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ABSTRACT

Nea Kuosmanen: Black liquor spray simulation
Master of Science Thesis
Tampere University
Environmental and Energy Engineering
October 2021

A chemical mixture called black liquor is burned in the kraft recovery process to recover the
used chemicals and produce energy for the need of the processes. Black liquor is sprayed into a
recovery boiler through a splash plate nozzle that produces a sheet that will eventually break up
to droplets. The droplet size and velocity distributions after the nozzle are tricky to measure, but
they are the key operating variables. The droplet distributions affect black liquor combustion.

In this work, a numerical model that could solve the distributions in all flow conditions is tested.
The recently developed volume of fluid (VOF) to discrete phase model (DPM) model was used.
VOF is an Eulerian multiphase model that tracks the liquid-gas interface and is relatively heavy to
compute. DPM solves the particle trajectories in a Lagrangian reference frame, being much faster
computationally. VOF to DPM model should reduce computation time compared to the VOF model
alone. The target of the work was to evaluate the suitability of the VOF to DPM for modelling the
black liquor spray. The VOF to DPM is a model from commercial software Ansys Fluent.

A flashing breakup phenomenon is wanted to be taken into account in the model. The modern
and larger recovery boilers typically operate with high dry solids and high-temperature black liquor
that cause flashing breakup. At flashing conditions, the black liquor is fired above the boiling point
and therefore vapour bubbles can form in the nozzles and accelerate the flow. The flashing model
turned out to be difficult to add. In this work, a vapour generation model where black liquor was
barotropic fluid was created. This work includes an evaluation of the vapour generation model and
ideas of how the flashing could be implemented to the VOF to DPM model.

The non-flashing VOF to DPM black liquor splash plate nozzle model was created. Three
minimum cell sizes and two inlet velocities were simulated with the model. The simulation results
show that the minimum cell size has a strong impact on the results. The used nozzle diameter
was 38 mm. For the nozzle, the minimum cell size had to be at least 0.25 mm so that the mesh
resolution can solve the sheet thickness. The VOF to DPM model was still computationally costly.
Therefore, only 0.1 s flow times of sheet formation could be solved. Simulation time depended on
the minimum cell size. When the minimum cell size was 0.5 mm solution needed to be run many
weeks with 120 cores to reach the flow time of 0.1 s.

Keywords: black liquor, CFD, splash plate nozzle, VOF to DPM, droplet size distribution, simulation
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TIIVISTELMÄ
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Lokakuu 2021

Sellun valmistusprosessissa käytetty kemikaaliliuos, mustalipeä, poltetaan, jotta kemikaalit
saadaan palautettua sellunkeittoon sopiviksi ja energiaa saadaan tuotettua prosessin tarpeisiin.
Mustalipeä suihkutetaan soodakattilaan lusikkasuuttimen kautta. Suutin tuottaa ohuen mustali-
peäkalvon, joka hajoaa pisaroiksi. Pisaroiden koko- ja nopeuskokojakauma ovat tärkeitä proses-
sin ohjausparametrejä, jotka kuitenkin ovat hankalia mitata. Kokojakaumat vaikuttavat mustalipeän
palamiseen.

Tässä työssä testattiin mallia, joka voisi löytää kokojakaumat kaikissa virtausolosuhteissa.
Työn pohjana käytettiin hiljattain kehitettyä VOF to DPM mallia, jonka pitäisi vähentää laskenta-
aikaa verrattuna pelkkään VOF malliin. VOF to DPM malli yhdistää faasien rajapintoja Eulerian
koordinaatistossa mallintavan VOF mallin ja partikkelien liikeratoja Lagrangian koordinaatistossa
mallintavan DPM mallin. DPM malli on VOF mallia laskennallisesti kevyempi. Työn tavoitteena oli
arvioida VOF to DPM mallin soveltuvuutta mustalipeäsuihkun mallintamiseen. VOF to DPM on
kaupallisen Ansys Fluent ohjelmiston malli.

Kiehunnan aiheuttama mustalipeäkalvon pisaroituminen haluttiin ottaa huomioon. Moderneis-
sa ja isoissa soodakattiloissa mustalipeän kuiva-ainepitoisuus pidetään korkeana ja mustalipeä
suihkutetaan kiehumispistettä korkeammassa lämpötilassa, jolloin höyrykuplia, jotka kiihdyttävät
virtausta muodostuu suuttimeen. Kiehumismalli osoittautui hankalasti liitettäväksi. Tässä työssä
toteutettiin kiehumismalli, jossa mustalipeä oli barotrooppinen neste. Työ sisältää kiehumismallin
arviointia ja ideoita, kuinka kiehuminen olisi voitu liittää VOF to DPM malliin.

Malli ilman kiehumista saatiin toteutettua ja sen käyttäytymistä testattiin kolmella verkon mi-
nimikoolla ja kahdella virtausnopeudella. Simulaatiot osoittivat, että verkon minimikoon vahvasti
saatuihin tuloksiin. Työssä käytetyn suuttimen halkaisija oli 38 mm. Tälle suuttimelle verkon mini-
mikoon täytyi olla vähintään 0.25 mm, jotta verkon resoluutio riitti mustalipeäkalvon paksuudelle.
Malli oli laskennallisesti raskas, jonka takia virtausta saatiin mallinnettua vain 0.1 s ajan. Minimi
verkon koko vaikutti laskenta-aikaan. Kun minimikoko oli 0.5 mm laskentaa jouduttiin suorittamaan
useampi viikko 120 ytimellä, jotta virtausaika 0.1 s saavutettiin.

Avainsanat: mustalipeä, numeerinen mallinnus, lusikkasuutin, pisarakokojakauma, simulaatio

Tämän julkaisun alkuperäisyys on tarkastettu Turnitin OriginalityCheck -ohjelmalla.
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1. INTRODUCTION

The black liquor is a by-product of a kraft pulping process. Kraft pulping is a widely

used process in the pulp and paper industry. In the process, the raw wood is cooked

with a chemical mixture that dissolves lignin and hemicellulose constituents. The black

liquor includes cooking chemicals and dissolved organic and inorganic components. The

black liquor is typically burned in the chemical recovery boiler to recover the cooking

chemicals and produce renewable energy. Recovery enables the reuse of the chemicals

and reduces the need for raw materials. The liquor is fed into the boiler using different

types of spray nozzles, of which the splash plate nozzle is the most popular and simple

nozzle type used in large size recovery boilers. The nozzles make the black liquor jet

breakup into the droplets, which will dry and burn faster and in a wider area than the jet.

The droplets can not be too small either, since they would carryover with the flue gas and

stuck to superheater. Those reduce chemicals recovery rate and energy efficiency.

The recovery boilers are complex units with dual-target, chemical recovery and energy

production. The droplet size and velocity distributions are the key variables in controlling

and optimizing combustion and chemical recovery. More energy is received when the

combustion is efficient. A high recovery rate cuts the need for new chemicals. Both tar-

gets save the environment and money. Additionally, when the processes are well planned,

materials and costs can be reduced in the construction stage. Predicting the size distri-

bution has been a complex task in the recovery boiler industry due to the complex physic-

ochemical characteristics of the black liquor. Sheet breakup happens fast and the boiler

environment is challenging to measure, so the image analyzes are complex. However,

black liquor and droplet formation have been studied in the laboratory and in the field.

Numerical models could help the task. Computational fluid dynamics (CFD) solves fluid

flows numerically using physical equations. The hardware resources and developed mod-

els limit solution, but CFD produces reliable results when the mesh, solution methods,

boundary values, simplifications and initial values are sensible. Few numerical sheet for-

mation and breakup studies have been made. Levesque and his group have developed a

volume of fluid (VOF) model that solves the sheet velocity and thickness near to the plate

end and used correlations to solve the droplet size distribution [1]. Foust et al. have used

VOF to simulate time-dependent behaviour of black liquor sheet [2]. Both models are 3D

simulations, but the sheet is only partly simulated. These studies point out that the VOF
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model is computationally expensive. Additionally, the above models only consider black

liquor flow under non-flashing conditions.

Flashing is the primary breakup mechanism when the black liquor is heated above the

atmospheric boiling point. The modern and large recovery boilers typically operate with

high dry solids and in flashing conditions. Above the boiling point temperature, vapour

bubbles generate inside the nozzle tube. Vapour accelerates and breaks up the flow.

Flashing is considered, but no numerical models with flashing were found that could be

of use. Järvinen et al. have made a 1D study about flashing vapour generation inside

the nozzle tube [3]. The model considers only vapour generation and is complicated to

modify to a 3-dimensional form.

In this work latest VOF to DPM model from commercial software, Ansys Fluent, used to

model the black liquor flow in the splash plate nozzle. In the model, VOF lumps transform

to discrete phase model (DPM) particles when they satisfy transition conditions. VOF to

DPM compared with a pure VOF model decreases simulation time and hardware require-

ments in many liquid jet applications. The non-flashing model is simple, but no black liquor

VOF to DPM models have been done before. The model requirements and reliability are

studied in this thesis. Requirements are evaluated by solving three numerically differ-

ent models. Reliability is found by comparing the results with the literature. One nozzle

type and size is used and two inlet velocities are tested with the non-flashing conditions.

Flashing is included in the work by discussing how to add a vapour generation submodel

to VOF to DPM.

The physical liquid sheet breakup phenomena and black liquor properties that affect the

size distribution needs to be known before the numerical model can be understood. To-

gether with recovery boiler and splash plate nozzle working principles, those are de-

scribed in the chapter 2. Numerical models that are used are explained in chapter 3.

Chapter 4 presents the workflow and the tasks that are done. In that chapter geometry,

boundary conditions and solving methods are given. At the end of this master’s thesis,

the results are presented and evaluated. Chapter 5 discuss what needs to be done in the

future that the model will become suitable for commercial use.
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2. BLACK LIQUOR SPRAY AND SHEET BREAKUP

2.1 Recovery boiler

A recovery boiler is an important and the most expensive component of the kraft pulping

process. It produces energy for the need of the other processes but importantly it recovers

the cooking chemicals and enables reuse of the spent chemicals. Hence, the boilers

reduce the use of fresh chemicals and other energy sources and cut the waste. Recovery

boilers use black liquor as fuel. Black liquor is fed to the boiler from several nozzles.

Nozzles are placed on the boiler walls in a variety of patterns. A splash plate nozzle is

typically used in modern large boilers.

In the kraft process, the raw wood is cooked with a chemical mixture, white liquor, that in-

cludes sodium hydroxide (NaOH) and sodium sulfide (Na2S). The purpose of the cooking

is to remove lignin from the wood fibres and produce pulp. A basic flow of a kraft process

is presented in figure 2.1. During the cooking white liquor oxidizes. An outgoing solution

includes sodium carbonate (Na2CO3) and sodium sulphate (Na2SO4). After cooking pulp

is separated from the black liquor in the washing process. Black liquor contains oxidized

cooking chemicals and organic material from the raw wood. In chapter 2.3 black liquor

chemical composition is considered more closely.

After the wash, black liquor mostly consists of water and needs further treatment before

the boiler. Evaporators handle the drying and determine the black liquor dry solids con-

tent. In recovery boiler Na2SO4 reduce and organic components produce energy. It is

wanted that the droplets dry and organic low molecular weight components burn with a

flame just before the droplet lands the top of a char bed at the bottom of the boiler. At the

char bed, cooking chemicals reduce while the rest of the organic material burns in a low

oxygen environment. [4, p. 4.1-4.7] Burned solution is collected from the bottom of the

boiler and taken to a lime cycle where Na2CO3 reduces.

The target of the recovery boiler is to recover as much cooking chemicals as possible

and at the same time produce as much energy as possible. Black liquor droplet size

distribution and inlet velocity play an important role to fulfil the targets. Droplets must

be big enough so that they do not fly away with the flue gas. Non-gaseous flue gas

components increase superheater fouling that decreases boiler efficiency and decreases
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Figure 2.1. Kraft pulping process utilizes a continuous chemical cycle.

the recovery of the cooking chemicals. The recovery rate depends on the number of

carryover droplets and the reduction rate. In a well-operating boiler, the reduction rate of

Na2SO4 is typically 95 – 98 %, but char bed conditions affect the rate. [5, p. 244]

If small droplets do not fly away without any reaction, they burn before the bed and cause

a lack of carbon in reduction [4, p. 9.12]. Large droplets that do not dry before the bed de-

crease the bed temperature and affect the reduction rate and boiler efficiency negatively.

Large droplets cause bed instability and a risk of boiler blackout [1]. Hence, the opti-

mal droplet size is neither large nor small. Typically, droplets with a diameter of 2 – 3 mm

reach the char bed at the right time [4, p 4.1]. The optimal droplet diameter range is short.

Therefore, size distribution is an important factor to optimize the functionality of the boiler.

Additionally, mass distribution affects combustion. An optimized nozzle would spread the

spray evenly and provide maximum area for pyrolysis, combustion and reduction and pre-

vent the spray from ending on the boiler walls [1]. Reduction is typically observed from

the char bed height and black liquor inlet temperature is controlled while the boiler is op-

erated. [6, p. 456] Higher temperatures decrease the droplet size distribution since the

black liquor properties are temperature-dependent.

2.2 Splash plate nozzle

A splash plate nozzle consists of an inlet pipe and a plate at an angle with the pipe end.

The pipe and plate are made of smooth high-temperature tolerant metal. Many sizes and

shapes of plates exist, but the oval shape is the most used. Black liquor jet impinges on

the plate and creates a sheet that eventually breaks up into droplets due to spreading and



5

thinning. Jet velocity must be high enough to overcome the surface tension before the

spreading could happen.

Splash plate nozzles have a low injection pressure loss compared to the other nozzles.

