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ABSTRACT

The evaporation of black liquor is an important and energy intense unit operation in the
chemical recovery cycle of a Kraft pulp mill. Black liquor has a high content of sodium
carbonate and sodium sulphate and, as the liquor becomes concentrated to above about 50%
dry solids content, these salts start to crystallize and can form scales on the heat transfer
surface, thereby decreasing the performance of the evaporator. Process disturbances due to
sodium salt scaling are common and regular cleaning is normally needed to maintain the
operation.

In this thesis, the formation of sodium salt scales has been studied experimentally on a pilot
scale (using one 4.5 m long evaporator tube), with the focus placed on investigating the
influence of the dry solids content and the bulk crystal population. A method for separating
crystals (using a hydrocyclone) was developed so that the changes that were required in the
studies could be made to the bulk crystal population in the evaporator. The dissolution of
scales was also studied experimentally and an evaporator cleaning model was developed to
simulate and evaluate industrial cleaning.

The measurements showed that the scaling rate is tenfold greater during primary nucleation
of the sodium salts compared with continuous crystallisation (when crystals are available).
This is mainly due to the high degree of supersaturation in the former, which causes a rapid
initiation of scaling on the majority of the heat transfer surface. Bulk crystals are required
to stop the high scaling rate during primary nucleation: all crystallization will otherwise
take place on the heat transfer surface. It is therefore important to feed the evaporator with
crystals during start-up after cleaning in order to minimize the risk of substantial scaling
occurring before it is even back in normal operation.

Provided that a minimum amount of bulk crystals is available during normal operation
(continuous crystallization), it was found that a further increase in the amount of bulk
crystals will not decrease the scaling rate. The larger crystals contribute to a lower degree
of scaling and are therefore more important in the system than the smaller crystals. It was
also found that scaling is not a substantial problem when operating at a very high dry solids
content (70-90%), which is probably due to the high content of bulk crystals.

The capacity of the evaporator can be improved by avoiding unnecessary and inadequate
cleaning. Cleaning can be improved by taking a systematic approach: the overall heat
transfer coefficient can be used to decide when cleaning is necessary, and the boiling point
rise is a good measure for monitoring the performance of the cleaning operation and to
decide when the evaporator is clean.

Keywords: scaling, crystallization fouling, black liquor, sodium carbonate, sodium
sulphate, falling film evaporation, evaporator cleaning, solid dissolution.
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Introduction

Nowadays, all sectors of industry compete in a global market, which means that
productivity and product value must be improved continuously to avoid risking failure.
Simultaneously, environmental issues exert pressure emissions to be minimized and
resource efficiency improved. In common with other industries, the pulp and paper industry
has developed towards fewer and larger mills. These factors, combined with rapid technical
development, have resulted in the process equipment now being larger, more complex and
more efficient. The operation of the processes, in turn, becomes more complex and there is
a smaller margin for failure or disturbances. It is very important that all process equipment
has high availability and low maintenance costs to maintain a high level of productivity.

The same driving forces, 1.e. productivity levels and environmental issues, also favour
increased energy efficiency. Selling more of the energy or material streams in the form of
products allows less to be used internally; the alternative of buying (more) fuels instead of
improving efficiency is less attractive from an environmental perspective. These techno-
economic systems are of course very complex and hard to predict. However, the general
trend remains: the driving force is for the process equipment to have greater efficiency and
availability. This thesis addresses one of the most important issues that affects the black
liquor evaporation plant, one of the most steam-consuming units of a Kraft pulp mill.

1.1 Background

The pulp and paper industry is an important actor on the global market (Diesen, 1998).
Generally speaking, this sector is comprised of companies using wood to produce cellulose-
based materials such as paper and boards. This conversion is energy intense but, due to
utilization of residual streams, including bark and black liquor, pulp and paper mills can
not only satisfy at least a part of their own energy needs but also sell energy or fuels at
times. In 2005 the pulp and paper industry was the fourth largest sector in the world in
terms of energy (IEA, 2008). From a Swedish perspective, the forest industry has been
important to the economy for a long time: the pulp and paper industry here uses 52% of the
total amount of energy consumed in the industrial sector (Energimyndigheten, 2013).

The pulp and paper industry is searching for new opportunities to increase product value
and income in order to improve competitiveness. The sector is also aware of the possibility
of offering a renewable alternative to all products and fuels that are currently produced
from fossil resources. The term “biorefinery” is used as an analogy for oil refinery, which
means that green products and energy are produced from wood (Alén, 2011). Together with
the development of the biorefinery concept, research and development has also been
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focusing on how to improve the efficiency of the processes to save energy. Here, it is also
important to integrate the processes internally within the mill, and maybe also with other
industries in the vicinity, in order to achieve an overall high efficiency (Sandén &
Pettersson, 2014).

1.2 Kraft pulping and chemical recovery

There are two main types of processes for producing pulp: mechanical and chemical
pulping. The predominant process used in the latter is called Kraft pulping, and is shown
schematically in Figure 1.1. The first step is the wood handling, where the logs are debarked
and cut into chips. These are then cooked in a water solution of sodium hydroxide and
sodium sulphide called white liquor. Cooking disintegrates the wood and liberates the fibres
within it. After washing, these fibres are bleached and treated further to obtain a pulp with
the properties desired. Pulp that is not to be used directly on site, for example to produce
paper or board, is dried and baled so that it may be transported (Gullichsen & Fogelholm,
1999).

Oxygen " "
delignification Fibre Line

Bleaching

Screening
‘Washing

Electro- o
static S
precip.

Power boiler

i
Slaker - Green
- liquor
1 filter

Recovery Cycle

‘White liquor
filter

Figure 1.1 Process flow diagram of the Kraft pulping process. Courtesy of Valmet (2015).

The three main components of wood are cellulose, hemicellulose and lignin. As a rule of
thumb, each contribute to one third of the wood, although this varies depending on the
species and growth conditions of the tree. The principle of chemical pulping is to dissolve
as much of the lignin as possible to free the fibres, doing as little damage as possible. The
resulting pulp (i.e. fibres) will then consist mainly of cellulose and some hemicellulose.
The part of the wood that is dissolved (i.e. mainly lignin) will remain in the spent white
liquor, which is separated from the pulp in the washing step. This spent liquor is called
black liquor and consists of about 85% water. It is important, for economic and
environmental reasons, to recover the energy and chemicals in the black liquor. This is
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done in a process called the recovery cycle (Green & Hough, 1992). which comprises the
following principle unit operations:

e Evaporating black liquor to make it concentrated and combustible

e Combusting black liquor in the recovery boiler to (i) recovery energy from the
organic fraction and (ii) produce sodium carbonate and sodium sulphide (green
liquor)

e Causticizing sodium carbonate into sodium hydroxide using lime, i.e. producing
new white liquor

e Regenerating lime in the lime kiln

In the evaporation plant, the black liquor is concentrated from a dry solids content of about
15% to 75%. Thereafter it is combusted in the recovery boiler to produce steam and
electricity that are used in the processes. Modern pulp mills, however, produce more
electricity and heat than is required for the process (Gullichsen & Fogelholm, 1999). The
evaporation plant is normally the largest consumer of process heat at the pulp mill:
Axelsson, Olsson and Berntsson (2006) found that the evaporation plant and the condensate
stripper used together 29% of the steam produced.

The most common type of evaporator employed in Kraft mills is the multiple stage falling
film evaporator. Multiple stage means that a number of heat exchangers are connected in
series, which allows evaporated steam to be reused from stage to stage, thereby reducing
the primary steam demand: the whole plant becomes more energy efficient. New plants
normally have 6-7 stages, where the concentration of the black liquor increases
successively. Each heat exchanger (stage), normally called an effect, has a thin falling film
of black liquor that evaporates on the heat transfer surface, which is heated by steam
condensing on its other side (Gullichsen & Fogelholm, 1999).

1.3 Fouling in black liquor evaporators

It 1s important, in all heat exchangers, that the transfer of heat between the evaporating
black liquor and the heating steam is sufficient if the capacity of the equipment is to be
maintained. Black liquor is a complex solution of organic and inorganic compounds: it has
the potential of adhering to the heat transfer surface and thus decreasing the heat transfer.
If such fouling is not removed, it will eventually cause the failure of the whole evaporator
plant and, ultimately, the entire mill.

The most common causes of organic fouling are lignin, soap and fibres, although they
mainly cause problems when there are malfunctions in other parts of the mill. Lignin will
stay in solution as long as the pH levels are not significantly decreased, whereas soap and
fibre fouling is common if the upstream separation equipment fails (i.e. soap skimming and
wash filters). The effects with medium concentrations (2, 3 and 4) are usually those that
are fouled (Gullichsen & Fogelholm, 1999).

When the solubility limit is exceeded, the inorganic salts present in black liquor have the
potential of crystallizing to form scales on the heat transfer surface. Such fouling, or

3
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scaling, is common and quite complicated to control. There are three main type of scales
that form in black liquor evaporators (Gullichsen & Fogelholm, 1999):

e (Calcium scales
e Aluminium or silicate scales (or other non-process elements)
e Sodium scales

Calcium 1s used to prepare white liquor in the causticizing plant. Efficient white liquor
settling or filtering is important in achieving a low content of calcium in the black liquor.
Calcium is bound to organic components in black liquor, making calcium scaling sensitive
to temperature. When a temperature of 90-130°C is reached, the calcium ions become free
and can potentially form calcium carbonate on the heat transfer surfaces; either acid
washing or hydroblasting is often needed to remove the calcium scales thus formed
(Gullichsen & Fogelholm, 1999). If the extent of calcium scaling is such that significant
problems are experienced, a method can be employed whereby the liquor is heated to 110-
145°C for 1-20 minutes to allow it to precipitate before being fed into the evaporator plant
(Eneberg, Kaila & Kiiskila, 2002).

Aluminium silicate scales (or salts containing other non-process elements) grow very
slowly due to the low concentration of these elements. On the other hand, they are very
hard and glass-like, which makes them difficult to remove. Avoiding the accumulation of
non-process elements means these type of scales can normally be avoided (Gullichsen &
Fogelholm, 1999).

Figure 1.2. Example of scaling in a black liqguor evaporator. Courtesy of Valmet (2015).

In contrast to calcium and non-process elements, the sodium content of black liquor cannot
be reduced since sodium is an essential part of the Kraft process. Scaling caused by sodium
is therefore very common and most mills cannot avoid it: the situation is addressed by
having routines for its management. Sodium scales normally consist of double salts of
sodium carbonate and sodium sulphate; it is in the part of the plant with the highest
concentrations that their solubility is exceeded. Due to the high concentrations of these salts
in black liquor, scaling can occur very rapidly and the evaporator can lose almost all its

4



Chapter 1. Introduction

capacity in a matter of hours if operated incorrectly. Fortunately, sodium scales are water
soluble and relatively easy to remove. There are also other sodium salts that can cause
scaling, for example sodium oxalate, but they are less common (Gullichsen & Fogelholm,
1999). Throughout this thesis, the terms sodium salts and sodium scales refer to sodium
carbonate and sodium sulphate salts, respectively.

1.4 Previous work

In an early study by Grace (1975), the extent of scaling in industrial evaporators was
mapped. Grace (1976) was then first to measure the solubility of sodium carbonate and
sodium sulphate in black liquor, and used it as a tool to understand evaporator scaling. He
defined, for example, “critical solids”, a term that is commonly used. The exact definition
is, however, unclear as it can have two slightly different meanings: in Grace (1975) it is
defined as “the solids (content) level at which it (the liquor) just becomes saturated with
respect to NaxCOj3 and Na;SO4”, while in Grace (1976) it is referred as “the critical liquor
solids content for the onset of Na>CO3+Na>SO4 precipitation”. Crystallization and
precipitation normally start once the concentration is supersaturated (see Section 3.1): the
dry solids content will therefore be greater than if the definition used is the dry solids
content when the solubility limit is exceeded. Nevertheless, the concept of critical solids
clarified in which evaporator effect(s) scaling could be expected, and is in general use
today. Grace also found the most common type of sodium scale that was formed to be the
crystal species burkeite (Na;CO3-2Na;SOs4). Other early studies were made by Novak
(1979), Sandquist (1983) and Soderhjelm, Virkola and Fagerstrom (1985), who all
conducted evaporation experiments to study scaling.

The early studies mainly considered long-tube vertical (LTV) rising-film evaporators,
which were common at that time, but they were, however, sensitive to scaling. The trend
during the subsequent years of increasing the final concentration of the black liquor to
recover more energy meant that falling film evaporators became more common, as they are
less sensitive to scaling (Schmidl & Frederick, 1998).

During the 1990s and 2000s, substantial work at The Georgia Institute of Technology and
Institute of Paper Science and Technology (IPST) in the USA provided new important
knowledge of the mechanisms of scaling (Euhus, 2003; Shi, 2002; Smith, 2000). For a long
time it was believed that burkeite and sodium carbonate were the main species of sodium
scales that crystallized in the evaporators (Golike et al., 2000). However, a new unknown
crystal species was found, with the approximate composition Na,CO3-2Na;SO4. Named
dicarbonate (Shi, Frederick & Rousseau, 2003), it was reported to cause more rapid scaling
than burkeite since it had a stronger tendency to adhere to the heat transfer surface (Euhus
et al., 2003). Also, a third crystal species, sodium sulphate carbonate, was suggested by
DeMartini and Verrill (2007) but has not been investigated further. Other important
findings were that dicarbonate cannot crystalize on burkeite crystals (i.e. black liquor can
have a second concentration limit when primary nucleation occurs, which was called
second critical solids) and that calcium ions can inhibit primary nucleation (whereas
calcium carbonate scales can induce sodium scaling) (Frederick, Shi, Euhus & Rousseau,
2004).
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A more complete picture of sodium salt scaling in black liquor evaporators can be provided
by complementing the more fundamental understanding mentioned above with pilot
studies. Only then can the true behaviour of scaling during the evaporation of black liquor
be revealed and how it is influenced by operational parameters and evaporator design.
Studies on both laboratory and pilot-scale have been carried out during the last 50 years,
although most work pertaining to falling film evaporation, which is most common today,
has been carried out in the last 20 years. Pilot investigations by Euhus (2003) showed
relationships between bulk and surface crystallization, and that dicarbonate causes more
rapid fouling than burkeite. In investigations made by Gourdon (2009) the large pilot plant
at Chalmers University in Gothenburg, Sweden, was used (as was the case in the present
study): the findings of Euhus (2003) were confirmed and new findings connected to the
operation and design of the evaporator were made. For example, it was shown that scaling
was most severe when passing, or operating close to, the critical solids level (causing
primary nucleation), and that the scales always grew upwards from the bottom of the heat
transfer surface (Gourdon, Vamling, Andersson & Olausson, 2010b). It was also shown
that the scaling was faster at higher heat loads (differential temperature over the heat
transfer surface) and at lower wetting rates (flow rate). These two parameters were then
analysed further to show that the increase in concentration along the heat transfer surface
was major driving force of fouling (Gourdon, 2011). Regarding the design of the
evaporator, it was found that the residence time had no significant effect on scaling in the
range investigated: supersaturation is released relatively rapidly (Gourdon, Vamling,
Stromblad & Olausson, 2008).

