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ABSTRACT: Precipitation of sodium salts in black liquor evaporators causes problems by forming scales on
the evaporator surface, reducing heat transfer and cleaning intervals. Most problems are connected with the crystallization of sodium carbonate and sodium sulfate. As the solubility of these salts is exceeded, a crystal mass
must form somewhere. Crystallization can occur either in the bulk solution, on the heat transfer surface, or on
other surfaces. It is always desirable to create bulk crystals. If crystals form and remain on the surfaces, a layer of
scales will build up with time.
A method for estimating the distribution of crystal masses between the bulk and on surfaces has been developed in this work. The method is primarily based on inline density measurements combined with inline measurements of the system’s water mass. It has been applied to aqueous solution of sodium carbonate and sodium sulfate in a research black liquor falling film evaporator. Experiments have proven that the method gives valuable
information on the crystallization process. It shows where crystals are formed during primary nucleation, as well
as during the subsequent continuous crystallization.
In an industrial black liquor evaporator, the metastable limit can be passed if it is operated under non-steadystate conditions. During evaporation, upon passing the metastable limit, the experiments showed that the surface
crystallization is as high as or higher than the bulk crystallization. During the subsequent crystallization process,
when concentration is further increased, the crystallization rate is higher in the bulk solution than on the surfaces.

Application: Because this model predicts the distribution between bulk and surface crystallization, it can be a
useful tool for resolving scale problems in black liquor evaporators.

I

n black liquor evaporation plants, precipitation of inorganic salts can produce scales on the heat transfer surface, severely reducing the heat rate. There are a number
of different scale types found in evaporators. The most
frequently encountered scales consist of sodium carbonate and sodium sulfate [1]. The system Na2SO4 -Na2CO3 can
form different types of crystals, depending on the bulk
molar ratio of Na2CO3/Na2SO4 and temperature [2]. Two of
the crystals are important in evaporator scaling: burkeite
with the approximate composition of 2Na2SO4 · Na2CO3
and dicarbonate with the approximate composition of
Na2SO4 · 2Na2CO3.
When water is evaporated from a salt solution, the concentration of the dissolved salts will increase until the solubility
limit is reached. For crystallization to occur, the solution
needs to become supersaturated, i.e., the concentration must
exceed the solubility. The supersaturation is the thermodynamic driving force of the crystallization and is defined as [3]:

(1)
where is the mass fraction of salts in the liquid phase and X*l

is the mass fraction of salts in the liquid phase at the solubility
limit. For crystallization to occur spontaneously, the concentration needs to exceed a certain limit, called the metastable
limit. Between the equilibrium and the metastable limit is a
region called the metastable region, where a solution can remain supersaturated without starting to crystallize. When a
solution’s concentration falls within the metastable region and
crystals exist, it will continue to crystallize and the crystals
will keep growing as long as the solution is supersaturated.
The system Na2SO4-Na2CO3 exhibits relatively high metastable
limits. Based on solubility measurements of an aqueous solution, Shi [4] estimates the supersaturation to be 16% at the
metastable limit for a solution with typical burkeite composition at 120°C. The result of a high metastable limit is that,
upon nucleation, a larger crystal mass will form than for a
lower metastable limit.
A crucial part of the crystallization in evaporators is the
location of the formed crystals. It is desirable that the formed
crystals are located in the bulk to avoid scales. By supplying a
surface for crystallization, bulk crystals will also endorse the
growth and formation of crystals in the bulk solution. Euhus
et al. [5] investigated scaling of Na2SO4-Na2CO3 solutions in a
semi-batch falling film evaporator. They concluded that it is
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possible to form scales on the heat transfer surface before
crystals are formed in the bulk solution. They also reported
that a low temperature difference between the steam and liquor gives a higher fouling rate, expressed as decreased heat
transfer per increase in total concentration. Their conclusion
was that, with a low evaporation rate, the supersaturation was
relieved by surface fouling; while for a high evaporation rate,
supersaturation increased to the point where it was released
by primary nucleation in the bulk.
There is still a need for further understanding of the distribution between bulk and surface crystallization. In this study,
in addition to measuring the effect on heat transfer and particle counts, we have developed a quantitative method to
study the crystallization behavior, closely connected with the
scaling on heat transfer surfaces, in a research evaporator.
With the method, the crystallization behavior is investigated
by examining different crystal masses, in the bulk and on surfaces. At all times during the evaporation, the crystal masses
in the circulating solution and on surfaces are calculated. The
method shows where crystals are formed during the first nucleation; it also shows the distribution between the different
types during the following continued crystallization process.
The crystals on surfaces may be located either as scales on the
heat transfer surface or as crystals on other types of surfaces.
In the experiments, heat transfer coefficients are measured.
From the results of these measurements, the relation between
the two types of crystal masses on surfaces can be estimated.
In this work, the method was applied to an aqueous
Na2SO4-Na2CO3 solution. Experiments at 120°C with two different steam temperatures were performed. Special interest
was paid to the first nucleation point and how the nucleation
could be observed with different operating parameters; e.g.,
density was investigated.