Nozzle flow coefficient (Cf ) determines the nozzle pressure loss, which depends on black

liquor density and velocity.

Cf = 1.17 + 373Re−0.92
n (2.1)

∆pn =
Cfρu

2

2
(2.2)

Here Ren is the Reynolds number at the nozzle outlet. [4, p. 9.3]. The equation is an

estimation and pressure loss varies in different shapes of splash plate nozzles. In addi-

tion to being efficient, splash plate nozzles are inexpensive and reliable [7]. The splash

plate nozzles are widely used even though if the operating principle is not completely

controllable with current knowledge.

Plate 

angle

Breakup 

angle

Opening 

angle

Breakup 

lenght

Figure 2.2. Breakup length, breakup angle and opening angle are sheet properties, plate
angle is nozzle specific.

Plate angle, plate geometry and nozzle size affect the sheet formation. Sheet velocity,

spray disintegration mechanisms, nozzle pressure loss, droplet trajectories and spray

opening angle are all nozzle specific. The effects of nozzle geometry are not well-known

and reasons for choosing a specific splash plate nozzle is typically not justified. [7] In

addition to nozzle geometry, boiler environment and black liquor properties also affect the

sheet break up. Hence, it is not easy to explain what is causing the changes. Additionally,

fouling affects the nozzle characteristics during use and makes predictions even harder.

Fouling mainly affects the opening angle [7]. The opening angle is an angle between the

sheet centre line and rim. Opening angle, breakup length, breakup angle and plate angle
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are visualized in figure 2.2. Breakup length is the length the sheet stays unbroken and

breakup angle is the angle between the plate and final droplets.

Increasing the plate angle produces a wide sheet and increases the opening angle. The

sheet thickness field depends on plate angle. When the plate angle is increased 10

degrees, the sheet centre line thickness after plate decreases around 20 %. In the sheet

rim thickness slightly increases with increasing plate angle. [1] Levesque’s group has

studied nozzle shape besides the plate angle. They found that nozzle geometry affects

the droplet mean diameter and size distribution, but a clear connection is not given. [1]

Nozzle geometry can vary in many ways. Hence , it is complex to make any correlations

that could predict how the changes affect the black liquor flow.

However, the effect of nozzle diameter is clear. A larger nozzle increases the size of

droplets while decreasing the outlet velocity [4, p. 9.5] If the mass flow rate grows with

the nozzle diameter, the effect of the nozzle size is more complex. An increasing nozzle

diameter with constant velocity causes a thicker sheet because the total amount of mass

increases. Increasing thickness allows surface velocity to stay higher when the plate

wall viscosity does not slow down the surface that much. The effect is more significant

when the nozzle diameter and the mass flow rate are small. [1] Additionally nozzle type

affects the shape of the velocity profile. Under the flashing conditions, the outlet velocity

is typically the same in all directions [3].

2.3 Black liquor properties

Black liquor is a general term for the cooking chemical mixture of the kraft pulping process.

The composition varies based on the used raw material and cooking conditions. Chemi-

cal composition determines the physical properties. Furthermore, chemical composition

affects the sheet formation and breakup and eventually the droplet size distribution.

Boiling point, density, viscosity and surface tension are physical properties having nu-

meric values used to describe the fluid characteristic. Black liquors have been studied

experimentally to find the correlations for the physical properties. The black liquor chem-

ical composition and state determines the properties. The state depends on black liquor

temperature and the surrounding pressure. Hence, unlimited combinations of chemical

composition and state exist. Exact correlations are complex to develop. Additionally,

the heat transfer values affect the results if the black liquor temperature differs from the

environment temperature. Heat transfer determines the black liquor inside temperature.

Next chemical composition and physical properties are described. The physical prop-

erties have direct effects on the sheet breakup. Those effects are explained. Also, the

behaviour of physical properties are visualised. Density, viscosity and surface tension

have a direct effect on the model behaviour.
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Chemical composition

Cooking defines the black liquor chemical composition. The most significant impact

comes from the used raw materials. Other factors are cooking conditions and an obtained

kappa number that describes wanted lignin content. [8, p. 27] Cooking conditions and

kappa number determine which components will react during the cooking. For example,

cooking time defines the states of reactions.

Wood chips with different wood species are typically used as raw material. Raw material

can be divided into hardwood or softwood, which both have different basic consistency

that affects black liquor behaviour. For example, experiments show that the softwood

black liquor generates centreline velocity faster than the hardwood black liquor [7].

The evaporator process determines the black liquor dry solids content. The solids con-

tent has a great impact on the black liquor behaviour. Black liquor contains typically 15

— 25 mass-% water and the rest are organic and inorganic solids. Organic components

consist of dissolved lignin and other carbohydrates from the raw wood. Additionally, there

are small amounts of acids and methanol. Inorganic material consists of mainly cooking

chemicals solutions, but there is a small amount of other inorganic components as iron

and magnesium from raw wood. [8, p. 26-27] [9, p. 297-299] After the cooking, cooking

chemicals are mainly sodium carbonate (Na2CO3) and sodium sulphate (Na2SO4). Ap-

proximately 2/3 of the dry solids is organic and the rest are inorganic compounds [9, p.

299]. Chemical composition is visualized in the figure 2.3.

Water

Organic 
solids

Inorganic 
solids

Figure 2.3. Black liquor chemical composition dry solids content 80 %.

Chemical composition affects the physical behaviour of black liquor. There are no general

correlations that would give physical properties from the chemical composition. Hence,

those need to be determined separately in every situation [9, p. 300]. Black liquor is a

complex mixture, whose properties vary even inside one mill if raw material or cooking

conditions have small changes. This feature complicates the prediction of black liquor be-

haviour. Also, the exact chemical composition is hard to get. Several laboratory analysis

methods are developed, but the results depend on the used method [8, p. 36].
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Density

Density affects the mass balance [9]. It connects the mass flow rate and velocity. At

the same velocity, a denser liquid has greater momentum and more kinetic energy. The

greater momentum can split a jet more efficiently and produce a smaller mean droplet

size when the jet impacts the plate. [1] Numerical models track the forces and the effect

of density is the same as in the real world. Additionally, density affects pressure and

friction forces.

The density of black liquor organic components is close to water density. However, dry

solids content determines the density of black liquor, because the density of inorganic

components is nearly two times greater. [8, p. 33-34] Inorganic components increase the

density of dry solids. The black liquor density increases linearly with increasing dry solids

content up to 65 % dry solids content. Increasing starts from the pure water density. After

65 % the slope becomes steeper and the increase continues linearly up to 85 %. With

dry solid content 85 – 100 %, the density is near the pure dry solids. When temperature

is 25 °C, dry solids density is around 1550 kg/m3. The slope graph is visualized in figure

2.4. The shape of the graph and density of pure dry solids are black liquor chemical

composition dependent.

The places of slope regions are loose and the slopes are temperature-dependent. How-

ever, the effect of temperature is not significant. [10] When the temperature changes

100 ° C the changes of density is around 100 kg/m3 [11]. When the dry solid content is

fixed and the temperature varies only on a small scale, the density can be assumed to be

constant.

0 20 40 60 80 100

Dry solid content [m-%]

D
en

si
ty

Figure 2.4. Density increase with dry solid content in three regions. The value of the
density varies between pure water and pure dry solids densities. [10]
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Viscosity

Viscosity is fluid’s ability to resist the movement. It is the internal friction of the fluid.

Viscosity is a force that smooths out velocity differences between steady walls or slower

regions and moving fluid. Reynolds number defines the relation between inertial forces

and viscous forces. Kinematic viscosity is dynamic viscosity divided by density.

Re =
uL

ν
=

ρuL

µ
(2.3)

Here L is the characteristic length that in pipe flow is pipe diameter. Higher Reynolds

numbers indicate a higher chance of turbulent flow when viscosity does not resist the

changes effectively compared with the velocity. Turbulence affects the sheet performance

and droplets forming. In higher Reynolds numbers sheet perforates more and edges

become more unstable. The transition from laminar to turbulent starts around Reynolds

number 3000. [12] Turbulent flow includes eddies and is transient.

Numerical models consider shear stress while solving momentum equations. Newtonian

fluid has constant viscosity for all shear stresses. However, black liquor does not behave

like a Newtonian fluid. In some situations, the viscosity depends on a shear rate. In low

dry solids content, under 50 %, black liquor behaves as a Newtonian fluid [13]. The mod-

elling becomes more complex when dry solids content increases if the non-Newtonian

behaviour needs to be taken into account. Black liquor viscosity starts to decrease as a

function of shear rate in the low temperatures and high solids contents. With the higher

temperature viscosity stays almost as a constant. In high temperatures where the viscos-

ity is under 1 Pas Newtonian behaviour is expected. [14]

Apart from the shear rate, black liquor viscosity is determined by the black liquor com-

position, temperature and dry solids content. Viscosity increases exponentially with the

dry solids content in the recovery boiler operating conditions. Viscosity is inversely pro-

portional to black liquor temperature. [8, p. 33 ] Temperature radically decreases the

viscosity [15, p. 25]. In 40 °C viscosity will be around 10000 Pas, but in near 100 °C is

under 1 Pas [16].

In black liquor, long organic molecular chains cause high viscosity. The chains can be

broken by heat treatment. The treatment reduces viscosity and enables storage and

pumping of high dry solids black liquor in atmospheric pressures [4, p. 4.9] Increasing

temperature and pressure makes treating of black liquor easier. Different mills have their

handling limits, but usually pumping requires that black liquor viscosity is below 0.3 – 0.5

Pas [8, p. 32].

Used raw materials and cooking conditions have a significant effect on viscosity. For

example, in a 110 °C and dry solid content 70 % the dynamic viscosity of softwood is 206
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mPas, respectively for the hardwood that is 344 mPas. Higher viscosity causes larger

droplets. [4, p. 9.4] High viscosity keeps the ligaments tighter together [1]. Break up

mechanisms are introduced better in the section 2.4.

The effect of viscosity on the droplet size distribution is small compared with other factors

[1]. However, the value of viscosity has large changes depending on the situation, in 75

% dry solids content black liquor viscosity could be anything between 0.12 – 0.7 Pas in

normal operation temperatures [17][4, p 4.9]. The environmental conditions and liquor

dry solid content should be known to get a reasonable viscosity value. The value could

be assumed to be constant if dry solids content and temperature do not have radical

changes.
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Figure 2.5. Viscosity grows exponentially with the dry solid content. A rise in temperature
reduces viscosity. [18]

Surface tension

When two fluids have differing inner forces, surface molecules experience more forces

on one side than the other. Numerical methods can observe surface tension by adding

volume force to the source term of the momentum equation. Volume force includes pres-

sure difference between phases and interface curvature. [19] Surface tension affects the

shape of the surface and in jets, the force keeps the sheet uniform. Weber number (We)

describes the effect of inertia forces compared with the surface tension.

We =
ρu2L

σ
(2.4)

Weber number describes how easily a breakup will happen. If the surface tension is high,

it keeps the lumps tightly together. Surface tension drives lumps to spherical form.



11

Black liquor surface tension varies with used black liquor, dry solid content and tempera-

ture. An increasing inorganic components fraction and dry solids concentration increase

the surface tension. The organic components and increasing temperature reduce the sur-

face tension. [8, p. 34 ] The mean droplet size grows nearly 40 % if surface tension is

doubled, therefore the surface tension value should be as accurate as possible when the

droplet size distribution is modelled.

There are only a few studies that have a focus on black liquor surface tension. For high

dry solids black liquor surface tension has not been specified. The value of surface ten-

sion is time-dependent due the thermal degradation and tar formation. Time-dependent

behaviour makes studies complex. [6, p. 453] [15, p. 26] Black liquor surface tension is

40 – 60 % of pure water surface tension when the dry solids content is 15–40%. The ef-

fect of temperature is similar in pure water. [8, p. 34] Temperature decreases the surface

tension.

Eucalyptus black liquor surface tension is studied up to 60 % dry solids content. Depen-

dence between surface tension, dry solids content and temperature is following.

γ = γwater + S(1− S)
a1 + a2T

1 + b1(2S − 1) + b2(2S − 1)2
(2.5)

Constants a1, a2, b1 and b2 are black liquor specific. For eucalyptus surface tension in 70

°C and 60 % dry solids is around 0.03 N/m. That was the highest temperature and dry

solids content that was studied. [20] Behavior of surface tension is visualized in figure 2.6
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Figure 2.6. Surface tension decreases with rising temperature and slightly increases with
dry solids after a fast drop at the beginning. [20]
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Boiling point

Boiling starts when vapour pressure inside the liquid is equivalent to the surrounding

pressure. Hence, the temperature where the boiling starts depends on pressure. Water

relative boiling point rise (BPR) is typically used to describe the black liquor saturation

temperature. Boiling point rise describes how many degrees higher comparing water in

the same conditions the temperature must be that black liquor starts to boil. Boiling point

rise is a function of the black liquor dry solids, but chemical composition affects the shape

of the function. [4, p. 9.2] Dry solids content decreases the vapour pressure while salts

form a chemical bond with the water and makes removing water molecules more difficult

when more energy as heat is required. Amount and types of salts vary between black

liquors, so the chemical behaviour depends on the mixture.

Boiling point rise follows a correlation

BPR = a+ b
αS

1− αS

(2.6)

where αS is the solids mass fraction. Parameters a and b are black liquor and pressure

specific. Additionally, the parameters depend on dry solids. The values of a black liquor

parameters changes around 50 – 65 % dry solids. Slope decreases for higher dry solids.