During the years there has been a drive for increasing the final concentration of black liquor
because it improves steam economy and recovery boiler operation (Nikkanen, 1993).
Especially in Nordic countries it has become more and more common to have a final
concentration of 80-85% dry solids content. This change has not increased the problems
with scaling according to practical experiences (Kaila, Jaakkola & Veitola, 2004). Even
higher final dry solids contents has been tested, up to 90%, in mill studies and was found
possible (Vakkilainen, 2000).

1.4.1 Solubility models

Following on from the pioneer work undertaken by Grace, several later attempts have been
made to model the solubility of the sodium carbonate—sodium sulphate system as well as
the composition of their crystals. Using data from Grace (1976), Rosier (1997) developed
an industrially-applicable model for critical solids in black liquor based on the operational
parameters of mills. Golike et al. (2000) used the Pitzer method to implement their model
in the commercial programme NAELS, although they only considered the crystallization
of burkeite. Bialik, Theliander, Sedin, Verrill and DeMartini (2008), along with Wadsborn
and Radestrom (2009), also used the Pitzer method to develop scientifically-orientated
models that also include variations in the compositions of crystals. The Pitzer method was
nevertheless questioned by Picot, Mortha, Rueff and Nortier (2012), who claimed their e-
NRTL model to be more thermodynamically consistent. These scientifically-orientated
models were only used for aqueous solutions and not extended to embrace black liquor. A
group in Brazil has recently studied the solubility of sodium salts in eucalyptus black liquor
but it is uncertain if their modelling attempts were successful (Leite, Andreuccetti, Leite &
D'Angelo, 2014).
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1.4.2 Mitigation and cleaning strategies

The main focus of many later studies has been to apply existing fundamental knowledge of
scaling and provide direct advice of how to operate the evaporator to control it (DeMartini
& Frederick Jr., 2008; DeMartini & Verrill, 2007; Frederick & Euhus, 2015; Gourdon,
Vamling, et al., 2010b; Verrill & Frederick, 2006). The general rules are (i) avoid operation
close to critical solids, as this will risk primary nucleation and cause rapid scaling, and (i1)
avoid a high carbonate-sulphate ratio, because it will result in the crystallization of
dicarbonate and thereby cause more scaling than burkeite. These mitigation strategies have
been proven to work on a full scale in a number of case studies (DeMartini & Verrill, 2005;
Verrill & Giehl, 2004).

Concentrations clearly above the solubility limit imply the presence of a significant amount
of bulk crystals, and is the reason for not operating close to critical solids. The
supersaturation of sodium salts caused by the evaporation process would, to a larger extent,
lead them to crystallize on these bulk crystals instead of on the scales. The population of
bulk crystals can also be increased by recirculating black liquor of higher concentration and
thereby introduce additional (seed) crystals. This is used in some mills today, and has been
discussed in a number of studies (Adams, 2001; Frederick & Euhus, 2015; Verrill &
DeMartini, 2006). However, there is no experimental data that investigates the influence of
bulk crystal recirculation. A disadvantage of recirculating highly concentrated black liquor
is that organic compounds would be also recirculated, which would increase viscosity and
decrease capacity. A solution for this is suggested in a patent solution (Olausson,
Andersson, Gourdon & Vamling, 2011) whereby a hydrocyclone is used to separate a
crystal-rich fraction from the highly concentrated liquor before it is recirculated.

Some studies (Adams, 2001; Frederick & Euhus, 2015) argue that a large sump volume is
needed to give sufficient residence times to relieve all supersaturation. The pilot studies
conducted by Gourdon, Vamling, ef al. (2010b), however, showed no need of a large sump
volume.

Most mills still require regular cleaning to remove sodium scales even if the mitigation
strategies mentioned above are used. Very little research has been carried out to understand
how such scales may be removed most efficiently; existing studies mainly discuss cleaning
on an operational level to provide guidelines. The most comprehensive work that has been
carried out is by Verrill and DeMartini (2006), which combines knowledge of
crystallization chemistry with mill studies. They emphasize the importance of
reintroducing the wash liquor to the evaporators in such a way that rapid scaling is avoided,
as they observed situations where the majority of the dissolved scales recrystallize on the
heat transfer surfaces. They also suggest that the cleaned evaporator be reseeded when
being returned to operation by introducing liquor of high concentration: this avoids primary
nucleation, which can cause rapid scaling (also mentioned by DeMartini and Frederick Jr.
(2008)). There are also suggestions of methods for optimizing the cleaning interval: for
heat exchangers in general (Ishiyama, Paterson & Ian Wilson, 2011) and black liquor
evaporators in particular (Bremford & Miiller-Steinhagen, 1999)

1.4.3 Knowledge gaps

Summarizing previous work, knowledge gaps were found that show the importance of
further investigations being made. Many mills operate at liquor concentrations above 80%
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dry solids content, but there is very little data of scaling above 70% dry solids content. The
whole concentration range should be investigated to obtain a complete picture of exactly
where in the equipment scaling is most likely to occur.

Studying the literature, one of the most common recommendations for mitigating scaling
is to ensure a stable bulk crystal population, for example by recirculating liquor of higher
concentrations. This is founded on both general knowledge and experience of
crystallization, and has a theoretical base. Nevertheless, there is no experimental data
available of how the recirculation of bulk crystals influence scaling in black liquor
evaporators: the recommendations are on a conceptual level only. Experimental data would
give a solid base for recommendations which, in turn, would be more precise and adapted
to different situations. Here, more fundamental knowledge is needed of how scaling is
influenced by the bulk crystal population, and how they can be recirculated efficiently. If
recirculation is to be used, then only a crystal-rich fraction is required, and the
hydrocyclone separation technology should be evaluated and developed to ensure this.

The current fundamental understanding of scale removal is weak, and recommendations of
how to deal with it are based mainly on trial and error. Understanding and modelling the
fundamental mechanisms should allow more precise recommendations to be made, and
maybe even new ways of cleaning to be developed.

1.5 Objectives

The main objective of this research was to increase understanding of, and thereby minimize,
the disturbances and operational problems caused by sodium scales in black liquor
evaporators. The work is divided in two parts:

e The formation and mitigation of scales: Develop the current understanding of
scaling and methods for its mitigation. As essential work has already been done,
the focus here was to fill the most important gaps. This gave rise to the following
research questions:

o How does the concentration of the liquor influence the scaling rate? What
are the critical concentrations in terms of scaling? Being relatively
unexplored, the highest concentrations (70-90% dry solids content) are of
the most interest here.

o How does the bulk crystal population influence the rate of scaling?

o In what way can the recirculation of bulk (seed) crystals mitigate fouling
under industrial-like conditions?

o How can hydrocyclone technology be used to produce a crystal-rich
stream that can be recirculated?

e The dissolution of scales and cleaning evaporators: Develop the current
understanding of scaling and methods for improving the removal of scales. In
terms of research, this is an unexplored field: both fundamental and applied
knowledge are needed. The following research questions that arise are:
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o How can the dissolution and removal of scales be studied under controlled
conditions?

o What are the fundamental mechanisms involved when scales are removed
during cleaning?

o How can the cleaning methods used today be improved by the knowledge
gained and the models developed?

1.6 Outline of the thesis

Chapter 1 provides a general introduction to the field and previous work is summarised to
set this work in context. In Chapter 2 the evaporation of black liquor is described, with the
focus placed on the parts that are most relevant here: the formation of scales and the
cleaning of evaporators. The most important theory related to this work is explained in
Chapter 3, which includes the fundamentals of crystallization, formation of scales and
dissolution, along with heat and mass transfer.

The experimental equipment and procedures are explained in Chapter 4 together with
methods for evaluating raw data. The dissolution and cleaning models that are developed
are described in Chapter 5.

Chapter 6 starts with a summary of the results and the conclusions drawn from the six
papers. Then, some of the data from the papers is analysed further and compared with work
by others: results from related work conducted by our research group but not included in
the papers are also presented. The conclusions are presented in Chapter 7 and Chapter 8
offers suggestions for future work.






Eyvaporation of Black Liquor

2.1 Black liquor

The composition and properties of black liquor depend on the raw material (wood species
and growth conditions) and pulping process used. When it enters the evaporation plant,
black liquor consists mainly of water (about 85%) and is a complex mixture of dissolved
inorganic and organic compounds; the very small amount of suspended material present is
mostly in the form of fibres. Bulk crystals are also present, however, because the liquor is
concentrated and the solubility of various salts is therefore exceeded. Black liquor also
contains small amounts of soap that is often separated at about 30% dry solids content. The
inorganic part is comprised mainly of sodium salts originating from the white liquor, whilst
the organic part is mainly lignin and polysaccharides (about two-thirds of the dry solids
mass) (Adams, 2001). Schmidl and Frederick (1998) analysed samples of black liquor from
mills in North America, the results of which are presented in Table 2.1. As can be seen, the
concentration of sodium is high, explaining why sodium scales foul the heat transfer surface
rapidly.

Table 2.1 Typical composition of black liquor taken from mills in N. America and analysed by Schmidl and
Frederick (1998).

Analyte Mean Standard Deviation Range
NaxCOs, wt. % 10.0 2.6 4.77-14.5
NaxSO4, wt. % 6.03 4.18 1.94 - 16.1
Na,CO3/Na,SO4, mol/mol 2.49 1.67 1.94 - 16.1
Na:S, wt. % 0.79 0.92 0.06 -2.97
Residual active alkali, wt % 5.69 0.92 2.81-7.66
Sodium, wt. % 18.4 1.65 14.0 - 20.3
Potassium, wt. % 2.02 1.19 0.82-5.05
Residual soap, wt. % 0.85 0.48 0.32-2.02
Fibre *, wt. % 0.23 0.24 0.04 - 1.08
Critical solids, wt % 52.2 2.8 49.0 - 60.3
Inorganic carbon, wt. % 1.14 0.30 0.54-1.64
Organic carbon, wt. % 335 2.50 30.2-39.7
Sulphate, wt. % 4.08 2.83 1.31-10.9
Thiosulphate, wt. % 3.98 1.25 2.40-6.49
Chloride, mg/kg 4810 3170 1570-12700
Oxalate, mg/kg 5250 3350 2 000 - 13 400
Calcium, mg/kg 409 278 118 - 1 050
Silicon, mg/kg 676 345 367 -2 080

2 Fibre measurements from different researchers varied, depending on the pore size of the filters used.

The physical properties most important for the evaporation of black liquor are viscosity,
density and boiling point rise. At 15% dry solids content, the viscosity of black liquor is
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two or three times that of water and, as the liquor becomes concentrated, it increases
exponentially: at 80% dry solids content, the viscosity is about one million times that of
water (Adams et al., 1997). The evaporator operation is enabled by increasing the
temperature of the liquor as its concentration increases, which keeps its viscosity down.
The viscosity is controlled mainly by the organic compounds: their molecular weight and
colloidal state is important in determining the viscosity of any particular liquor. There are
therefore large variations in the viscosity of liquors, and a tenfold difference is not
uncommon (at the same temperature and concentration). Some authors, for example Adams
(2001), argue that black liquor at about 50% dry solids content is transformed from a
polymer solution (i.e. macromolecules dissolved in water) into a polymer blend (i.e.
polymers constitute the continuous phase) with water acting as a plasticizer. The source of
this behaviour is work by Masse, Kiran and Fricke (1986), whose experiments found that
black liquor changed from freezing to glass transition when it had a dry solids content of
about 50%. The transition was however observed at around -80°C, a temperature not
relevant to black liquor evaporation. Presupposing that this transition will take place at the
same concentration during evaporation at around 100°C seems risky, since physico-
chemical properties are strongly dependent on temperature.

Both the density and the boiling point rise of black liquor are influenced mainly by its
inorganic components. Density has a close to linear dependency on concentration up to
65%: above this, the change to the polymer-continuous phase changes its behaviour.
Boiling point rise is strongly dependent on concentration (exponential behaviour): at 80%
dry solids content, it is about 30°C. Density has a strong dependency on temperature whilst
that of boiling point rise is relatively weak (Adams et al., 1997).

2.2 Evaporators

Evaporation is a widely-used unit operation and a simple way of concentrating a solution
by evaporating the solvent. It can be used to separate volatile components from other
components that are essentially non-volatile and has numerous applications, such as in the
food (e.g. to evaporate milk, juice and sugar) and chemical industries (e.g. to crystallize
salts or other products) as well as for desalting seawater. The aim of evaporating black
liquor is (with minimal losses) to produce a concentrated mixture that can be combusted in
the recovery boiler and thereby recover both energy and chemicals. In addition to water,
however, the condensate contains other components that are e.g. poisonous, odorous and
flammable and requires treatment. A condensate striping column is therefore normally
included in the evaporator train to segregate the clean and foul fractions of condensate.
Methanol and turpentine are examples of substances that can be extracted and purified
further; soap is another substance that needs to be separated (by skimming) and can be
refined to give tall oil (Gullichsen & Fogelholm, 1999).

2.2.1 The evaporator train

A high thermal efficiency is often attained in the evaporation process by the use of multiple
effect evaporation. Multiple steps allow evaporated vapour from one effect to heat the
subsequent effect, which is possible because the pressure is decreased and thus lowers the
boiling point of the liquor in the following effect. The effects are numbered according to
the steam flow: the first effect is where primary steam is introduced, and the steam from
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the last effect is condensed on a surface condenser. The liquor flow can then be coupled in
different ways, with pure counter-flow or a combination of counter and parallel-flow being
the most common (Gullichsen & Fogelholm, 1999). Today, seven effects are common in
new plants, an example of which can be seen in Figure 2.1. Low pressure steam (about
145°C) is introduced into Effect 1, which also has the highest concentration. Effects 1-4
have counter-flow while Effects 5-7 have parallel-flow. To complicate the flows, some
steam from Effect 1 is used to heat the condensate stripper, and liquor streams are preheated
in its condensers. Weak liquor enters the system at about 15% dry solids content and is
concentrated to about 75% when it exits Effect 1. Some mills also have an additional
concentrator to increase the final concentration to 80-85% dry solids content: medium
pressure steam is used here to enable the high temperature needed in this effect to prevent
too high a viscosity and to overcome boiling point rise. Real evaporators are more
complicated and often adapted to the situations at the mill in question; they can also be
integrated with the rest of the mill to varying extents (Olsson, 2009).

Difterent types of residual streams from other parts of the mill are often introduced into the
evaporator train either for treatment or to recover chemicals. Although these streams are
often relatively small, they can sometimes influence the behaviour of scaling. The most
important stream for sodium scaling is electrostatic precipitator (ESP) ash from the
recovery boiler, which contains significant amounts of sodium sulphate. It is often
introduced before Effect 1 (Figure 2.1) or in the weak liquor mixing tank. Different types
of spent acids, for example from the preparation of bleaching chemicals or tall oil, also
contain sulphate (Gullichsen & Fogelholm, 1999).

Surface
condenser

Weak liquor

Foul condensate

» Treated condensate

Figure 2.1. Simplified process flow diagram of a modern black liquor evaporator train, including a
condensate stripper and an additional concentrator. Courtesy of Valmet (2015).

