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SUMMARY

Introduction

The capacity of many black liquor evaporators and high-solids concentrators
suffers from fouling of their heat transfer surfaces. The fouling problem in about 30% of
these evaporators and concentrators results from deposition of double salts composed of
Na;COs; and Na,SO4. Reduction or elimination of fouling by these double salts through
improved design of black liquor evaporators and improved operating practices requires
an understanding of the crystallization processes that produce the deposits. The overall
objective of the research cond‘ucted in this study was to provide at least part of that
knowledge.

The outcome of the research conducted was new, fundamental results in four
areas of crystallization of Na,COj; and Na,SOy and its relationship to fouling in black
liquor evaporators. First, the initiation mechanisms for heat-transfer fouling by Na,CO3-
Na;SO4 based salts were determined, and an important relationship between nucleation of

crystals and fouling was discovered. Second, a methodology for the estimation and
application of rate parameters for primary nucleation and growth in bulk solutions and
growth of crystals on a heat-transfer surface was developed. This methodology created
an analytical tool for modeling and for comparative analysis of experimental results. The
influence of several variables on the rate parameters was determined for both aqueous
solutions of NaCOj3; and Na;SO4 and black liquor. Third, calcium was shown to inhibit
the crystallization behavior of double salts of Na,COj3; and Na,SO4. Finally, fouling was

dependant on liquor composition (because of a transition in crystallizing species from
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burkeite to dicarbonate) and on nucleation phenomena, which can be more important in

fouling than crystal growth.

Initiation Mechanisms for Heat-Transfer Fouling by Na,C03;-Na,SO4 Based Salts.

Rapid fouling events during evaporation of black liquor were found to correspond
with the primary bulk nucleation of dicarbonate'.

Direct nucleation of crystals on the heat-transfer surface was determined to be the
mechanism by which burkeite? deposition was initiated.

Adhesion of crystals from the bulk solution to the heat-transfer surface was

determined to be the mechanism by which dicarbonate deposition was initiated.

Estimation and Application of Rate Parameters for Primary Nucleation and Growth

in Bulk Solutions and Growth of Crystals on a Heat-Transfer Surface

Nucleation rates for crystals suspended in a bulk solution were estimated from
chord length distributions of the crystal population obtained by FBRM. This
research marked the first time that FBRM had been utilized for this purpose.

Rate parameters for primary nucleation and growth in a bulk solution and crystal
growth on the heat transfer surface were estimated from FBRM measurements of
the crystal population with time, measurements of the change in the heat-transfer
resistance with time, and values of relative supersaturation derived from solubility

predictions and experimental observations.

" Double salt with a nominal composition of 2Na,CO;:Na,SO,
2 Double salt with a nominal composition of 2Na,S0,:Na,CO;
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e A correlative model estimating the dependence of the rate parameter for primary
bulk nucleation on the thermal driving force, the rate of circulation of the
suspension, and the solution composition was developed for aqueous solutions of
Na,CO3; and Na;SOy.

e A correlative model estimating the dependence of the rate parameter for crystal
growth on heat-transfer surfaces on the rate of circulation of the suspension, and
the solution composition was developed for aqueous solutions of Na,CO3 and
Na,SOq.

o Estimated rate parameters were used to show that increasing the ratio of
Na;C03:Na;SOy4 in black liquor increased the rate of fouling of heat-transfer
surfaces during evaporation.

o The sizes of crystals on the heat-transfer surface were measured with time using
analysis of digital imagery. The rate of growth of these crystals was determined
from the images obtained.

e The growth rate of a layer of crystals on a heat-transfer surface was estimated
from the heat-transfer resistance and thermal conductivity of the fbuling deposit.
This estimated growth rate was found to be very nearly the same as the observed

growth rate of crystals on the heat-transfer surface.

Influences of Calcium on the Crystallization of Na;CO3-Na,SO4 Based Salts.
¢ Calcium inhibited bulk nucleation and crystal growth on the heat-transfer surface

for both burkeite and dicarbonate.
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Implications of Crystallization Behavior on Control of Fouling

Nucleation and subsequent adherence of dicarbonate crystals on heat transfer
surfaces causes rapid fouling in black liquor evaporators. Supersaturation at the
heat-transfer surface due only to the temperature difference (and the inverse
solubility with temperature of Na,COj3; and Na;SO;) does not.

A number of alternatives to reduce foul‘ing in black-liquor evaporators were
evaluated in pilot evaporation experiments. The estimated rate parameters for
crystal growth on the heat-transfer surface were used to compare the different
alternatives. The most promising alternative was addition of anhydrous sodium
carbonate to black liquor whose total solids concentration was above the
solubility limit for Na,CO3 and Na;SO4. One plausible explanation for this result
is that the anhydrous sodium carbonate provides a surface for growth that reduces

the dissolved Na,COj3 and avoids nucleation of dicarbonate.
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Chapter I: Research Scope and Objectives

1.1. Introduction

The capacity of many black liquor evaporators and high-solids concentrators
suffers from fouling of their heat transfer surfaces. The fouling problem in about 30% of
these evaporators and concentrators results from deposition of double salts composed of
Na,COs3 and Na,SO,. The scale formed is often referred to as soluble scale because these
sodium salts are moderately soluble in water and are readily removed by washing with
hot water. [1]

In 1997 Schmidl and Frederick [2] condﬁcted a survey of pulp mills to document
problems with fouling in black liquor evaporators. This study found that no generally
applicable method to reduce soluble scale fouling in black liquor evaporation had been
found. Schmidl and Frederick compare their results to a similar study conducted by
Grace in the early 1970s [3]. Their analysis indicates that the number of mills
experiencing no fouling problems had dropped to nearly zero in the 25 years since

Grace’s study. Furthermore, the percentage of mills with soluble scale problems

increased. During this same time, the total solids content' of the liquor being produced
also increased at nearly all mills. |

The pulp and paper industry continues to use kraft (alkaline) pulping for a number
of reasons. Kraft pulping produces strong fibers. Chemical and energy recovery in kraft
pulp mills involves well-established and mature operations. The current industrial

infrastructure is designed around kraft pulping. This last issue creates perhaps the

! Total solids content is the primary industrial measurement for the concentration of black liquor. It is the
solvent-free (water-free) mass divided by the total mass of black liquor.



greatest resistance to industrial change. At the present time, capital available to the
industry is limited, and industrial production facilities are being expected to produce
more with their existing equipment. Due to its high capital costs, the recovery boiler and
associated operations eventually become the bottleneck in most mills. Thus, any
incremental increase in recovery capacity translates into an incremental increase in
production. While many mills are recovery boiler limited, a number do experience

significant evaporator problems as well.

1.2. Research Objectives

This research obtained new, fundamental results in four areas of crystallization of
Na,COj; and Na;SO4 and determined how these results related to fouling in black liquor
evaporators. The first objective was to détermine the initiation mechanisms for heat-
transfer fouling by Na,CO3-Na,SO4 based salts. The second objective was to develop a
methodology for the estimation and application of rate parameters for primary nucleation
and growth in bulk solutions and growth of crystals on a heat-transfer surface. This
methodology could then be applied as an analytical tool for modeling heat-transfer
fouling as a crystallization process and for comparative analysis of experimental
crystallization and fouling results. The third objective was to determine the effect of
calcium on the crystallization beha?ior of double salts of Na,CO3 and Na,SOg,

particularly as it relates to fouling on a heat-transfer surface. The final objective was to

determine the dependence of foulinjg on liquor composition, particularly the influence of
the transition in crystallizing species from burkeite to dicarbonate identified by Shi [4],

and on nucleation phenomena.



1.2.1. Initiation Mechanisms foi' Heat-Transfer Fouling by Na;CO3-Na,SO4 Based
Salts

In order to identify the nucleation mechanism(s) for fouling of heat-transfer
surfaces, a bench-scale apparatus to observe crystal nucleation and growth on a heat-
transfer surface was constructed. It was used to determine the mechanism(s) for the
initiation of fouling by burkeite and dicarbonate. Identifying and observing the
mechanism by which fouling of heat-transfer surfaces are initiated provided two benefits.
First, it determined whether addressing fouling as a crystallization problem is
appropriate. It is possible that the fouling in black liquor evaporators occurs due to non-
crystallization processes such as adhesion of crystals produced in the bulk solution, and
that supersaturation driven crystal nucleation or growth do not occur directly on the
surface. Second, identifying the initiation mechanism may lead to a method to control

fouling on heat-transfer surfaces in black liquor evaporators.

1.2.2. Estimation and Application of Rate Parameters for Primary Nucleation and
Growth in Bulk Solutions and Growth of Crystals on a Heat-Transfer Surface
Methodologies to analyze pilot-scale bulk crystallization and heat-transfer
coefficient data were developed in order to obtain rate parameters for the crystallization
phenomena. Nucleation rates were estimated for the first time from Focused-Beam
Reflectance Measurement (FBRM) techniques. Rate parameters for primary bulk
nucleation and for crystal growth on the heat-transfer surface were estimated using

conventional crystallization models. The rate parameters estimated were used to



determine the influence of the Reynolds number, the thermal driving force, and the
composition of the dissolved salts on the fouling process and to evaluate potential
strategies to reduce fouling on heat-transfer surfaces.

This research developed correlative models for the dependence of the rate
parameters for primary bulk nucleation and for crystal growth on the heat-transfer surface
from aqueous solutions of sodium carbonate and sodium sulfate. These models
correlated the influence of the previously mentioned experimental variables on the rate
parameters.

This research also determined the dependence of the rate parameters for primary
bulk nucleation and for crystal growth on the heat-transfer surface on the composition of
black liquor solutions. In addition, the viability of a number of potential strategies that
could be employed to reduce fouling at an industrial facility was determined by
comparison of their estimated rate parameters.

The sizes of crystals on the heat-transfer surface were measured as a function of
time from digital imagery. The rate of growth of these crystals was determined using the

measurements obtained. The growth rate of a layer of crystals on a heat-transfer surface

was estimated from the heat-transfer resistance and thermal conductivity of the fouling
deposit. This estimated growth rate was compared to the observed growth rate of crystals

on the heat-transfer surface.



1.2.3. Influence of Calcium on the Crystallization of Na;CO3-Na,SO4 Based Salts
The influence of calcium on primary bulk nucleation and crystal growth on the
heat-transfer surface was determined. Of particular interest was the influence of calcium

on the mechanism by which initiation of scale occurs on heat-transfer surfaces.