[21][22] Boiling point rise can be as high as 35 – 40 °C in 95 % dry solids content, but

study methods affect results [18]. In some solutions boiling point rise can be as high as

50 °C in 95 % dry solids content [23].
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Figure 2.7. Boiling point rise is a function of dry solids content. The exact shape and
values of the curve depending on a used black liquor and operating pressure. [21]

Boiling point rise varies considerably with high dry solids content where a normal recovery

boiler operates. The shape of the slope is presented in figure 2.7. The boiling point rise
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determines where flashing starts. The flashing has a major effect to break up. The

flashing breakup mechanism is introduced in chapter 2.6. Boiling point rise should be

known reliably enough if flashing happens.

Thermal properties

Specific heat capacity and thermal conductivity determine the state of enthalpy and heat

flux in or out from the black liquor sheet. Additionally, if evaporation takes place water

latent heat affects the energy balance. Physical properties are temperature-dependent

and cooling or warming might affect the sheet performance.

Specific heat capacity depends on the specific heat capacities of black liquor components

and the value decreases with increasing dry solids or increasing temperature [15, p. 22].

The effect of dry solids is non-linear. With 60 % dry solids specific heat capacity could be

around 3 kJ/(kgK). [24]

Thermal conductivity is the function of the temperature and dry solids. Temperature in-

creases and dry solids decrease the thermal conductivity that can have values between

0.4 – 0.65 W/mK. [15, p. 24] Those values are for one black liquor type and in reality the

range might vary more.

2.4 Breakup mechanisms

Sheet breakup has been experimentally studied by many groups [25] [26]. Three breakup

models have been identified: wave instability, rim breakup and sheet disintegration. Ad-

ditionally, the flashing breakup mechanism is introduced in section 2.6. The breakup

mechanisms are collected in figure 2.8. Flashing affects only when black liquor inlet tem-

perature is above the atmospheric boiling point. So it does not take apart in the traditional

sheet breakup.

Typically all three models affect breakup at the same time, but one of them is dominant.

Turbulence and black liquor physical properties define the shape of the sheet. Jet ve-

locity and viscosity affect the level of turbulence that can be observed with the Reynolds

number. In low Reynolds numbers, that still forms a sheet, the rims are stable and perfo-

rations do not appear. Waving is the sheet breakup method with low Reynolds numbers.

When Reynolds number increases, the rims start to be unstable when viscosity does not

dominate anymore. Around the Reynolds number 3000, the sheet starts to be turbulent

and the rim breakup or perforation becomes dominant. [12]

Waving participates in the sheet breakup in all situations and it is caused by Kelvin-

Helmholtz instability [12]. As a result of growing waves, the sheet breaks into ligaments

and eventually ligaments split into droplets. A wavelength in a sheet varies. The different
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Figure 2.8. Four sheet breakup mechanisms have been identified.

waves create ligaments of multiple sizes and shapes. [17]. Before the ligaments break

up, they stretch and thin out [27]. The droplets are random sizes and shapes [28].

While waving creates droplets at the end of the sheet, rim breakup takes place on the

sheet sides. Rim breakup is the impact of the capillary instability of rims when turbulence

eddies diffuse the sheet. Light rim breakup appears in the laminar region too. Droplets are

released when cohesive forces can not keep the sheet unbroken anymore. Rim breakup

forms larger droplets at the edges, where the sheet is thicker. [12] When the kinetic forces

are larger than the cohesive forces the sheet becomes wider and rims thinner.

Perforation causes a similar breakup as waving, but the sheet becomes shorter and in-

cludes holes [29]. The sheet is thin, wide and nonuniform when it perforates. Perforation

is caused by high turbulence or light flashing evaporation and it appears when the inlet

velocity is high or inlet temperature is near the boiling point. [28] Perforation changes to

pure flashing, if the inlet temperature is sufficiently over the boiling point.

Black liquor inlet temperature and velocity together with boiler environment affect the

sheet breakup. Studies show that the furnace temperature has a negligible impact on

sheet velocity and other behaviour when flashing is present [30]. The effects of furnace

temperature and radiation in non-flashing conditions are unsure. Kelvin-Helmholtz insta-

bility is caused by the interaction between the sheet and ambient air [31]. Therefore, the

temperature-depending air properties and air velocity might affect the sheet breakup. Ad-

ditionally, heat transfer from air to black liquor determines the surface temperature and

the physical properties. On the other hand, the sheet formation and breakup happens

fast. Hence, the heat transfer does not have much time to act.
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2.5 Droplet size distribution correlations

Sheet parameters are opening angle, breakup angle, sheet velocity and breakup length.

The sheet behaviour can be evaluated with the parameters. After the breakup, droplet

sizes and velocities are the parameters of interest. Many empirical mean diameter corre-

lations have been developed [25] [27] [32]. Mean diameter can be defined in many ways,

including a pure average diameter, mass-weighted average and Sauter mean diameter.

The Sauter mean diameter is a relation between the total volume and total surface of the

droplets.

SMD =

∑︁
D3∑︁
D2

(2.7)

The basic form of the Sauter mean diameter correlations utilize the Reynolds number and

Weber number.

SMD = LKReαWeβ = KL1+α+βuα+2βρα+βµ−ασ−β (2.8)

Equation needs three constants K, α and β. Additionally nozzle diameter L is needed.

[33] Many correlations are simplified from the basic form and some of the material prop-

erties are ignored [32]. Simplifications are done to make the correlation correspond to the

situation. All constant values are situation-specific. [25] [27] [32]. Lapple et al. combined

different studies for different nozzle and found following constants: K = 5.5, α = -0.20

and β = -0.25 [34]. Those values are combination of multiple nozzles and their accuracy

is bad, but they can be used to present the trend of the behaviour.

Finding the size distribution has been a complex task in the recovery boiler industry.

There are a lot of size distribution functions that need mean and width terms. In this work,

the Rosin–Rammler and normal distribution equations are used. Rosin-Rammler is the

most used distribution function in the field of particle science [35]. The normal distribution

equation is well known in almost every scientific field.

Rosin-Rammler is a cumulative equation predicting the mass fraction that is in the parti-

cles that have a smaller diameter than the diameter in question.

Yrr(D) = e−(D/D)
n

(2.9)

The mean term (D) is the diameter where e−1 part of the mass is in droplets that have

the same or larger diameter. The weight term n can be obtained after the mean term is

known. [36]

n =
ln (− ln (Yrr(D)))

ln (D/D)
(2.10)

Normal size distribution function describes the possibility of a specific diameter. It can be
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converted to cumulative form by integral. The normal size distribution equation is

fn(D) =
1

s
√
2π

e−
(D−Dmean)2

2s2 . (2.11)

In equation Dmean is the droplet mean size. Weight term (s) need to be defined so that

the normal size distribution equation corresponds to a certain situation [35]. For example,

the fitting can be done with a least-squares method.

2.6 Flashing

Black liquor input temperature affects the sheet form, droplet size and velocity. Increasing

temperature decreases droplet size and increases droplet initial velocity. Rising tempera-

ture accelerates liquor flow and decreases its viscosity. [4, p. 9.4] Acceleration is caused

by vapour bubbles inside the black liquor, figure 2.9. Flashing is used to describe a phe-

nomenon where black liquor evaporates and produces vapour bubbles inside the nozzle.

Flashing starts to take place as a breakup mechanism when the boiling point rise is 7 °C

and if the boiling point rise is more than 8 °C no liquid sheet is formed. Before 7 °C, the

formed vapour bubbles cause sheet perforation. Vapour bubbles break through the sheet.

[37] When the sheet is forming, flash boiling cuts the sheet length in half [17].

Non-Flashing Flashing

Figure 2.9. Flashing is a phenomenon where black liquor evaporates inside the nozzle.

A jet temperature can exceed the atmospheric boiling point when the pressure in the

pipeline is higher than the environment pressure. Boiling starts due to the pressure drop.

Liquids include small gas nuclei that consist of undissolved vapour and gases. When

the pressure drops under vapour pressure nuclei grow explosively. Properties of the

liquid influences the growth. [38] Black liquor has a high nuclei density, because long

evaporation process makes gasses stuck withing the black liquor structure [3]. Nuclei

density increases the vapour formation. Vapour bubbles grow fast inside the black liquor

after the pressure is under the boiling point.

High dry solids content increases black liquor heat value and makes the droplets dry

faster. This behaviour increases boiler efficiency. Liquid has to be warmed 12 – 20 °C

above the atmospheric boiling point to reduce the viscosity and allow the pumping [3].
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Flashing is a wanted breakup mechanism in modern recovery boilers.

Acceleration can be examined with dimensionless velocity that is a relation between sheet

centreline velocity (us) and velocity in non-flashing pipe flow in the smallest area of the

pipe (up).

u∗ =
us

up

(2.12)

Increasing feed temperature increases the dimensionless velocity, but increasing mass

flow rate decreases the effect [30]. Dimensionless velocity can be as high as 3.4. The

greatest values are obtained with a small mass flux [37]

Simultaneously when the vapour bubbles accelerate the velocity of black liquor they break

the sheet. Flashing reduces mean droplet size, increases the initial velocity of the droplets

and changes the spray direction. Those effects are inlet temperature-dependent and

increasing flashing temperature decreases the mass median diameter of the droplets.

[39] Jacob number can be used estimate flashing

Ja =
ρlcp∆T

ρvhfg

(2.13)

where ρl and ρv are the liquid and vapor densities, cp liquid heat capacity and hfg is

latent heat. ∆T is the temperature difference between the black liquor temperature and

the saturation temperature in the atmospheric pressure. The nozzle likely operates under

flashing conditions if the Jacob number is larger than 25000/Re+ 11.6. [28]
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3. NUMERICAL MODELLING OF BLACK LIQUOR FLOW

IN SPLASH PLATE NOZZLE

3.1 Computational fluid dynamics

Fluid flows can be solved numerically with computational fluid dynamics (CFD). In CFD

the domain is divided into small control volumes, cells, storing values of flow variables like

velocity, pressure and temperature. Governing equations are solved iteratively over every

cell until conservation of momentum, mass and energy is satisfied. Cells together create

a mesh that describe the domain. Simulation can either be steady-state where flow is not

changing in time or transient where time is progressed in steps and iterations are taken

within each step to solve the flow variables.

In this work continuity equation and three momentum equations are needed. Heat transfer

is ignored. Hence, an energy equation is not needed. Continuity equation takes care of

mass conservation. Three momentum equations take care of the conservation of the mo-

mentum in all three-dimensional directions. The momentum equations include all forces

that affect fluid movement.

Apart from the main equations, submodels and their equations are used. For example,

a turbulence model and a multiphase model are needed. Turbulence models are used

to take care of turbulence effects without simulating exact turbulent structures. The most

used method to handle the turbulence is Reynolds-averaged Navier–Stokes (RANS). In

this work, the time-depending turbulence effects are needed and a model that blends

between RANS and large eddy simulation (LES) is used. LES solves the exact behaviour

of large turbulent eddies while using a sub-grid scale model for small structures. The

used multiphase model is introduced next.

3.2 VOF to DPM

VOF to DPM is a recently developed model transition mechanism. It was released in

2019 with Ansys Fluent update. VOF to DPM is developed to solve jets. It reduces

computational requirements compared to VOF model but still enables detailed solutions

of the jet breakup into droplets due to aerodynamic forces. [40] VOF to DPM is not its own
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multiphase model but a combination of two models: volume of fluid (VOF) and discrete

phase model (DPM). VOF model can be used to find the droplet size distribution, but it

requires dense mesh at the interface between two fluids. Small droplets have a lot of

surface area compared with volume. Tracking them with VOF would be computationally

expensive or impossible with available resources. VOF to DPM converts the droplets to

DPM particles. Hence, the breakup can be modelled with the accurate VOF model that is

widely tested and based on physics while keeping the computational costs reasonable.

VOF is a computational multiphase model that tracks a free surface. All phases share

one set of governing equations in the model but volume fractions of the secondary phase

bring one additional equation. VOF to DPM model requires that VOF model have a sharp

interface between the phases [41]. Surface tracking is done with the volume fraction vari-

able that gets values from 0 to 1. In Ansys Fluent volume fraction has explicit and implicit

formulations [36]. Default formulation for VOF to DPM is explicit with implicit body force.

Implicit body force stabilizes surface tension treatment. [41] Fluent has two alternative

surface tension models: continuum surface force model (CSF) and continuum surface

stress model (CSS) [36]. CSF is recommended to use [41].

Turbulence is one of the factors that determines the breakup mechanism. Turbulent ed-

dies participate in the sheet perforation and in the shape of the rims. RANS does not

model turbulent eddies. Therefore, RANS-LES hybrid model is recommended to use.

[41]. In Ansys Fluent, the k-omega SST turbulence model could be connected with the

stress blending (SBES) model that blends stress level between RANS and LES [36]. Rec-

ommended turbulence model for low Reynolds numbers is k-omega SST with SBES and

Wall-Adapting Local Eddy-Viscosity (WALE) [41].

The cells near the phase interface are shared between both phases. The surface position

needs to be defined so that convection and diffusion fluxes will be reasonable. Several

interface schemes have been developed. A geometric reconstruction scheme is suitable

for jet flows. The geometric reconstruction includes two steps. First, the position of the

linear interface is solved and then fluid advection through each face is calculated. [36]

The surface separates phases from each other and defines the shape of liquid lumps

that reshape and break based on the affecting forces. The transition model observes

VOF lumps and when conversion criteria are fulfilled the lump becomes a DPM parcel.