Effect 1 is often called the concentrator and is different from the other effects. The
concentration of the liquor in it is high (above 50% dry solids content) and it therefore
should be designed to handle both high viscosity and the crystallization of sodium salts. It
needs to be overdesigned to allow for some fouling and be equipped to simplify cleaning.
It is also normally divided into two, three or four chambers (Units A, B, C and D) supplied
with low pressure steam, in which the liquor flow is in series (i.e. concentration increases
gradually in each step) but the steam flow is parallel. This configuration provides for some
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back-up since one unit can often be bypassed if it is too fouled and the flow sequence can
often be switched to level out fouling. Moreover, it is often possible to clean one unit at a
time, which allows other units to continue operating (Gullichsen & Fogelholm, 1999).

2.2.2 Falling film evaporation

Some decades ago, as mentioned previously, long-tube vertical (LTV) rising-film
evaporators were gradually replaced by falling film evaporators due to their superior
resistance to fouling. Falling film evaporators are also characterized by a short contact time
between the black liquor and the heat transfer surface, and their high heat transfer
coefficients. They have a fixed (sump) level at the bottom and use a pump to recirculate
the liquor up to the top. The heating elements can be of two types: plate (lamella) or tube.
In the case of tubes, the liquor can be on either inside or outside of the tubes, where the
latter is shown in Figure 2.2. The configuration with liquor inside the tubes is used for
Effects 2-7 as it is less costly; the liquor in Effect 1 should be on the outside, as this is more
robust in terms of scaling issues (complete plugging can result from scaling inside tubes)
(Gullichsen & Fogelholm, 1999).

|IJ| Vapour

=1

Steam inlet

Liquor
circulation

Condensate outlet

Liquor inlet

Figure 2.2. Typical falling film evaporator of the tube type, with the liqguor on the outside of the tube.
Courtesy of Valmet (2015).

In all types of falling film evaporators, the liquor is pumped to the top and distributed over
the heat transfer surface. Gravity then causes it to fall fast, in a thin film along the heat
transfer surface, giving it a short contact time and a high heat transfer coefficient. As the
liquor falls, it is heated and partly evaporated. It is important to have good wetting of the
heat transfer surface to prevent it from drying out and to mitigate fouling; an efficient
distribution system at the top and sufficient recirculation flow are needed (Gullichsen &
Fogelholm, 1999).

A third type of evaporator, called a forced circulation evaporator or crystallizer, is
sometimes used as the concentrator. These are even less sensitive to fouling than falling
film evaporators because heating and evaporation are (partially) separated, but they have a
higher power consumption (Gullichsen & Fogelholm, 1999).
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2.3 Sodium salt scaling

Scales of sodium carbonate-sodium sulphate crystals are one of the most common types of
fouling in black liquor evaporators. This is simply because black liquor contains high
concentrations of these salts and the final concentration of the liquor is far above their
solubility; crystallization is inevitable and it is therefore likely that crystals will form on
the heat transfer surface. The term critical solids is defined as the liquor concentration at
which solubility is exceeded or when precipitation begins (see Section 3.1), and evaporator
effects operating above this limit have to be adapted to crystallization. As mentioned above,
a modern evaporator train is constructed so that all crystallization occurs in the
concentrator, i.e. Effect 2 operates clearly below the critical solids level and the
concentrator clearly above. The current state of knowledge on how to handle scales was
mentioned briefly in Section 1.4. In the following two sections, the mitigation strategies
and methods for cleaning concentrators used today are explained in more detail.

2.3.1 Mitigation strategies

All mills are unique, with respect to both the evaporation plant and the other parts of the
mill that affect it and troubleshooting and problems therefore must often be treated case by
case. However, there are some general strategies that can be employed to mitigate scaling:

e Design the concentrator to ensure sufficient wetting and prevent the heat transfer
surfaces from having too high a temperature. Overdesign allows for some scaling
to occur but still have sufficient evaporation capacity.

e Avoid operation close to the critical solids because it can mean a high level of
supersaturation with few or no bulk crystals, making crystallization on the heat
transfer surface more likely.

e Avoid fluctuations in both operation and liquor properties as much as possible
(especially the parameters mentioned here). These can shift the operation into an
unstable state and result in severe scaling.

e Favour the crystallization of burkeite over dicarbonate (which gives more scaling,
see Section 3.1.1) by increasing the concentration of sulphate in relation to
carbonate.

e Increase the amount of bulk crystals in the concentrator by recirculating product
liquor.

e Reseed the concentrator when starting up after cleaning or shut-down by filling it
with liquor containing bulk crystals. This will avoid passing the critical solids
level during evaporation, which often causes scaling.

The ratio between carbonate and sulphate in black liquor is influenced by the sodium and
sulphur balance of the whole mill and can therefore be difficult to change. One possible
measure is to improve the causticizing efficiency since this will reduce the amount of
carbonate (sodium carbonate is converted into sodium hydroxide). However, the
causticizing reaction is an equilibrium reaction, where the equilibrium composition is
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determined by the total strength of the liquor (alkalinity of the white liquor). This means
that all of the carbonate cannot be removed even if the equipment works perfectly. Another
measure that may be taken is to add sulphate by introducing sulphate-rich streams. Streams
of spent acids from other parts of the mill are normally introduced into the black liquor and,
whilst they are sulphate-rich, they are often relatively small. Electrostatic precipitator (ESP)
ash from the recovery boiler is normally added before the concentrator, as mentioned
above, and normally contains enough sodium sulphate to give a significant change in the
carbonate to sulphate ratio (if it is dissolved). It has been suggested that the crystals of
sodium sulphate in the ash will function as seed crystals and thereby decrease scaling (if it
is not dissolved). However, this can be questioned since it has been shown that burkeite
and dicarbonate only crystalize on their own crystal species. It has also been shown that
sodium sulphate dissolves as it is mixed into concentrated liquor (DeMartini & Frederick
Jr., 2008).

Recirculation of highly concentrated liquor is commonly suggested in the literature and is
also used in industry: one example is removing a part of the stream exiting 1A and mixing
it into the stream entering 1D, according to Figure 2.1. Concentrators have different designs
and therefore also different ways of recirculating liquor, but the principle is the same, i.e.
to mix a crystal-rich stream into the feed to the first unit (or the one most affected by
scaling). A drawback of this concept is that organic compounds that are also being
recirculated increase the viscosity of the stream and thereby affect the capacity of the
concentrator. A possible solution would be to separate the crystals from the black liquor
and only recirculate this crystal-enriched stream, as shown in Figure 2.3. Olausson ef al.
(2011) proposed the use of a hydrocyclone for this separation: it is well-tested technology,
already used in other applications involving crystallization, and the equipment has a low
investment cost. In any case, tests are necessary to verify that crystals can be separated
efficiently from high viscous liquor and that the recirculation of these crystals has a
significant effect on scaling.

Figure 2.3. The principle for recirculating seed crystals proposed by Olausson et al. (2011). A crystal-rich
stream is separated from the product liquor and introduced into the feed via the concentrator.

Process disturbances and changes in operation (both in the evaporator and other parts of
the mill) can initiate scaling, for example by affecting the carbonate to sulphate ratio or the
bulk crystal population. Start-up after cleaning or a stop can also lead to situations whereby
operation is above the critical solids without there being bulk crystals present, leading to
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primary nucleation and severe scaling. Reseeding after cleaning has been suggested in the
literature, for example by Verrill and DeMartini (2006) but, to the author’s knowledge, it
is not currently used in industry.

2.3.2 Cleaning concentrators

As mentioned in Section 2.2.1, concentrators are normally divided into 2-4 individual
chambers or units (Effect 1A, 1B, etc.) operating in series on the liquor side while they are
all heated (in parallel) by primary steam. The units are normally cleaned one or two at a
time, while the remaining units continue producing firing liquor. When shifting to cleaning
mode, the liquor stream is bypassed and the wash liquid is fed into the unit while the
outflow is now returned to the mix liquor tank or collected in a separate wash liquor tank.
It is desirable that the vapour flows are maintained in the evaporator train and that only the
streams on the liquor side are changed, so that disturbances during the cleaning procedure
are minimized. Primary steam is therefore still supplied to all units but it is often
redistributed with a higher feed to the units that are under normal operation, because they
now have a higher load, and a lower feed to the unit under cleaning. The vapour produced
can then still support Effect 2 with heat and thereby keep the whole train in operation.

An example of a concentrator with 4 units is shown in Figure 2.4. The black liquor is fed
to unit 1B, giving the liquor flow sequence B-A-D-C, but it is possible to shift the sequence
to D-C-B-A. The valves can be shifted to allow cleaning (by the wash liquid, yellow in the
figure) of two units in series, while the other two units can continue to produce heavy black
liquor.

It 1s not uncommon that Effect 2 also experiences fouling: it is therefore common, in a
modern evaporation plant, to divide Effect 2 into two units, (2A and 2B) to simplify
cleaning. Then, following the flow of black liquor, the default order of the evaporators
might be: 3 2 2B 22A - 1D =2 1C >1B > 1A. However, in some cases, the flows are
shifted between the units in each effect (e.g. 3 > 2A 2B 2> 1A >1B 2>1C >1D)ona
regular basis to even out scaling.

Either black liquor or condensate (water) can be used as wash liquid. The spent wash liquid
needs to be treated, which is usually done by feeding it back to the evaporation plant. The
benefit of using black liquor as wash liquid is that no additional evaporation load is created,
which would be the case if condensate is used because it would introduce additional water.
Condensate, on the other hand, has a higher cleaning potential than black liquor since the
driving force for dissolution is higher. However, condensate has a significant disadvantage,
particularly where softwood black liquors are concerned: when the dry solids content in the
evaporator drops below 20%, severe foaming can cause operational problems.

There are two types of cleaning used in industry today: standard and boil out. In the former,
the sump volume is either similar to that used in normal operation or slightly below. The
latter involves the evaporator being filled with wash liquid to submerge the whole heat
transfer surface, and is known as boil out (a term that is sometimes also used for cleaning
in general which can be confusing). Although it is easier to dissolve large chunks of scales
when the whole evaporator is filled, the procedure is more complicated and has a larger
impact on the evaporator operation.
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Figure 2.4. Example of a concentrator with 4 units in normal operation. White valves: open pipes. Black
valves: closed pipes. Courtesy of Valmet (2015).
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3.1 Crystallization

Crystallization is the process whereby crystals are formed, usually when a liquid is
transformed into a solid state. Within each crystal the atoms, ions or molecules are highly
organised into some fixed and rigid pattern known as a lattice. The properties and structure
of the crystal depends on the components that compose it and, depending on the physical
and chemical environment, the same components can also build different crystal species.
Temperature, for example, might shift the thermodynamics of the solid states, affecting
which crystal species is actually formed (Mullin, 2001).

Evaporative crystallization, which is studied in this thesis, is driven by the supersaturation
caused as the solvent is evaporated. Crystallization will, however, only occur on surfaces
of the same crystal species: if none are available, then crystallization will not occur despite
reaching supersaturation. Nuclei, or seeds, need to be formed before crystallization can
begin. This process is called nucleation, and is where the dissolved ions (in the case at
hand) start to gather into clusters. The clusters need to reach a certain size to become
thermodynamically stable, the probability of which increases as the degree of
supersaturation increases. In practice, it is first when supersaturation reaches a critical limit,
called the metastable limit, that nucleation starts spontaneously. The term primary
nucleation is used for this event to distinguish it from secondary nucleation, in which new
nuclei are formed by fragments breaking loose from existing crystals. Primary nucleation
can be either homogeneous or heterogeneous, where the former implies conditions where
no other particles or surfaces influence the nucleation process. In reality, and especially
during the evaporation of black liquor, many foreign particles and surfaces are available
for catalysing nucleation, which decreases the metastable limit (Mullin, 2001).

It is important to be careful when using the concept of critical solids (introduced in Section
1.4) as it is not fully defined: it can relate to both the solubility limit and the metastable
limit. Moreover, the latter can also vary, depending on the operational conditions and the
availability of surfaces that can catalyse nucleation.

Once nuclei are available, they can continue to grow by direct crystallization as long as the
solution is supersaturated. Small crystals (<50 um) have a tendency to agglomerate (or
aggregate) and, in many systems, this also an important mechanism for growth.
Simultaneously, attrition can break apart crystals, for example due to mixing or pumping,
and affect the population balance in the opposite direction.
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3.1.1 The sodium carbonate-sodium sulphate system

The composition of the crystals formed depends on the molar ratio of sodium carbonate
and sodium sulphate in the solution, which is defined as:

Na,COs

. 3.1
Na,CO; + Na,SO, 3-1)

¢

The two most important crystals in terms of the formation of scale in black liquor
evaporators are burkeite, with an approximate composition of 2Na>SO4 - Na,COs, and
sodium sulphate dicarbonate (referred to as dicarbonate hereafter), with an approximate
composition of Na;SO4 - 2Na>COs, where the latter is reported as having a significantly
higher tendency to form scales at the heat transfer surface (DeMartini & Frederick Jr., 2008;
Gourdon, Vamling, Andersson & Olausson, 2010a). Burkeite will typically form in the
region of 0.2 < #<0.833 and dicarbonate in 0.833 < ¢ < 0.9. These salts, which are formed
above about 30°C, have inverse solubility: their solubility decreases as the temperature
increases. Sodium carbonate is formed when @ > 0.9 and has also inverse solubility, but
temperatures above 109°C are needed to crystallize anhydrous sodium carbonate (Shi,
2002).

The inversed solubility of burkeite and dicarbonate is shown in Figure 3.1. This behaviour
means that supersaturation can actually be generated by two mechanisms, namely:

e Increased concentration caused by evaporation of the solvent, which takes place
on the fluid-vapour interfaces for the low heating rates used during black liquor
evaporation.

e Increased temperature caused by heating of the solution, generated on heat-
transfer surfaces.
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Figure 3.1. The temperature dependency of the solubility (S.) and metastable limit (M.L.) of dicarbonate
and burkeite with or without the effect of Ca. Correlations obtained from Shi (2002) and Bialik et al.
(2008). Adapted from Gourdon (2009).

20



Chapter 3. Theory

The inversed solubility is sometimes claimed to be the driving force for the formation of
scales, as the heat transfer surface has a higher temperature than the falling film during the
evaporation of black liquor. It was, however, shown by Gourdon (2009) that this is only a
minor effect: the increase in concentration along the heat transfer surface is the main
mechanism causing scaling.

3.2 Formation of scales

3.2.1 Factors affecting scaling

There are many factors that affect scaling behaviour, as the crystallization of sodium salts
on the heat transfer surface is a complex process controlled by conditions on both the
macroscopic and microscopic levels. These factors can be placed in three categories,
namely composition of the liquor, operational conditions and surface properties, to clarify
the system and are illustrated in Figure 3.2 (Zhao & Chen, 2011). The first category
includes factors such as the concentrations of the sodium carbonate, sodium sulphate and
surplus sodium, as well as other components that affect scaling. Factors such as the heating
rate (the differential temperature between the liquor and steam) and the flow rate relate to
operational conditions. As mentioned in the review of previous work (Section 1.4), factors
related to the liquor composition and operational conditions have been studied; the new
knowledge gained has led to improvements being made. There are, however, relatively few
studies related to the surface chemistry for application in the evaporation of black liquor,
although the use of non-stick coatings is relatively common in other applications. Many
experiments have shown, for example, that whilst the formation of scales was delayed for
coated surfaces, it could not be avoided completely. Moreover, the long term stability of
coating is insufficient (Mersmann, 2001).