1.2.4. Implicationé of Crystallization Behavior on Control of Fouling,

Shi identified a new double salt of sodium carbonate and sodium sulfate [4].
Termed “dicarbonate,” this double salt has a nominal composition of 2Na;CO3:Na,SO,.
Dicarbonate crystallization occurs in the range of dissolved liquor compositions where
rapid fouling has been observed in industrial evaporators. This research determined the
influence of the composition of solutions containing sodium carbonate and sodium
sulfate on fouling and particularly the role played by the new dicarbonate salt in fouling

of black liquor evaporators at high total solids content.
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Chapter II: Background and Review of Work Related to Fouling in Black Liquor
Evaporation

2.1. Introduction

Research focused on reducing fouling of black-liquor evaporators has been
conducted for the past 40 years. The level of research has advanced from reporting
observations of fouling in industrial evaporators to phenomenological investigation of the
underlying microscopic crystallization processes responsible for fouling. This chapter
presents a review of research in black liquor evaporation. In addition, it presents reviews
of heat transfer and fouling of heat-transfer surfaces, the solubility of Na2CO$ and

Na;S04, and crystallization phenomena as related to fouling in black liquor evaporators.

2.2 Overview of Black Liquor Evaporation

The chemical recovery area of a kraft pulp mill is an economically critical
component of modern pulp and paper mills because without the recovery and
regeneration of the inorganic cherﬁicals used in the pulping process and energy recovery
as electricity and steam, the cost of producing kraft pulp would be prohibitive. However,
because the chemical recovery area does not make a product for external sale as a paper
machine does for example, it often does not receive as much attention. Evaporation of
black liquor is a critical part of the chemical recovery process.

Black liquor is a mixture of dissolved inorganic sodium salts consumed in pulping
and their residues (primarily hydroxide, carbonate, sulfate, sulfide and thiosulfate);
sodium salts of anionic, dissolved organib material (mostly lignin, hemicellulose and

cellulose degradation products), suspended organic material, and water. It is the feed



material to the recovery process shown in Figure 2.1. Weak black liquor, at 15-20% total
solids content!, is fed to steam-heated, multiple-effect evaporators. The evaporator
product is strong black liquor with total solids content between 65-85%. Strong liquor is

fired in a recovery boiler at this total solids content.

Power
' Turbine >
Steam Generator >
: Process Steam
Weak B.L. Strong B.L.
15-20% 65-80%
Evaporators [r————————p REC;Y::Y
Molten
Sodium
Salts
Chemical Smelt
- [¢————=| Dissolving
White Recaust. Green & Clariﬁ:ing
Liquor Liquor

Figure 2.1: Basic kraft chemical recovery cycle.

The evaporation of black liquor is typically accomplished using one of four
different types of process equipment. Prior to the 1970s, direct contact heat exchangers
were often used to concentrate black liquor in North America. Direct-contact
evaporation utilized flue gas from the recovery boiler as the heat source for evaporation.
However, direct-contact evaporation allowed for the transfer of reduced sulfur
compounds from the black liquor to the flue gas, causing significant release of these
odorous compounds. Also, direct-contact evaporation is less energy efficient than

indirect-contact evaporation. For these reasons, in the late 1960°s and early 1970’s the

! Total solids content is the primary industrial measurement for liquor concentration. It is the solvent-free
(water-free) mass divided by the total mass of black liquor.



North American pulp and paper industry shifted away from direct-contact evaporation
technology. One type of indirect-contact evaporator installed at many pulp mills is the
so-called Long Tube Vertical (LTV) rising-film evaporators. While these pieces of
equipment provide excellent heat-transfer coefficients, they are unfit for operating above
the solubility limit* of the dissolved salts in black liquor where they invariably foul
quickly. Many pulp mills now use one or two different technologies to concentrate black
liquor above the solubility limit. The first is the falling-film evaporator and its close
relative the falling-film crystallizing evaporator. In this type of evaporator a film of
black liquor flows down the heated surface with evaporation occurring at the film-vapor
interface. Falling-film evaporators provide good heat-transfer coefficients and reduced
potential for plugging, particularly when heated plates are used as the heat-transfer
surface. Plugging can be a serious problem with LTV evaporators. The crystallizing
variant of falling-film evaporators employs an enlarged sump to increase retention time
so that crystal growth in the sump is able to reduce supersaturation more completely. The
final type of indirect-contact evaporators are forced-circulation evaporatérs. This type of

evaporator uses flooded tubes for the heat transfer, creating a superheated liquid.
Evaporation occurs in a subsequent flash tank, where crystallization also occurs.
Crystallization of various sodium salts is likely to; occur during evaporation of
black liquor. This crystallization often occurs on the heatftransfer surfaces of
evaporators, and it requires cleaning. One result is higher equipment costs as black liquor

evaporators are designed with excess capacity so as to reduce the cleaning frequency. A

2 The solubility limit is essentially the first point at which crystal may exist in the system. It is the
thermodynamic equilibrium point.



second result is the possibility of lost pulp production capacity if limitations in capacity
of the black liquor evaporators act as a bottleneck for the pulp mill.
More detailed discussions of the chemical recovery process in general and black

liquor evaporation specifically are available from a number of sources. [1-4]

2.3. Background and Review of Heat Transfer quling

The fouling of heat-transfer surfaces is a well-developed field of study. The
traditional methodology for studying fouling is well outlined in the papers compiled by
Somerscales and Knudsen [5]. Heat transfer is the process of moving heat through the
various materials that exist between the heat sink and the heat source. The overall heat
transfer coefficient, U, is defined as the ratio of the heat flux to the product of the
temperature difference between the heat source to the heat sink and the area of the heat

transfer surface:

q
U=—2_, 2.1
AAT _ @1

Using the electrical circuit analogy [6], the total resistance to heat transfer (1/U) can be

shown to be,

1
U—A=RL+RF+R,,,+RS. 2.2)

where 1/UA is the sum of all the resistances, R; where i represents each individual
resistance.

Fouling is defined to be any deposit on a heat transfer surface that is resistive to
the flow of heat through it. In industrial processes, fouling can occur for a number of

reasons. In this work, only precipitation fouling will be considered. Hasson defined
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precipitation fouling as “the phenomena of a solid layer deposition on a heat transfer
surface, arising primarily from the presence of dissolved inorganic salts in the flowing
solution which exhibit supersaturation under the process conditions [7].” This type of
fouling is referred to as crystallization fouling when the inorganic salts crystallize from
solution.

The resistance due to fouling, Ry, is the difference between the reciprocal of the
heat-transfer coefficient under fouling conditions (//UA) and that of the heat-transfer
coefficient for the clean surface (1/UpA).

11 |
Rp=——— 2.3
F~U4 U4 @3)

The rate at which fouling occurs is the derivative of R with respect to time:

Ll L
dRp A \U U

. 2.4
dt dt @4

In many cases, the rate of fouling can be expressed in terms of the difference between the
rates of deposition and removal of the fouling species using the so-called Kerns model [7,
8,91,

dRF dxF
kr——=—"—=0p-Dp. 2.5
F r D~ PR (2.5)

In his review of fouling models, Hasson [7] noted that, when the rate of
deposition is controlled by mass transfer, the deposition and removal terms are frequently
expressed as

my

Op=—L, (2.6)
ApF
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The combination of these equations allows fouling rates to be predicted if the value of 4°,
the sticking coefficient, the rate of mass transfer (mr) and the shear stress (7) are known.
Values for A’ are usually obtained by fitting the Kern equation to experimental data.
While the Seaton equation is useful as a correlating equation, it contains no information
about the underlying phenomena responsible for fouling.

When the rate of fouling depends upon the temperature at the interface between
the solution and the scale deposited, the decrease in the heat transfer coefficient with time
is often described in terms of one of two limiting cases. In the first of these, the overall
thermal driving force remains constant, and deposition of scale causes the temperature at
the scale-liquid interface and the heat flux to decrease with time. In this case, the

relationship between the fouling resistance (1/U) and time is

Z}%=at+b. 2.8)

In the other case, the thermal driving force is increased with time as fouling
proceeds, to maintain a constant heat flux. In this case, the temperature at the scale-liquid
interface remains constant with time, and the relationsHip between the fouling resistance

(1/U) and time is
1 1 '
E =a't+b', (29)

Berry tried to use Equation 2.8 to fit operating data obtained from an industrial
black liquor evaporator [10]. He recognized the futility of this approach because most

black liquor evaporators were operated at essentially constant heat flux. As fouling

12



occurred, the steam pressure was increased to maintain a constant evaporation rate,
effectively maintaining a constant heat flux. Equation 2.9 would have been a more
appropriate model.

One important problem with previous work in crystallization fouling of heat-
transfer surfaces is that the fouling phenbmena are never described in terms of the

underlying crystallization phenomena.

2.4. Solubility of Inorganic Salts in Aqueous and Black Liquor Solutions

Grace was the first to recognize that the solubility behavior of Na,COj; and
NaSO; in black liquor was a critical part of why fouling occurred in black liquor
evaporators. His starting point was the solubility data for Na,CO3 and Na;SOy in
aqueous solutions reported by Green and Frattali [11]. Figure 2.2 shows their three-
component diagram for Na;CO3-Na;S04-H,0 in equilibrium at 100°C. They reported the
crystal and solution compositions in seven distinct regions of the diagram at 100°C. The
different crystals that appear in one or more of these regions are anhydrous sodium
carbonate, sodium carbonate monohydrate, burkeite, and anhydrous sodium sulfate. In

Figure 2.2, the solid solution refers burkeite.
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Figure 2.2: Solubility data for the Na,CQO;-Na,SO,-H,0 system from Green & Fratteli [11]. (Figure
from Shi [12], L - liquid; S.S. - solid solution)

Grace recognized that Green and Frattali’s data, along with similar data compiled
by Seidell and Linke [13], might desgribe the solubility of Na,COj3 and Na;SOy in black
liquor. However, the impact of other inprganic sodium salts (Na,S, Na,SO3) and the
sodium salts of organic compounds were not known. Grace conducted a number of
equilibrium experiments with a variejty of black liquors over a range of compositions [14,
15]. From the work of Green and Fréttéli and his collected data, Grace developed the
first correlation for predicting the total s;olids content of black liquor at which the
solubility limit for Na,CO3; and Na;SO4 ’mixtures was reached. Thé co.rrelation was based

on the assumption that all of the sodium compounds in black liquor other than Na,SO4
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and Na,COj; had an impact equivalent to that of NaOH on the solubility of Na;SO4 and
Na,CO;. Grace reported his correlation to be accurate to within 5-10%. His graphical
correlation made possible, for the first time, prediction of where crystallization of sodium
carbonate and sodium sulfate salts would occur. Besides providing a useful predictive
tool for mills struggling to understand their fouling problems, Grace’é solubility work
also provided the first, and only, extensive data source for the solubility of Na,SO4 and
Na,CO;3 in black liquor. Because of this, subsequent models have been both developed
from and compared to the Grace data. To this day it stands as a landmark in research on
fouling of black liquor evaporators, and continues to be used and reanalyzed extensively.

