 1392.589 1392.589 1392.589 1392.589 1392.589

Viscosity, Pas 0.095 0.095 0.095 0.095 0.095 0.095 0.095 0.095 0.095 0.095 0.095 0.095

Mass flow rate, kg/s 3.000 3.500 4.000 4.500 5.000 5.500 6.000 6.500 7.000 8.000 9.000 10.000

Outlet velocity, m/s 10.586 9.953 9.732 9.667 9.673 9.875 10.157 10.501 10.915 11.900 13.150 14.601

Mass flux, g/mm²s 6.078 7.096 8.111 9.126 10.143 11.159 12.176 13.193 14.210 16.245 18.279 20.311

Excess temperature, °C 13.918 13.918 13.918 13.918 13.918 13.918 13.918 13.918 13.918 13.918 13.918 13.918

Dimensionless velocity, - 2.426 1.953 1.671 1.475 1.328 1.232 1.162 1.108 1.070 1.020 1.002 1.001

Used flash potential, - 0.050 0.034 0.024 0.017 0.012 0.009 0.006 0.004 0.003 0.001 0.000 0.000

Exit void fraction, - 0.588 0.488 0.402 0.322 0.247 0.189 0.139 0.098 0.065 0.020 0.002 0.001

Firing temperature, °C 134.400 134.400 134.400 134.400 134.400 134.400 134.400 134.400 134.400 134.400 134.400

Firing pressure, bar 0.694 0.764 0.842 0.923 1.070 1.185 1.310 1.446 1.924 2.337 2.823

Dry solids content, % 74.900 74.900 74.900 74.900 74.900 74.900 74.900 74.900 74.900 74.900 74.900

Density, kg/m³ 1388.618 1388.618 1388.618 1388.618 1388.618 1388.618 1388.618 1388.618 1388.618 1388.618 1388.618

Viscosity, Pas 0.081 0.081 0.081 0.081 0.081 0.081 0.081 0.081 0.081 0.081 0.081

Mass flow rate, kg/s 3.500 4.000 4.500 5.000 5.500 6.000 6.500 7.000 8.000 9.000 10.000

Outlet velocity, m/s 11.839 11.349 11.118 11.039 11.070 11.215 11.457 11.763 12.525 13.502 14.694

Mass flux, g/mm²s 7.103 8.110 9.125 10.126 11.142 12.173 13.189 14.206 16.241 18.275 20.310

Excess temperature, °C 17.318 17.318 17.318 17.318 17.318 17.318 17.318 17.318 17.318 17.318 17.318

Dimensionless velocity, - 2.315 1.943 1.692 1.514 1.380 1.279 1.206 1.150 1.071 1.026 1.005

Used flash potential, - 0.043 0.031 0.023 0.017 0.013 0.010 0.007 0.005 0.003 0.001 0.000

Exit void fraction, - 0.569 0.486 0.409 0.340 0.275 0.219 0.171 0.130 0.066 0.025 0.005

-

Firing temperature, °C 131.000 131.000 131.000 131.000 131.000 131.000 131.000 131.000 131.000 131.000 131.000 131.000

Firing pressure, bar 0.528 0.585 0.649 0.719 0.839 0.944 1.064 1.289 1.485 1.935 2.441 3.280

Dry solids content, % 74.900 74.900 74.900 74.900 74.900 74.900 74.900 74.900 74.900 74.900 74.900 74.900

Density, kg/m³ 1392.589 1392.589 1392.589 1392.589 1392.589 1392.589 1392.589 1392.589 1392.589 1392.589 1392.589 1392.589

Viscosity, Pas 0.095 0.095 0.095 0.095 0.095 0.095 0.095 0.095 0.095 0.095 0.095 0.095

Mass flow rate, kg/s 3.000 3.500 4.000 4.500 5.000 5.500 6.000 6.500 7.000 8.000 9.000 10.000

Outlet velocity, m/s 9.139 8.651 8.467 8.424 8.466 8.692 9.025 9.487 10.141 11.576 13.021 14.468

Mass flux, g/mm²s 6.042 7.043 8.050 9.059 10.068 11.077 12.086 13.095 14.102 16.117 18.132 20.147

Excess temperature, °C 13.918 13.918 13.918 13.918 13.918 13.918 13.918 13.918 13.918 13.918 13.918 13.918

Dimensionless velocity, - 2.106 1.710 1.465 1.295 1.171 1.093 1.040 1.009 1.001 1.000 1.000 1.000

Used flash potential, - 0.041 0.027 0.018 0.012 0.007 0.004 0.002 0.000 0.000 0.000 0.000 0.000

Exit void fraction, - 0.526 0.416 0.318 0.228 0.146 0.085 0.038 0.009 0.001 0.000 0.000 0.000