Liquor composition

Scaling

Operational conditions Surface properties

Figure 3.2. The three main factors affecting scaling.

3.2.2 Scaling mechanisms

Supersaturation is created due to the heating of, and evaporation from, the falling film of
black liquor, and crystallization occurs on the heat transfer surface (as scaling) or on free
bulk crystals, shown schematically in Figure 3.3. There will be competition between these
two locations (as previously discussed), which is controlled by both the surface available
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and mass transfer phenomena: if, for example, the bulk crystals constitute the majority of
the crystal surfaces available and the hydrodynamic conditions are favour a low mass
transfer resistance, scaling will not be promoted.
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” Vapour

Heat transfer surface

Falling film of black liquor
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» Dissolved organic + inorganic
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Free (bulk) crystals
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Figure 3.3. Schematic diagram of crystallization in an evaporating falling film of black liquor.
The formation of scales can be divided in two steps (Bott, 1997):

1. Initiation: the first crystals are formed on the heat transfer surface, often after a
certain time known as the induction or initiation period.

2. Growth: scales grow on the surfaces available.

The first step is probably the most crucial as, once formed, scales will grow also at lower
levels of supersaturation. There are two possible mechanisms for the formation of scales:

1. Crystallization of the dissolved salts.
2. Deposition of existing crystals.

In the case of initiation, the first mechanism gives nucleation on the surface, which is
dependent on the surface properties: cavities in the material can, for example, catalyse
nucleation (Mullin, 2001). Experiments have shown that the rate of surface nucleation can
be reduced considerably by making the surface very smooth and having a low affinity for
the crystallizing salts (Mersmann, 2001). The deposition of existing (bulk) crystals can
potentially give very high rates of scale formation, as it is not limited by the crystallization
rate, but is more likely for small crystals (<50 um) as they have a stronger tendency to
agglomerate (Mullin, 2001).
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In addition to the mechanisms for the formation of scales, there are also mechanisms for
their removal. High shear forces can tear off parts of the scales and cause erosion; thermal
stress or vibrations can cause cracking and cause a part of the scales to fall off. In some
situations, the formation process is predominant, causing a continuous growth of the scales,
whilst in others, the rates of formation and removal become equal as the scales becomes
thicker, giving an asymptotic growth behaviour (Mersmann, 2001).

3.3 Heat and mass transfer

In this section, the fundamental theory for heat and mass transfer relevant to the work
performed in this thesis is presented. The wetting rate is normally use to define a specific
mass flow rate of the falling film thus:

r mass flow rate mass flow rate to the evaporator tube

, = — : 3.2
unit with circumferance of the evaporator tube (3.2)

3.3.1 Heat transfer during falling film evaporation

Dimensionless numbers are often used for the modelling and general characterization of
heat transfer, where the heat transfer coefficient, 4, is described by the Nusselt number. For
falling film free surface evaporation, the standard definition of the Nusselt number is
(Schnabel & Schliinder, 1980):

PN
NuE—(v—> (3.3)
K\ g

where x i1s the thermal conductivity, v the kinematic viscosity and g the gravitational
acceleration.

A correlation is normally used to model the heat transfer in which the Nusselt number is a
function of Prandtl, Reynolds and/or other dimensionless numbers. The general
correlations available for heat transfer in falling film evaporation have primarily been
developed for fluids with relatively low Prandtl numbers, the majority of which are based
on experimental data for Prandtl numbers below 7. Their range of validity is, in most cases,
also limited to a certain flow regime (laminar, wavy-laminar or turbulent flow),
characterized by the Reynolds number. Whilst different definitions of the Reynolds number
can be found in the literature, the following is used here:

Re = — (3.4)

where p is the dynamic viscosity.

General heat transfer correlations normally have one expression for laminar flow and
another for turbulent flow. The correlation used in this work is that of Schnabel and
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Schliinder (1980), who based their model on a review of measurements from different
authors. They proposed the following model:

Nu,g,, = 1.43Re™1/3 (3.5)

NUgy,p = 0.0036Re%4Pro-65, (3.6)

In the transition region between laminar and turbulent flow, they suggested a superposition
by the power of two:

Nu = (Nud,, + NuZ,,)2. (3.7)

3.3.2 Solid dissolution into a liquid falling film under turbulent conditions

Convective mass transfer can be approximated by film theory if the dissolution process is
controlled by diffusion and the flow is turbulent (Welty, Wicks, Rorrer & Wilson, 2009).
Here, all mass transfer resistance is assumed to exist in a thin film close to the dissolving
solid surface, in which transport occurs entirely through molecular diffusion (Figure 3.4).
This film is henceforth referred to as the diffusion film in order to distinguish it from the
falling film. When the dissolved substance has diffused through the diffusion film, it can
be regarded as being part of the bulk flow: the resistance to mass transfer in the r-direction
can then be neglected in the bulk flow. The concentration at the solid-liquid interface will
be equal to the saturation concentration c* at the current temperature. The dissolution rate
(or mass flux, J-) can then be modelled as follows:

dc Ac  Dyp .
Jr = DABE ~ Dyp Ar EAC = k(c" = Chuw)- (3.8)
4

where k is a mass transfer coefficient in m/s. This coefficient accounts for diffusion from
the solid surface to the bulk flow and thus includes the diffusion coefficient D, and the
thickness of the diffusion film dgir. At higher Reynolds numbers (Re), dair decreases because
stronger turbulence results in stronger bulk mixing: k£ therefore has a positive flow
dependence. Both D4 and dar are temperature dependent, i.e. diffusivity increases for
liquids and duir decreases (due to decreased viscosity) at higher temperatures. So k also has
a positive temperature dependence. For the film theory to be valid, the majority of the film
must consist of a mixed bulk, i.e. dsir must be significantly thinner than the total thickness
of the falling film o, (Figure 3.4). The concentration of the bulk will increase significantly
for long contact times: the driving force for dissolution will thereby decrease along the
surface and approach zero when the bulk becomes saturated.
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Figure 3.4. Schematic representation of the concentration profile using the film theory, where dairis a
fictive film thickness between a solid surface and the bulk flow.

The mass transfer coefficient, &, can also be described by the dimensionless Sherwood
number (Sh), which is analogous to the Nusselt number used for heat transfer:

k 2\ 1/3
Sh = — (v—> . (3.9)
Dap\ g

Diffusivity is a difficult property to measure: diffusivity data is rare in the literature,
particularly because the solutions used here are complex and a mixture of two salts are
dissolved. Moreover, the data that can be found is normally measured at room temperature.
Although the diffusion coefficient has a strong dependence on temperature, the following
relation can be used to convert it to the temperature desired (Welty et al., 2009):

Dapr, (Tc - Tz)n

A
T.—T, (3.10)

Dypr,

where T. is the critical temperature and » = 6 when water is used as the solvent.

3.3.3 Heat and mass transfer analogy

Heat transfer has been studied more extensively for falling films, so that knowledge is
valuable for predicting mass transfer. In this work, the Chilton-Colburn analogy was used
to relate heat transfer to mass transfer. Chilton and Colburn defined a j-factor, which is
equal for both mass and heat transfer (Welty et al., 2009):

B Sh B Nu
" ReScl/3 ~ RePri/3

Ja = Jn (3.11)

The analogy has been proven valid for 0.6 < Sc <2,500 and 0.6 < Pr < 100.
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3.4 Hydrocyclone solid-liquid separation

Hydrocyclones are cost-effective and are therefore attractive separation equipment. The
principle of operation is that a vortex is created, which leads to particles with a density
higher than that of the liquid containing them being pressed out to the sides by centrifugal
force (Mersmann, 2001). The design of the hydrocyclone creates the vortex: the inflow is
fed in a direction tangential into its circular (conical) body, which creates a circular motion
due to the inertia of the flow. This results in a pressure drop so separation is, in practice,
driven by the additional pump power that is necessary. Larger particles are less stagnant in
the flow and are therefore easier to separate.

A hydrocyclone has two outflows: one that is enriched with particles (called the coarse
fraction), and one that is depleted of particles (called the fine fraction). Separation is
achieved by removing the fine, or top, fraction from the middle of the vortex, where there
are fewer and/or smaller particles. The flow in the outer parts of the vortex, which is
enriched with (large) particles, comprises the coarse, or bottom, fraction.

3.4.1 Grade efficiency curve

The separation performance of a hydrocyclone is often characterized by a grade efficiency
curve, an example of which is given in Figure 3.5. The grade efficiency is defined as the
mass fraction of solids (or particles) leaving in the coarse fraction, and is a function of
particle size. As the figure shows, large particles (in this case >30 um) are easier to separate
and they are all found in the coarse fraction. Very small particles (<5 pm) are stagnant in
the flow and, as liquids are leaving in both the fine and coarse fractions, these cannot be
completely separated. The grade efficiency curve depends on the operational conditions
(inflow velocity and stream splitting between fine and coarse fractions), the design of the
hydrocyclone (diameter, length, etc.), the properties of the fluid (viscosity and density) and
the density of the particles (Svarovsky & Thew, 1992).

The grade efficiency curve can be described mathematically by the following expression,
based in the Rosin-Rammler distribution (Silva et al., 2009):

d n
G(d) =1— (1 - L)exp[—In(2) (d_so) ! (3.12)

where G is the grade efficiency, L is the volumetric bottom-flow-to-throughput-ratio (flow
from the bottom fraction divided by the total inflow) and d is the particle diameter.
Parameter dso is the cut size, which represents the particle size for when 50% is separated
by centrifugal force and » is the dispersion or sharpness of the separation. The separation
can then be modelled by correlating dspand #n to dependent parameters: this was first done
by Plitt and developed further by others (Svarovsky & Thew, 1992).

26



Chapter 3. Theory

100%

80%

60%

40%

Grade efficiency

20%

0%

1 10 100 1000
Particle size [um]

Figure 3.5. Example of a grade efficiency curve showing the separation characteristics of a hydrocyclone.
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Experimental

The evaporation of black liquor has been studied in a number of experiments in this work.
Black liquor is a very complex mixture and model solutions can be used to simplify the
system to provide better control over the experiments. The experience of our group is that
water solutions of sodium carbonate exhibit similar scaling behaviours to dicarbonate and,
as it consists of only one salt, solutions of sodium carbonate were therefore also studied.

4.1 The pilot evaporator

The flowsheet in Figure 4.1 shows the most important equipment and sensors in the pilot
evaporator, including the temperature-controlled vessel used to heat the wash liquid in the
experiments of scale dissolution. The evaporator itself was of the falling film type, with the
liquor on the outside of a vertical tube. It was designed to be large enough to produce results
relevant to industrial conditions whilst simultaneously being sufficiently flexible to be able
to simulate a high variety of operational conditions. The evaporator tube was 4.5 m long,
with an outer diameter of 60 mm, giving it an active outer heat transfer area of 0.85 m?.
The tube was heated on the inside with condensing saturated steam.

The salt solution or black liquor was fed into the top of the evaporator using a circulation
pump (displacement pump): an overflow distributor integrated into the top of the tube
ensured that the distribution of the liquid was circumferentially uniform for a variety of
flow rates. The vapour and the concentrated liquid flowed from the evaporator tube into a
tank serving both as a buffer volume (about 50 1) and vapour-liquid separator (buffer tank
in Figure 4.1). The bottom of the tank was then connected to the circulation pump; the
vapour flowed into a condenser controlling the pressure in the system.

A hydrocyclone was used in Papers V and VI in order to test the separation of the crystals
and to change the crystal composition of the bulk. It was installed together with a number
of valves that enabled two operational modes, where either the fine (top) or coarse (bottom)
fraction was fed into the evaporator (Figure 4.1). The remaining fraction was recirculated
back to the buffer tank. The valves also enabled measurements to be made of the chord
length distribution (CLD) of the bulk crystals in both the fine and coarse fractions, but only
one at a time. The sensor used was focused beam reflectance measurement (Mettler Toledo
Lasentec FBRM D600L) and is described further in (Gourdon et al., 2008); the design and
installation of the hydrocyclone is described in more detail in Paper V.

The pilot evaporator was equipped with sensors to monitor the operation and acquire data:
the most important sensors are shown in Figure 4.1. The flow rate and density were
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measured using Endress and Hauser Promass Coriolis meters, with a stated accuracy of
0.15% for flow rate and 0.5 kg/m® for density. PT100 meters were used to measure
temperature, with a stated accuracy of 0.1 K, and Yokogawa EJA meters were used to
measure pressure, with a stated accuracy of 0.20%. The refractive index was measured at
589 nm using K-Patent PR-23-SD, with a stated accuracy of 0.0002.

The evaporator tube could be inspected visually via three sight glasses at different vertical
positions: 0.15, 1.9, and 3.9 m from the inlet. A device was constructed and installed at two
different positions (1.8 and 3.8 m from the inlet) so that the thickness of the scale could be
measured online. This device consisted of a small flat disc that was fixed to the end of a
metal rod and pushed inward until it reached the surface of the scales. The thickness of the
scales was then measured from the outside of the evaporator using Vernier callipers; the
accuracy of the measurements was estimated as being 0.2 mm.
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Figure 4.1. Simplified flowsheet of the pilot falling film evaporator plant. The valves are set to indicate
normal operation with the coarse fraction from the hydrocyclone being sent to the evaporator (white valve
= closed). CLD = chord length distribution, D = density, F = flow rate, L = level, P = pressure, R =
refractive index, T = temperature and V = viscosity.

4.1.1 Installation and operation of the hydrocyclone

The hydrocyclone was purchased from Fenra AB in Sollentuna, Sweden. It is designed to
separate particles larger than 50 pm at a viscosity of 50 mPa-s and an inflow of 900 I/h.
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The hydrocyclone, the dimensions of which are shown in Figure 4.2, was installed
according to Figure 4.1. While in operation the feed is split in two fractions: top (fine) and
bottom (coarse), (see Section 3.4).

The hydrocyclone inlet was connected to the recirculation pump. One of the fractions (fine
or coarse) was then fed into the evaporator while the other was recirculated back to the
buffer tank. An arrangement of valves was installed according to Figure 4.1 to enable the
fractions to be shifted, which also made it possible to switch the measurement of the chord
length distribution (CLD) between the fine and coarse fractions. The flow rate of the
fraction to the evaporator was controlled by the pump speed, and the flow rate of the
fraction to the buffer tank was controlled by a control valve.

73 221
(mm)

T
T |

ID12.6 I ID 16.1
o ID41.9

—» =~—ID16.1

Figure 4.2. Diagram of the hydrocyclone installed in the pilot evaporator plant, where ID denotes the inner
diameter. The inlet is below, the top fraction is on the left and the bottom fraction is on the right.