Sinquefield [16] developed a chemical equilibrium simulator for calculating the
composition of aqueous solutions of inorganic chemicals at specified total composition
and temperature. The advanced chemical equilibrium predictor created, NAELS (Non-
Ideal Aqueous Electrolyte Systems), includes a subroutine for estimating the activity
coefficients of ions that is based on the Pitzer formalism [17] and a robust equation
solver.

The free energy data and ion interaction parameters in the databases éf software
such as NAELS are values that have been obtained from experimental measurements
with solutions of single salts and of binary salt mixtures. In principle, the software can
predict the solubility of individual salts in solutions that contain many compounds. In
practice, the predictions are sometimes quite good (e.g. [18]) and sometimes not. Harvie
and co-workers [19, 20] found that the agreement between the predicted and measured
solubility of inorganic salts in the system sodium-potassium—magnesium—calcium—

chlorine-sulfate-water could be improved greatly by adjusting very slightly one of the
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free energy values. It has become normal practice to improve the agreement between
predicted and measured solubility in multicomponents by adjusting one or more of the
free energy and activity coefficient parameters.

Recognizing the utility of Sinquefield’s NAELS model, Weyerhaeuser Company
developed the NAELS software further. Golike et al. [21] fit Grace’s black liquor
solubility data to estimate the Pitzer ion interaction parameters of the sodium salt of an
organic anion that would represent all of the sodium phenolates and carboxylates among
the dissolved organic matter in black liquor. In effect, the properties of this species
accounted for all of the influences not explained by the inorganic anions already modeled
(C03'2, SO42, OH, SHand CI). After this new species was included in the NAELS
database, the NAELS software predicted the combined solubility of Na;SO4 and Na,CO3
in black liquor in Grace’s experiments within £10% of the measured values.

Golike et al. also identified a transition in the sodium salt species crystallized that
they termed the “second critical solids point.” This transition was a shift from burkeite to
sodium carbonate as the solid species that was crystallizing. The ratio of
Na,C03:NayS0y4 in solution increases as burkeite crystallizes from black liquor. This
occurs because the sulfate is depleted from solution more rapidly than the carbonate.

Recently, Verrill et al. [22] measured the solubility of Na2¢03 and Na;SOy in
black liquor at total solids content as high as 70%. Theirs was the ﬁrst.to be reported at
total} solids content substantially higher than Grace’s. They compared their solubility
data with predictions from the NAELS software, and showed that even though the
NAELS software does not necessarily predict the correct solid species after the transition

from burkeite, the concentrations of the dissolved sodium salts predicted were within the
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range of their experimental accuracy. Their experimental work was conducted with two
black liquors. To either validate the NAELS software or to re-evaluate some of the
thermodynamic parameters in its database would require many more experiments with a
larger number of liquors.

Permission was obtained from Weyerhacuser Company, one of the industrial
supporters of this thesis research, to use their proprietary version of the NAELS software.
All solubility data in this thesis have been estimated using the NAELS software.
However, due to limitations imposed by the confidentiality agreement, only the results of

the calculations are presented.

2.5. Fouling of Black Liquor Evaporators

Observations prior to the solubility work conducted by Grace into the fouling of
black liquor evaporators were limited to mills experiencing problems with fouling. For
example, Berry identified fouling as a crystallization problem [10]. He identified seven
different forms of scale, but not burkeite®, one of the sodium salt species most likely to
crystallize initially from many black liquors. The omission of burkeite is most likely due
to his confusing sodium sulfate scaling with burkeite scaling. ; This may'have‘bleen due to
a lack of familiarity with the solubility behavior and solubilit}; limit of sodium carbonafe
and sodium sulfate.

Arhippainen and Jungerstam [23] presented a discussion of operating experiences,
including scaling concerns, for black liquor at total solids contents from 60-65%. Their
paper focused on the opportunities to reduce evaporator fouling by employing forced-

circulation heat exchangers. The authors recognized the importance of burkeite, and also

3 Burkeite is a naturally occurring double salt with a nominal molar ratio of 2Na,SO,;Na,COs.
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commented that “the scaling properties of the liquor should be closely related to the
stability of the colloidal particles in the liquor.” [23, p. 1097] It is not clear if they were
referring to nucleating crystals that may agglomerate and adhere to the heat transfer
surface or to something else.

After Grace conducted his solubility research, his next step was to study the actual
fouling phenomena. He first conducted an extensive survey of evaporator fouling in the
pulp and paper industry to define the problem more completely and also to determine the
operating variables that might be significant with regard to fouling [24]. He concluded
that calcium carbonate s_cales4 and soluble scales® were the most common in the mills
investigated. At th'e time of Grace’s report, calcium séales caused more severe problems
than did soluble scales. Grace was surprised that no correlation existed between the
severity of scaling and the solubility limit of the sodium salts in black liquor. In
crystallizaﬁon terms it is not the solubility limit, but the supersaturation that determines
whether scaling will be severe or not. Thus, this observation should not be surprising.

Despite an obvious interest in calcium carbonate scales, Grace and Andrews

conducted research into soluble-scale fouling [25, 26]. They note that soluble-scale

fouling was dependant on the supersaturation and metastable limit, and it occurred when
black liquor was concentrated above a limit that he termed the “critical solids content.”
Today, the use of this term creates some confusion. The critical solids content, as defined
by Grace, represents the total solids content of black liquor at the solubility limit of

Na,COj; and Na,SOq, the concentration where crystals might first nucleate. However, in

4 Calcium carbonate scales are nominally defined as those scales that contain calcium as the primary cation
and are not easily dissolved by hot water.

3 Soluble scales are nominally defined as scales composed of sodium carbonate and sodium sulfate and are
easily dissolved by hot water.
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the industry, the term “critical solids content” is often used when describing the point at
which crystallization of Na,COj3; and Na,;SO4 began as black liquor was concentrated.
Grace and Andrews concluded that local conditions at the hot surface were not a
significant factor leading to scaling. From a crystallization perspective this is difficult to
believe given that the salts crystallizing exhibit inverse solubility® and thus the
supersaturation would be greater at the heated surface. They also noted that the amount
of scale could increase very rapidly once fouling began. Taken together, these two
observations might indicate that high supersaturation, beyond that generated by the wall
temperature alone for an inverse solubility solution, existed at the time of scale initiation.
Although the formation of calcium scale is outside the scope of this research, one
observation by Westervelt et al. [27, 28] should be mentioned. They concluded that it
was the presence of Ca-organic complexes in black liquor and the influence of increased
liquor temperature on their stability that caused calcium carbonate scaling. Nearly all of
the dissolved calcium in black liquor is coordinated, or bound, by organic ions in
solution. As the liquor temperature is increased, the hydrogen ion concentration

decreases. This shifts the distribution of phenolate groups in the ligands that bind calcium

ions from O-R-O" toward O'-R-OH. This causes some of the calcium-organic complexes
to diséociate, releasing calcium ion§ that crystallize with the abundant carbonate ions in
solution. Since higher temperaturei fdviorS dissociation of these complexes and release of
calcium ion, this process occurs moét fapidly at the heat transfer surface, and the CaCO;
crystallizes on that surface. The findings of Westervelt et al. are important to the issue of
the impact of free calcium ions on crystallization of burkeite and dicarbonate. This is

discussed further in portions of Chapters 5, 6 and 7.

¢ The solubility limit for a salt displaying inverse solubility will increase as the temperature decreases.
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Many scaling problems in kraft pulp mills were addressed by some portion of
Grace’s work. Publications after his work have focused on two application areas: (a)
improving operability of existing equipment, and (b) design of new equipment. Some of
the articles on improving evaporator operation simply reformulated Grace’s data into a
form that was more accessible to mill personnel [29, 30]. The problem with this is that
much of Grace’s work was conducted near the solubility limit. As total solids content for
liquor being fired in recovery boilers continued to rise, the total solids content in product
black liquors in many mills reached and then exceeded the transition region identified by
Golike et al. [21], and applying the same methods as at lower total solids contents to
solutions didn’t necessarily work. This was also true for others looking to apply the
léssons learned from Grace’s work to solve fouling problems in newer evaporators that
concentrated black liquor to higher total solids content [31, 32, 33, 34].

Branch [35, 36] and Novak [9, 37] measured fouling rates using the methodology
outlined in section 2.3 to develop deposition and removal rate models dependent upon
Reynolds numbers, ﬁeat fluxes and temperature differences. Novak even used a pseudo-
supersaturation term dependant on bulk and surface temperatures. However, both
neglected to see that the changing xr they were estimating was really the growth rate of
crystals on the heat-transfer surface. Their works were among the most significant
fundamental studies into the fouling of heat-transfer surfaces while evaporating black
liquor since Grace’s. Unfortunately, not addressing their observations on the most
fundamental level (crystallization) was a missed opportunity.

Even after all of the previous work reviewed here, fouling continues to be a major

problem in many pulp mills. As the total solids content of black liquors being fired in
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recovery boilers increased, so did operational difficulties in evaporation. Schmidl and
Frederick [38] found that evaporator fouling had gotten worse, not better, in the 25 years
since Grace’s initial survey [24]. Insoluble scale féuling problems had been reduced,
presumably due to lessons learned from Grace’s work on calcium carbonate fouling.

However, a greater number of pulp mills now had problems with soluble-scale fouling.

2.6. Crystallization Background

Before delving into the most recent work that has provided a starting point for this
thesis, the fundamentals of crystallization are reviewed and their relationship to fouling
of heat transfer surfaces are considered. A more detailed review of this topic is available
from Rousseau [39].