Conversion criteria are based on the lump size and two asphericity functions. The size

criterion keeps the DPM particle diameter inside the limits. Additionally, the diffused lumps

can be detected by observing the maximum and minimum volume fraction in the cells

inside the lumps [36]

During solve procedure, the transition from VOF to DPM can be done at the wanted

frequency. Three transition mechanisms are recommended to be created. Those are tiny,

tracked and diffusion in the following transition order. The order is important because
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after the transition is done particles can not affect to next transition mechanism. The tiny

converts all particles that have size smaller than the minimum diameter size. The optimal

minimum diameter should be half of the expected Sauter mean diameter and it should

capture more than 90 % of all spray volume. The tracked mechanism converts particles

that satisfy the asphericity criteria. The particles are written to a file. The diffusion collects

lumps where the black liquor volume fraction is less than 0.9 in every cell. [36]

DPM model tracks discrete particle trajectories. A discrete particle has the same density

and mass as the VOF lump and sphere shape. DPM particles could interact with the

surrounding air, go through a secondary breakup or evaporate. The functionalities can be

modelled simultaneously with VOF to DPM, but this could be done more cost-effectively

by first solving VOF to DPM model that saves the place, time, size and velocity of formed

DPM particles. Afterwards, those can be read and modelled in a new model. [41] That

should be reliable if the DPM particles do not affect the breakup and the VOF region does

not have a significant impact on the main flow.

3.3 Mesh adaption

Mesh adaption is a key factor in reducing the simulation time. In VOF the mesh has to be

dense in the interface of the phases, but elsewhere cells can be larger. During transient

solving, the location of the interface constantly changes making the use of a fixed mesh

inconvenient. Mesh adaption can refine and coarsen the mesh where needed. Adaption

includes two steps. First, the refining or coarsening cells are defined, then the cells

sizes are changed. ANSYS fluent has a polyhedral unstructured mesh adaption (PUMA)

method that allows adapting many types of 3D cells [36]. The method is developed for

the use with the VOF to DPM model [40]

The cells to be refined or coarsened are found using regions. Here, VOF to DPM model

refining is requested on the interface between air and black liquor. Hence, the refining

region should be the area where the phase volume fraction is changing. Using curvature

is the most effective way to define the interface region that ensures a sufficient amount

of cells across the interface and reduces numerical diffusion [41]. The curvature of the

volume fraction affects only the cells that are in the interface. The cells that are inside

the gas or black liquor stay in the initial sizes or coarsens if they have been adapted

in previous time steps. A region where coarsening can happen needs to be defined.

Typically it is the area where volume fraction curvature is near zero. Cells inside the

phase that will break up into droplets (black liquor in this work) could be refined too to

make turbulence more accurate [41].

Original cells are called parents and refined cells are child cells. When refining criteria are

fulfilled the cells divide from the middle. Child cells can further subdivide. Correspondingly

if refined cells are in the coarsening region they coarsen. Parent cells can coarsen and
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coarsening is limited to original cell size [36]. Coarsening happens after VOF lumps are

transferred to DPM particles, figure 3.1. Typically adaption is done after every second

time-step, but the frequency is changeable. Additionally, adaption can be done every time

after VOF to DPM transition.

Figure 3.1. Mesh coarsens back to the initial size when a VOF lump transfers to DPM
particle.

Maximum refining level and minimum cell volume limit division. The maximum refining

level is recommended to be 5 and the absolute limit is 6 [41]. Radical cell size variation

is unwanted. Greater maximum refining levels provide greater accuracy, but parallel par-

titioning should be changed more often [41]. When the simulation uses multiple cores, a

reallocation of the cores at regular time step intervals is needed when cell count in one

area changes due to the adaption. Excessive re-partitioning increases calculation time.

Original mesh size and minimum cell size depend on the minimum object of interest.

In VOF to DPM model that is the minimum solved droplet size (Dmin). Recommended

maximum cell length in the original mesh is

Lmax,cell = Dmin2
RL, (3.1)

where RL is the maximum refine level. It is recommended that at least two cells are

across the minimum tracked droplet diameter. Hence, minimum cell volume is

Vmin,cell =

(︃
Dmin

2

)︃3

. (3.2)

The minimum cell length should be the value that limits refining. [41] Maximum refin-
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ing level and original mesh size can be made to produce larger minimum cells than the

wanted, but maximum refining level should be larger than 5, so it does not limit adaption.

Additionally, the cell count across the nozzle diameter should be 15-20 to capture the LES

behaviour [41].

3.4 Flashing numerical models

Flashing vapour formation is similar to cavitation. In both, the vapour bubbles will form

because the environmental pressure drops under the liquid saturation pressure. The

vapour bubbles do not collapse after they are formed in flashing. Nozzle opening to

atmospheric pressure and pressure stays under saturation pressure. Ansys Fluent has

two cavitation models that can be used with Eulerian multiphase model such as VOF.

Those are Schnerr-Sauer model and Zwart-Gerber-Belamri model. [36] Zwart-Gerber-

Belamri model has more constants and so it can be modified more than the Schnerr-

Sauer model. This work utilizes the Zwart-Gerber-Belamri model.

Gas nuclei initial diameters before cavitation are from 1e-7 to 1e-5 m [42]. Because of

the nuclei size and complex physics of cavitation, cavitation models are simplified. Zwart-

Gerber-Belamri model is based on Rayleight-Plessed equation that describes the growth

of a vapour bubble. The Rayleight-Plessed equation second order terms are simplified

and the surface tension field is neglected. Total evaporation rate due to cavitation per unit

volume from liquid to vapour is

Ṙlv =
dmB

dt
NB =

3rvρv
RB

√︄
2

3

Psat − P

ρl
(3.3)

where mB is a bubble mass, NB is bubbles count per unit volume, RB is radius of bubbles,

rv vapour volume fraction, Psat vapour saturation pressure and P environment pressure.

[42]

Equation 3.3 works only if the bubbles do not interact with each other. The final Zwart-

Gerber-Belamri evaporation equation takes care of the fact that nucleation site density

decreases when the vapour volume fraction increases. Empirical calibration coefficient

Fvap is also included.

Ṙlv = Fvap
3rnuc(1− rv)ρv

RB

√︄
2

3

Psat − P

ρl
(3.4)

Here rnuc is the nucleation site volume fraction and RB the radius of the nucleation site.

The model has been tested with a variety of fluids and devices. Following values have

been found to work well but may need adjusting depending on the application: RB = 1e-6,

rnuc = 5e-4 and Fvap = 50. [42]
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Even though the cavitation model is simplified it needs to be edited before use. VOF to

DPM model requires a sharp interface between the phases and only two VOF phases [36].

Vapour could be mixed with an air phase. However, that would be complex to implement.

VOF model should take the shape of the vapour bubbles into account. Multiple cells are

needed across every bubble. Bubbles are initially extremely small. Modelling the exact

physics would be computationally extremely costly and unattainable in this study. Black

liquor and vapour make a foam-like mixture. However, Ansys Fluent does not have any

models for foam material [36]. If vapour can not be modelled itself nor mixed with air and

no foam models exist, the only possibility is to mix vapour with the black liquor phase.

The vapour bubbles and black liquor can be seen as a mixture that has shared material

properties. Vapour fraction affects the mixture material properties. The vapour mass

fraction is a function of pressure and temperature. The density of a barotropic material

depends only on pressure. The barotropic equation is a simple way to model the fluid

state, but it does not include thermodynamic behaviour. When temperature variation is

negligible inside the fluid, the barotropic approach gives decent results. [43] Black liquor

and vapour shared density decreases when more vapour evaporates.

Ansys fluent enables to solve a transport equation for a user-defined scalar (UDS). Shape

of the transport equation is

∂ρϕ

∂t
+

∂

∂xi

(︃
ρuiϕ− Γ

∂ϕ

∂xi

)︃
= Sϕ, (3.5)

where ϕ is the scalar, Γ diffusion coefficient and Sϕ scalar source term. Transport equa-

tion has three components that describe the transport of scalar value with the flow. Those

are the unsteady component, advection and diffusion. [36] In this case scalar can be used

to solve vapour mass fraction inside the black liquor.

Models with barotropic cavitation have been recently used successfully in CFD calcula-

tions. For example, Santos et al. have been modelled cavitation erosion in the injector

with large eddy simulation (LES) [44]. Ocepek et al. have compared numerical and exper-

imental cavitation and pressure fluctuations in turbine [45]. Both models have cavitation

with barotropic equations and a single fluid that represent liquid/gas mixture.

Ansys Fluent enables editing density as a function of temperature and pressure [36].

However, now user defined function (UDF) is needed to define barotropic material be-

cause density depends on the value of scalar. Pressure has an impact on momentum.

Hence, the momentum equation depends on pressure and density. Simultaneous varia-

tion in pressure and density can cause numerical instabilities when the scalar is used.
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4. MATERIALS AND METHODS

4.1 Workflow

The work examines the suitability of computational fluid dynamics and VOF to DPM model

to modelling a breakup of the black liquor splash plate nozzle flow. The requirement is

to develop a model, that can solve black liquor droplet size distribution in all operational

conditions. First, the non-flashing VOF to DPM model was tested with the given splash

plate nozzle geometry and black liquor properties. Then, a vapour generation model was

implemented. Figure 4.1 shows the workflow. The vapour generation model needs to be

attachable to the VOF to DPM model and be able to take care of flashing phenomena.

The model environment is presented in figure 4.2. One nozzle geometry was used. This

work was focused on evaluating the working principles of the non-flashing and flashing

models. Reasonable black liquor properties and inlet conditions were needed. Result

analysis was done, but only one set of results was generated. Result analysis could be

used to optimise the solver parameters and input values, but the work does not include

that.
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Figure 4.1. The work has four tasks.

Since no ready-made VOF to DPM model for black liquor was found, the model suit-

ability was unknown. VOF to DPM was used as a base model and other functionalities

were built around it. The non-flashing case follows VOF to DPM model, but the mesh,

minimum droplet size and black liquor properties had to be defined. Literature and ex-

periential knowledge were utilized to specify the black liquor properties. Only the model

working principle and computational requirements were of interest. The model was not
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Figure 4.2. The environment of the breakup model includes a lot of variables.

compared with any experimental data, so exact properties were not needed. The re-

quired minimum droplet size was unknown. Three different minimum droplet sizes were

tested. The droplet size is connected with mesh adaption size and so three different mesh

adaption were tested.

The flashing case included much more uncertainties. Models, where VOF to DPM and

boiling or cavitation were combined, could not be found. Hence, the task was to develop

a submodel that could handle vapour generation while the VOF to DPM is on. The vapour

generation model needed black liquor/vapour mixture material properties equations and

a source term for vapour generation. Material properties were made to depend on the

vapour fraction. References were used to verify the physics behind the models. The

flashing model required a lot of time-consuming testing. The model was tested with a 2-

dimensional mesh and only with the VOF model due to time constraints. It was assumed

that if the test cases did not converge, the 3-dimensional model would neither. After vali-

dation of the 2-dimensional model could be moved to use VOF to DPM model. The model

had convergence issues and the validation could not be done due to time limitations.

The VOF to DPM model proved to be computationally demanding in this application. Only

short flow times of the non-flashing test cases were possible to solve. Even if the solver

was transient the results should reach a pseudo-steady state. A lot of time-steps were

needed before the sheet was fully developed. Flow development could be observed with
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the mass transfer rate from VOF to DPM or sheet length. The mass transferred to DPM

particles should be the same as the inlet mass flow rate when the liquid sheet is fully

developed and does not store more mass.

A lot of test cases had to be run to verify the models. The resources did not enable to

run of a large text matrix. The model reliability remains unclear. However, two different

inlet velocities were used to solve the start phase of the sheet formation. The results

were examined by looking at the flow variables of one time-step and DPM particles that

were formed during the calculation. The VOF to DPM model writes a file that lists the

droplet formation locations, velocity components, diameters, masses and formation flow

times. The flow variables were examined with Ansys Fluent software and DPM particle

files with Microsoft Excel. The data was divided into 0.2 mm steps to find the droplet size

distribution. Only the droplets that were formed within a certain time interval were taken

into account. Time ranges are presented with the results.

4.2 Assumptions and boundaries

The work was limited to one nozzle. It was assumed that break up happens fast and

flows inside the boiler and temperature changes do not significantly affect breakup. The

boiler was initialized to be a space with pressure outlet boundaries. Outlet pressure was

assumed to be the atmospheric pressure. Boundaries were set far, so they would have a

minimal impact on the breakup. The boiler was initially full of dry air. Air properties were

evaluated from a table of dry air properties [46]. The air temperature was assumed to be

600 °C.

The nozzle was assumed to be smooth and the material did not affect the flow. Solid

surfaces were modelled as no-slip boundaries. The nozzle is shown in figure 4.3. The

nozzle inside diameter was 38 mm and plate area 4823.5 mm2. The plate angle was 37°.

The plate middle point was 150 mm away from the boiler wall. Pipe thickness was 5 mm.

In order to have fully developed flow before the nozzle, the pipe length before the bend

was 265 mm and after 80 mm. The pipe is important in the flashing case where vapour

bubbles developed inside the pipe. The same geometry could be used in flashing and

non-flashing cases.

Black liquor density and dynamic viscosity were assumed to be constants at 1350 kg/m3

and 0.2 Pas, respectively. Viscosity was low enough for Newtonian behaviour. Both the

non-flashing and flashing cases did not take heat transfer into account. The black liquor

thermal properties were not needed. Constant values for material properties were rea-

sonable in the non-flashing situation when dry solids content stays constant. Flashing

model was just tested and other material properties except density were constants. Cho-

sen values fit the typical ranges that were presented in chapter 2. A suitable value for

surface tension was harder to evaluate, but 0.6 N/m was used.
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Figure 4.3. The used nozzle has a constant diameter. The place where diameter seems
to grow (pipe thickness) is the location of the boiler wall.