1. Flow sheet for the research evaporator.

EXPERIMENTAL WORK

Equipment
A schematic of the experimental set-up is seen in Fig. 1. The
main component of the research evaporator is a vertical tube,
60 mm in diameter and 4.5 m long, with the falling film on the
outside. The evaporator is heated with steam, condensing on
the inside of the tube. The most valuable outputs are temperatures, heat transfer coefficients (local and average), circulation mass flow rate, density, viscosity, particle counts, and
mass of produced vapor condensate. The particle counts are
measured using a Lasentec FBRM D600L (Mettler-Toledo,
Zürich, Switzerland). The Lasentec FBRM uses a rotating laser
to detect particles by backscattered light. It detects chord
lengths rather than particle sizes and the output from the
equipment is a chord length distribution. The density is measured with an Endress Hauser PROline promass 80 H Coriolis
Mass Flow (Endress Hauser, Reinach, Switzerland). The accuracy of the equipment according to the manufacturer is
±0.002 kg/l and the repeatability is ±0.0005 kg/l. The accuracy has been verified by density measurements on water at
different temperatures. Additional details are available on the
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2. Filtration equipment for solubility measurements.

experimental set-up [6,7,8].

Determining the solubility limit
In the method for studying the crystallization developed in
this work, knowing the solubility limit of the investigated solution is a fundamental prerequisite. To measure the solubility
limit of pure sodium carbonate–sodium sulfate aqueous solutions, a filtration technique has been developed. The main
components of the equipment are a 150 ml sample cylinder
with a siphon mounted at the bottom, a filter, and a 50 ml filtrate collector (Fig. 2 ).
To measure the solubility, the sample cylinder is first filled
with a preheated sample of the solution with a concentration
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above the solubility limit. The equipment is then mounted in
a tempered oven and is allowed to equilibrate for several
hours. The part of the sample above the siphon is then filtrated. The valve to the filtrate collector is subsequently closed
and the entire equipment is allowed to cool to room temperature. To obtain the solubility, the dry solids content of the filtrate is then measured.
PROCEDURE
The research evaporator experiments were performed in
batches. Two experiments with different temperature difference between the heating steam and liquor were performed. An amount of the aqueous solution well below
saturation was added to the evaporator. The added amount
of the different salts and water was carefully weighed to
have good control over the system. The aqueous solution
consisted of Na2CO3, Na2SO4, and trace amounts of LiCl and
KCl (corresponding to 1 mole-% of total Na each for Li and
K). The total mass of Na2CO3 and Na2SO4 was 10.15 kg and
the mass ratio was 1.85.
The solution was heated to the operating temperature of
120°C. When the operating temperature was reached, vapor
condensate was removed from the evaporator, increasing the
concentration. During the experiments, the temperatures of
both steam and liquor, as well as the volumetric circulation
flow rate, were then kept constant. As the temperature was
kept constant, the pressure decreased because of the increased boiling point elevation with increasing concentration. The concentration was increased to, and well above, the
solubility limit before the experiments were terminated. In
one of the experiments, at the end, the condensate was recirculated to the evaporator so as to investigate the change
in crystal masses with time for a closed system.
EVALUATION METHOD
From the measurement of steam condensate flow, the overall
heat flux can be calculated. Knowing the heat flux, the overall heat transfer coefficient is given as:

					

(2)

of the increased viscosity. To isolate the consequences of fouling, this effect is accounted for by adjusting the heat transfer
coefficient with the viscosity. For the same reason, the heat
transfer coefficient is also adjusted to counter the change in
the circulating mass flow rate.