Supersaturation is one of the most important variables in determining
crystallization kinetics. Relative supersaturation, o, (often referred to simply as

supersaturation) is derived from the chemical potential for a single species,

% a;
Ap;=p;—p; =RThh—-, (2.10)
a;

where R is the gas constant. Equation 2.10 can be restricted to ideal solutions (activity
coefficients = 1) or to those in which (y;, = y;"). Recalling that v,C; = a;, and defining S; =

*

C/C;
Ap;
—L~1InS;. 2.11
el 2.11)

If the supersaturation is further restricted to a range S ;< 1.1 [39], then In S;= S;- 1 = o;;

that is,
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Ap;
Linsi-1=0;. (2.12)

Nucleation mechanisms can be divided into primary (homogeneous and
heterogeneous) and secondary categories. An expression for primary nucleation kinetics

can be developed from classical nucleation theory:

3.2

Jo = Aexp| - 136”383“ff o = (2.13)
3k°T[In(o +1)]

Equation 2.13 can be modified empirically for use with chemically complex solutions

such as black liquor, such that,
Jo = knOmax' - (2.14)
Mullin [40], another excellent source for in-depth background in crystallization,
notes that 7 in Equation 2.14, referred to as the nucleation order, is a fitted parameter and
has no physical significance.

Mullin [40] also provides the theoretical derivation for the size of a critical

nucleus, which is the smallest crystal that is stable in the prevailing solution:

—28$urf
=— 2.15
re \G, ( )

where v is the interfacial surface tension and AG, is the free energy change of the

transformation from dissolved solute to crystal per unit volume. Essentially, this value

indicates when a group of ions or molecules has reached a size that will continue to grow
P ‘

rather than redissolve. Trace impurities cg1;1 iﬁgve'a significant influence on the interfacial

surface tension, making the size of a critiéailgﬁﬁcle'u‘s difficult to compute for a solution of

aqueous sodium carbonate and sodium sulfate. It would be extremely difficult to

determine for a complex solution with numerous impurities such as black liquor.
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Estimates by Shi [12] indicate that the critical nucleus size is smaller than can be
measured in situ by the experimental techniques available.

The growth kinetics for a crystal can be related to supersaturation using an

empirical power-law function:
G= kGO' g .

Mullin notes that for many systems, g =1 [40].

Labile

Concentration

Complete Solubi

lity

Temperature

(2.16)

Figure 2.3: Solubility diagram illustrating the soluble region, the metastable region and the labile

region (adapted from Mullin [40])

Solubility diagrams can be divided into three regions as illustrated in Figure 2.3:

the soluble region, the metastable region and the labile region. Mullin provides a useful

discussion of the metastable region [40], which is an ill-defined region of solution

compositions where nucleation occurs only through secondary mechanisms. In the labile

region, nucleation occurs by primary mechanisms, and no crystallization occurs in the

soluble region.
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The horizontal dashed line in Figure 2.3 indicates graphically what will occur
during a cooling process, assuming that solubility increases with temperature. At the
highest temperature, point A, the solute is completely soluble. No amount of time or
agitation will induce crystal nucleation or growth. Cooling moves the operating point to
B, the solubility limit (shown as a solid curve) where thermodynamic equilibrium exists
for the given temperature and concentration. Cooling beyond point B moves the solution
into the metastable region where crystal growth can occur on existing crystals, and
primary nucleation is possible but might not occur in a finite time period. Contihued
cooling will move the operating point past the metastable limit into the labile region
where pfimary nucleation occurs. The metastable limit is process- and solution-
dependant.

Both Rousseau [39] and Mullin [40] provide additional information on the general
crystallization phenomena that are critical to understanding and approaching fouling of

heat-transfer surfaces as a crystal nucleation and growth problem.

2.7. Crystallization and Fouling of a Heat-Transfer Surface

The concept of fouling of heat-transfer surfaces by Na,COj; and Na,SO4 being a
crystallfzation process has not been missed completely in previous wofk. Reducing
fouling of heat-transfer surfaces through manipulation of crystallization behavior can be
accomplished by reducing the supersaturation in black liquor during evaporation. The
only way to reduce supersaturation while concentrating the solution by evaporation is

through nucleation and growth of crystals. Both of these phenomena can occur either in
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the bulk solution or on the heat-transfer surface as postulated in Figure 2.4. This figure is

developed from'a similar diagram for crystallization in bulk solutions [40].

. Surface
Area: Crystallization in
Suspension
| Bulk Product
Nucleation: ——— Crystals
| — csb ~
~ | Growth -
— Supersaturation [— Sloughing
Feed | Scale
"| Nucleation —
7 -Scale
‘Scale -
Growth
Crystallization
— On the Heat Transfer
‘ 'Sgale . Surface
~-Surface |«
Area

Figure 2.4: Diagram of crystallization phenomena that occur in suspension and on surfaces, as scale.

While crystals are removed from the system as product, scale is not removed
unless it sloughs off from the heat-transfer surface and becomes a part of the crystal
population (shown as the Crystal Size Distribution, CSD). In an evaporative process, if
the supersaturation is raised above the metastable limit, the result will be primary
nucleation. If supersaturation remains below that limit, any existing crystals will grow.
The key to addressing fouling as a crystallization problem is then to control where and
how that growth occurs, and to avoid primary nucleation.

With this understanding of supersaturation and its relationship to fouling, it is

important to understand from a crystallization perspective what happens during the
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fouling process. Hasson discussed two mechanisms for the initiation of surface scale for
inorganic salts with inverse solubility behavior [7]. The first is direct nucleation. This
process is similar to primary nucleation of crystals on the heat-transfer surface. In the
second mechanism existing crystals adhere to the heat-transfer surface. Adhesion could
occur when particles in the flow stream move into contact with the plate (where the no-
slip condition indicates the flow velocity is 0). Growth of the crystal into the microscopic
roughness of the heat transfer surface will hold the crystal in place. This adhered crystal
becomes a surface nucleus and growth can occur in any direction from this crystal.

Hasson presents a model for the initiation rate of surface scale of the form,

0
J =n/ , 2.16
0 0p ( )

where #° is the number of surface nucleation sites per unit heat-transfer surface area and
6p is the induction time [7]. Hasson substituted Equation 2.16 into a form of Equation
2.13, to obtain an estimation of »° given 8p, which is valid, but may not be appropriate
for heterogeneous nucleation on a heat-transfer surface where classical nucleation theory
may not apply.

Hedrick and Kent [41] attempted to model crystallization during black-liquor
evaporation by using a combination of material balances and empirical equations to
describe nucleation and growth kinetics. They recognized that supersaturation occurs
through two different mechanisms. They refer to the first mechanism as residual carry-
over. Essentially, this is supersaturation caused by evaporation either in a previous effect
or in the current effect that has not been reduced through crystal nucleation or growth via
one of the mechanisms in Figure 2.4. Hendrick and Kent refer to the second mechanism

as developed supersaturation. More accurately, it is the supersaturation due to the inverse
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solubility of the crystallizing species and the elevated temperature at the heat-transfer
surface. The actual supersaturation at the heat-transfer surface is the combination of the
residual supersaturation and the developed supersaturation. The validity of this model at
higher solids contents, when burkeite may not be the only salt species crystallizing, has
not been determined.

It is only recently that experimental measurements of crystal nucleation and
growth kinetics on exogenous surfaces have been published. This work has been limited
to calcium scales, often referred to as hard-water scales.

Linnikov [42-44] used optical techniques to measure calcium sulfate nucleation
and growth kinetics on a heat-transfer surface. His most important conclusion was that
calcium sulfate scale formed through direct nucleation on the surface. This conclusion
was based on his measurements of nucleation time, which he defined to be the time it
takes for a crystal having a radius of 0 to nucleate on the surface. This value was
obtained by linearly extrapolating measured diameters of crystals versus time back to 0.
Negative nucleation times would be an indication that pre-existing particles are adhering
to the surface. Because negative nucleation times accounted for less than 10% of his data,
Linnikov stated that his determination of the initiation mechanism was justified [42].
One final observation from Linnikov’s work is what he terms “crystal splitting.” From
his discussion it is apparent that what he is referring to is actually additional direct
nucleation on an already growing crystal surface. This may actually have been dendritic
growth [40]. Linnikov observed this phenomcnon particularly at higher temperatures

(higher supersaturations). This indicates an inability of the existing crystal surface area
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in conjunction with the growth rate to reduce the supersaturation below the metastable
limit.

Work of a similar nature, but conducted outside of a crystallization framework
was undertaken by Kim et al. [45, 46]. They also used an optical method, this time to
observe CaCOj crystallization induced by heated surfaces. The material published
provides tantalizing potential for the development of a model for fouling of heat-transfer
surfaces based solely on nucleation, growth and physical property data. However, such a
model was not presented and could not be developed from the presented data. While this
is unfortunate, it also highlights the disconnection between work conducted by heat-
transfer researchers and crystallization researchers, and the need for multidisciplinary
efforts in this area. This work does provide a useful discussion of the experimental
apparatus used to microscobically observe a heat-transfer surface during initiation of

fouling on the surface.

2.8. Crystal Species
The recognition of a transition in crystallization from one burkeite to another

species as black liquor is concentrated led to significant speculation in the industry. Mill
awareness of, and subsequently developed operational strategies to avoid operating in the
region where the nucleation of a new salt species might occur alleviated fouling problems
at some mills. No one had conducted any research to confirm the identity of the species
crystallizing in this transition region. NAELS is limited to the salt species in its database.

An experimental study of the crystals formed during the evaporative concentration of
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black liquor was required to determine if NAELS contained all the salt species that might
crystallize during the concentration of black liquor.

Such a study had been previously undertaken. In his Ph.D. dissertation, Novak
[9] proposed that a number of different double salts could crystallize as black liquor is
concentrated. He interpreted the XRD spectra of scale deposits from black liquor to
show that burkeite was not the only double salt formed during evaporation. However, his
scale samples were not pure enough to yield XRD spectra that defined clearly the
different double salts. In the subsequent paper based on his thesis research [37], Novak
backed away from his assertion of multiple double salts. This was unfortunate as it may
have delayed for two decades the recognition of the importance of a double salt other
than burkeite in fouling of black liquor evaporators.