Table 4.1. Boundary conditions and black liquor properties for two non-flashing cases

Case 1 2

Inlet velocity [m/s] 10 15

Surface tension [N/m] 0.6 0.6

Black liquor density [kg/m3] 1350 1350

Black liquor dynamic viscosity [Pas] 0.2 0.2

Air density [kg/m3] 0.41 0.41

Air dynamic viscosity [Pas] 3.8e-5 3.8e-5

Reynolds number 2 565 3 847

Weber number 85 500 192 375

Estimated pressure lost [Pa] 97 368 206 193

Estimated Sauter mean diameter [mm] 2.54 1.92

Minimum solved droplet diameter [mm] 1 1

Used variables are shown in table 4.1. Two inlet velocities were solved with the non-

flashing model. In the first case, black liquor inlet velocity was 10 m/s and in the second

15 m/s. Equations 2.3, 2.4 and 2.2 were used to find Reynolds number, Weber number

and estimated nozzle pressure loss, respectively. Estimated Sauter mean diameter was

found with equation 2.8. The Reynolds number was near the laminar region in the first

case. Perforation should not happen in the laminar region. Additionally, rim breakup is

different in laminar and turbulent regions. In the second case, the Reynolds number was

over 3000, which means the sheet breakup should start happening in the turbulent region.

In the turbulent region, perforation should take place. However, both Reynolds numbers

are in the transition region, so it is not clear if the flow will be laminar or turbulent.

Minimum solved droplet diameter affects adaption cell count and running time. Smaller

droplets require a smaller cell size. The Minimum solved droplet size was chosen to

be 1 mm. The minimum droplet diameter is typically wanted to be around 2 mm in the

boilers, so the used size should be small enough to model the droplets. The impact of the
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minimum solved droplet size was examined. The first non-flashing case was solved again

with the same numerical methods, material properties and boundary conditions, but with

a 2 mm minimum droplet diameter. Also, a short flow time of sheet formation with the

minimum droplet size of 0.5 mm was tested with a denser initial mesh.
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Figure 4.4. Saturation curves when the boiling point rise is 15 °C.

Water saturation pressure curve and a boiling point rise were used to define the black

liquor saturation pressure curve. The water saturation curve was found by using the wa-

ter saturation function [47]. Boiling point rise was assumed to be 15 °C. Saturation curve

is presented in figure 4.4. The curve was used in the flashing model which was simpli-

fied and heat transfer and water latent heat were ignored. A vapour generation source

term was found with the assumption that the density stays constant over a time-step and

diffusion was zero. Additionally, the vapour generation model includes all assumptions

that were used to find the equation 3.4. In the chosen approach, vapour and black liquor

together create a phase. The effects that vapour bubbles have while growing inside the

black liquor and breaking through the sheet were ignored.

4.3 Domain and mesh

The domain was a rectangle space with a nozzle and boiler wall, figure 4.5. The pressure

outlet is represented in red. The black lines are solid walls which are the nozzle and boiler

wall. The velocity inlet is the blue arrows on the left-hand side. The inlet and most of the

nozzle pipe were outside of the boiler. The initial amount of cells remained reasonable

with a large boiler space when the adaption was used. In the domain, all VOF ligaments

should have enough time to transfer to DPM particles.

Maximum initial cell length was obtained from equation 3.1. The initial cell length should

be less than 16 mm when the minimum solved droplet diameter is 1 mm and refine level
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Figure 4.5. The domain includes a nozzle, boiler wall and space inside the boiler.

Figure 4.6. Poly-hexcore mesh was used. The cell size was suitable for a minimum
droplet of 1 mm.

5. Poly-hexcore volume mesh was used. Figure 4.6 shows the cross-section of the mesh

that was used in non-flashing cases where the minimum solved droplet diameters were

1 mm and 2 mm. Two local face sizings were used. Plate face size was 1 mm and pipe

face size was 2 mm. The walls had three boundary layer elements to improve the mesh

resolution on the walls. These were not absolutely necessary due to low Re number

and mostly laminar flow. The model converged without boundary layers, but the layers

were used with the results. The face sizes affected the convergence. The case did not

converge without setting a smaller element size on the walls. That might be because

polyhedral elements were near the walls in the region of interest. When the polyhedral

elements were adapted, the element quality decreases.
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The initial mesh had 809 514 cells and the minimum orthogonal quality of 0.11. The

quality was reasonable, and there were only 7 cells where the quality was under 0.2. Bad

cells were located behind the nozzle, so they should not affect the results significantly.

The 0.5 mm minimum solved droplet diameter mesh had the same face sizes, but the

maximum cell length was 8 mm. With the maximum cell length of 8, the initial cell amount

increased to 5 453 581 cells and the mesh had the minimum orthogonal quality of 0.24.

Mesh independence was evaluated in the minimum droplet size study. The mesh adaption

size increased and decreased with the minimum solved droplet diameter. The adaptions

modified the mesh and in practice different meshes were used when adaption size was

changed even the cases utilized the same initial mesh. Running multiple cases was

impossible with available time and resources. Hence, it was decided to use three adaption

sizes and only one mesh. The decision serves better the purpose of the work. The

interest was in the model instead of the nozzle operating principle.
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Figure 4.7. The 2-dimensional mesh was used when the flashing model was tested.

The flashing model was tested with a 2-dimensional mesh to make the testing faster. The

used dimensions were half of the original. The mesh and dimensions are shown in figure

4.7. The maximum cell length was 1 mm. A denser mesh that had a maximum cell length

of 0.3 mm was used inside the pipe and near the nozzle. The mesh had 303 255 cells

and the minimum orthogonal quality was 0.37. The 2-dimensional mesh imitates a cross-

section of 3-dimensional mesh, but the effect of the round pipe is ignored and the situation
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corresponds to a slot flow. In the 2-dimensional mesh, the boiler begins just before the

end of the plate. The region behind the plate was not interesting. The boiler area was

smaller in 2-dimensional mesh, which reduced the cell count and sped up the testing.

4.4 Setup and initial conditions

Default VOF to DPM settings were used as long as they were suitable for the work. Non-

flashing case setup follows the VOF to DPM model description and tutorials. VOF to DPM

model requires the transient solver. Used submodels and settings for the non-flashing

model are described next.

The time-step size needs to be specified when the transient solver is used. Multiphase-

specific adaptive time advancement was used. The time-step size was found based on

the global Courant number. Recommended global Courant number 1 was used to solve

the cases. Global Courant numbers 2 and 3 were tested and documented. The time-step

size is directly proportional to the cell size and Courant number [36]. A small adaption

size produces small time-steps. The used time-steps were around 1e-5 – 1e-6 s. A large

number of time-steps was needed before the sheet found a steady position.

To reduce the time-steps, the black liquor flow was initialized into the pipe 0.3 m away from

the inlet. The black liquor volume fraction was patched to 1 and the x-velocity component

to the inlet velocity. The initialization let the pipe flow have time to develop before the

sheet formed. Outside of the pipe the initial velocity and black liquor volume fraction were

0. All over the domain initial Gauge pressure was 0. The operation pressure was 101

325. Pressure might have caused errors at the beginning of the flow, but those should be

stabilized after some time-steps and not affect the final results. Gravity was ignored.

The pressure-based solver with PISO pressure-velocity coupling was used. Viscous

model, discrete phase model and multiphase model were activated. The viscous model

was turbulent k-omega SST with SBES and WALE. Unsteady particle tracking was used

with the discrete phase model. The used multiphase model was sharp explicit VOF with

implicit body force formulation. In the VOF model, air was the primary phase and black

liquor was the secondary. Without the energy equation, density and viscosity determine

the fluid. Black liquor and air properties are presented in the table 4.1. CSF surface

tension model with a smoothing relaxation factor of 0.5 was used.

Three discrete phase injections were created. All injections had the same settings. Injec-

tion type was single and particle type inert. The only material property that inert particles

require is density. The density must be the same as in the VOF model. The injections

were used in the model transition between VOF and DPM models and they corresponded

to three multiphase transition mechanisms. Those were tiny, tracked and diffusion. Tran-

sition mechanisms were solved in this order. After the particles were converted they could
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Table 4.2. Three model transition mechanisms are used in VOF to DPM model when the
minimum droplet size is 1mm.

Mechanism Tiny Tracked Diffusion

Frequency 50 50 50

Minimum diameter [m] 0 0 0

Maximum diameter 0.001 0.02 1

Radius standard deviation 1e7 0.5 1e7

Radius-surface orthogonality 1e7 0.5 1e7

not affect the following transitions. The settings of the mechanisms are presented in ta-

ble 4.2 DPM particles split factor was large so that a splitting could not happen. While

DPM particles formed, large parcels can split into multiple particles. The feature was not

needed in the work.

Table 4.3. The connection between the minimum solved droplet size and minimum adap-
tive cell volume

Minimum solved droplet diameter [mm] 0.5 1 2

Maximum initial cell length [mm] 8 16 16

Minimum adaptive cell length [mm] 0.25 0.5 1

Used minimum adaptive cell volume [m3] 1.5e-11 1e-10 1e-9

Refinement level 6 6 6

Equation 3.2 gives that the minimum cell volume should be 1.25e-10 m3 if the minimum

solved droplet diameter is 1 mm and refining level 5. The minimum adapted cell volume

of 1e-10 m3 was used. Adaption limits for the minimum solved diameters of 0.5 mm and

2 mm were found in the same way. Those are in table 4.3. The maximum refining level

was 6, so it did not limit the solution. Adaption happened dynamically after every second

time-step. Parallel partition was redone after every 40 time-step. Default VOF to DPM

refining and coarsening cell registers were used, but away from the VOF interface region

was changed to include all cells that were less than 1e-13 instead of 1e-14. The default

value left the mesh to too refined and increased the cell count.

Solver methods for pressure and volume fraction were PRESTO! and geo-reconstruct,

respectively. Other face values were solved with second-order upwind schemes. Settings

optimization and advanced stabilisation were used. Momentum under relaxation factor

(URF) was changed to be 0.75 otherwise the default controls were left. The initial time-

step size was 1e-5 s when the minimum was 1e-6. The minimum and maximum step

change factors were 0.5 and 1.05. A time-step had 10 iterations maximum limit. Conver-

gence was evaluated by locally scaled residuals. A time-step was converged when the

residuals were under 1e-5.
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4.5 Flashing vapour generation and setup

Ansys Fluent provides users to do their own functions that can be included in the model.

In this work, flashing phenomena was added with a user-defined function (UDF). A user-

defined scalar (UDS) was defined to correspond to the vapour mass fraction in the black

liquor phase. The growth of the vapour fraction was based on a source term that was a

positive number if the cell pressure was lower than the saturation pressure and the vapour

fraction was under the maximum. Elsewhere the source term was zero.

Scalar source term can be found from equation 3.5 when density is constant and diffusion

zero. Now the scalar is mass fraction (α).

S =
∂(ρα)

∂t
+

∂ρuα

∂x
(4.1)

Small time and distance steps were assumed and the equation was simplified.

S =
ρ(α +∆α)− ρα

∆t
+

ρu(α +∆α)− ρuα

∆x
=

ρ∆α

∆t
+

ρu∆α

∆x
(4.2)

The equation can be reduced when the definition of velocity was taken into account.

u =
∆x

∆t
(4.3)

S =
ρ∆α

∆t
+

ρ∆α

∆t
= 2ρ

∆α

∆t
(4.4)

The mass fraction time-depending change can be found when the evaporation rate (Ṙ)

was known. The change of mass fraction depends on the change of mass and the total

mass inside the domain. The change of mass depends on evaporation rate and the total

mass can be devided into domain volume (V ) and density.

∆α =
∆m

mtotal

=
ṁ∆t

mtotal

=
ṘV∆t

mtotal

(4.5)

S = 2ρ
ṘV

mtotal

= 2ρ
ṘV

ρV
= 2Ṙ (4.6)

The evaporation rate remains constant over every time-step. The mass fraction can ex-

ceed value 1 if time-steps are relatively large. The scalar was forced to be under the limit.

The limitation was unnecessary with the obtained results, but when vapour mass fraction

went near 1 during the testing the limit was important.

Mass flow rate can be calculated from equation 3.4. The equation was developed for use

of homogeneous fluids. Now only the water can evaporate and dry solids stay inside the
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black liquor. It was complex to find the volume fractions of vapour and water. The density

of vapour is much smaller than black liquor or water. When the vapour mass fraction has

a small increase the volume fraction increases radically. The task becomes even more

difficult with the fact that all vapour does not remain inside the black liquor. The vapour

tends to spread out into the surrounding air. The vapour source term was solved as the

black liquor would be a uniform liquid and only contains water. A mass fraction scale

coefficient was used to scale the vapour mass fraction to correspond to the mixture mass

instead of water mass.

αv,bl = Cαv,water (4.7)

Here αv,water and and αv,bl are vapour mass fractions depending on water and black

liquor. The coefficient is C.

It is unclear how the assumption in the source term affects the vapour mass fraction

field. The volume and total mass where vapour can develop would be smaller without

the assumption that all black liquor volume is water. In reality, vapour formation might

differ from the used source term significantly. Additionally, the black liquor is not a uniform

phase. The water molecules are inside the mixture. It is likely that water vaporizes at

a different rate when the structure of the mixture differs from pure water. Hence, the

reliability of using the pure water source term is weak. However, the task was to develop

a working model and the definition of the coefficients used in equations 3.4 and 4.7 can

be left for the future. A variation of coefficients was tested. The used coefficients were

much smaller than the black liquor water fraction. Vapour mass fraction was decided to

keep low, to reduce density changes and so help convergence. On the other hand in

reality all vapour does not stay within the black liquor.