4.2 Experimental procedure

This section comprises two parts because the experimental procedures in the evaporation
and dissolution experiments were fundamentally different. The evaporation experiments
were reported in Papers I, V and VI, and the dissolution experiments in Papers II and III.

4.2.1 Evaporation experiments

The experiments were prepared by first filling the system with the salt solution or black
liquor, and then heating and evaporating it to the desired conditions. Depending on the type
of scaling experiment, i.e. nucleation or continuous crystallization, slightly different
procedures were employed.

Nucleation (N) experiments: These experiments are called semi-batch in Paper 1. The salt
solution or liquor was concentrated from below solubility to supersaturation; at a certain
point the concentration became high enough (the metastable limit) to trigger primary
nucleation and initiate scaling. Measurements continued until the scaling rate decreased
significantly or the evaporation process stalled due to severe scaling; the running time was
between 0.5 and 1 hour.

Continuous crystallization (C) experiments: In the steady-state mode, vapour was
removed as in the nucleation experiments, but with fresh salt solution (below solubility) or
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liquor (below critical solids) being fed so that the density of the stream into the evaporator
tube was kept constant. Concentrated solution or liquor was ejected to maintain a constant
level in the buffer tank. This procedure gave conditions close to an industrial evaporator
under steady-state operation.

A substantial amount of scales was often formed during the initial preparation to reach the
desired conditions: the tube was therefore cleaned to ensure that the measurements of
fouling resistance began with no scales being present. This was done by closing the valves
into and out from the evaporator, recirculating the salt solution or liquor to the buffer tank
to sustain mixing, and then pumping in wash liquid, see Figure 4.1. This method enabled
cleaning with a minimum of disturbances; the system was back in operation after a break,
on average, of 5-10 min.

In the salt solution experiments, the crystal fraction could be controlled directly by the set-
point for the density in the stream into the evaporator. The feed rate was then controlled
automatically to maintain a constant density: with the exception of some fluctuations at the
beginning, the crystal fraction was therefore constant in the experiments. The throughflow
meant that both the crystal population and the liquid solution were renewed continuously.
In the black liquor experiments, a density close to the desired dry solids content was set.

Most of the steady-state salt experiments lasted for 5-22 hours: those with black liquor were
more difficult and ranged between 2-6 hours. In Paper 1, however, the duration was only
1-2 hours.

Hydrocyclone operation: The crystal population entering into the evaporator unit was
changed for some of the experiments. This was achieved by operating the hydrocyclone in
the following three different modes:

e Total: the whole flow from the buffer tank was fed into the evaporator, i.e. the
hydrocyclone was not in operation.

e Coarse: the coarse fraction (bottom fraction) was fed into the evaporator unit. The
fine fraction was recirculated back to the buffer tank.

e Fine: the fine fraction (top fraction) was fed into the evaporator unit. The coarse
fraction was recirculated back to the buffer tank.

4.2.2 Dissolution experiments

Each experiment consisted of two steps: a layer of salt (scales) was first built up on the
evaporator tube and then dissolution experiments were performed by washing the tube
carefully. The experiments were designed to test variation of two operational parameters:
temperature and wetting rate. Three different wash liquids (solvents) were used: water
(Paper 2), salt solutions (Paper 2) and black liquor (Paper 3).

Scale build-up: The build-up of scales was achieved by evaporating a salt solution of
sodium carbonate and sodium sulphate, with a sodium carbonate mole fraction of
approximately 0.87. The system was operated at atmospheric pressure on the solution side
of the system, corresponding to 105—107 °C. The density of the salt solution was increased
over the course of the evaporation to reach the first nucleation point, i.e. the first
precipitation of crystals. Evaporation continued for 3—5 h, which typically corresponded to
a scale build-up of 2—5 mm in the lower part of the evaporator.
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The initial thickness of the scales was measured, and the tube was inspected visually to
determine their quality and distribution, before the dissolution was sequence started.

Dissolution: The wash liquid used in the dissolution experiments was first preheated to the
desired temperature in a separate vessel. After the build-up sequence ended, the evaporator
was set in cleaning mode by closing the valves to the buffer tank and at the inflow, and
opening the two valves for the in and outflow of wash liquor (Figure 4.1). Prior to the start
of'the dissolution experiment, the desired temperature was obtained by cooling the hot tube
with water on the inside. When the experiment began, the wash liquid was pumped into the
evaporator and distributed using the same distributor as for evaporation, thereby ensuring
an even film. The flow rate was controlled to yield the desired specific mass flow rate.

Video cameras were mounted at the three sight glasses, and the entire experiment was
recorded to monitor the dissolution process. The video films supplied information on how
the scales were dissolved and when the tube could be considered clean. The outgoing wash
liquid was sampled during the experiment in plastic containers 1-5 1 in volume. The
sampling time and temperature of the exiting wash liquid was recorded together with the
mass and density (using a hydrometer) of each sample. The flow of wash liquid was stopped
and the experiment ended when the tube was determined visually as being clean. The mass
fraction of salt was measured by determining the dry solids content for a few of the samples.
The density was correlated to the salt mass fraction and temperature, thus enabling the mass
of salt to be calculated in all samples (see Section 5.1.2).

4.3 Monitoring bulk crystals

Two different methods were used to determine the amount of bulk crystals present in the
stream entering the evaporator. In the experiments with salt solutions, density
measurements were used and made as follows: during steady-state operation, with a well-
developed bulk crystal population, the solution was saturated in the streams where the
density was measured, i.e. the retention time in the buffer tank was sufficiently long to
allow equilibrium to be reached between the bulk crystals and the solution. Values from
the literature were used for the density of the crystals, which should be close to that of
burkeite, i.e. 2570 kg/m® (Giuseppetti, Mazzi & Tadini, 1988); the total density was
measured during the experiments. The density of the saturated solution was obtained from
measurements of the refractive index, which is unaffected by the presence of crystals, using
a correlation developed from data where a salt solution in which no bulk crystals were
present was evaporated at the same operational conditions (i.e. by increasing the
concentration gradually, from below solubility to metastable). The mass fraction (cf) of the
crystals was calculated from:

11
of =ProtProl, (4.1)
pcry B Psol

This expression was derived using the conservation of mass and volume, and is valid for
both fine and coarse fractions from the hydrocyclone.
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A different method was used to calculate the crystal fraction in the black liquor: being a
complex mixture, its density is not only dependent on its contents of salt and crystal.
Instead, samples were taken and the dry solids content analysed. The crystal fraction could
then be calculated by samples of liquor both with and without crystals (removed by
filtering). The following expression was derived from a mass balance over the filter:

_ DSungir — DSpire

cf (4.2)
The online sample filtration method developed by Gourdon (2009) was used. A filtration
unit was connected to a stream that was recirculated over the recirculation pump (shown in
Figure 4.1 after the buffer tank); a sintered filter element with 7 pm pore size was used. It
was assumed that the crystals small enough to pass through the filter constituted only a
negligible part of the total mass of crystals.

Sampling failed in some of the experiments with black liquor, so density measurements
were used instead to estimate the crystal fraction. The accuracy of the crystal fractions
determined was estimated to 0.5 percentage points for both the salt solution and the black
liquor.

The chord length distribution of the bulk crystals was also monitored. However, the
instrument was used mainly for experiments with salt solution: when the Lasentec FBRM
(Focused Beam Reflectance Measurement) sensor was used on the black liquor, it absorbed
the light from the laser and the visibility of the particles (crystals) changed with the dry
solids content.

4.4 Monitoring scaling

The rate of scaling was monitored using both the total and local heat transfer. The total heat
transfer coefficient, i.e. the average of the entire heat transfer surface, is based on the
measurement of the steam condensate flow, which is a direct measurement of the rate of
heating, Q. A condensate flow value solely related to the heating of the tube was obtained
by measuring background losses separately and subtracting them. Using the rate of heating,
the overall heat transfer coefficient, U, related to the outer area, 4,, was calculated as:

_ Q
Ao (Tsteam - TBL)

The steam temperature, Tseam, Was determined from the pressure and the liquor
temperature, 7z, from a “mixing cup” in the outflow (where the difference between them
is defined as the differential temperature, A7). From the overall heat transfer coefficient,
the outer heat transfer coefficient, 4,, was calculated using the following expression:

U (4.3)

11 N S N 1 »
UA, hA; n,A,, hyA, “@4)
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where d,, 1s the thickness of the evaporator tube (i.e. 5 mm), x,, is the thermal conductivity
of the steel and 4,, is the logarithmic mean area given by:

Ao_Ai

Amz—ln(i—?)' 45)

The inner heat transfer coefficient, /;, was estimated using a correlation for condensation
on vertical surfaces by Numrich and Miiller (2010). Since the black liquor was flowing on
the outside of the tube, the outer heat transfer coefficient was the one of interest: this could
be calculated using Eq. 20 since all the other variables were known.

Local heat transfer coefficients were also calculated at different vertical and circumferential
positions along the evaporator tube using the temperature difference measured by pairs of
thermocouples installed in the tube wall. The distance between the two thermocouples was
known, as well as the thermal conductivity of the tube material, so the local heat flux could
be calculated; the local outer heat transfer coefficient was then calculated in a similar
procedure as above. Six local positions were studied, with distances from the top of the
tube 0f 0.4, 2.4, 2.9, 3.4 m and two at 3.9 m (i.e. on opposite sides).

A decreasing trend in the heat transfer coefficient when all other operational parameters are
kept constant, indicates the occurrence of scaling. The scaling observed was quantified by
converting the heat transfer trends into fouling resistance, R, acording to the following
expression:

1 1 _ Sscale

R = - = .
hfouled hclean Hscale

(4.6)

Here, hfouiea 1s the heat transfer coefficient on the outside of the tube, including the heat
transfer resistance from the growing scales, and /..ean 15 the heat transfer coefficient at clean
conditions. In Paper I the fouling resistance was converted into a scale thickness, dscae, by
dividing it by the thermal conductivity of the scales sscse. The thermal conductivity of
burkeite was measured by Smith (2000) as being 1.73 W/mK, which was the value used
here.

The fouling resistance trend was converted into a measure of the rate of scaling in Paper
VI. This was done by linearising the trend and dividing it by time (i.e. the duration of the
experiment), which gave the expression AR/t ((m*K/W)/min). Unfortunately, the rates of
scaling were not always constant, tending to be higher at the beginning of the experiments.
An uncertainty range was calculated for each experiment to evaluate the errors due to
linearization and measurement uncertainties.

4.5 Solubility measurements

A filtration technique was used in Paper III to determine the solubility limit of the sodium
salts in black liquor, wherein an excess of salt was added to the sample and allowed to
equilibrate at the temperature investigated. The sample was subsequently filtered and the
solubility limit determined from the dry solids content, measured using the TAPPI T 650
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om-09 method: the procedure is described in detail by Gourdon (2009). The difference
between the initial and saturation concentrations, i.e. the dissolution potential, can be
calculated from the initial DS of the black liquor and the DS of the saturated black liquor
(see Appendix 1).

4.6 Full-scale cleaning test

A full-scale cleaning test was conducted at a Swedish pulp mill in a Master’s thesis project
being carried out in our group (Andersson, 2015). The concentrator was newly-built and
constructed as the example given in Section 2.3.2. Two units were cleaned in series, using
thin liquor (25% DS) as the wash liquor. Unfortunately, it was not possible to take samples
directly from the evaporator unit: samples of spent wash liquor were taken instead from a
flash tank installed after the second unit. The most important data acquired during this test
can be listed as being:

e Samples to measure the chemical composition and dry solids content of:
o Feed liquor
o Spent wash liquor
e Online sensor data (in the two evaporator units) of:
o Overall heat transfer coefficient
= (Clean conditions measured after the cleaning procedure
= Scaled condition measured just prior to the cleaning procedure
o Temperature of the liquor
o Temperature of the steam
o Boiling point rise

The inflow and outflow of salt (sodium carbonate and sodium sulphate) were known from
this data, which allowed the dissolution of the scales to be followed during the test.
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5.1 Model for dissolution

A dissolution model was developed in Paper II and the input parameters were fitted to the
experimental data. Based on film theory, it was discretised in time and space (rotational
symmetry) according to Figure 5.1. The tube was discretized into several cells along the z-
axis; each cell had its own local scale thickness. As the wash liquor film fell along the tube
and dissolved the scales, the model tracked three quantities (using mass balances): the
masses of sodium salt, water and residual dry solids. The latter originated from the black
liquor and accounted for all of the organic and inorganic compounds, excluding the sodium
carbonate and sodium sulphate. The amount of dissolved salt in the solution could be
calculated because the natural content of the salt in black liquor is known. In the model,
two different expressions of dry solid content are defined, namely:

1. DS excluding the additional dissolved salt, denoted DSg; (i.e. (dry mass —
dissolved salt) / (total mass — dissolved salt))

2. Total DS including the dissolved salt, denoted DS (i.e. dry mass / total mass).
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Figure 5.1. Diagram of the tube discretized into several cells along the z-axis.

In each of the cells along the z-axis, the density and solubility limit were calculated at the
current temperature and salt mass fraction using the correlations developed (see below).
These two parameters were then used to calculate the difference in concentration at the
surface and bulk, i.e. the driving force for dissolution. Each cell had its own decreasing
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scale thickness, which was dependent on the dissolution rate J (equation 3.8). Mass
fractions (x) were used to determine the solubility limit and salt content to simplify the
calculations of mass balances. However, the concentration, ¢, was used to calculate the
dissolution rate to obtain a valid mass transfer coefficient, £&. Then, mass fractions were
converted using the density correlation. MATLAB was used to perform all of the
calculations.

5.1.1 Fitting parameters

In Papers II and III the mass transport coefficient, &, was determined using a best-fit
approach to the experimental data. It was assumed to be constant for each experiment and
was adjusted together with the initial distribution of scales along the tube to predict the salt
concentration of the outlet and local thickness of the scales. The initial distribution of the
scales was divided into 13 points that could be adjusted individually, and linear
interpolation was used between the points. There were two restrictions on the scale
distribution: the scale thicknesses at 0, 1.8, and 3.8 m were known from experimental
measurements, and the total mass of scale was known from the total mass of dissolved salt.

5.1.2 Density of liquor with additional dissolved salt

The correlation for the density of black liquor containing different amounts of additional
dissolved salt comprises two parts: one for a pure salt solution and one for a pure black
liquor. The former was fitted to measurements (where x is the mass fraction of salt):

Veactor = 0.8341x3 + 0.5579x% + 0.0267x + 1.000, (5.1a)

pwater

Psait sol = m (5.1b)

All temperature dependence is included in the density of water, pwaer. The correlation is
valid for a salt solution up to the solubility limit (approx. 0.33 kgsa/kgiot). A correlation by
Adams et al. (1997) was used to express the density of pure black liquor (7 in °C) thus:

pas = (997 + 649 = DSp,), (5.2a)

ppL = Pas(1—3.69-104(T — 25) — 1.94 - 1075(T — 25)2). (5.2b)

Modelling black liquor containing additional salt, it was found that the correlation for the
pure salt solution (Eq 5.1) could be extrapolated and combined with that of the pure black
liquor (Eq 5.2) as follows:

Psol = Psait sol{x = DStot} ~ Psait sol{x = DSBL} + PBL- (5.3)

The performance of the correlation is shown in Figure 5.2, which presents measurements
for black liquor at 20% and 41% DS doped with additional salt.
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Figure 5.2. Density correlation and measurements for black liquor containing additional sodium carbonate
and sodium sulphate salts.