Firing temperature, °C 134.400 134.400 134.400 134.400 134.400 134.400 134.400 134.400 134.400 134.400 134.400 134.400

Firing pressure, bar 0.637 0.704 0.774 0.855 0.938 1.092 1.214 1.351 1.506 2.078 2.632 3.248

Dry solids content, % 74.900 74.900 74.900 74.900 74.900 74.900 74.900 74.900 74.900 74.900 74.900 74.900

Density, kg/m³ 1388.618 1388.618 1388.618 1388.618 1388.618 1388.618 1388.618 1388.618 1388.618 1388.618 1388.618 1388.618

Viscosity, Pas 0.081 0.081 0.081 0.081 0.081 0.081 0.081 0.081 0.081 0.081 0.081 0.081

Mass flow rate, kg/s 3.000 3.500 4.000 4.500 5.000 5.500 6.000 6.500 7.000 8.000 9.000 10.000

Outlet velocity, m/s 11.187 10.283 9.877 9.662 9.591 9.667 9.844 10.114 10.481 11.620 13.063 14.509

Mass flux, g/mm²s 5.970 7.044 8.048 9.057 10.065 11.074 12.083 13.092 14.101 16.117 18.132 20.147

Excess temperature, °C 17.318 17.318 17.318 17.318 17.318 17.318 17.318 17.318 17.318 17.318 17.318 17.318

Dimensionless velocity, - 2.602 2.027 1.704 1.482 1.323 1.212 1.131 1.073 1.032 1.001 1.000 1.000

Used flash potential, - 0.055 0.036 0.025 0.017 0.012 0.008 0.005 0.003 0.001 0.000 0.000 0.000

Exit void fraction, - 0.616 0.507 0.414 0.325 0.244 0.175 0.116 0.068 0.031 0.001 0.000 0.000
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Case 2: Rauma 2012 

 

Table. Model 1 simulation results. Imaginary nozzle type with varying area reduction. 

 

 

Table. Model 2 simulation results. Imaginary nozzle type with varying area reduction. 

 

 

 

Area reduction, % 0 5 10 15 20 25 30 35 40 45 50 55 60

Diameter, m 0.15 0.01462 0.01423 0.01383 0.01342 0.01299 0.01255 0.01209 0.01162 0.01112 0.01061 0.01006 0.00949

Firing temperature, °C 131.3 131.3 131.3 131.3 131.3 131.3 131.3 131.3 131.3 131.3 131.3 131.3 131.3

Firing pressure, bar 1.047 1.063 1.071 1.078 1.089 1.101 1.119 1.146 1.197 1.337 1.537 1.832 2.265

Dry solids content, % 75.3 75.3 75.3 75.3 75.3 75.3 75.3 75.3 75.3 75.3 75.3 75.3 75.3

Density, kg/m³ 1394.678 1394.678 1394.678 1394.678 1394.678 1394.678 1394.678 1394.678 1394.678 1394.678 1394.678 1394.678 1394.678

Viscosity, Pas 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101

Mass flow rate, kg/s 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2

Outlet velocity, m/s 9.374 9.316 9.22 9.078 8.886 8.651 8.393 8.072 7.881 8.444 9.185 10.108 11.222

Mass flux, g/mm²s 6.723 7.115 7.478 7.882 8.333 8.848 9.428 10.101 10.863 11.768 12.81 14.098 15.65

Excess temperature, °C 13.925 13.925 13.925 13.925 13.925 13.925 13.925 13.925 13.925 13.925 13.925 13.925 13.925

Dimensionless velocity, - 1.945 1.826 1.72 1.606 1.487 1.364 1.242 1.115 1.012 1.001 1 1 1

Used flash potential, - 0.031 0.028 0.025 0.022 0.018 0.014 0.01 0.005 0.001 0 0 0 0

Exit void fraction, - 0.486 0.453 0.419 0.378 0.328 0.267 0.195 0.103 0.012 0.001 0 0 0

Area reduction, % 0 5 10 15 20 25 30 35 40 45 50 55 60

Diameter, m 0.15 0.01462 0.01423 0.01383 0.01342 0.01299 0.01255 0.01209 0.01162 0.01112 0.01061 0.01006 0.00949

Firing temperature, °C 131.3 131.3 131.3 131.3 131.3 131.3 131.3 131.3 131.3 131.3 131.3 131.3 131.3

Firing pressure, bar 1.065 1.073 1.083 1.095 1.112 1.137 1.182 1.301 1.483 1.738 2.083 2.589 3.324

Dry solids content, % 75.3 75.3 75.3 75.3 75.3 75.3 75.3 75.3 75.3 75.3 75.3 75.3 75.3

Density, kg/m³ 1394.678 1394.678 1394.678 1394.678 1394.678 1394.678 1394.678 1394.678 1394.678 1394.678 1394.678 1394.678 1394.678