			

(4)

The parameters Pa and Pb were set to 0.26 and -0.41, in accordance with Johansson et al. [10]. For the viscosity, a correlation of pure sodium carbonate, based on the work of Abdulagatov et al. [11], was used:

(5)

				

where c is the concentration in mol/dm3 and μh2o is the viscosity of water. Based on the data given [11], the parameters A, B
and D were set to 0.043 dm3/2mol-1/2, 0.2817 dm3mol-1, and
0.1764 dm6mol-2, respectively.
The operating procedure is designed to be able to examine
different crystal masses in the evaporator. To achieve this, the
evaporator system is divided in three subsystems. The subsystems are the liquid solution, the crystals in the solution, and
crystals on surfaces (not accompanying the circulating mixture), as in Fig 3.
In the calculation of the different crystal masses, salt mass
fractions are frequently used. The salt mass fraction (i.e., the
fraction of sodium carbonate and sodium sulfate) is defined as:

(6)

					

where i can be c, l, or s, or combinations thereof, according
to Fig 3.
The amount of salt in the circulating mixture (i.e., subsystem c + l) is expressed with the water mass and the mass fraction in the liquid-solid mixture as:

				

(7)

From the overall heat transfer coefficient, the outside heat
transfer coefficient can be calculated from the following expression:

				

(3)

The inside heat transfer coefficient, hi, is calculated by using
a correlation for condensation on vertical surfaces [9].
Heat transfer coefficients are dependent on physical properties such as viscosity and thermal conductivity. During
evaporation, as the concentration increases, the heat transfer
coefficient will, as a result of this, decrease mainly because

3. The evaporator subsystems and combinations of these.
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(13)

With a weighted initial amount of water and by continuously
measuring the condensate mass, the water mass mlW is known.
In the experiment, the water mass was verified by analyzing
the concentration of one of the tracers (Li) at different times.
The chemical analysis showed good correspondence to the
measured weight (Li-concentration within ± 2%).
When the metastable limit is exceeded and crystals exist,
the liquid-solid mixture mass fraction, Xc+l , is calculated from
the specific volume of the liquor, obtained from the density
measurement. An ideal mixture between a solution at the
solubility limit (X*l , v*l ) and pure crystals is assumed. In addition to the mass balance (MB) and salt balance (SB), a volume balance (VB) can thus be set up:

MB:
					
SB:
VB:

(8)
(9)
(10)

By combining Eqs. (8)-(10), the solution mass fraction is obtained from the liquor specific volume as follows:

				

(11)

where Vc+l is the measured specific volume of the circulating
mixture. For the experiments with pure aqueous solution, the
density of pure burkeite crystals was used (Xc =1 kg/kg,
νc=0.389 dm3/kg). The correlation was verified by analyzing
the dry solids content of some samples, and showed good
agreement in the examined region (within ± 1% of the mass
fraction). For black liquor or other mixtures having more
components than the crystallizing salts, the assumption of
this ideal mixture is not valid. Black liquor could, however,
be treated as a ternary mixture of the crystallizing salts, other
dry solids matter, and water. Assuming such a ternary mixture, a similar approach as for the binary mixture could be
used.
With a known amount of circulating salt, the amount of
crystals on surfaces can be expressed as the difference between the total amount of weighed salts and the circulating
salt mass:
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(14)

By analyzing the amount of crystals on surfaces together with
the local heat transfer coefficients, it is possible to get qualitative indications of where the crystals are located – on the heat
transfer surface or on other surfaces. If the crystals are located
on the heat transfer surface, one would see a decreased heat
transfer rate; if crystals are located elsewhere, the heat transfer should remain constant.
EVAPORATIVE CRYSTALLIZATION
OF AQUEOUS SOLUTIONS
Fig ur e 4 shows the measured density and calculated overall
concentration for the experiment with low temperature difference. Time zero is defined as the time where the vapor
removal is initiated. The red line indicates the nucleation
point or metastable limit, and the density is here decreasing
because of a rapid production of crystal mass. At the metastable limit, the concentration of sodium carbonate and sodium sulfate was 0.350 kg/kg solution. The clear effect of the
nucleation on the density signal is interesting. At least for a
batch system, this could be used as an instrument to detect
nucleation in an evaporator. If nucleation is detected through
a sudden density drop, countermeasures can be applied at an
early stage.
The black line indicates the time when condensate begins
to be recirculated to the evaporator, creating a closed system.
The decreasing density during the following period indicates
that salts are removed from the circulating solution, i.e., the