Black liquor/vapour mixtures density was prescribed to change linearly between black

liquor density and vapour density.

ρ = (1− fv,bl)ρbl + fv,blρv (4.8)

Pure black liquor density (ρbl) was the same as the density in non-flashing case, 1350

kg/m3. Pure vapour density (ρv) could be pressure and temperature depending or con-

stant. Constant value 1 kg/m3 was used in the results. The ideal gas law was tested

because was thought that it could give some flexibility for density. However, the ideal gas

law did not seem to help convergence. Vapour volume fraction (fv,bl) was obtained from

the black liquor vapour mass fraction.

fv,bl =
1−αv

rhobl
1−αv

rhobl
+ αv

rhov

(4.9)

Two black liquor temperatures were tested, 393 K and 398 K and those were compared
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with a case where black liquor properties remain constant. When boiling point rise was 15

K the saturation pressures were 120 292 Pa and 142 662 Pa, respectively. The saturation

pressures were obtained from figure 4.4. The energy equation was not used, so the black

liquor temperature affected only saturation pressure. Material properties and boundary

conditions were collected to table 4.4. Initially, the domain was in the atmospheric pres-

sure and the velocity components, scalar value and black liquor volume fraction were

zero. The mass-flow inlet was used. Mass flow inlet keeps mass flow constant when the

density varies.

Table 4.4. Chosen boundary conditions and black liquor properties for flashing

Case 1 2 3

Inlet velocity [m/s] 6 6 6

Black liquor temperature [K] – 393 398

Outlet pressure [Pa] 101 325 101 325 101 325

Black liquor saturation pressure [Pa] – 120 292 142 662

Surface tension [N/m] 0.6 0.6 0.6

Black liquor density [kg/m3] 1350 1350 1350

Vapour density [kg/m3] 1 1 1

Black liquor/Vapour mixture dynamic viscosity [Pas] 0.2 0.2 0.2

Air density [kg/m3] 0.8 0.8 0.8

Air dynamic viscosity [Pas] 1.78e-5 1.78e-5 1.78e-5

Boiling point rise [K] – 15 15

Jacob number – 12.4 25.3

Reynolds number 810 810 810

Evaporation coefficient – 50 50

Mass fraction scale coefficient – 0.0005 0.0005

Jacob number and Reynolds number were obtained from equations 2.13 and 2.3. The

Jacob number compared to the Reynolds number was not large enough that flashing

would be likely. With the used Reynolds number the Jacob number should be at least

42.5. The Reynolds number was small with a used nozzle diameter that was 20 mm.

With a larger nozzle diameter or higher black liquor temperatures flashing become likely.

In this work, the flashing breakup mechanism was not important, because it could not be

studied with the 2-dimensional geometry. The vapour generation and density changes

were visible with the used values.

Submodels, methods and controls were kept the same as in the non-flashing case, as

long as they were suitable for 2-dimensional calculation. The transition between VOF

and DPM models requires a 3-dimensional solution. DPM particles were ignored. Used

turbulence model, surface tension model and multiphase VOF setup were the same as

in the non-flashing case. PISO solver was used in both. In the flashing case first-order

upwind spatial discretization schemes were used, except in the pressure and volume
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fraction that used PRESTO! and Geo-Reconstruct, respectively. URFs were modified to

obtain convergence.

4.6 The cases calculation

Non-flashing

The solution needed a huge number of time-steps. If the time-step size would have

stayed at the minimum, 1e-6 s, 100 000 time-steps would have been needed to solve

the flow time of 0.1 s. Fortunately, the usual time-step size was larger. Nevertheless,

the calculation was time-consuming. In the beginning, when the number of adapted cells

was small, the time-steps were fast to solve. The number of adapted cells grew with the

expanding sheet and every time-step became slower. The beginning was not interesting,

but it affects the final sheet shape.

To make the sheet form faster, the first 500 times-steps were solved with 1e-8 m3 minimum

adaption volume and without the VOF to DPM transition. At the first stage, the VOF

region remained uniform and the jet did not hit the plate. A larger minimum adaption size

reduced the cell count and increased the time-step size. In the second stage, VOF to

DPM transition was turned on and the minimum adaption volume was decreased to 1e-9

m3. 1000 time-steps were solved with the second adaption level.

After a total of 1500 time-steps, the final adaption level was set and calculating was con-

tinued until the wanted flow time was reached. Sheet development was observed by

looking at the sheet length and the mass that transfer to DPM particles. When the length

becomes constant and the mass transfer rate near the inlet mass rate, the sheet could be

assumed to be developed. The work did not achieve a single case where a sheet would

have been developed.

The cases where the minimum solved droplets size was 1 mm were calculated more than

three weeks with 120 cores, but only a flow time of 0.1 s was achieved. The case with

minimum adaption size of 1 mm was much faster to run and the same flow time was

obtained in around three days. The 10 m/s and 15 m/s cases were stopped around the

flow times of 0.1 s and 0.08 s, respectively. Some time-steps were saved during the

calculation, but the files were memory-intensive. The data and case files together were

almost 10 GB when they were compressed to the h5 file format. The last file in the 15

m/s case was compared with a saved 10 m/s case file that has a similar flow time.

During the calculation hardware resource difficulties were faced and a couple of times the

counting had to stop, save and continue later on. 120 cores were not always available, so

part of the time 80 cores were used in the 10 m/s inlet velocity case. Every run writes its

own VOF to DPM transition file. Those files were combined after calculations.
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Flashing

Testing the flashing model was faster. Only 6 cores were used. Different calculation

orders were tested. The scalar source term and density change were put on at the be-

ginning of the calculation, source term was increased little by little at time when density

changes were on and the source term and density change were put on simultaneously af-

ter the flow was solved. All trials started to diverge when the black liquor density changed.

Absolute pressure received negative values and velocity increased exponentially. Pres-

sure and velocity were tried to limit, but that did not produce physical results.

The cases that are presented in the results are calculated in three parts. First, the flow

was solved with the steady-state solver. The steady-state solution did not include scalar

source term nor density change. After the solution was converged, the transient solver

and scalar source term were put on. The transient solution was run until the scalar field

did not have changes anymore. The third action was to put the density to depend on the

vapour mass fraction. The mass fraction scale coefficient was changed little by little to

reduce fast density changes.

The coefficient steps were between 0.00005–0.0005. Hence, the final value was 0.0005.

The next coefficient was around 0.0001 larger than the previous. A constant flow field was

obtained every time before the coefficient was increased. The field was evaluated based

on maximum UDS value, pressure and velocity inside the domain. Minimum values were

observed too, but only minimum black liquor density had an effect while the convergence

was evaluated. Minimum density comes straight from maximum scalar value, but density

URF slows down the development. When the looked values were almost constant or

oscillated around a value the next coefficient was set.

The transient solver used the same time-step limits as in the non-flashing case. Physical

time-step was around 1e-5 s when global Courant number was 1. The maximum number

of time-steps was 10 when the density was constant. When density change was turned

on the value of density URF had to be decreased radically. That slowed down the conver-

gence of the solution. The maximum number of time-steps was increased to 20. When

the black liquor density was constant default URFs were used. The URF values that were

used with changing density are presented in the results chapter.
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5. RESULTS AND DISCUSSION

5.1 Numerical behaviour

Used minimum droplet size defines the minimum adaptation volume based on function

3.2. If the minimum droplet size was reduced to half, the number of the adapted cells mul-

tiply around by eight. The relation between minimum droplet size and minimum adaptive

cell length is presented in table 4.3. When the number of cells increased the calculation

time increased because of two factors. Firstly, every iteration took more time when the

number of cells was increased. Secondly, with a constant Courant number in the used

Courant number based adaptive time stepping the smallest time step size is directly pro-

portional with the smallest cell size. The smaller the time step size, the longer the overall

simulation time

Table 5.1. Comparison between 1 mm and 2 mm minimum droplet sizes

Minimum droplet size 1 mm 2 mm

Flow time [s] 0.099 0.1

Cell count 35 533 318 1 992 892

Number of time-steps 30 200 8 793

Memory capacity usage [GB] 591.12 16.19

Mass average droplet diameter [mm] 3.62 9.77

VOF to DPM conversion rate [kg/s] 5.36 9.34

Mass storage to sheet [%] 65.0 39.0

Minimum droplet diameter [mm] 1.00 3.62

Maximum droplet diameter [mm] 7.63 17.0

Total particles mass [kg] 0.245 0.458

Total mass of tiny particles [kg] 0.000100 0.000578

Total mass of diffusion particles [kg] 0.00305 0.00928

Nozzle pressure lost [Pa] 97 184 100 181

Table 5.1 presents two cases with similar flow times, one with the minimum resolved

droplet size of 1 mm and the other with 2 mm. From now on MSDD is used short for

the minimum solved droplet diameter. Only the particles converted after flow time 0.08 s

were taken into account when the mean droplet diameter, VOF to DPM conversion rate

and minimum and maximum droplet diameter were defined. Particle masses include all
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that has been transferred to particles during the total flow time. Nozzle pressure loss is

the difference between the inlet and environment pressures at the end flow time.

Decreasing the minimum solved droplet size significantly increases the cell count. At

the same time when a large cell count slows down the iteration time, it consumes more

memory capacity. When 80 cores were used the 1 mm MSDD model crashed due to

memory problems. The 1 mm MSDD case used almost 600 GB memory at the flow

time that is presented in the table 5.1. The memory usage was evaluated with 20 time-

steps after the final flow times. Memory problems together with a large number of time-

consuming time-steps make the model computationally costly to solve. Reaching flow

time of 0.1 s took days with 2 mm MSDD case and many weeks with 1 mm MDS case

when 120 cores were used. The used cluster was a combination of nodes that had 192

GB memory and 40 cores each.

The sheets were not completely developed at the flow time of 0.1 s. Inlet mass flow rate

was 15.3 kg/m3 when the inlet velocity was 10 m/s. VOF to DPM conversion rate in both

cases was much less than the inlet mass flow rate. The material can not disappear, so

the black liquor must be stored in the sheet. In the 2 mm MSDD case 39 % of the inlet

mass was stored in the sheet. The value in the 1 mm MSDD case was much larger, table

5.1. The uniform sheet was observed to extend regularly during the calculation. In the 1

mm MSDD case, the sheet is much wider, figure 5.1. The wider sheet can include more

mass when the thickness is the same. In both cases, VOF lumps transferred mostly to the

tracked particles. The used MSDD values did not limit the conversion. However, minimum

droplet size influenced results indirectly through the minimum cell size. The effect was

significant and the sheet shapes were completely different.

When 2 mm was the minimum possible tracked droplet size and adaption length was 1

mm, the formed minimum droplets were 3.62 mm. The droplets were much larger than

the ones that formed when the MSDD was 1mm. One possible reason for that was found

when the sheet thickness was examined. The 1 mm minimum cell size could not resolve

the sheet accurately enough. Figures 5.2b and 5.2a show that the sheet thins out fast

after the plate and in some regions across the sheet thickness there are no cells with

black liquor at volume fraction of 1. VOF can not resolve the surface physically anymore

when numerical diffusion is too high relative to the local sheet thickness. Because lumps

stayed in the VOF phase and did not convert to diffusion particles, they must include at

least one cell where the black liquor volume fraction was more than 0.9

In the 2 mm MSDD case, the size of the cells can handle only the beginning of the sheet

in the 0° plane and in the 60° plane the sheet was too thin immediately after the plate.

The amount of black liquor was no longer able to fulfill any cell through the thickness of

the sheet. Numerical diffusion spreads material to multiple cells. In the 2 mm MSDD

case formed sheet is nonphysical and waves do not appear. Figure 5.1b illustrates that
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breakup happens through the long tentacle-like structures that eventually break into the

droplets that transfer to the DPM particles.

(a) Minimum droplet size 1 mm, flow time 0.099 s

(b) Minimum droplet size 2 mm, flow time 0.1 s

Figure 5.1. Minimum droplet size has a significant effect on the shape of the sheet.
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(a) Minimum droplet size 1 mm, flow time 0.099 s

(b) Minimum droplet size 2 mm, flow time 0.1 s

Figure 5.2. Black liquor volume fraction on 0° and 60° cross sections

In the case where MSDD was 1mm, mesh resolution was sufficient to solve the sheet

behaviour in the 0° plane. Almost all lumps have pure black liquor cores in 0° plane in

figure 5.2a. The sheet starts to wave and then break up. Some of the liquid cores are

thin or partially non-existent. This is due to numerical diffusion. The sheets in 60° plane

look similar to the sheet in 0° plane in the 2 mm MSDD case. Again the mesh resolution

can not handle the sheet thickness and there is no wave formation. The tentacle-like

structures can be seen as well in figure 5.1a. The structures are now more unclear, and

they are mostly located to the sheet sides.
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The 2 mm and 1 mm MSDD cases were calculated with the same initial mesh and only

the adaption size was different. A short flow time was solved with a smaller initial mesh

and 0.25 mm minimum adapted cell length. The second mesh solved a minimum of 0.5

diameter droplets. The shape of the 0.25 minimum cell length sheet is compared with the

sheets where the minimum cell length are 0.5 mm and 1 mm, figure 5.3. The shape of the

1 mm MSDD sheet is mesh depending. The 0.5 MSDD sheet is rounder and there are no

tentacle-like structures on the side of the sheet. The adaption size of 0.25 seems to be

required to model the shape of the sheet. At the flow time, 0.04082 s 0.25 minimum cell

size case has already 50 551 143 cells and the cell count would likely grow significantly

together with the growing sheet.