5.1.3 Correlating the solubility limit

The solubility limit (i.e. x* when defined as mass fraction; ¢* when defined as a
concentration) of the liquor investigated was measured at 20% and 41% DS at 80°C. The
result was that 0.22 and 0.14 kgsi/kgio: could be dissolved at the two liquor concentrations
(including the inherent content of sodium carbonate and sodium sulphate in the black
liquor). The critical solids content (defined here as when solubility limit is passed) was
measured as 56%. To develop a correlation, two additional points were also included: the
solubility limit for pure water (measured by Shi and Rousseau (2001)) and zero solubility
at 100% DS. A second-degree polynomial was fitted with high accuracy to the five points
to develop a correlation:

kgsalt]

x* = O.2431DSBL2 — 0.5711DSg; + 0.3283 [
kgiot

(5.4)

where DSp; 1s the DS of pure black liquor (from 0 to 100%), excluding any additional
dissolved salt but including its natural salt content. The temperature dependence of
dicarbonate crystals in pure salt solution found by Bialik et al. (2008) (-5.76x10*
(kgsaikgior)/K) was used to adjust the solubility limit to the current temperature.

5.2 Model for cleaning evaporators

A model was developed in Paper 11 to allow the cleaning of an evaporator to be simulated.
It was built for tubular concentrators with the liquor flowing on the outside of the tubes;
design data, such as physical dimensions, number of tubes, volume of sump and flow rates,
may be chosen freely. Figure 5.3 shows the most important parts of the evaporator model,
which are also described below. Further information of how the model was implemented
can be found in Appendix 2.
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Figure 5.3. Schematic diagram of the liquor side of an evaporator effect comprised of tubes showing the
most important parts of the cleaning model.

5.2.1 Evaporation

Industrial evaporators are usually heated during the cleaning process, with the result that
water evaporates from the wash liquid. This process was modelled as a predefined
evaporation rate, which was assumed constant both over time and along the heat transfer
surface.

5.2.2 Distribution of scales

The initial thickness of the scales could be adjusted freely along the length direction to
allow for different distributions of scales. All tubes were assumed to have the same
distribution; circumferential variations were not considered.

5.2.3 Sump

The liquor sump may not be a perfectly mixed because there is no agitator. This non-ideality
was estimated by modelling the sump as two tanks in series. The outflow from the
evaporator was calculated to maintain the given volume of liquor in the sump.
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5.2.4 Recirculation pipe

The recirculation pipe is important from two aspects: (i) the feed and outflow are connected
to it, and (i1) it holds a considerable volume of liquor, causing delays in the system. The
recirculation pipe was modelled in three steps: the sump flow was first mixed with the feed
(see Figure 5.3) and then the outflow was subtracted from the flow. Finally, the flow was
delayed, and the time was calculated as the total volume of the pipe divided by the flow
rate. A considerable volume of liquor is located also on the heat transfer surface: this was
included by adding it to the volume within the recirculation pipe.

The normal outflow position from an industrial evaporator is after the recirculation pump,
but this has two disadvantages: (i) it has the lowest concentration since the feed dilutes the
liquor just before the pump and (ii) the flow rate to the top of the evaporator decreases.
Therefore, an alternative outflow position from the sump was also modelled, i.e. from the
position with the highest concentration.

5.2.5 Dissolution of scales

The same model as described in Section 5.1 was used to calculate the dissolution of scales
from the heat transfer surface. However, a model for the mass transfer coefficient was also
required that addressed the full range of conditions possible, i.e. variations in the black
liquor DS, flow rate and temperature. The mass transfer coefficient was estimated from the
heat transfer coefficient using the Chilton-Colburn heat and mass transfer analogy
described in Section 3.3.3.

The mass transfer coefficient, k&, was derived by first calculating the Nu number for the
current condition from the heat transfer correlation and converting it into the Sh number; &
was then calculated from the definition of Sh. These steps required values of additional
physical properties of the fluid, i.e. viscosity, specific heat, thermal conductivity and
diffusivity. In the case of viscosity, a correlation for sodium carbonate solutions developed
by Abdulagatov, Azizov and Zeinalova (2007) was found to provide nearly identical results
(£ 1%) to those from a correlation for black liquor by Adams et al. (1997) under the same
DS. Therefore, it was assumed that the correlation for black liquor could be used for
solutions of both black liquor and dissolved salt if the total DS, DS, was used to define
the mixture. The specific heat and thermal conductivity were also modelled by using the
correlation for black liquor by Adams et al. (1997), i.e. neglecting the additional dissolved
salt, which resulted in an error of k estimated at a maximum of 3%. Finally, diffusivity is
an important parameter that, unfortunately, has been rarely studied for the salt used in this
work. Nevertheless, using data by Vinograd and McBain (1941) and Zeebe (2011), the
diffusivity was estimated here to be 10 m?/s at 25°C. It was then converted to the right
temperature as described in Section 3.3.2.

5.2.6 Adaption to a full-scale cleaning test

The model was extended to also calculate the boiling point rise and overall heat transfer
coefficient to enable the simulation data to be compared with data acquired during the full-
scale test (see Section 4.6). The boiling point rise is a measure of the salt content: its trend
shows how it changes during the cleaning. As the overall heat transfer coefficient was
known for the clean condition, the value for scaled conditions could be calculated from the
assumed distribution of scales and compared with the value measured. It was found that
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these modification and measurements sufficed to perform a validation. As the total mass
and distribution of scales were unknown, these were the parameters that were adapted to
fit the simulation. Further details can be found in Andersson (2015).
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6.1 Important results and questions from the papers

A summary of the work reported in the appended papers is given in Table 6.1, where the
most important results are given together with questions and comments that are important
to discuss.

In Paper I, a new experimental method was developed that enabled cleaning of the
evaporator tube to be executed with minimum cooling and dilution of the circulation
solution or liquor. It was important to provide precise measurements of the fouling rate by
starting from clean conditions: this method was also used in the subsequent papers. An
important result obtained in Paper I is that, as has been shown by others, rapid scaling only
occurred during primary nucleation. It was also confirmed that black liquor can have two
regions in which primary nucleation occurs (at around 50% and 65% DS, sometimes called
first and second critical solids), but that the lowest concentration has the highest scaling
rate. A more unique result was that operation up to 90% DS was found possible without
any rapid scaling being observed (further discussed in Section 6.2).

The results in Paper I showed low repeatability of measurements of the scaling rate, which
was explained by the complexity of the crystallization process. The experiments were,
however, conducted at different temperatures: this was not considered in the paper and
might be an alternative explanation for the large variations. It was also found that accuracy
improved when the duration of the measurements was longer, as in Paper VI. In Section
6.3 the scaling rate measurements are discussed further and compared with data obtained
by others.

In Paper 11, a model for the dissolution of scales was developed for salt solutions and fitted
to experimental data. Dissolution was found to be controlled by diffusion and that film
theory could be used to describe the process. It was also found that the mass transfer
coefficient could be estimated from a standard heat transfer correlation by using the
Chilton-Colburn heat and mass transfer analogy. These findings then formed the base of
the model developed in Paper III, where the cleaning of a typical industrial concentrator
unit was modelled. The dissolution model was also extended to allow black liquor to be
used as the wash liquor by developing a solubility model and a density correlation. The
cleaning model allowed the fundamental results of dissolution to be converted into new
practical understanding of cleaning industrial evaporators: a field that has been more or less
unexplored in terms of research.
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The main results obtained from the cleaning simulations in Papers III and IV were that
the dissolution of scales was fast, leading to saturation of the wash liquor, and that the
throughflow (feed rate) is the limiting step for cleaning. It was also shown that a high
evaporation rate increased the cleaning time because this increased the dry solids content
in the wash liquid. The cleaning time had an almost linear relationship with the mass of
scales. The high rate of dissolution meant that the simulation results were insensitive to the
distribution of the scales and the dissolution parameters. This makes the model robust and
less sensitive to the fact that the exact conditions (especially the distribution of scales) in
an industrial evaporator are unknown. The results are based on the assumption that there is
sufficient wetting (good contact between the scales and wash liquid) and that the
distribution is similar to that observed on the pilot scale. The significance to industry is

discussed further in Section 6.7.

Table 6.1. Summary of the results obtained in the papers and the questions that remain.

Method Important results Questions and comments
development
PI Online cleaning of -Rapid scaling only during primary  -Low repeatability of scaling rates
the evaporator tube nucleation -Highest scaling rate at the highest
-Possible to operate at DS up to temperature
90% -Short duration of measurements
PII  Scale dissolution -Dissolution diffusion-controlled -Measurements at low flow rates
model for salt -Film theory applicable -Assumes uniform wetting and
solutions -Heat and mass transfer analogy distribution of scales
valid and useful
PIII Cleaning model, -High dissolution rate = wash -Cleaning time close to linear for
solubility model and  liquor saturated the mass of scales
density correlation -Dissolution model also valid in -Can the results be validated?
for black liquor black liquor
-Insensitive to scale distribution
and dissolution parameters
PIV  Simulation of -Feed and evaporation rate -Are the assumptions valid under
cleaning in industrial ~ determine cleaning time industrial conditions?
cases -Sump volume and recirculation
rate unimportant
PV  Hydrocyclone -Crystal separation from black -Can recirculation of bulk crystal
separation of bulk liquor proven mitigate scaling?
crystals -Viscosity and flow rate most -Is the separation equipment worth
important for separation the investment?
-Possible industrial implementation
suggested
PVI Long-time -Bulk crystals important in -Complex relation between bulk

experiments with
varied populations of
bulk crystal

reducing scaling during primary
nucleation

-Bulk crystals of less importance
during continuous operation
-Large crystals most important

crystals and scaling
-How are scales initiated?
-What is the role of agglomeration?

Papers V and VI return focus to the formation of scales using the method developed in
Paper I. The importance of bulk crystals in avoiding (rapid) scaling has been discussed for
a long time and, in these papers, new knowledge is gained from the experimental results.
This was enabled by the development of an experimental method where the bulk crystal
population was changed by a hydrocyclone. The separation of bulk crystals from black
liquor was examined in Paper V, where the two most important parameters for separation
efficiency proved to be viscosity and the flow rate to the hydrocyclone. A concrete example
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was also given of how bulk crystal, after being separated and recirculated in the
concentrator, has the potential of mitigating scaling. However, the degree of improvement
the recirculation of bulk crystal can result in is still unknown, and whether the separation
equipment is worth the investment; this is discussed further in Section 6.5.

In Paper VI, the relation between bulk crystals and scaling rate was evaluated for both
sodium carbonate solution and black liquor. During conditions where primary nucleation
was triggered it was found that bulk crystals were needed to leave the state of high scaling
rate. During continuous crystallization under steady-state conditions the crystal fraction
showed no influence on scaling rate, but there were indications that large crystals are
needed to avoid rapid scaling. These results are to some extent contradictory and there are
unfortunately not enough information to fully understand the behaviours. More research is
needed to fully understand the scaling mechanisms, especially on how scales are initiated
and grow (by direct crystallization or agglomeration). This is further discussed in section
6.4.

6.2 Operation with a dry solids content close to 90%

The idea that a higher content of dry solids means more scaling might be appealing, and
can sound reasonable if addressing fouling in general: a high concentration can mean
precipitation of different compounds, a high viscosity means increased stickiness and
decreased wetting an increased risk of drying out. No reports have, however, been found
showing increased problems with fouling when the final dry solids content increases to
above 70%. There was no increase in the rate of sodium salt scaling detected at these high
dry solids contents in the study undertaken in Paper I.

Table 6.2 shows some previously unreported data for operation close to 90% dry solids
content connected to the experiments in Paper 1. The main challenge when operating at
90% dry solids content was found to be the high level of viscosity: the falling film needs
to have good contact with the heat transfer surface to ensure adequate heat transfer. A
viscosity of around 500 mPa-s was found to be the limit; this is discussed further in the
related work by Karlsson, Gourdon, Olausson and Vamling (2013).

The normal way of decreasing viscosity, and thereby improving the heat transfer properties
of'black liquor, is to increase the operational temperature, although this can have undesired
effects on the organic compounds because their reactivity will also increase. Temperatures
in the range of 160-190°C were tested in the experiments connected to Paper 1. The release
of malodorous (sulphuric) gases increased significantly compared to lower temperatures
and, after exposure to these high temperatures for about 10 h, the visual appearance of the
liquor changed: after dilution and cooling it was less homogeneous and solid black particles
could be detected. It was also found that the molecular weight increased during the
treatment, which was likely due to the polymerization of organic compounds. This applied
especially to the experimental series SB2, which had a significant lower residual alkali. As
the highest final concentration was reached in the experiment with the lowest temperature
(SB1), it is probably not viable to increase the temperature even further.

An unexpected issue encountered in the experiments was the difficulty in measuring the
true dry solids content. Great caution was exercised during sampling to avoid flashing and
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evaporation from the samples. It was found that the best way of minimising errors during
dilution was to dilute the whole sample: the spread was significantly higher when just a
part of the sample was diluted. The dry solids content was analysed in-house using the
TAPPI T om-09 method and also sent to an external lab (MoRe Research in Sweden),
which used the SCAN-N 22 method. The latter method showed significantly higher values,
as shown in Table 6.2. The methods differ in that the TAPPI method uses larger samples
(5-10 g instead of 1-2 g) that are dried for longer times (6 h instead of 30 min): it may be
suspected that the SCAN samples were not completely dry, which is a possible explanation
for the deviation.

Table 6.2. Data for operation at DS close to 90% for the three series of experiments in Paper 1.

Exp. Final DS Temp. Mw Mw Mw Viscosity Residual
series SCAN/TAPPI* start” final® increase (mPas) alkali®
SB1 91%/85% 172°C 790 980 24% 610 22.9
SB2 86%/82% 180°C 960 1350 41% 380 10.8

Cl 89%/85% 175°C 920 1140 24% 570 19.2

2 Result of the two methods SCAN-N 22 and TAPPI T 650 om-09.
® Arithmetic mean value of the molecular weight at the start and end of the experiment.
¢ gNaOH/I according to method SCAN-N 33:94, measured at the end of the experiment.

6.3 Scale formation in salt solutions and black liquor

6.3.1 Rates of scaling in sodium carbonate solutions

The nucleation experiments with sodium carbonate solution conducted by Gourdon (2009)
are compared with the results from Paper VI in Figure 6.1. Both of these works measured
similar scaling rates, although the operational conditions were slightly different. The
scaling rate was a little lower in Gourdon’s experiment with a 6°C differential temperature
(4T), as expected. The wetting rates were considered to be close enough (1 and 1.3
kg/(m-s), respectively) to make the results comparable: there was no deviation between the
works at a differential temperature of 10°C . As concluded in Paper VI, the crystal fraction
showed no proportionality with the scaling rate: the crystal fraction is, of course, zero at
the start so the value reported here is after a stabile bulk crystal population has been formed.