(12)

The total amount of crystals in the evaporator (both in the
liquor and on surfaces), assuming liquor at equilibrium, i.e.,
no supersaturation, can be expressed from the solubility:

				

The amount of crystals in the circulating mixture can then be
calculated as the difference between the total amount of crystals and the amount of crystals on surfaces:

4. Density and the system’s overall salt content of Na2CO3 and
Na2SO4 per unit mass of solution (Xc+l+s) versus time for the
experiment with low temperature difference (DT=6°C). The
red line indicates the metastable limit. At the black line, the
evaporator system is closed (i.e., no condensate outtake).
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5. Average heat transfer coefficients and number of chord
lengths for three different size ranges versus time for the
experiment with low temperature difference (DT=6°C). The
red line indicates the metastable limit. At the black line, the
evaporator system is closed (i.e., no condensate outtake).

surface crystal mass increases.
Fig ur e 5 presents the calculated heat transfer coefficient
determined from Eq. (4), which has been adjusted with the
viscosity. The heat transfer coefficient decreases slightly in
the time period before nucleation. The reason for this is unclear, but it is probably not caused by fouling. Rather, it is the
physical properties of the solution that change more than the
viscosity correction accounts for. After the nucleation is
passed, the heat transfer slowly continues to decrease, possibly due to fouling. When the condensate is recirculated, the
heat transfer levels out and the total decrease of the heat transfer coefficient is roughly only 15%.
Passing the metastable limit, the heat transfer decreases
somewhat during the following 40 min. No sudden drop, indicating primary nucleation on the heat transfer surface, is
seen in connection with the passing of the metastable limit.
In Fig. 5, the chord counts in the circulating liquor for three
different size ranges are also presented. All sizes have increasing counts shortly after the metastable limit is passed. The
number of particles peaks about 20 min later. As was seen
with the density, looking at the chord counts in the period
after 234 min with a closed system, the amount of crystals in
the solution decreases. The heat transfer was, however, unchanged during this period, meaning that the bulk crystals
did not deposit on the heat transfer surface; rather, they had
accumulated elsewhere.
The solubility was measured according to the filtration
procedure described in the previous section. A 0.5 μm sintered filter was used to separate the crystals. In Fig. 6, SEM
images of the crystals in one of the samples are presented. The
individual crystals have sizes ranging from around 1 to 10 μm.
In the pictures, they are in the form of large agglomerates.
Since the crystals are larger than 1 μm, the 0.5 μm sintered
filter used should have appropriate separation properties.

6. SEM images of the precipitated crystals from aqueous
solution.

Shi [12] measured the solubility limit for different carbonate-to-sulfate ratios from 1:1 to 1:3. He found, the solubility in
that range to decrease with increasing sulfate ratio. For the
most carbonate-rich solution (1:1), the solubility was 0.280
kg/kg solution. De Martini and Verrill [13] measured the solubility of dicarbonate in a solution with a carbonate-to-sulfate
ratio of 7:1. At 120°C, they predict the solubility to be 0.310
kg/kg solution. We found that with the filtration procedure
for the aqueous solution described previously (having a carbonate-to-sulfate mole ratio of 2.5:1) the solubility was 0.308
kg/kg solution or 0.452 kg/kg water. On this basis, the supersaturation at the metastable limit was here found to be 13.6%.
Precipitated crystals will have a lower carbonate-to-sulfate
ratio than the mother solution. When the crystals are formed,
the fraction of carbonate will thereby increase in the solution.
In the experiments, the solubility is assumed constant even
though the carbonate-to-sulfate ratio is changing in the course
of the creation of crystals. From the solubility, the specific
volume of the liquid-solid mixture was calculated according
to the procedure described in the previous section. In Fig. 7,
the calculated specific volume and the measured specific volume are presented. The difference between the specific volumes is a fundamental basis for the calculation of the different
crystal masses in the evaporator.
In Fig. 8, the different crystal masses obtained with the
analysis are shown. The total crystal mass is calculated from
MARCH 2011 | TAPPI JOURNAL
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7. Specific volumes versus mass fraction of Na2CO3 and
Na2SO4 for the experiment with low temperature difference
((DT =6°C). The green line indicates the solubility limit.
The red line indicates the metastable limit.