Shi [12] conducted a fundamental study of the salts crystallized from black liquor
and aqueous model solutions of black liquor. He determined that a second double salt
composed of approximately two moles of Na,CO; per mole of Na,SO4 crystallized from
solution when the molar ratio of dissolved carbonate to dissolved sulfate in black liquor

reached a value of about 7 to 1. After separating and cleaning these crystals, Shi used

powder x-ray diffraction to determiné that the crystal structure of this new “dicarbonate”
salt crystal was different from either ;l;ﬁrkpite or any of the hydrated or anhydrous forms
of pure sodium carbonate. It is likelytthati this is the same crystalline species that Novak
observed but backed away from ideﬁtifyng.

Shi [12] also determined thatbalcijum ioﬁs act as nucleation inhibitors for
crystallization of burkeite from aqueo@s rr!10del solutions. His experiments indicated that

substitution of sodium ions in the lattice structure is the mechanism by which this
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happens. As calcium is a significant contaminant in most industrial black liquors,

understanding this role it plays may be crucial in addressing black liquor fouling.

2.9. Summary

This review presented the significant steps taken in achieving the current
~ understanding of issues in fouling of heét-transfer surfaces in black liquor evaporators.
In summary, while considerable work has been conducted into fouling of heat transfer
surfaces in black liquor evaporators, there is remaining work to be accomplished. Two
key areas stand out from the literature reviewed here. The first area is in the modeling of
heat-transfer fouling as a crystallization process. As this literature review indicates, there
are models available for the dependence of fouling on growth and for the dependence of
growth on supersaturation. One apparently novel development of the research presented
in this thesis is combining the two models. Second, a better qualitative and quantitative
understanding of the initiation mechanisms for surface fouling are required as little work

has been accomplished in this area.

2.10. Variables

A  Heat-transfer surface area, m’

A’ Adherence parameter, Equation 2.7

a  Fouling rate fitting parameter, m*K*W?s™!, Equation 2.8
2> Fouling rate fitting parameter, m’K-W's™, Equation 2.9
a  Chemical activity

b  Fouling rate fitting parameter, m*K>*W2, Equation 2.8
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b’

kg
kn

mr

Fouling rate fitting parameter, m?K-W™', Equation 2.9
Concentration, mol-m™
Free energy change for the transformation from dissolved solute to crystal per unit

volume, J m>
Growth rate, m's™

Nucleation rate, m>s™ (V olume) or m2s™! (Surface)
Boltzmann constant, 1.380658E-23 J-molecule 'K
Effective thermal conductivity of fouling deposit, W-m™'K!

Growth rate parameter, m-s”

Nucleation rate parameter, m>s™

Mass transfer rate, kg's™

Surface nucleation site count, m™

Heat transfer rate, W

Critical radius, m

Thermal Resistance — subscript indicates what the resistance is measured through,
m?K-w!

Gas Constant, 8.31451 J-mol'K"! (Equz-ation 2.10 only)
Supersaturation

Temperature, K

Time, s

Overall heat transfer coefficient, W-m2K!

Crystal molar volume, m*mol™!

Thickness, m
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ESurf

6p

Dp

Interfacial surface energy, J-m?

Activity coefficient
Chemical potential, J-mol™
Relative Supersaturation

Induction time, s

Fouling deposition rate, m's™

Fouling removal rate, m's™

Density, kg'm™

Shear rate, s

Superscripts and Subscripts

Clean plate conditions
Chemical species

Fouling

Growth rate order, typically equals 1

Liquor
Nucleation order

Steam condensate

Wall, stainless steel heat transfer surface

Chemical equilibrium
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Chapter III: Experimental Apparatus

3.1. Introduction

The equipment used to examine the crystallization process as it occurs
simultaneously in suspension and on the heat-transfer surface for black liquor and
aqueous solutions of sodium carbonate and sodium sulfate is described in this chapter.
Two pieces of equipment were used. The first was a pilot-scale falling-film evaporator
with an FBRM (Focused Beam Reflectance Measurement) probe. This unit provided the
capability to measure fouling of heat-transfer surfaces and bulk crystallization behavior
under conditions similar to those in an industrial black liquor evaporator. The second
was a unit designed to simulate a heat-transfer surface on which nucleation and growth

rates and heat-transfer coefficients could be measured.

3.2. Pilot-Scale Falling Film Evaporator

A state of the art, pilot-scale dimple-plate, falling-film evaporator at the Institute
of Paper Science and Technology was used for the evaporation experiments. The
equipment, as configured for the experimental work presented in this thesis, is described
here. Experimental details such as the composition of the solutions concentrated and the
operating conditions are given in Chapters 5 and 6. Figure 3.1 presents a schematic of
the pilot evaporator. Figure 3.2a and 3.2b show pictures of the vessel an example of the

dimple-plate heat-transfer surface, respectively.
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Figure 3.1: Schematic of the pilot-scale dimple-plate falling-film evaporator
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Figure 3.2: (a) Pilot evaporator vessel and (b) an example of a dimple-plate heat-transfer surface
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3.2.1. Theory and Design

The evaporator was a pilot-scale, dimple-plate, falling-film unit obtained from
Ahlstrom Recovery Incorporated (now Andritz Incorporated). The unit was originally
equipped with 6 vertical, dimple-plate, heating elements, each 1.83 m (6.0 ft) by 0.30 m
(1.0 ft). Five of them were removed to reduce the capacity of the unit and thus the
amount of black liquor required when operating it. The liquor distribution system within
the evaporator body was modified for operation with a single dimple plate panel, using
the original Ahlstrom design. The flow rate of liquor to each side of the heat transfer
panel was measured and the liquor distribution system adjusted until the flow rates were
equal on both sides of the panel.

The ratio of sump volume to area of the heat-transfer surface is therefore an
important design parameter for crystallizing evaporators. Thev ratio of the sump volume
to the area of the heat-transfer surface for this evaporator as operated was approximately
0.10 m*m?. For industrial black liquor evaporators, the ratio is often between 0.02 m*/m?

and 0.03 m*/m?.

3.2.2. Circulation Equipment and Issues
Circulation was accomplished with a Moyno pump desigrl':éd fpr‘gviiscoﬁss‘,
corrosive fluids such as black liquor. A Moyno pump operates méré Iike a polj{mer
extruder than a centrifugal pump. However, the stainless steel statoir‘i;s analoggﬁé to the
impeller and the Viton cavity is analogous to the pump body in a ceptfifﬁgal pump
N ¥

The most significant difference between a centrifugal punip iusﬁed‘, indus'ffially and

the Moyno pump is the substantially smaller flow gap between the cavity and the stator.
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Although Moyno pumps are designed for low shear rates, the smaller flow gap can
potentially cause more crystal-crystal contacting and subsequent fracture of the crystals
when a suspension of crystals is pumped. One indication of the likely occurrence of
crystal contacting was excessive pitting in the Viton portion of the pump where crystals
had apparently been forced into the Viton by the stainless steel stator.

The circulation pump had an upper pump speed of 1500 rpm, corresponding to
0.057 m*/min (15 gpm). In each experiment, the pump speed was set to obtain the
desired flow rate, which was actually measured with a magnetic flow meter and recorded
by computer.

The Reynolds number (Rer) was controlled by controlling the flow down the
heat-transfer surface. Thé Reynolds number is defined as the mass flow rate divided by '
the wetted perimeter (twice the width) of the heat-transfer surface, and divided by the

viscosity, as shown in Equation 3.1.
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3.2.3. Measurement of Temperature, Pressure and Flow Rate of Condensates

The pilot unit was well instrumented for the measurement of temperature,
pressure and flow rate of condensate. A computer-based data acquisition system
recorded all temperature, pressure and condensate flow rate measurements for offline
analysis.

The temperature of the black liquor was measured continuously at (a) the plate

surface, with thermocouples oriented perpendicular to the heat transfer surface and
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welded directly to it, (b) the evaporator sump, where bulk liquor temperature was
measured with an RTD, and (c) the circulation line, also measured with an RTD. The
thermocouples welded to the heat-transfer surface did not provide accurate measurements
of the surface temperature; instead, the temperatures measured were identical to the bulk
liquor temperature in the sump. For this reason, the temperature driving force used to
estimate the heat transfer coefficients was the difference between the saturated steam
temperature, evaluated at the steam pressure within the dimple-plate heat-transfer panel,
and the liquor temperature measured in the sump. Thus all heat-transfer coefficients
presented in this thesis are overall heat-transfer coefficients, U.

The pressures in the heat-transfer panel and vapor body were measured using
pressure transducers. The saturated steam and vapor temperatures were calculated from a
5" order polynomial fit to saturated steam temperature versus pressure taken from the
steam tables in Felder and Rousseau [1]. The boiling temperatures of the salt solutions
and black liquor are the sum of the saturation temperature of steam at the pressure in the
vapor body and the boiling point rise associated with the salt solution or black liquor.

However, because the boiling point rise cannot be predicted accurately, the temperature

of the bulk liquor temperature along the heat transfer surface was assumed to be the same
as the liquor in the evaporator sump.

The pressures in both the heat-transfer panel and vapor body were controlled by
self-tuning PID controllers. The set point for the steam pressuré could be adjusted
manually in an attempt to control the thermal driving force (AT).

Flow rates of condensate were measured to estimate the heat flux. Both the steam

and vapor from the liquor were condensed using heat exchangers. Their flow rates were
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measured continuously with turbine-type flow meters. The computer recorded a 4-20
mA signal from each flow meter and converted the signal into a flow rate based on a set
of calibration data for each meter. For aqueous salt solutions, an energy balance around
the evaporator closed well (-15% to 5%)! for the entire experiment. For black liquor, the
energy balance closure was good prior to fouling (-5% - 20%). However, after fouling
began, the closure dropped significantly (-100% - -20%). The main reason for this
appeared to be the time lag between the thermal driving force and the evaporation rate
when steam pressure was increased. The effect of this response time was particularly
evident for changes in steam pressure or fouling. Thus, either condensate flow rate
provided accurate heat transfer rates for aqueous salt solutions but for black liquor only
the flow rate for steam condensate did so. For consistency, the steam condensate rate

was used for all estimations of heat-transfer rate in this thesis.