(a) MSDD 0.5 mm, minimum adapted cell size
0.25 mm, flow time 0.04082s

(b) MSDD 1 mm, minimum adapted cell size 0.5
mm, flow time 0.04069s

(c) MSDD 2 mm, minimum adapted cell size 1
mm, flow time 0.04014s

Figure 5.3. Three cases with different minimum solved droplet diameter in similar flow
times

Calculation costs limited possibilities to solve more cases or solve the current cases fur-

ther. Computational time could be decreased by decreasing the cell count or increasing

time-step sizes. Only small adjustments to the settings can be done without facing con-

vergence problems. The adaption size must be small, but the cell count could be cut if the

model transition mechanisms are modified so that the VOF lumps transfer easier. When

the transfer limits are strict, a lot of small lumps stayed in the VOF stage. The sheets in

figure 5.1 include a lot of randomly shaped lumps. Minimum droplet size can be larger

than two times the minimum cell length. Lumps that have a diameter smaller than the

MSDD transfer to DPM particles without any sphericity limits. When small structures do
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not stay in the VOF stage, less adapted cells are needed. Another way to help VOF lumps

transfer faster could be changing tracked particles sphericity limits, but that might cause

distorted results.

Apart from the cell count, the time-step size can be increased. Global Courant number

determines the time-step size so that the higher the Courant number the higher the time-

step size. This speeds up the simulations but reduces convergence and robustness. Both

cases were solved with global Courant number 1. When Courant number was 1, time-step

was near 2e-6 s in the case where MSDD was 1 mm and near 1e-5 in the case where

MSDD was 2 mm. In the 2 mm MSDD case, the residual of continuity did not converge

below 1e-3 within ten time-steps. Courant numbers 2 and 3 were tested. Courant number

2 still seemed to work, but 3 did not converge within 10 time-steps even in the 1 mm

MSDD case.

5.2 Effect of inlet velocity

The case where the inlet velocity was 15 m/s was decided to stop at a flow time of 0.088 s.

The VOF to DPM conversion rate was not near the inlet mass flow rate, 22.97 kg/s, and so

the sheet was not developed. Figure 5.4b shows that the average droplet diameter vary

only slightly during the last 0.03 s. With the short time sample it seems that the constant

mean diameter value was reached. However, in the 10 m/s case the Sauter mean droplet

diameter grow during a longer time sample, figure 5.4a. It is likely that in the 15 m/s case

the mean diameter varies at the beginning as well. However, data was not saved before

flow time 0.0537 s and the behavior remains unknown.

0.04 0.06 0.08 0.1
1.5

2

2.5

3

3.5

4

Flow time [s]

S
au

te
rm

ea
n

di
am

et
er

[m
m

]

Cumulative
One VOF to DPM transition

(a) Inlet velocity 10 m/s

0.06 0.07 0.08 0.09

2.5

3

3.5

Flow time [s]

S
au

te
rm

ea
n

di
am

et
er

[m
m

]

Cumulative
One VOF to DPM transition

(b) Inlet velocity 15 m/s

Figure 5.4. Sauter mean diameter vary during the calculation. Only the droplets that
transfer from VOF to DPM are observed.
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Table 5.2. Comparison between 10 m/s and 15 m/s inlet velocities

Inlet velocity 10 m/s 15 m/s

Flow time [s] 0.0874 0.0880

Cell count 31 126 999 51 080 190

Number of time-steps 25 308 22 510

Mass average droplet diameter [mm] 3.51 3.54

Sauter mean diameter [mm] 3.17 3.14

Inlet mass flow [kg/s] 15.3 23.0

VOF to DPM conversion rate [kg/s] 3.60 12.19

Mass storage to sheet [%] 76.5 46.9

Minimum droplet diameter [mm] 1.00 1.00

Maximum droplet diameter [mm] 6.76 7.43

Total particles mass [kg] 0.173 0.500

Total mass of tiny particles [kg] 2.85e-5 9.53e-5

Total mass of diffusion particles [kg] 1.03e-3 3.80e-3

Nozzle pressure lost [Pa] 106 888 173 610

Plate end 0° sheet thickness [m] 0.012 0.013

Plate end 30° sheet thickness [m] 0.0070 0.0065

Plate end 60° sheet thickness [m] 0.0035 0.0035

Breakup angle 4-5° 4-5°

Only some of the VOF to DPM transition are plotted in figures 5.4a and 5.4b. The cumu-

lative curve takes into account all droplets that are formed in 10 m/s and 15 m/s cases

after 0.0258 and 0.0537 s, respectively. The small droplets at the beginning in the 10 m/s

case affects the behaviour of the cumulative curve behaviour in later stages. The 10 m/s

case cumulative curve would look more steady if only flow times 0.055–0.088 are taken

into account.

VOF to DPM transition happens after every 50th time-step. The period of one transition

was short. Small droplets have been formed in periods near two flow times (0.08 s and

0.09 s) in 15 m/s case. In similar times larger droplets are formed. That might be just a

change because of the short periods. However, it would be interesting to continue to run

the calculation and look if any patterns appear. For example, the wavelength could be

found. In 10 m/s case a lot of small droplets are formed near the flow time of 0.1 s. The

behaviour could be interesting to solve further.

Before the sheet is developed the droplet sizes and sheet shapes might differ from the

final sizes and shapes. The first region must push the stationary ambient air. Some of

the kinetic energy is lost when the spray interacts with the air. When the inlet velocity is

higher the sheet might develop in a shorter time. Faster flow includes more kinetic energy

and moves air further at the same time. Graphs 5.4a and 5.4b together with the VOF

to DPM conversion rates indicate that the sheet was more developed in the case where
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inlet velocity was 15 m/s. The growth of the conversion rate in the 10 m/s case is easy to

notice when tables 5.1 and 5.2 are compared. The rate is higher at flow time of 0.8–0.99

s than at the flow time of 0.55–0.88 s.

The the longest run of 15 m/s case and comparable 10 m/s case are compared in table

5.2. The mass average diameter, Sauter mean diameter, VOF to DPM conversion rate

and minimum and maximum diameters were found with DPM parcels that formed between

flow times 0.055 s and 0.088 s. Sauter mean diameter is slightly larger in the 10 m/s case.

Based on table 4.1, the Sauter mean diameter should be larger in the 10 m/s case and the

difference between the cases should be larger. Both Sauter mean diameters are much

larger than the estimated. The difference between the cases might change if more flow

time would be included. Sauter mean diameter seems to still grow in the 10 m/s case but

not in the 15 m/s case.

Numerical accuracy might cause the major error in Sauter mean diameters. Minimum

droplet size review showed that when the mesh resolution is not sufficient, too large

droplets are formed. In both cases, nonphysical long tentacle-like structures are formed,

figure 5.5. The shapes of the sheets indicate that the mesh was not dense enough. If

only the area that was 0.2 m away from the centre to sheet width direction was looked at,

the Sauter mean diameter becomes smaller. Less tentacle-like structures are formed in

that area. In 10 m/s case the Sauter mean diameter near the centre was 2.62 mm and in

15 m/s case 2.55 mm. Droplets might be smaller in that area because velocity was higher

near the centre. Hence, the mesh dependence is still unsure and more studies should be

made.

Based on the Reynolds number, both cases are in a transition region between the lami-

nar and turbulent flow. Turbulence should cause rim breakup and perforation. Sheets in

figure 5.5 are non-uniform and the rims break up all around. The pure rim breakup pro-

duces thicker rims. Now the sheet thickness decreases away from the plate middle line in

both cases, table 5.2. Hence, the sheet behaviour does not correspond to rim breakup.

Both sheets seem to be fully perforated. The sheets did not break only at the rims, but

holes were formed inside the sheets. However, the perforation is difficult to separate

from tentacle-like structures that were caused by mesh resolution, but the perforation is

visible in the middle of the sheets. When only the sheet is under examination, no clear

differences between the breakup mechanisms could identify. The only significant differ-

ence in the images is the distance that droplets have travelled and the sheet have been

expanded.

Figure 5.6 shows that in the 15 m/s case the sheet breaks at the side of the plate almost

immediately after the plate. In the 10 m/s case sheet sides stays uniform a little longer.

The rims become very thin and the cohesive forces can not hold the sheet uniform. The

opening angle is more than 90°, in both cases. Large opening angle spreads black liquor



46

(a) Inlet velocity 10 m/s, flow time 0.0874 s

(b) Inlet velocity 15 m/s, flow time 0.088 s

Figure 5.5. Inlet velocity affects the sheet shape.
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Figure 5.6. In the 15 m/s case, the sheet rim breaks after the plate.

widely and causes the thin sheet. Nozzle shape and black liquor material properties could

cause a large opening angle and perforation, but more tests are needed to confirm that

the cases correspond to the physical behaviour.

A large opening angle and small surface tension could cause a wide black liquor sheet.

Small surface tension could cause perforation. On the other hand, if the value of surface

tension is larger the droplets stay together better and larger droplets will form. The cor-

rect value for the surface tension was unsure and that might affect the nozzle operation.

Surface tension is a parameter in correlation 2.8, so the estimated Sauter mean diam-

eter includes the effect of surface tension. The used nozzle geometry is designed for

the flashing conditions. Now the flashing phenomenon is ignored. In flashing conditions

sheet would be ticker and break up faster. The non-flashing model can not be compared

with the operating nozzles that include flashing. Table 5.2 shows the sheet plate end

thicknesses in different angles. Thickness profiles were almost the same in both cases.

That is interesting because the plate impact in the 15 m/s case should have more kinetic

energy that could spread the sheet wider. Both sheets have a large opening angle, so the

maximum width that the nozzle could produce could have been reached.

Even if the sheets were perforated in both cases some long VOF structures stay together

far from the nozzle. Therefore, the cell count becomes larger when the sheet spread. A

larger sheet in 15 m/s case causes much more cells. The cell count is presented in table

5.2. Flow time is less in 10 m/s case, but it used more time-steps. The same adaption

size and global Courant number were used in both, so the difference in the time-steps

seems to be incorrect. The error might come from the beginning of the 10 m/s case. The

10 m/s was the first case that was solved and the case was initialized by hand. Same time

when initialization was done some tests were run. The test might have added time-steps.

Later cases were run with the same script file. Time-step count might be little incorrect in
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Figure 5.7. Droplet size distribution with two inlet velocities, droplets were formed be-
tween flow times 0.055 s and 0.088 s

Table 5.3. Rosin-Rammler and normal distributions coefficients

10 m/s 15 m/s

Rosin-Rammler Size constant 4.04 4.11

Size distribution parameter 3.89 3.54

Normal Distribution Mean value 3.51 3.54

Weight term 1.07 1.19

table 5.1 as well. The time-step count should not affect other values.

Together with the long structures lot of small lumps stay in VOF form in the cases. A

larger minimum droplet size could make the lumps convert easier. The recommended

minimum droplet size was half of the Sauter mean diameter. Now it should be around

1.75 mm, but 1 mm was used. Much more than wanted 90 % of total mass were captured

to track particles, table 5.2. That indicates the same as the mesh adaption size study.

The minimum droplet size should be larger than two times the minimum adaption size.

The diffusion particles include only a small amount of mass and that would become even

smaller with a denser mess that is needed to reduce the numerical errors. Total mass,

tiny particle mass and diffusion particle mass in table 5.2 includes all droplets that were

formed from start to the flow time that is presented in the table.
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Figure 5.8. Cumulative droplets mass distribution

The droplet size distributions are presented in figure 5.7. Distributions are similar in both

cases. The 15 m/s case includes some larger droplets and the graph rises more gently.

Coefficients for the normal and Rosin-Rammler distributions are presented in table 5.3.

The distributions are visualized in figure 5.8. The mean value for normal size distribution

is mass-weighted average droplet size. The distributions follow the data nicely and the

parameters are similar in both cases. The data differ from correlations only at the small

diameters and it is probably caused because droplets were forced to be over 1 mm in the

data. Inlet velocity does not affect droplet size distribution significantly in this study. The

results were not expected. The size distributions were likely caused by numerical diffusion

and the behaviour probably did not correspond to the physical behaviour of black liquor.

The velocity is studied to change the droplet mean size and velocity profiles that did not

happen now. More cases should be run to confirm the conclusion.

Higher inlet velocity caused more pressure losses. The difference between inlet pressure

and atmospheric pressure is the nozzle pressure loss. Pressure losses at table 5.2 are

similar to expected losses at table 4.1. The flow inside the pipe should be fully developed.

Inside the pipe, only VOF model was used and it is widely tested and work as expected

when the mesh is sufficient. The mesh was not done to model exact features inside the

pipe, but the accuracy of the pipe flow can be assumed to be sufficient. Black liquor flows

have a low Reynolds number and level of turbulence. Mesh size inside the pipe can be

coarser when there are no turbulent eddies that need to be taken into account.

Droplet velocity distribution is shown in figure 5.9 and droplet forming position is shown in

figure 5.10. Domain and directions are in figure 4.5. The coordinate of the midpoint of the

nozzle pipe exit is in y- and z-directions 0 and in x-direction 0.4. Velocities in the figure

are velocity magnitudes. Observed flow time is 0.055–0.088 s. During the time range, 7

460 droplets are formed in 10 m/s case and 28 134 in 15 m/s case. The VOF to DPM
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Figure 5.9. Black liquor droplet initial velocity profiles in x- and y-directions
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Figure 5.10. Black liquor droplet forming position in xz-plane



51

conversion rate was much higher in the 15 m/s case where the sheet was spread further.

Therefore, only every twentieth droplet is plotted in 15 m/s case and every tenth in 10 m/s

case.