@ AT=10°C, =1 kg/(m-s) @ Gourdon AT=10°C, '=1.3 kg/(m-s)

A Gourdon AT=6°C, I=1.3 kg/(m-s)
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Figure 6.1. Rates of scaling in the nucleation experiments using sodium carbonate solution as a function of
the crystal fraction. Data from Paper VI and Gourdon (2009).

46



Chapter 6. Results and Discussion

6.3.2 Rates of scaling in black liquor

Gourdon (2011) concluded that the majority of the variation in the rate of scaling caused
by the wetting rate and the differential temperature could be described by the concentration
profile along the heat transfer surface. This was calculated as the initial increase of dry
solids content from the top to the bottom (Axo), with initial referring to the reference state
when measurements began: the increase in dry solids content decreases as scales are formed
and decreases the heat transfer. This parameter was used in the figures below, as it allows
a comparison of experiments at different wetting rates and differential temperatures to be
made.

Figure 6.2 and Figure 6.3 show results from experiments with black liquor from Papers I
and VI together with data from Gourdon (2011). Gourdon’s measurements include both the
nucleation phase and a subsequent continuous crystallization phase, so the results of the
rate of scaling are not completely comparable: the values should be somewhere in between
the nucleation and continuous crystallization results obtained by the author. This is also the
case: the scaling rates in the nucleation experiments in Papers | and VI were indeed higher
than those found by Gourdon (Figure 6.2), while those in the continuous crystallization
experiment were generally lower (Figure 6.3). It should be noted that there are also other
parameters that can cause differences in the comparison, for example crystal species
(Gourdon was crystallizing dicarbonate whereas this work was crystallizing burkeite),
liquor composition and temperature, but these were not considered here.

The nucleation experiments in Paper VI show the same positive trend as Gourdon (2011)
between the rate of scaling and Axo, but this is only based on three measurements (Figure
6.2). The results of the primary nucleation in Paper I show no trend, with one point showing
a significantly higher rate of scaling than the others.

Nucleation PI @ Nucleation PVI @ Gourdon

5.0-_.&ll. |

0.0 -

0.0% 1.0% 2.0% 3.0% 4.0% 5.0%
Bx, [ke/ke]

AR/At [(m2K/W)/min] - 108

Figure 6.2. Rates of scaling in the nucleation experiments in Papers I and VI using black liquor. Data from
Gourdon (2011) is included for comparison purposes.

The results from the continuous crystallization experiments show similar behaviour (Figure
6.3): the results in Paper I show no trend with Ax¢ while the results in Paper VI do. Due to
the low accuracy of the measurements in Paper I, the only comment that can be made is
that they are in the same range as the results in Paper VI. The results in Paper VI do not
have the clear relationship shown by Gourdon, and variations in other parameters need to
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be considered. One such parameter is the bulk crystal population, which was varied in the
experiments in Paper VI and is discussed in Section 6.4.
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Figure 6.3. Rates of scaling in the continuous crystallization experiments in Papers I and VI using black
liquor. Data from Gourdon (2011) is included for comparison purposes.

6.3.3 The influence of operational temperature

Differences in the operational temperature might explain the large deviations found in the
nucleation experiments in Paper 1. The results of these are plotted together with the
corresponding operational temperature in Figure 6.4. Liquor 1 showed both the highest and
lowest rates of scaling when the first critical solids was passed: the only obvious difference
was the operational temperature (167°C versus 91°C). The corresponding experiments for
Liquor 2 showed similar rates of scaling: both experiments were conducted at the same
temperature (110°C) despite the fact that Axo differed significantly. The results for the
second critical solids show similar trends, as the highest temperature (Liquor 1) had the
highest scaling rate. Interpretation should, however, be made very carefully when two
different liquors are compared.
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Figure 6.4. Rates of scaling in the nucleation experiments in Paper I using black liquor. Data for passing
the metastable limit is shown for both the first and second critical solids (CS). The figures indicate the
operational temperature in °C.
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There is no obvious explanation as to why the scaling rate increases at higher temperatures.
An increase in temperature gives an increase in diffusivity and a decrease in viscosity,
which influences the mass transfer during crystallization. Properties related to the surface
chemistry are also affected and could change the affinity for scaling on the heat transfer
surface. No reports have been made that the crystal species changes at elevated
temperatures, but this cannot be dismissed completely. These are the most likely
explanations but the phenomenon needs further investigation.

6.3.4 The influence of crystal species

Differences between the crystal species (burkeite and dicarbonate) have not been the focus
of the present work. They are nevertheless important, and some interesting observations
may be made. It was concluded in Paper I that burkeite crystallized when the first critical
solid was passed in Liquor 2 (Figure 6.4). As the molar ratio of carbonate was lower in
Liquor 1 than in 2 (¢p=0.77+0.02 versus ¢=0.82), burkeite was probably also crystallizing
here at the first critical solids. This, in turn, means that dicarbonate was crystallizing at the
second critical solids for both liquors. Dicarbonate has been reported as giving high scaling
rates but not burkeite (Frederick et al., 2004; Gourdon, 2009): here it is shown that burkeite
can give very high scaling rates as well (although this might be a consequence of high
temperature, as shown above). It can also be concluded that dicarbonate, when crystallizing
at the second critical solids, does not give significantly higher rates of scaling than burkeite
crystallizing at the first critical solids.

6.3.5 Growth behaviour

In Paper VI it was found that the high scaling rates during primary nucleation are mainly
caused by the high rate of scale initiation at the heat transfer surface: the thin layer that is
created on a large part of the heat transfer surface in a short time has a much greater impact
on the heat transfer than the same amount of salt would have on a small part of the surface.
Hence, it is not the high rate of crystallization as such that causes the high scaling rates. A
certain level of supersaturation is required to initiate scaling: if the black liquor is saturated
when it enters the top of the evaporator, which is the case during continuous crystallization,
scaling will only occur after the film has fallen far enough to acquire this level of
supersaturation. This explains why scales grew only up to a certain height from the bottom
during the continuous crystallization experiments in Paper VI. The height was repeatable
and dependent on the operational conditions (wetting rate and differential temperature).
This is in line with Gourdon et al. (2008), who found that scaling starts in the lower parts
of the evaporator but, since the measurements in that study were made during primary
nucleation, a maximum height was not detected for the scales.

The work in Paper VI also found that sufficient wetting of the heat transfer surface is
important in avoiding the initiation of scaling. This can be exemplified by the following,
when one of the most severe scaling situations measured in this work was produced in the
pilot evaporator: a supersaturated salt solution was being evaporated when the recirculation
pump stopped and all wetting was lost. Although it was back in operation after some
minutes, severe scaling had been initiated. Subsequently, the steam pressure (differential
temperature) was increased to compensate for the decreased heat transfer which, however,
resulted in even more scaling. The overall result was that 98% of the heat transfer surface
was covered with scales in a period of just 30 minutes or so.
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6.4 The relation between scaling and bulk crystals

6.4.1 Experimental results

The influence of the bulk crystal population on scaling rate was analysed in Paper VI but,
in the case of black liquor, no clear conclusions could be drawn because the experiments
was conducted under different wetting rates and differential temperatures. Variations in
these two parameters can, however, be taken into account by plotting the results as a
function of the initial increase in the dry solids content from top to bottom (Axo), as shown
in Figure 6.5. A positive relationship between the scaling rate and Axo can be observed, as
already presented and discussed in Section 6.3. In addition, both the crystal fraction and
the operational mode ofthe hydrocyclone differed in the experiments; the influence of these
two parameters become clearer when the data was plotted in Figure 6.5.
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Figure 6.5. Rates of scaling in continuous crystallization experiments from Paper VI using black liquor.
Coarse and fine refer to the operational mode of the hydrocyclone. The size of the circle refer to the crystal
fraction, with a label giving the corresponding value.

The crystal fraction is shown in Figure 6.5 by the size of the circle, in combination with a
label of the value. No correlation between rate of scaling and fraction of crystals can be
observed: the two highest points (5.4% and 6.0%) do not show a lower rate of scaling. This
agrees with the results obtained for salt solution in Paper VI and strengthens the conclusion
that increasing the crystal fraction does not decrease the scaling rate during continuous
crystallization. The figure also clarifies how the operational mode of the hydrocyclone
influences the scaling rate: all points in the fine mode hade a higher rate of scaling then
those in the coarse mode when comparing at the same value of Axy, albeit the differences
are sometimes small. Large crystals seem to be important in reducing the occurrence of
scaling, as was concluded in Paper VI.

The analysis made in this section consequently strengthens the conclusions drawn in Paper
VI, although the results still show that the relationship between bulk crystals and scaling is
complex. On one hand, bulk crystals are important in slowing down the high scaling rate
that occurs during the primary nucleation but, on the other hand, no correlation between
the scaling rate and the crystal fraction is apparent for salt solution in Figure 6.1. This is
analysed further in Figure 6.6, where the heat transfer coefficient and chord counts are

50



Chapter 6. Results and Discussion

plotted for two of the nucleation experiments shown in Figure 6.1: one where bulk crystals
were formed after nucleation and one where no (or few) crystals were formed. The chord
count is a measure of the number of particles in the system and shows clearly how bulk
crystals are formed in one of the experiments. The decrease in the heat transfer coefficient
is similar in the first part of the experiments, which implies similar scaling rates: in the later
part, however, the experiment with crystals stabilises at a higher value. After 37 min the
evaporation stalled completely in the experiments without crystals (the operation of the
condenser had to be halted to maintain the temperature of the salt solution), while operation
could be continued (at a low rate) when crystals were available.
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Figure 6.6. Rates of scaling in two nucleation experiments performed in Paper VI using sodium carbonate
solution, one when bulk crystals were formed and one when not.

No correlation between the rate of scaling and the fraction of crystals was found in the
continuous crystallization experiments but, yet, the rate of scaling increased when the
larger-sized crystals were removed. A minimum amount of large crystals is probably
needed to suppress scaling, whilst the system is insensitive above this limit. This can
explain why no correlation with the crystal fraction was observed: the amount present in
the experiments with low fractions of crystals was sufficiently high to supress scaling. No
other explanations could be found, for example supersaturation (none was detected in the
fine mode, as it was measured from refractive index for the salt solution), although there
was slightly more fluctuation in the system, caused by experimental limitations when
operating in fine mode. It appears that the minimum amount of (large) crystals required is
higher during primary nucleation compared to continuous crystallization, which can be
explained by the high supersaturation that causes high rates of crystallization during
nucleation.

The most relevant studies by other researchers that were found have partly contradictory
results. The relationship between the chord counts in bulk crystal from FBRM
measurements and the scaling rate was investigated for three experiments in connection
with studies of internal residence time by Gourdon (2009): no correlation was found. In
three adjacent experiments, Gourdon also studied the relationship between the dry solids
content and the scaling rate: the highest rate of scaling was observed close to the critical
solids. This was explained by the low content of bulk crystals when operating close to
solubility, and thus the dependency of the crystal fraction observed in this case.
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6.4.2 Discussion of crystal surfaces

In theory, a greater amount of bulk crystals should give less scaling: more crystal surfaces
are available in the bulk and therefore stimulate crystallization. In Table 6.3, the ratio
between the surface of the bulk crystal and the surface of the scales is estimated for a typical
experiment in the pilot evaporator using 3% bulk crystals, and the same mass of scales
covering half of the evaporator tube with a layer 0.8 mm thick (if evenly distributed). The
crystals are assumed to be spherical and the total mass of crystals or scales is 0.9 kg. A
single particle distribution of 100 pm would mean that the surface area is 25 times higher
in the bulk than on the scales. A log-normal distribution was fitted to a typical CLD (in the
case of spheres, the particle size and chord length distributions are similar) giving a more
reasonable crystal population: the surface of the bulk crystals is about 10 times that of
scales.

Table 6.3. Example of a calculation of crystal surfaces in the pilot evaporator.
Size distribution of bulk crystals  Log-norm. Single Single Single

Mean crystal diameter 1.0-10* 1.0-10° 1.0-10° 1.0-10* m
Number of crystals 2.2-10° 6.7-10*  6.7-10""  6.7-108

Total area of bulk crystals 8.1 2.1-10° 2.1-10? 2.1-10! m?
Bulk crystal/scales surface ratio 9.6 2.5-10° 2.5-10° 2.55-10'
Scales

Area tube 0.848 m?

Area scales 0.430 m?

Scale thickness 8.1-10* m

Assumptions

Density of burkeite 2571 kg/m?

Total mass in system 30 kg

Crystal fraction 3%

Total mass of crystal or scales 0.9 kg

Total volume of crystal or scales 3.5-10* m?

As the total surface of bulk crystals increases when the size of the crystal decreases for a
fixed mass of crystals, it can be argued that smaller crystals should be preferred. However,
the results show the opposite: operation in fine mode gave the higher rates of scaling shown
in Figure 6.5. Small crystals, especially from dicarbonate, have been reported as
agglomerating on the heat transfer surface (Frederick et al., 2004) and might therefore be
unsuitable for the prevention of scales. Small crystals are also (more) stagnant in the flow
due to their low mass and are therefore less available for crystallization: mass transport is
limited to diffusion only, while there is also convective mass transfer to the larger particles.

Frederick and Euhus (2015) discuss the importance of bulk crystals in providing sufficient
growth area for crystallization, and have examples of calculations for estimating the
retention time needed to avoid supersaturation and the primary nucleation of dicarbonate.
Their estimations imply that retention times significantly longer than those currently used
in industry are necessary to allow for crystallization on bulk crystals and to handle the
supersaturation caused by evaporation. This, however, does not agree with the observations
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made in this work, where supersaturation after the buffer tank was only observed in the
first part of the nucleation experiments. Not even in the experiments at very high
differential temperatures (salt solution, 25°C), which showed very high scaling rates during
continuous crystallization, was supersaturation detected after mixing in the buffer tank. A
possible explanation for this can be the unusually low estimation of the crystal fraction:
they assume that 0.0021 m® crystals/m> black liquor is formed when concentrating to 65%
dry solids content. Increasing the crystal fraction by a factor of 10 would bring the value
close to that expected in black liquor, and the calculated retention times required would be
closer to that being used in industry today.

6.5 Recommendations for mitigating scaling

The knowledge gained from the research conducted in this study can be used to provide
recommendations for how to mitigate scaling. These are, to a large extent, in line with the
general recommendations of others, as summarised in Section 2.3.1. Similar to this work,
Gourdon (2009) studied the relation between scaling and operational conditions. He
provided a number of more specific recommendations, the following of which can be
confirmed using the new methods developed for measuring scaling used in this studies:

e Keep operation as steady as possible
e Reduce the increase in dry solids content along the heat transfer surface by:
o High wetting
o Low differential temperature
o Short and wide heat transfer surface (if tubes: short but more of them)

In addition, a couple of new recommendations that have arisen in the present work are
offered, namely:

e Ifpassing the critical solids is unavoidable, scaling can be reduced (potentially) if
high temperatures are avoided (<110°C)

e The growth of large-sized crystals should be favoured, if this is possible.