3.2.4. Estimation of Fouling Rates

In order to analyze the experimental data collected from the pilot evaporator,
several data reduction steps were used. A 10-point (1-minute) moving average of the
data stream was used at each point to eliminate outlying data. In the pilot evaporator
experiments, measured values of three process variables, steam pressure, sump

temperature (Tsymp), and steam condensjate mass flow rate (7i1g), were collected at

intervals of 10 seconds. The saturated steam temperature, (’s), was determined from the
i

steam pressure using the polynomial regression equation mentioned previously.

Using these data, the rate of heat-transfer, ¢, is equal to,

! The percent closure was determined from (Qs-Qy)/Qy.
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G =g x AHy = UA(Ts ~ Tsymp ). (3.2)
where U is the overall heat-transfer coefficient which can be estimated from,

n"lS XAHV

= ; (3.3)
Ax(Tg "TSump)

where 4, the evaporative surface area is the total plate surface area, 1.11 m? (12 ft%).
The overall resistance (1/U) is composed of the resistances to heat-transfer
through the steam condensate, the stainless steel plate, any surface deposit (fouling) and

finally the resistance through the vaporizing liquor. Summing the resistances in series

gives,
Ax
l=L+ W 4 Axp +—1—-, 3.49)
U hS kW k AF hL
B4

if the surface area through which the heat transfer occurs remains constant. The ratio

~ Af/A represents the ratio of heat-transfer surface area covered by fouling to the total
surface area for heat-transfer. The dimple plate has been assumed to be flat in tﬁis
research. If fouling occurs via a one-dimensional mechanism which nucleation occurs
over the entire surface followed by growth away from the surface, then As/4 = 1.

The first term on the right-hand side of Equation 3.4 is the resistance to heat
transfer through the steam condenséte td the heat-transfer surface, as represented by the
reciprocal of the condensate-film heat transfer coefficient 1/hs. The heat-transfer
resistance due td the condensate film is usually very small in comparison to the resistance
due to fouling and the resistance through the liquor, and changes in it with condensation

rate have a negligible impact on the overall resistance, 1/U.
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The second resistance is that of the heat-transfer surface, represented by the
thickness of the wall divided by its thermal conductivity (ky). This resistance is small,
and the thermal conductivity of stainless steel changes very little with temperature. As a
result, its time derivative can be assumed to be zero.

The third resistance occurs through any liquor-side scale that has been deposited.
This resistance is expressed in a similar manner to that of the wall of the heat-transfer
surface. However, it is not negligible, and can be the largest of the resistances. The
thermal conductivity of the scale (kr) may be one or more orders of magnitude less than
that of stainless steel, so even small increases in thickness could produce significant
increases in the thermal resistance. The thickness of scale can change with time, and the
change is evidenced as an increase in d(1/U)/dt.

The final resistance occurs through the liquor film. In steady-state operation this
term is normally assumed to be constant. In the semi-batch evaporation experiments with
aqueous salt solutions presented in Chapter 5, the liquor-film resistance can also be
assumed to be constant. However, for the semi-batch or batch evaporation of black

liquor in Chapter 6 this is a bad assumption. The viscosity of black liquor increases

substantially, often by 1 or 2 orders of magnitude, during the concentration process.

In the case of black liquor, a number of models or correlations for predicting
convective and convective boiling heat transfer coefficients have been developed [e.g. 2,
3, 4, and 5]. In these models, the liquid-film heat transfer coefficient is proportional to the
reciprocal of viscosity to a power that is usually between 0.3 and 0.4. A doubling of the

viscosity would therefore reduce the liquid-film heat transfer coefficient by 20 to 25%.
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When the process-side film Reynolds number is constant and the heat-transfer
resistances on the steam condensate side are constant, the surface fouling rate (SFR),

d(1/U)/dt, can be estimated from,

15) 1
SFR = o ETF (3.5)
In Equation 3.5, SFR has units of m?K-W's™. The term dAxz/ds on the right hand side of
Equation 3.5 is essentially the one-dimensional growth rate of the scale on the heat-
transfer surface, Gs.
All pilot scale runs were conducted in a semi-batch or batch mode. This means
that either:
a. all of the liquor was added to the evaporator at the beginning of a run (batch
mode), or
b. a batch of liquor was charged to the evaporator at the beginning of the run,
and then liquor was added throughout the run to maintain a constant liquor
volume within the evaporator as water was removed by evaporation (semi-
batch mode).
Batch or semi-batch operation limited the volume of liquor required to conduct
each experiment so that liquor recycling during the experiment was not required.
When concentrating black liquor in either of these modes, the total solids content
of the ‘liquor increased gradually with time. One result of this was concomitant increases
in viscosity and density. For example, for an experiment where total solids content for the

black liquor was raised from 50% to 70% solids, the liquor density was estimated to
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increase by 9.4% and the viscosity by a factor of 23. The estimations were made using
correlations found in Adams et al. [6].

Because of these changes in black liquor properties with time, the liquor film heat
transfer coefficient, /;, decreased with time. As a result, the rate of change of the overall
heat-transfer coefficient depended on both the changes due to fouling and those due to the
changing liquor film resistance term, /A

{5) A5 Aa) v

dat dt dt

It was necessary to account for the changes in the heat-transfer resistance through the
liquor in order to estimate changes in the resistance due to fouling.
Convective and convective boiling heat transfer coefficients for liquid films are

proportional to the film Reynolds number to a power less than 1, so that
hL ~ RCr‘a . (37)

In the black-liquor evaporation experiments, fouling occurred only after the liquor had

been concentrated to a total solids content significantly higher than the initial value.

Using Equation 3.1 and the previously mentioned influence of increased total solids

concentrations on the liquor properties, Equation 3.7 can be reduced to,

1 o
hr,c =C9(;) , (3.8)
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where Cp is a constant determined under non-fouling heat transfer conditions. Thus, for
any given viscosityz, a predicted clean-plate heat-transfer coefficient, 4, ¢, can be
estimated.

By combining Equations 3.4 and 3.6, an overall heat-transfer resistance when the

heat-transfer surface is scale-free can be estimated for any given time, #,

L L,ow, 1 , (3.10)

Uc(t) hs hy (1)“
C,| —
()

where the fouling term has been dropped since Axr is by definition 0 for a clean heat
transfer surface.

This leaves only the determination of the value of o to obtain a useful predictive
clean plate model for Ue. This value was found by assuming that for a given region
where slow, but steady, reduction of the heat-transfer coefficient was observed, the
observed reduction was due to the effect of increasing viscosity. After applying this
assumption, a best-fit regression line for the data set 1/U - 1/U¢ under clean-plate
conditions (represented by the data in Figure 3.3 between 120 and 220 minutes) was
determined. The parameter o was then adjusted so that the slope of the regression line
was equal to zero for a variety of data sets using a given liquor sample. Over the wide
range of operating conditions, the liquors used in this research consistently indicated that

a=0.3.

2 For the research in this thesis, the Adams et al. [6] correlation for viscosity was used to estimate black
liquor viscosities.
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Figure 3.3: Heat-transfer resistance before and after removing the influence of changes in the liquor
viscosity from the overall heat-transfer resistance to obtain the heat-transfer resistance due to fouling

Figure 3.3 shows the process graphically. The surface-fouling rate (SFR) was obtained
by linear regression of the resistance due to fouling, Rr, versus time. The resistance due

to fouling is equal to 1/U - 1/U¢.

3.2.5. Measurement of the Crystal Population

Chapter 4 of this thesis presents an extensive discussion of the Focused Beam
Reflectance Measurement equipment. In this section, ohly issues related to the location
and settings on the instrument will be discussed.

The FBRM probe was inserted into the recirculation line downstream of inlet for
feed during semi-batch experiments. The probe was inserted into the circulation line at a
45 degree angle on the recommendation of Lasentec, the manufacturer of the FBRM

probe used. The feed rate of solution during semi-batch mode was not great enough to
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cause dissolution of ¢xisting crystals in the circulation line. The circulation to feed ratio
during the semi-batch experiments was between 50:1 and 200:1.

Calibration of the FBRM probe was conducted using a slurry of PVC particles
provided as a standard with the equipment by Lasentec. At the completion of the
research, the calibration had not changed.

The coarse/fine adjustment setting for the FBRM instrument allows the user
limited input into its data-filtering algorithm. While the exact filtering algorithm is
proprietary, ﬁﬁe filtering provides better recognition of small particle (nuclei) while
coarse filtering allows for better recognition of larger particles. The filtering, in part,
adjusts the amplitude required for a return signal to be recognized as a reflection from a

particle.

3.3. Bench Scale Surface Crystallizer

A bench-scale surface crystallizer was designed and constructed for the purpose
of microscopically observing the initiation and growth of crystals on the heat-transfer
surface. The apparatus was designed to have flow characteristics similar to those in a
falling-film evaporator, but the required system conditions made operation quite difficult.
This section describes the final design of the flow cell and other components of the
experimental apparatus. Issues that arose during the design and construction of the test

cell are discussed in this section unless they are related to experimental results.

3.3.1. Materials of Construction
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Because of the opaque nature of black liquor, a solution of aqueous sodium
carbonate and sodium sulfate was used to represent black liquor for all bench-scale
surface crystallization work. The combination of the high alkalinity of the solutions
employed and high operating temperatures required a careful selection of materials of
construction for the equipment.

For the bench scale experimental apparatus, nearly all wetted parts, aside from the
test cell, were composed of 316-stainless steel or Téﬂon. A few flow measurement and
control parts were composed of 304-stainless steel, as they were not available in 316-SS.
Both grades of stainless steel are highly corrosion resistant for the environment under
which the experiments were conducted.

The wetted parts in the test cell were: (a) 316-stainless steel for the heat transfer
surface, (b) Teflon with Viton seals for the actual flow chamber, and (c) Borosilicate
(Pyrex) glass for the viewing window. Qf these three materials, borosilicate glass
showed a tendency to etch at seal contact points during the experiment. However, it was
less expensive to replace the borosilicate glass several times during the experimental
work than to use a glass that was more corrosion resistant since there was no apparent

effect on experimental results.

3.3.2. Flow Cell Design and Construction

Flow in the test cell was designed to approximate that in a falling-film evaporator.
To accomplish this, the flow width (thickness) needed to be determined. For black liquor
evaporators, this width depends on a number of physical and design parameters including

mass flow rate, wetted perimeter, temperature and composition (the last two also
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influence viscosity and density). After discussions with Andritz and initial estimations
based on computational fluid dynamics from Frederick et al. [7], it was determined that
flow thickness could vary between 2 and 10 mm with 3-5 mm being a representative

range for most evaporators.