The shapes of the profiles are similar in both cases. The fastest droplets are formed near

the centre line. Inside the Y-position velocity profiles is a heart-shaped area where no

droplets are formed. The area is more visible in the 10 m/s case but it is in the 15 m/s

case as well. The shape was formed because some droplets that have velocity under

the inlet velocity were formed near the nozzle at the centre line. It is interesting why the

droplets have formed only near the centre line but not all over the nozzle exit. Otherwise,

the velocity profile looks as expected when slower droplets have formed on the side. The

slowest droplets have formed next to the plate. Figures 5.10a and 5.10b nicely shows how

the sheets have bent downwards. Gravitation was ignored, so the flow variables caused

the bending.

The 15 m/s case was spread widely and droplets are faster in it. In the 15 m/s case, some

droplets formed which had velocities of more than 25 m/s. Those velocities were as high

as 40 m/s and they formed only around y-positions 0.25 m and -0.25 m and x-position

0.25 m. The positions are on the side of the plate next to the nozzle end. The fastest

and the slowest droplets are formed in the same place. The nozzle joins to the plate

with a sharp angle in that area. A sharp angle might cause numerical errors, but it also

might change the physical velocity. More studies need to be done to verify the fast droplet

formation mechanism.

5.3 Flashing vapour generation model

The solution diverges easily. The URF values that were used when a converged solution

was reached are presented in table 5.4. In order to keep the solution from diverging, the

density URF was decreased to 0.001. Even the vapour mass fraction scale coefficient

was increased with small steps the maximum pressure has a large jump whenever the

coefficient was changed. With used URFs the maximum pressure recovers after some

time-steps.

Used density URF was very small. The solution diverges almost every time when larger

values where used. The case where black liquor temperature was 393 K was able to run

with a density URF of 0.1 after a steady flow field was generated. Increasing the URF did

not significantly affect to results and the flow values remained almost constants. When

black liquor temperature was 398 and mass fraction scale coefficient 0.0005 density URF

0.001 was the highest value which produced a solution that converged. Mass fraction

scale coefficient 0.0005 was the highest that was used because when it was increased

the 398 K case did not converge anymore with the used URFs. To make the model robust

pressure and density should be solved separately or the values should be relaxed more.
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Table 5.4. Used URF values

Variable URF

Pressure 0.2

Density 0.0001

Body forces 1

Momentum 0.3

Volume fraction 0.6

Turbulent kinetic energy 0.7

Specific dissipation rate 0.7

Turbulent Viscosity 0.9

User scalar 1

The results correspond to a situation where flow is in a steady state. The solution was

solved with a transient solver, but fast density changes were eliminated with a small URF.

The calculation was run until constant flow variables were reached. The results do not

correspond to the real nozzle behaviour if the density field changes as a function of time.

Sheet formation and pipe flow are 3-dimensional phenomena. Hence, the 2-dimensional

mesh can not model the sheet nor the pipe flow correctly. The result represents flow in a

wide gap instead of a pipe. Figure 5.11 present the UDS values. Now UDS correspond

to the vapour mass fraction inside the black liquor phase. The maximum vapour mass

fractions inside the domain in 393 K and 398 K cases were 0.133 and 0.173, respectively.
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Figure 5.11. Vapour mass fractions scalar values with two black liquor temperatures
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Black liquor temperatures affect only vapour saturation pressure because the energy

equation was not used. Temperatures 393 K and 398 K correspond to saturation pres-

sures 120 292 Pa and 142 662 Pa, respectively. Figure 5.11 shows that vapour generates

only outside of the nozzle when black liquor temperature was 393 K. Hence, the pressure

inside the nozzle was higher than the 393 K saturation pressure. The evaporation occurs

evenly throughout the jet. The 2-dimensional domain corresponds to a situation where

the jet is infinitely wide. The jet can not spread but remains the constant size of nozzle

weight.

When black liquor temperature was 398 K vapour generation starts middle of the nozzle.

The Vapour mass fraction was larger near the nozzle walls than in the middle of the

nozzle. The flow velocity was slower near the walls and vapour has more time to generate

there. The jet evaporation happens similarly in both temperatures. The vapour mass

fraction obtained higher values when black liquor temperature was 398 K because the

vapour begins to form earlier in the nozzle. Additionally, the vapour should generate

faster when the black liquor temperature was 398 K when the pressure difference between

saturation and atmospheric pressures was higher.

Overall evaporation happens slowly and the maximum vapour mass fractions were small.

The evaporation rate could be increased by increasing the evaporation coefficient from

the value of 50 that was used. The used coefficient was typical of single-component

liquids, but now black liquor has large dry solids content that might change the coefficient.

Additionally, typical nuclei volume fraction and diameter were used. With black liquor,

those can differ significantly from the typical values. More tests should be done to find the

values that correspond to the physical behaviour of the black liquor.

In figure 5.12 the cases with flashing are compared with a situation where black liquor

density was constant of 1350 kg/m3. Pressure and velocity fields are similar in all plots.

Used geometry accelerates the flow. In all cases, inlet velocity and plate velocity are 6 m/s

and 11 m/s, respectively. That makes the dimensionless velocity to be 1.8. Dimensionless

velocity should be zero when density is constant and flashing does not occur. To be able

to model the accelerating due to the flashing, 2-dimensional geometry should be changed

to correspond to the nozzle flow or 3-dimensional mesh should be used.

Used coefficients changed black liquor density slightly. In flashing, rapid density change

inside the nozzle accelerates the flow. To model the flashing phenomenon, the case

where black liquor temperature was 398 K should have been made to converge with

higher coefficients. The acceleration is the only factor that can cause flashing breakup

when the vapour bubbles and changes in surface tension and viscosity are ignored. A

faster jet should produce smaller droplets.

With the used robust settings and low vapour formation, the density change does not

have any significant impact on the flow field. The pressure near the upper wall of the
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Figure 5.12. The effect of changing density is compared to the constant density. Two
black liquor temperatures were tested.

nozzle bend was slightly higher when black liquor temperature was 398 K. Density change

increases nozzle pressure losses. In all three cases, a low-pressure area was formed at

the plate end, but it has been left out from the pressure contour plots. The minimum

absolute pressure was around 76 kPa in all cases.

After the nozzle density changes did not have any impact on the flow characteristic. The

changes were so small that jet thickness and velocity remain near constant. The flashing

sheet should be thicker than the non-flashing when the sheet includes vapour bubbles. A

thicker sheet can not now be detected mainly due to differences between 2-dimensional

and 3-dimensional models. In the case where black liquor temperature was 398 K, the jet

seems to be thinner in figure 5.12.

The thinner sheet in the 398 K density plot was caused by diffusion. When the cell

contains both phases black liquor and air, the total cell density became lower than the

black liquor density. The density contour plots include only the cells where density is

more than 1200 kg/m3. Therefore, the cells where the black liquor fraction is small are not

included in the plots. Black liquor was diffused to the larger area in the case where black

liquor temperature was 398 K. Black liquor minimum density for temperatures 393 K and

398 K was 1240 kg/m3 and 1209 kg/m3, respectively.
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5.4 Future work

A model that would be suitable for industrial use could not be developed within the avail-

able resources. Two major issues were faced. The model was computationally expensive

and black liquor flashing was complex to add. The non-flashing model seems to work

nicely, but not enough tests were able to be run. With a supercomputer or 120 cores and

several months, more test cases could have been solved. None of the cases was solved

to the flow time where the sheet was fully developed. A complete sheet formation would

be important to be solved in the future. The droplet size distribution and sheet length

could be observed during the sheet development. If only size distribution is the object of

interest the calculation can stop when it becomes constant. However, first should ensure

that the distribution does not change after once get a constant value.

Only two inlet conditions were tested. Hence, more cases should be solved to confirm the

operation of the model. The tests should be done with a minimum adaption size of 0.25

mm or smaller. To make the calculation faster the minimum droplet size could be larger

than 0.5 mm and the global Courant number larger than 1. Additionally, the cases where

inlet velocity was 10 m/s and 15 m/s should be solved with a smaller minimum adaption

size. Now the mesh causes inaccurate results.

The black liquor properties should be tested too. Change in viscosity, density or surface

tension should affect droplet size distribution. The effect should be the same in real life

and the model. Those values are now easy to change and the only problem is total

simulation time. It is presumptive that the VOF to DPM model and hardware resources

will be developed in the future and probably will become faster to use. After enough test

cases have been solved, the solver settings can be modified based on the result analyses.

After the model is validated to work with different inlet parameters and black liquor proper-

ties, different nozzle geometries should be tested. The final target is to have a model that

solves the flow profile and formed droplets when inlet parameters are nozzle geometry,

black liquor properties and inlet velocity. The journal that has been done in this work can

be utilized while more test cases will run. The journal took black liquor properties, inlet

velocity and the mesh as inlet parameters. The mesh was done manually because only

one mesh was used. The meshing process could be scripted in the future.

The model does not look at the effect of the boiler environment. Black liquor is a complex

mixture with properties that depend on temperature. As the boiler temperature is higher

than the liquid inlet temperature, there will be heat transfer to black liquor. When the

liquor warms up the material properties change. Additionally, in the boiler, there are air

flows that might affect sheet formation. Those factors were assumed to be insignificant.

To make sure that assumptions are reliable enough, the results should be compared with

the used nozzle real-life behaviour. However, the sheet breakup took much less than 1 s
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so heat transfer should not have a major impact.

The most complex future task is to develop the flashing vapour generation model. The

straight physics-based multi-phase model should be possible but will need a huge amount

of hardware resources to be solved. In practice, a fully physical flashing model for black

liquor is not likely to be possible. Therefore, a correlation-based model needs to be de-

veloped. Barotropic material based vapour generation model faced difficulties when pres-

sure and density both were variables. The model diverges if pressure and density have

changed at the same time.

The vapour generation model could be developed further or a completely new model

could be created. The new model could utilize the black liquor foam like characteristic or

the effect of vapour bubbles. Vapour bubbles accelerate and break the flow. Those could

be added without modelling the exact shape of the vapour bubbles and their growth. This

is hard to accomplish with the used explicit VOF formulation. The value of surface tension

and black liquor viscosity could be the vapour mass fraction depended. Additionally, the

energy equation could be used and heat values could be taken into account. The effect

of latent heat was now ignored and its effect is not known.

The current vapour generation model needs to be improved before being used with the

full 3-dimensional VOF to DPM. When black liquor density changes in the VOF phase,

the DPM particles will also be density depended. It needs to be studied how to connect

VOF to DPM when the material density changes. Now, default model coefficients were

used. To make the vapour field correspond to the actual situation, the coefficients need

to be optimized. However, converge problems must be solved first and the model needs

to be made to work with a 3-dimensional mesh. The model needs to be robust enough

to converge every time without a need to change the residuals or coefficients during

the calculation. The density URF must be allowed to be larger so that the model could

respond to the density changes inside the nozzle.
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6. CONCLUSION

The possibilities for modelling black liquor splash plate nozzle flow numerically was eval-

uated in the work. In the future, numerical modelling could be used to find droplet size

distribution. The size distribution is the key variable to optimize the recovery boiler oper-

ations. The VOF to DPM model was used with the nozzle geometry. The non-flashing

model was easy to implement and it converged nicely. However, modern large scale

recovery boilers typically operate in flashing conditions. The model needs to include

flashing vapour generation. In the work, a rough flashing vapour generation model was

developed.

The non-flashing model was tested with three minimum droplet sizes and two inlet ve-

locities. The calculations were time-consuming to solve and needed a lot of hardware

resources. To solve flow time of 0.1 s took more than three weeks with 120 cores and 1

mm minimum droplet size. Additionally, the model requires a good amount of memory ca-

pacity. No cases where the sheet was fully developed were able to be solved. The model

needs to be tested more before commercial use for black liquor droplet size estimation.

The minimum droplet size study found that the minimum mesh adaption size must be at

least 0.25 mm. Previously, the adaptation size was recommended depending only on

the minimum solved droplet diameter, but the work found that the adaptation should be

linked to the thickness of the sheet. The mesh resolution was unable to solve the sheet

thickness when the minimum adaption cell length was 0.5 mm or 1 mm. The VOF model

can not solve the sheet accurately if across the sheet thickness there are no cells with

a black liquor volume fraction of 1. When the minimum adaption cell length was 1 mm

the sheet was diffused everywhere and when the length was 0.5 mm the sheet centre

line was suitable but rims were not. The minimum adaption size has a great impact on

the droplet size distribution and sheet formation. With a coarse resolution mean droplet

size was larger than the mean size of a more physical looking sheet. The used nozzle

diameter was 38 mm.

Inlet velocities 10 m/s and 15 m/s were calculated with the minimum adaption size of

0.5. The results probably included numerical inaccuracies, because the sheet resolution

was insufficient. The droplet size and velocity distributions were very similar for both inlet

velocities. No remarkable differences between the cases were discovered. The cases
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should be resolved with a smaller minimum adaption size which would be computationally

more costly. Computational requirements can be slightly reduced if the minimum droplet

size is bigger than two times the minimum adaption size. The minimum solved droplet

size should be half of the expected Sauter mean diameter, so the value around 1–1.5 mm

could be used next. The global Courant number could be 2 instead of 1. After VOF to

DPM model and hardware resources are improved the non-flashing model is simple to

calculate.

The flashing vapour generation model was tested only with 2-dimensional mesh. The

model had convergence problems and the results were qualitative. Here, the model was

based on the assumption that the black liquor and vapour mixture was a barotropic fluid.

Modelling the vapour bubbles directly with VOF would require extremely dense mesh

because the surface of the bubbles needs to be resolved. A new model needs to be

developed before the flashing breakup mechanism can be added to the VOF to DPM

model. The barotropic assumption can be used, but the convergence problems must be

solved and coefficients must be made to correspond to the black liquor behaviour. The

flashing model needs a lot of development work before it can be used.
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