8. Crystal masses versus time, calculated according to
Eqs. (12)-(14) for the experiment with low temperature difference
(DT =6°C). The red line indicates the metastable limit. At the
black line, the evaporator system is closed (i.e., no condensate
outtake).

the solubility and the total mass of the system, and actually
has a positive value from the moment the solubility limit is
passed. However, since it assumes that the system is at equilibrium and no crystals seem to exist until the metastable limit
is passed, the value of the total crystal mass has been set to
zero until the nucleation point, giving it the steep initial slope.
From the analysis of crystal masses, it is shown that surface
crystallization (mss (t) ) is favored upon bulk crystallization
(msc (t) ) at the metastable limit. Here, about 60% of the formed
crystals are in the form of surface crystals. When comparing
with the heat transfer coefficient during the same period, it is
also seen that a large part of the formed crystals are not attached to the heat transfer surface.
As the initial supersaturation is released, the crystal mass
continues to increase, but at a lower rate. The surface growth
is about 11 g/min and the bulk rate is higher, about 43 g/min.
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9. Density and the system’s overall salt content of Na2CO3 and
Na2SO4 per unit mass of solution (Xc+l+s) versus time for the
experiment with high temperature difference (DT=10°C).
The red line indicates the metastable limit.

When the evaporator system is closed, redistribution from
crystals in the bulk to surfaces occurs. A trend with decreasing amount of circulating particles was also seen in the chord
counts in Fig. 5. Since the heat transfer coefficient was constant during this period, it is a sign of crystals accumulating
on other surfaces. The crystals could adhere to surfaces with
low flow velocities, or they can sediment on vertical surfaces.
Both of these mechanisms were confirmed visually in the
evaporator subsequently to the experiment.
In an industrial black liquor evaporator working at steadystate, the concentrations will remain constant in the evaporator and a steady crystal population will exist. In the experiments with a model substance presented here, a large part of
the crystals were formed during the release of supersaturation, passing the metastable limit. During the steady-state period, no scales were formed. If an industrial black liquor evaporator is operated under non-steady-state conditions, i.e., with
varying concentrations, primary nucleation could occur, having a large impact on heat transfer. It is therefore important
to strive against having as stable operation as possible in the
evaporators, in order to avoid primary nucleation.

Effect of temperature differences
In Fig. 9, the measured density and calculated overall concentration for the experiment with high temperature difference is presented. The same behavior with a density decrease
as for the lower temperature difference was observed. The
metastable limits were also comparable; for the high temperature difference, the concentration of sodium carbonate and
sodium sulfate was 0.354 kg/kg solution, which corresponds
to a supersaturation of 14.9%.
In Fig. 10, the overall heat transfer coefficient and the
chord counts are presented. The heat transfer and particle
counts also have similar behavior as for the lower temperature
difference. The heat transfer is relatively constant until the
metastable limit is passed and then drops slightly. Even though
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the low temperature difference.
In the experiment with high temperature difference, the
crystallization rate is higher because of the higher evaporation
rate. The adhesion and sedimentation, occurring on surfaces
other than the heat transfer surface, can be regarded as both
time- and concentration-dependent. As a consequence of the
time dependence, a higher crystallization rate would decrease
the crystal mass on non-heat-transfer surfaces. This could
thereby contribute to a higher ratio of circulating crystallization rate to surface crystallization rate.

10. Average heat transfer coefficient and number of chord
lengths for three different size ranges versus time for the
experiment with high temperature difference (DT=10°C).
The red line indicates the metastable limit.