[-%3

(2]

\ &
[ Q' [ ;
g o g 2
s S T E
g & = g
7] E 7] =
3 @ 3 z
- o - =
[x] P < «
*] S 2 ™
=~ < = 3

Falling-Film Velocity Profile Test Cell Velocity Profile

Figure 3.4: Falling-film velocity profile illustration for the test cell
The reasoned assumption was made that the surface flow profile for a falling-film

evaporator could be modeled by laminar, one-dimensional flow with twice the flow width
of the falling film. Figure 3.4 provides an illustration of this analogy. Essentially, if the
duct gap width was twice the estimated falling-film flow width, assuming that Rer was
the same, the velocity profiles would be the same. The actual flow gap was created using
6.35 mm (0.25 in.) Teflon due to its availability in this specific thickness. Thus, the test
cell reflected a falling-film flow width of approximately 3.2 mm.

The next step was to determine a typical Rer for falling-film black liquor

evaporators and derive the required flow rate for the salt solution experiments. Based on
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estimations from several operating falling-film black liquor evaporators and standard
proprietary designs, using Equation 3.1, the Reynolds number for black liquor flowing

down the heat transfer surface was estimated to be approximately 150, indicating a

laminar flow.

To estimate the required flow rates necessary, and to make sure that the Reynolds
number remained in the laminar regime, the aqueous salt solutions were assumed to
exhibit the same physical properties as water at the operating temperatures. Using these
assumptions, the required circulation rate for the aqueous salt solution was determined to

be 600 ml/min, producing a Rer of 155 and a Re of 310 assuming that L>>d, where L is

the width across the cell and d is the gap width.
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Figure 3.5: Dimensional sketch of the bench-scale surface cryjstallizer test cell with length and width
indications. This part was custom machined from a 0.635 cm thick piece of Teflon

For flow in a duct, L>>d was assumed true for L/d = 20. Using this ratio, the
width of the flow cell was set at 12.7 cm (5 in.). To avoid entry and exit length effects,

the test cell length was set to 30.48 cm (12 in.). A 2.54 cm (1 in.) long, trapezoidal flow
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distribution region was included at the entrance and the exit to the test cell. The
completed test cell dimensions are illustrated in Figure 3.5.

The Teflon blank, machined to the exact specifications of the designed test cell,
was also machined for two custom Viton seals. One of these seals was placed on each
side of the Teflon, to provide a seal with the stainless steel and with the borosilicate glass.

The actual heat-transfer surface was composed of a stainless steal blank that was
machined with a Fadal VMC 2016L milling machine. The surface was finished using a
Valenite 539.62.650-facing mill with carbide grade TN450 Valenite SNMT 43531
inserts. At either end of the test cell, an NPT threaded hole was drilled to meet a hole
that had been drilled perpendicular to it from the interior surface of the flow cell, as
pictured in Figure 3.6. This figure also shows how sandwiching the machined Teflon
flow region between the flat borosilicate glass surface and the heated stainless steel
surface formed the test cell.

Test Cell Flow Entrance/Exit

| ,

y
1.27 cm Borosilicate Glass
I . :
Viton Seals : ¢ 0.635 cm Machined Teflon Flow Cell
o | ! A
|

E _ 1.905 cm Stainless Steel Heating Surface

/ A

NPT Threaded Flow Entrance/Exit to Piping

Figure 3.6: Schematic of the bench-scale test cell showing components and flow entry

The cell was heated using a 1.55 W/cm? silicon resistive-heating pad, adhered to
the bottom side of the 1.905 cm thick stainless steel heating surface. With the cell in an

experimental position, the 10.16 cm x 30.48 cm heating pad is positioned as shown in

55



Figure 3.7. The pad was placed in this position to resist overheating at the edges of the
test cell flow region and to avoid high temperatures in the outlet region of the stainless
steel. The energy input to the heating pad was controlled using a variable voltage
transformer with a digital voltage display.

Due to viscosity reductions in the solution as the plate was heated, flow separation
occurred from the glass surface. It was quickly determined that the test cell would not
operate in a downflow configuration. For this reason, the test cell was operated in an up-
flow configuration. While this changed the flow dynamics slightly due to the change in
the flow direction relative to gravity, it was a better solution than operating in a
horizontal flow configuration where gravity could cause settling on the heat-transfer

surface.
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Figure 3.7: Placement of the resistive heating pad on the bottom of the stainless steel heating surface
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Figure 3.8 shows a picture of the constructed flow cell. The cell itself was nested
inside of a machined piece of Teflon that was bolted into a vertical position. Two
stainless steel plates (the front one is pictured) acted as a cofnpressing support frame for
the flow cell. To reduce tension in the glass, a 1.27 cm thick polycarbonate frame with its
center cut out was placed between the stainless steel and the borosilicate glass.
Originally, polycarbonate was tried as the actual transparent surface material for the flow
cell, but it was etched badly by the alkaline solutions at the operating temperatures. It
proved useful in absorbing the slight tension that the stainless steel applied to the glass at
operating temperatures due to thermal expansion. One new piece of glass was broken

learning this valuable lesson.
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Figure 3.8: Front view of bench-scale surface crystallizer indicating individual parts which
composed the test cell and support structure
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3.3.3. Measurement, Control, and Supporting Equipment
In addition to the test cell, a number of additional pieces of equipment were
necessary to store, control and measure the aqueous alkaline solution and any surface

crystallization.

Circulation Tank

A circulation tank, fabricated from a piece of 45.72 cm long, 12” 316-SS
Schedule 40 pipe with a welded 316-SS bottom and welded top flange, acted as
combination feed reservoir, temperature-control vessel, and location for evaporation.
Pictured in Figure 3.9, the feed tank was heated by a combination of two 1200 W and one
600 W silicon resistive-heating pads. A self-tuning PID controller was used to control
the temperature of the solution in the reservoir by regulating the power input to the 600
W heating pad. A tyine-T thermocouple was inserted into the center of the tank to
measure this temperature. A variable transformer was used to adjust the voltage input to
one of the 1200 W heaters. The second 1200 W heater was only used to heat cold DI
water more rapidly when preparing a solution for an experiment. The tank was well
insulated except for the base. The base was on top of a large magnetic mixer. The
magnetic mixer was used to turn a large Teflon stirring bar inside the tank.

The rate of evaporation from the tank was accomplished by a needle valve on the
top of the tank. A pressure relief safety valve with a 30-psig rating was also located on

the top of the vessel.
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Figure 3.9: Bench-scale surface crystallizer feed tank

Solution Circulation

Pumping the experimental solution proved to be challenging due to the
experimental conditions. The pump needed to: (a) not cause a net negative suction head,
(b) be able to handle a low concentration of suspended particles in the solution, (c) not
use mechanical seals, (d) not appreciably heat the solution, and (e) withstand the
conditions of pH and temperature encountered with the sodium salt solutions . Also, the
pump needed to pump between 500 and 1000 ml/min. There are few pumps that meet
these requirements, and a significant number of pumps were tried in a variety of
configurations before a satisfactory pump was identified.

A Micropump® miniature magnetically driven centrifugal pump was determined
to meet the experimental requirements. Experimentally, the Micropump resolved each of

the issues previously raised. First, once 17 feed lines from the tank into the 3/8” pump
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inlet were installed, there was a net positive suction head at the inlet to the pump. This
was very important as the solution is exiting the tank as a saturated solution
(vapor/liquid) or even a supersaturated solution (solid/liquid). Any reduction in pressure
due to suction could cause flashing and potentially crystal nucleation. Second, suspended
particles were a possibility in these crystallization experiments, and while centrifugal
pumps are not appropriate for handling slurries with high suspended particle
concentrations, they can pump dilute suspensions. Third, mechanical seals were tried
briefly, but they did not work due to the sealing mechanism. In a mechanical seal, the
two surfaces are in close contact, but allow a very small amount of material to pass
through the seal as a vapor. The heating of the solution between the contact points, as
they rotate against each other, causes this vaporization. It is this vapor that actually seals
the pump. In the experimental solutions, the dissolved salts crystallized across the seal
and effectively destroyed the mechanical seal. The elevated pH and temperature
requirements eliminated a number of standard laboratory-scale pumps. Finally, the
combination of the flow rate and no appreciable heating disallowed the use of a larger

industrial pump operated inefficiently.

Flow Measurement and Control

The flow was measured using an Omega model FTB9505 low flow turbine meter
with a flow range of 65-1,400 ml/min. A flow-signal conditioner and digital indicator
were also installed and calibrated using the manufacturer’s nonlinear calibration curve.
Measurements of water flow rates indicated that the manufacturer’s calibration was

accurate within ~6 ml/min. This was slightly higher than the manufacturer’s guaranteed
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accuracy but may represent pump variability from the centrifugal pump which varied + 3-

5 ml/min during the experiments.

Optical Microscopy

The stainless steel heat-transfer surface was viewed at high magnification through
an Edmund Industrial Optics VZM-1000 lens with attached fiber optic light ring. The
surface was imaged with a Roper Scientific CoolSNAP-Procf color digital microscopy
camera. Image capture and analysis was performed using Image Pro Plus version 4.5
software. The imaging area viewed using this setup was approximately 2.7 mm by 2.0

mim.

Temperature Measurement

Thermocouples were inserted into the stainless steel heat transfer surface at six
locations along the length of the plate. Figure 2.12 indicates the position for each of the 6
probes. Each probe was a Type T, 1/8” diameter probe. Probe positions 1 and 3-6,

indicated by the black dots in Figure 3.10, were drilled 8.255 cm (3.25”) deep,

approximately the center of the plate. Position 2, the gray dot in Figure 3.10, was drilled
4.13 cm (1.625”) into the stainless steel. The centers for thermocouple locations 1 and 3-
6 were each positioned 5.08 cm (2”) apart with 4 equidistant from each end of the plate.
Thermocouple positions 1, 4 and 6 were centered in the plate, or 0.9525 cm from the

heated surface. Positions 2, 3 and 5 were 1.43 cm from the heated surface.
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Figure 3.10: Schematic indicating the thermocouple positions in the stainless steel used as the
heating surface in the test cell of the bench-scale surface crystallizer

3.3.4. Flow Diagram and Picture of the Physical Apparatus

Figure 3.11 shows a schematic of the bench-scale surface crystallizer, with the

primary equipment and flow lines. Figure 3.12 is a photograph of the apparatus.
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Figure 3.11: Operational flow schematic for the bench-scale surface crystallizer
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Figure 3.12: Apparatus composing the bench-scale surface crystallizer in the lab

3.4. Conclusions

For the experimental work in this thesis, two pieces of experimental equipment
were utilized. A well-instrumented pilot-scale dimple-plate falling-film evaporator
provided a source of fouling data. An FBRM device was added to this pilot unit, to allow
quantitative measurement of bulk crystallization behavior’. While data from the pilot-
scale evaporator provided an initial understanding of the phenomena of surface
crystallization, these data were not sufficient to address the objectives of this research.
To determine the initiation mechanism for surface fouling, a bench-scale surface
crystallizer was constructed. While this apparatus required significant development, the

equipment outlined in this chapter was suitable to study the initiation mechanism.