As 1t is commonly recommended to favour a high content of bulk crystals in the
concentrator, a new concept for scaling mitigation by recirculating the bulk crystal was
presented in Paper V (similar to the patent of Olausson ef al. (2011)). The application of
this concept 1s, however, reduced as no decrease in the degree of scaling was found when
the concentration of bulk crystal was increased in continuous crystallization (i.e. normal
operation). It is still likely that the addition of seed crystals can reduce the amount of scaling
during primary nucleation. The critical solids are often passed during start-up or major
changes in the process (e.g. altered liquor compositions or dry solids content in Effects 1
or 2) when there are no crystals available, leading to primary nucleation. Then, when the
evaporator is back in normal operation, its capacity is affected negatively by the scales that
are formed. If, in this case, seeds crystals are added, scaling will probably be lesser, and
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the evaporation capacity higher, when it is back in normal operation. The situation is similar
after the evaporator has been cleaned, which discussed further in Section 6.8.

6.6 Solubility correlation for black liquor

A new correlation for the solubility of sodium salts in black liquor was developed in Paper
III. The intention was not to develop a chemical and thermodynamic model because the
system is very complex, but rather to develop a practical correlation. The correlation, and
the way in which it was plotted, was also found to be informative: below solubility, it shows
the liquor’s potential for dissolving scales (important for cleaning) and, above solubility, it
shows the crystal fraction in the liquor (important when making salt balances in the
evaporator), as illustrated in Figure 6.7. The intersection of the lines of solubility and salt
content (the sum of sodium carbonate and sodium sulphate) indicate at which content of
dry solids the solubility limit is exceeded, i.e. the critical solids. A related plot (but only
showing the solubility between 50 and 65% dry solids) was made by Gourdon, Olausson
and Vamling (2010) and shows similar values.

The correlation can be adjusted relatively easily to fit other black liquors: the only
parameters needed are the total content of sodium carbonate and sodium sulphate and the
critical solids (based on the definition related to the solubility limit). Step 1 is to draw the
line for salt content, as indicated in Figure 6.7. As the end points of the solubility line are
fixed (0 and 100% dry solids content), the critical solids will give a third point that
determines at which dry solids content the two lines will intersect.

— — - Salt content = 154 g/kg DS

Solubility measured in Paper llI

0.35

0.3

0.25

0.2
Solubility limit

0.15 e
Scale dissolution Ll
0.1 .
potential .
Crystal fraction
0.05 T =

0 ——
0% 10% 20% 30% 40% 50% 60% 70% 80% 90%  100%
Black liquor DS

Salt content and solubility (kg salt/kg tot)

Figure 6.7. Solubility correlation in Paper II1. Salt content refers to the sum of sodium carbonate and
sodium sulphate in the liquor.
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6.7 Simulating cleaning and significance to industry

The most important parameters affecting cleaning performance were simulated in Papers
IIT and IV for a typical concentrator unit using the cleaning model developed. Work was
also done in the Master’s thesis carried out in our group to verify the model in a full scale
test (Andersson, 2015); some results from this are shown in Figure 6.8. The thin liquor was
feed into Unit D and its outflow was then feed into Unit C. It was possible to fit the model
to give relatively good agreement with the boiling point rise, at least at the beginning of the
experiment. It was not, however, possible to also have good agreement for the salt content
measured in the outflow and the overall heat transfer coefficient (calculated from the fitted
scale distribution (see Section 5.2.6). In the evaluation, it was found that the quality of the
data collected was not high enough to fully validate the model: chemical analysis of the
salt content showed large variations, and it was probable that both the boiling point rise
measured and the flow rate deviated. The system whereby two units are cleaned in series
was also found to be too complex and increased errors. Still, the method developed for
applying the cleaning model in industry was found to be successful and can be used in other
cases.

Boiling Point Rise

———BPR model 1 unit D |4
— Op. data unit D -
— = BPR model 1 unit C |4
Op. data unit C -

Temperature [degC]

Time [min]

Figure 6.8. Simulation results and measurements of boiling point rise during the full-scale cleaning test.

Two concentrator units were cleaned in series, where the first unit (D) was feed with thin liquor. Courtesy
of Andersson (2015).

The boiling point rise was found, from evaluation of the mill data, to be a robust parameter
for monitoring the cleaning process, as its trend provides information on how the salt
content changes during cleaning (the absolute value not so important for just monitoring
the process); this parameter is already being measured at virtually all pulp mills. The
evaporator is clean when the boiling point rise has stabilised at a reasonable low level. In
Paper 1V, it was concluded that the salt content (and dry solids content) in the evaporator
should reach a plateau after an initial dilution period and then decrease further once all the
scales have been dissolved. This was not observed in the full-scale test here: in discussions
with people working in the industry, however, it was established that behaviour similar to
that reported in Paper IV can be observed. In the experimental work in Paper III, both
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behaviours were actually observed (i.e. with and without a plateau). The difference is likely
related to the distribution of scales and the degree of contact between the wash liquid and
the scales. Scales can, for example, be distributed differently between the tubes or clusters
of scales might be formed between the tubes: such situations cannot be simulated in the
current model.

6.8 Recommendations for cleaning evaporators

Inadequate cleaning can potentially lead to poor performance in the evaporator and
ultimately disturbances in the process. The capacity of the evaporator can most likely be
improved by avoiding unnecessary and insufficient cleaning: the main idea is to clean only
when needed and ensure that all scales are removed before returning to operation. The
following recommendations are offered to help achieve this in practice:

e Measure the overall heat transfer coefficient and use it to decide when cleaning is
required. Some systematic work might be necessary to determine the values for
clean conditions for all of the concentrator’s units. The amount by which the
coefficient should be allowed to drop before cleaning is triggered should be
determined from case to case: 50% can be a rule of thumb, as this corresponds to
duplication of the differential temperature.

e The evaporation rate should be low during cleaning, if possible: it is the water that
dissolves the scales.

e The feed rate of the wash liquor will be the main parameter determining the
cleaning time if the scales are distributed evenly. High feed rates can therefore be
tolerated if short cleaning times are necessary.

e The boiling point rise should be monitored during the cleaning as it can supply
important information. Some systematic work is required here, too, to determine
the values for when cleaning is completed and to interpret variations in the trend
(such as plateaux).

Once the evaporator is considered clean, the next (important) step is the return to operation.
As the dry solids content is increased from below to above critical solids, this involves the
primary nucleation of the sodium salts. The following procedure is recommended to avoid
considerable scaling from occurring before the evaporator is back in normal operation:

e Feed the clean evaporator with thick liquor, or other crystal rich liquor, to increase
the dry solids content by mixing instead of normal evaporation: the latter would
give high levels of supersaturation, leading to a substantial propensity for scaling.
The types of seed crystals used are important: electrostatic precipitator (ESP) ash
will probably not work.

e Keep the rate of evaporation low, if possible.

e The more the concentration is increased through mixing instead of evaporation,
the lower the risk of scaling.
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The importance of a correct start-up is discussed by Verrill and DeMartini (2006), who also
conclude that the addition of seed crystals is important. Correct start-up can be considered
at least as important as correct cleaning, and should not be forgotten when troubleshooting
scaling problems.
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Conclusions

The following conclusions can be drawn from the work undertaken in this thesis:

e The rate of scaling is tenfold greater during primary nucleation than continuous
crystallization. This is mainly due to the high degree of supersaturation in the
former, as it causes a rapid initiation of scaling on the majority of the heat transfer
surface.

e Scaling is not a substantial problem when black liquor is evaporated at very high
dry solids content (values up to 90% DS were tested experimentally here).

e It was found that burkeite can give severe scaling during primary nucleation
(previously reported mainly for dicarbonate). The trigger for the occurrence was
probably have been a high operational temperature (167°C).

e Bulk crystals are required to stop the high scaling rate during primary nucleation.
All crystallization will otherwise occur on the heat transfer surface, leading to
severe operational disturbances and the need for cleaning within hours or less.

¢ Providing that a minimum amount of bulk crystals is available during normal
operation (continuous crystallization), a further increase in the amount of bulk
crystals will not decrease the rate of scaling.

e The larger crystals contribute to a lower degree of scaling and are therefore more
important in the system than the smaller crystals.

e The capacity of the evaporator can be improved by avoiding unnecessary and
inadequate cleaning. Cleaning can be improved by taking a systematic approach:
important process data should be utilized to trigger and/or schedule cleaning.

e The overall heat transfer coefficient is a good measure for deciding when cleaning
is necessary. The boiling point rise is a good measure for monitoring the
performance of the cleaning operation and to decide when the evaporator is clean.

e [t is important to feed the evaporator with crystals during start-up after cleaning:

primary nucleation will otherwise be initiated, with a high risk of substantial
scaling occurring before the evaporator is back in normal operation.
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Future research

Many ideas for interesting studies emerged in the duration of this thesis; many interesting
observations were made that could attract further investigation. Experimental work is,
however, very time-consuming and it has not been possible to follow all these paths. The
most interesting of these future research topics are listed below:

The role of temperature during the primary nucleation of sodium salts. The
indication was that the scaling rate is substantially higher at around 160°C than at
90°C, so this should be investigated further to discover the operational conditions
that should be avoided.

Understanding of the phenomena connected to surface chemistry could supply
new tools for the controlling scaling: significant progress would be made if the
surface can be modified to inhibit scaling.

More research is required into the role of bulk crystals and how they interact with
scale growth, especially during continuous crystallization. Hopefully, this will
provide new understanding of the mechanisms of the initiation and growth of
scale: it is important that these are understood in order to develop effective
strategies for mitigating scaling. The role of agglomeration, for example, is
probably important but not yet fully understood.

Much new knowledge has been gained regarding evaporator cleaning thanks to
this study, yet more research is necessary to enhance understanding of dissolution
and its behaviour during full-scale cleaning. This will improve the quality of
recommendations offered and help optimise cleaning.

Avoiding scaling during start-up after cleaning is important. More research is
imperative to examine the problems encountered and to unearth good strategies
for avoiding primary nucleation.

The experiments performed here employed an evaporator tube of length 4.5 m,
opposed to the 10-15 m used in industry: the ways in which the length of the tube
(or the heat transfer surface) affect scaling behaviour should also be investigated.

Difterent types of residual streams from other parts of the mill are often
introduced into the evaporator, e.g. ESP ash and spent acids, and may influence
the behaviour of scaling; the optimal way of adding these therefore requires
further investigation.
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Nomenclature

Abbreviations

BPR
C
CLD
CS
ESP
FBRM
LP
MP
N
Nu
Pr
Re
Sc
Sh

Symbols

Boiling point rise

Continuous crystallization experiment
Chord length distribution

Critical solids (content)

Electrostatic precipitator (ash)
Focused beam reflectance measurement
Low pressure (steam)

Medium pressure (steam)

Nucleation experiment

Nusselt number

Prandtl number

Reynolds number

Schmidt number

Sherwood number

Area [m?]

Concentration [kg/m’]

Crystal fraction [kg/kgot]
Particle diameter [um]

Particle cut size diameter [pum]
Diffusion coefficient [m?/s]

Dry solids content [kg/kg]
Gravitational acceleration [m?/s]

Grade efficiency [-]
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Subscripts

0
bulk
BL
C
cry
dif
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Heat transfer coefficient [W/(m?-K)]

Mass flux or dissolution rate [kg/(m®'s)]
Chilton and Colburn j-factor [-]

Mass transfer coefficient [m/s]

Volumetric bottom-flow-to-throughput-ration
Mass [kg]

Sharpness of separation [-]

Heat load [W]

Fouling resistance [m?’K/W]

Radial direction (coordinate) [m]
Temperature [T]

Time [s]

Overall heat transfer coefficient [W/(m?-K)]
Volume [m?]

Mass fraction of Na,CO3+Na»SOy4 in solution[kg/kg]
Vertical direction (coordinate) [m]

Mass flow rate per unit with [kg/(m-s)]

Temperature difference between heating steam and evaporating liquor
or salt solution (referred to as differential temperature) [K]

Mass fraction (DS) increase along the heat transfer surface [kg/kg]
Thickness [m]

Thermal conductivity [W/(m-K)]

Dynamic viscosity [Pa-s]

Density [kg/m’]

Kinematic viscosity [m*/s]

Molar ratio Na;CO3/(NaxCO3+Na2SO4)

Initial conditions
Bulk (fluid)
Black liquor
Critical

Crystal
Diffusion



Nomenclature

salt sol
sol

tot
turb
unfilt

w

Superscripts

*

Filtered
Heating
Inner
Laminar
Mean
Outer

Salt solution
Solution
Total
Turbulent
Unfiltered
Wall

Saturated
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Appendix A — Solubility calculation

The solubility is calculated from the data from the solubility measurements described in
Section 4.5 according to the following procedure.

The original samples consist of water, W, and dry solids, where the latter can be divided
into a natural content of sodium salts, Sy, and a residual, R:

R+S,

DS, = .
M R4Sy+W

In the filtrate, the dry solids also contain the amount of salt required to reach saturation, S:

R+5So+S

DS, =——.
Ul ™ RySo+S+W

Combining these two gives the following expression for the amount of salt required to reach
saturated conditions:

S = 1

" DSpur—1

R+50)(1-224) (e,

or per kg of dry solids in the original sample:

__ 1 _ DSout
= DSour—1 (1 DSin ) (kg/kgps).

The natural content of salt has to be added in order to calculate the solubility limit, and was
analysed for the black liquor used in this study. The relation between salt and the dry solids
in the initial black liquor is given by:

So
R+5So

= 0.154.

The solubility limit, c*, was calculated as:

. S+Sy (S+S0)/(R+So) $+0.154 3
€ = PRiwestsy P Rews+so)/(R+59) 1+(051 _1)+S (kg/m’).
in
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Appendix B — Cleaning model

Implementation of the cleaning model described in Section 5.2.

Iterate for each time step until t = tior

Tube dimensions and Number of tubes
Sump and Recirculation pipe volumes

Scale distribution

Inputs: Simulation settings:
Number of tube segments
Number of time steps
Feed, Evaporation and Recirculation rates Total simulation time

DS and Salt content of wash liquor Temperature

Initial calculations:
Delay in recirculation

Length, Evaporation rate and Initial mass of scales in each tube segment

Calculate: Mass of salt, Residual dry solids and Water to top at time t

Iterate for each tube segment until i = n

Calculate: Mass of salt, Residual dry solids and Water in to segment i

min(i,t) =

maut(i'lft)

J

All scales removed?

No

Yes

Physicochemical properties required to calculate dissolution:

Density, Solubility limit, Salt concentration and Mass transfer coefficient
Area of tube segment at current scale thickness

Calculate:

Water removed by evaporation

Mass dissolved scales and Mass of scales left

Mass of salt, Residual dry solids and Water out from segment §

Calculate:

Evaporation

Mass of salt, Residual
dry solids and Water
out from segment i

Calculate:
Salt concentration and DSt in sump 1 and sump 2

Discharged mass to keep constant mass in evaporator

Salt concentration and DSt in recirculation pipe after mixing with inflow

Salt concentration and DS:t to top after delay in recirculation pipe

Plot results
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