Viscosity, Pas 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101

Mass flow rate, kg/s 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2

Outlet velocity, m/s 8.747 8.559 8.299 7.983 7.629 7.227 6.876 7.136 7.645 8.256 8.959 9.828 10.876

Mass flux, g/mm²s 6.752 7.077 7.433 7.824 8.257 8.753 9.309 9.944 10.661 11.514 12.495 13.706 15.168

Excess temperature, °C 13.925 13.925 13.925 13.925 13.925 13.925 13.925 13.925 13.925 13.925 13.925 13.925 13.925

Dimensionless velocity, - 1.807 1.687 1.557 1.423 1.289 1.152 1.03 1.001 1 1 1 1 1

Used flash potential, - 0.028 0.024 0.02 0.016 0.012 0.006 0.001 0 0 0 0 0 0

Exit void fraction, - 0.447 0.407 0.358 0.298 0.224 0.132 0.029 0.001 0 0 0 0 0
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Appendix B. Error calculation geometry 

Relative error in scale. 

 

The Figure below shows how a spin of the measuring tool around its z-axis causes an 

angle αs that causes a scaling error, as the measuring tool appears shorter on the image 

captured with the camera. There’s also an angle βs that is the camera object angle that 

describes how big the measuring tool is perceived in the camera at the given distance as 

an angle. The camera object angle causes further scaling error. Using the scale 425 pix-

els equals 250 mm in an image of 1024 pixels in the same direction and the distance 

from the camera to the measuring tool being 1.7 m, βs was calculated to be 8.4 degrees. 

Noteworthy is that βs/2 is used in the calculations that follows. The Figure also repre-

sents a worst case scenario in the sense that if the spin around the z-axis would cause 

the measuring tool to be closer to the camera, the error would be smaller. The z-axis is 

perpendicular to both the x-axis and the y-axis, and going straight through the page; 

thus not showing. 

 

 

Figure. Measuring tool angling effects on the perceived length. 

 

The following Figure shows the different measuring tool lengths that can be perceived. 

The length of the measuring tool will appear to be dPR on the captured image, even 

though its actual length is dR. 
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Figure. Measuring tool dimensions. 

 

The relative error in scale is defined as: 

 

   
  

  

   
  .  

 

The following can be acquired from the Figure using trigonometry: 

 

             ⁄    

 

               

 

             .  

 

Knowing that dPR is dP – dA we get: 

 

                              ⁄   .  

 

Thus the relative error in scale can be written as: 

 

   
  

                        ⁄  

                      ⁄  
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Camera image angle βc. 

 

This figure describes what the camera image angle βc is and how a value on it was ac-

quired. The x-axis in the Figure is perpendicular to both the y-axis and the z-axis, and 

going straight through the page; thus not showing. 

 

 

Figure. Camera image angle. 

 

The distance d was measured to 1.7 m. The images captured with the camera were 1024 

pixels in each direction. In this case using the z-axis (which would generally be the y-

axis when processing images) we would have 1024 pixels that equal the length l. Using 

a scale of 425 pixels equals 250 mm, obtained from a scale image, the length l can be 

converted to 0.030 m. Using trigonometry we get: 

 

    (
  

 
)  

  ⁄

 
. 

 

 

Thus we get βc to be 20 degrees, or βc/2 as 10 degrees. 
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Relative error from camera and spray angles. 

 

The Figure below shows how camera and spray or nozzle angling affects the images 

captured. The angling is of course not intentional, but always happens in some sense at 

least. The x-axis in the Figure is perpendicular to both the y-axis and the z-axis, and 

going straight through the page; thus not showing. 

 

 

Figure. Camera and spray angling effects. 

 

This next Figure shows a rotated view of the same triangles appearing in the previous 

Figure. The velocity or length perceived of the black liquor spray on the captured image 

is defined as uP. This is due to two-dimensional imaging, as the camera does not per-

ceive depth in the spray. The actual spray length is uR. The angle αns is caused by the 

nozzle or spray, while the angle γc is because of an angled camera. The effects of the 

camera image angle βc can also be seen in the Figure. 
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Figure. Camera and spray angling parameters. 

 

The relative error from camera and spray angling is defined as: 

 

    
  

  

  
.  

 

The perceived length uP is: 

 

        .  

 

The other terms are defined with trigonometric functions: 

 

                   

 

           ⁄    

 

                .  

 

Combining these we can rewrite uP as: 

 

                                     ⁄   .  
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Thus we get the relative error from camera and spray angling to be: 

 

    
  

                                ⁄  

                              ⁄  
. 

 

 

The system could also be angled in another way, as shown in the Figure below. This, 

however, reduces the maximum error; which is a good thing per se, but not when trying 

to figure out the maximum value on the error. 

 

 

Figure. Camera and spray angling effects in the other direction. 
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