11. Crystal masses versus time, calculated according to Eqs.
(12)-(14) for the experiment with high temperature difference
(DT=10°C). The red line indicates the metastable limit.

the heat transfer decreases, it can be said that the final heat
transfer coefficient of more than 5000 W/m2K is still very
high. The number of particles increases shortly after the metastable limit is passed, and reaches a maximum about 20 min
later. Examining the crystal masses in Fig. 11, the behavior
is similar at the metastable limit — rapid crystal formation,
distributed both on surfaces and in the bulk. With the high
temperature difference, the release of supersaturation generates as much crystal mass in the bulk as on surfaces. For the
low temperature difference, the surface crystallization at the
release of supersaturation was about 50% higher than the bulk
crystallization. This implies that, upon passing the metastable
limit, the temperature difference should not be kept low.
After passing the metastable limit, the circulating crystal
mass starts to increase at a higher rate (85 g/min) than the
surface crystal mass (21 g/min). The ratio of circulating crystallization rate to surface crystallization rate was nevertheless
similar; 4.1 for the high temperature difference, and 3.9 for

CONCLUSIONS
The method developed for calculating crystal masses from
water balances has proved a very useful tool in analyzing the
crystallization process occurring in evaporators. The method
quantitatively determines the distribution of the formed crystals between the bulk and the surfaces, and it has also proven
the ability to distinguish between crystals on heat transfer
surfaces and other types of surfaces in the evaporation plant.
The density measurement proved a good indicator of primary
nucleation, and can therefore be used as an instrument to detect whether and when the metastable limit is exceeded.
This work has shown that, upon passing the metastable limit,
surface crystallization is as high as or higher than the bulk crystallization. The surface crystallization during nucleation is also
shown in these cases to be much higher than the surface crystallization during a continuous process. Hence, it is crucial to
avoid primary nucleation occurring in a black liquor evaporator.
If an industrial black liquor evaporator is operated under non
steady-state, the metastable limit could be exceeded, having a
large impact on heat transfer. Thus, it is important to strive
against having as stable operation as possible in the evaporators,
in order to avoid the formation of scales.
During a closed batch operation in the research evaporator, through vapor condensate recirculation, no new scales
were formed on the heat transfer surface. A redistribution was
seen from circulating crystals to surface crystals, but the surface crystals appeared solely as sedimented crystals on other
surfaces.
Information about the different crystal masses in a black
liquor evaporator is very important if scale formation is to be
avoided. The developed method is therefore now intended to
be applied to other black liquor model substances as well as
to real black liquor. TJ
NOMENCLATURE
Al
Inside area, m2
Am
Mean area, m2
Ao
Outside area, m2
c
Concentration, mol/dm3		
hi
Inside heat transfer coefficient, W/m2K
h0
Outside heat transfer coefficient, W/m2K
h0,visc 	Outside heat transfer coefficient, viscosity adjusted,
W/m2K
kw
Thermal conductivity of wall, W/mK
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m
Qtot
S
t
Tbl
Ts
U
X
Γ
μ
μh 0
2
δ
ν

Mass, kg
Heat flux, W/m2
Supersaturation
Time, min
Solution temperature, °C
Steam temperature on the inside of evaporator, °C
Overall heat transfer coefficient, W/m2K
Mass fraction, kg/kg
Circulating mass flow rate per unit width, kg/ms
Viscosity, Pas
Viscosity of water, Pas
Wall thickness, m
Specific volume, kg/dm3

Subscripts:
c
Crystals in solution
l
Liquid solution
s
Crystals on surfaces
Superscripts:
s
Salt (sodium carbonate and sodium sulfate)
w
Water
*
Saturation
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We researched this topic because it is of great importance to the industry, because scales in the black liquor evaporation plant can become an expensive
problem, as well as a scientific challenge. The
Institute of Paper Science and Technology has been
active in the area of sodium salt crystallization for several years, mostly at a laboratory scale. Working with
the research falling film evaporator, we investigated
crystallization at a level closer to an industrial scale
application.
In this study, the greatest challenge was formulating the evaluation method and identifying the data
that needed measuring for calculations of the different crystal masses. The most surprising finding was
the precision and usefulness of the inline density
meter, with its ability to accurately provide a quantitative measure of the crystal mass in the evaporated
solution.
For future research we intend to use the developed
model for other black liquor model substances, along
with black liquor. Hopefully, this will give new insights
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