3 Additional background and insight into FBRM measurements are located in Chapter 4 of this thesis.
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3.5. Variables

A Heat transfer surface area, m?

Co Clean plate viscosity constant

Gs Growth rate of scale on the heat-transfer surface, m-s™

h  Heat transfer coefficient, W-m2K!

AHy Heat of vaporization, J'kg™

k  Thermal Conductivity, W-m 'K

m  Mass flow rate, kg's™

QO Heat,]
Thermal resistance — subscript indicates what the resistance is measured through,
m’K-w!

Re Reynolds number

SFR Surface fouling rate, m?K-wls?!

T  Temperature, K

t Time, s

U  Overall heat transfer coefficient, W-m2K!

WP Wetted perimeter, m

Ax  Thickness, m
o  Fitting parameter

M Viscosity, kgm's?!

Super and Subscripts

¢ Clean plate condition
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Fouling

Liquor

Steam or steam side condensate

Vapor or vapor side condensate

Wall, stainless steel heat transfer surface
Chemical equilibrium

Plate (Reynolds number)
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Chapter IV — Methods for Estimating Bulk Nucleation and Growth Rates Using

Moments of FBRM Chord Length Distributions

4.1. Objective

A method to obtain estimations of bulk nucleation rates from chord count
densities measured with an FBRM will be presented in this chapter. In situ
measurements of these rates provide an important analytical tool both for this research
and for future crystallization work. In addition, a method for estimating growth rates of
crystals from chord count densities measured with an FBRM will be presented in this
chapter. These methods will be applied to FBRM experimental results in Chapters 5 and

6.

4.2. Introduction
There are few options for obtaining real-time, online measurements of crystal size
distributions. This limitation has inhibited the implementation of schemes that would

enable the control of crystal size so as to meet product or downstream-processing
requirements [1]. A growing number of applications are being found for Focused Beam
Reflectance Measurement (FBRM) technology in crystallization and particulate
processes. FBRM is based on laser backscattering principles. It is repqrted to provide
fast in situ particle dimension analysis at any concentration of solids without sampling,
diluting or recirculating the stream being monitored. These features render FBRM

appropriate for real-time process monitoring and control.

67



Detector

Laser \"\ ‘,,c_"*- /-

Diode

Fiber Optic

Beam Splitter

Laser Beam Chords
Sapphire ( é ;
Window
7 Particle
< ,."' ;f.

@ (b)

a Fixed High
Velocity

Figure 4.1: Schematic of the Lasentec® FBRM and an example of three possible chords measured
from one particle

The FBRM probe (shown in Figure 4.1a) utilizes a focused laser beam rotating at
a constant velocity. As the laser beam scans across a particle passing through the
measurement zone, the time duration of detected reflectance from a particle is determined
and related to the chord length. The chord length is calculated by multiplying the velocity
of the scanning laser beam and the duration of reflection. The measured chord length is
not necessarily equivalent to the characteristic particle length (for example the diameter
of a spherical particle). A chord (illustrated in Figure 4.1b) is a line connecting two
points on different edges of a 2D projection of a 3D particle. Typically, thousands of
chord lengths per second are measured by an FBRM probe, with the cQunts of chord
lengths stored in a maximum of 1000 channels. The Lasentec@ FBRM probe (Lasentec
Inc., USA) measures particles ranging from 0.5 to 1000 pm in chord length, and can be
employed in the temperature range -20°C to 150°C. A more complete description of the
FBRM probe can be found elsewhere [1, 2]. The application of FBRM technology has
been shown to provide useful information regarding the size distribution of particulates in
slurries, and it has been used in harsh environments [2, 3, 4, 5]. Additional applications

are given in a number of references [6, 7, 8].
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4.3. Chord Length and Particle Size Distributions

Current applications of FBRM are promising, but the instrument is limited by the
nature of the data it generates. Namely, FBRM provides measurements of chord lengths
sampled randomly from a particle population. As shown in Figure 4.1, the measured
chord length can be anywhere.on a crystal. Thus the chord length is bounded by 0 </; <
d;, where /; is the measured chord length of the i crystal and d; is the largest particle
dimension; e.g., should the particles being analyzed have a spherical geometry, d; is the
particle diameter.

For a given crystal population, the size distribution may be characterized by the

population density function,

n(L)= lim —=, 4.1

where L is a characteristic dimension and AN(L) is the number of crystals with
characteristic length between L and L + AL in a volume of slurry or liquid sampled, V.
The relationship of the characteristic dimension to an actual dimension of the crystal
depends on the technique by which the dimension is determined and on crystal shape. If
the shape is spherical, for example, it may be appropriate to define L = d. Equation 4.1
also assumes that all crystal geometric properties can be defined in terms of L, which
means that crystals of all sizes have the same shape.

In a fashion similar to the development of Equation 4.1, it is possible to define a
chord-count density (CCD) function c¢(J), as,

. AC())
l = 1 —_—, .
) Allgo VgAl (42)
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where AC(J) is the number of chord counts with lengths between / and / + Al in the
volume of slurry or liquid sampled by the FBRM probe, V.

Procedures for relating the population density function to nucleation and growth
kinetics are well-developed for a perfectly mixed, steady-state crystallizer. Such
relationships lend themselves to implementation of procedures to control crystal size
distributions. Unfortunately, relationships between the chord-count density function and
nucleation and growth Kinetics do not exist, even though a number of researchers have
attempted to relate crystal (or particle) size distributions to measured chord distribution
functions [9, 10, 11, 12].

In the present work, a methodology has been developed to obtain nucleation and
growth rates from FBRM data. The approach was to use moments of the chord-count

density in a manner analogous to methods using moments of population density.

4.3.1. Moments of the Chord-Count Density Function
Moments of population density functions can have both physical significance and
great utility in analyzing crystallizer performance. The j moment of the population
density function, for example, is,
©
mj = J'Ljndl, . 4.3)
0
Randolph and Larson [13], among others', have shown that the following relationships
apply:
my = Niotal = total number of particles per unit volume (4.9

my = Lioia = total length of crystals per unit volume 4.5)
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kamy = Aioral = total surface area of particles per unit volume 4.6)
pckyms = Miya = total mass of particles per unit volume @.7
where kA and kV are area and volume shape factors defined for a specific crystal
geometry such that, k,=A(L)/L and ky=V(L)/L.
By analogy to Equation 4.3, moments of the CCD function can also be defined,
©
mj = [t cal. (4.8)
0
However, since the chord length measured for a given crystal varies depending upon the
portion of the crystal scanned, it is not possible to relate chord moments to properties of
the crystal population, with one apparent exception. If chord-counting irregularities,
which will be dealt with later, can be ignored, then the total number of crystals and the

total number of chords should be identical. Therefore,

o0
mg = [cdl = total number of particles per unit volume, (4.9)
0
and,
0 o0
Nygta) = [cdl = [ndL . (4.10)
0 0

Therefore, any application requiring an estimate of the total number of particles per unit
volume can be performed by direct substitution of the 0" moment of the CCD function as
determined using the above procedures. For example, it is recognized that the nucleation
rate, Jy, in a batch, perfectly mixed crystallizer, in which there is insigﬁiﬁcant breakage
and agglomeration, is given by the expression

— dNtotaI — d”_10 )

J
LR dr

4.11)
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However, to obtain a meaningful nucleation rate from the chord-counts density function,

an accurate estimate of the effective (sampled) control volume must be determined.

4.3.2. Control Volume Estimatiqn

Definition of the control volume is arbitrary, but important. When defining a
specific population density, as in Equation 4.1, the volume usually chosen is either that of
the slurry or of the clear liquid. The slurry volume was chosen in the current work. Most
often, the volume can be obtained by a simple direct measurement. However, it is much
more difficult to get an éstimate of the effective volume scanned by the laser in the
FBRM apparatus.

An estimate of the scanned volume can be obtained by recognizing that the laser

effectively penetrates the slurry sample by distance A, has width b, and moves along its

path at a velocity (scan speed) vg. Then, the volume scanned over any period of time At

can be approximated by the equation,
Vg =vgAbAt . 4.12)
Substituting these results into Equation 4.2 gives,

c(f)= lim _—A—q@—. (4.13)
Al—-0vgAbAIAl

The major uncertainty in this measurement is the value of A, which is highly dependent
on the solution and crystals. Specifically, the solution may absorb the laser light and the

crystals may not reflect the laser light back to the probe so that it can be measured.
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4.3.3. Growth Rate Measurements

Randolph and Larson [13] show that the mean growth rate can be calculated from
moments of the population density function and the crystal growth rate, G = dL/dt, by the
equation |

dmy 1
—==—Gmy. 4.14
a2 *19

It is not known whether this equation holds for moments of the chord-count density
function, and there is no clear justification for assuming that it does, as was the case in
using the 0" moment to represent the total number of crystals counted.

Ratios of moments of the CCD function have been used to define growth rates

using FBRM data [6]. The methodology used was to define some weighted-average

mean chord length, 7 , using specified moments of the population [9]. For example, if the

2" and 3 moments of the CCD function are used, then the growth rate, is defined as,

_dr fﬁyﬁ ) 4.15)

24t 2dt

G

This would be the growth rate estimated from the area-weighted mean chord length. This
estimation of the growth rate is valid if the particles are of uniform shape and exhibit
size-independent growth. Also, it is assumed that the chords counted are an accurate
characterization of the entire slurry. The last assumption is important because if enough
particles are sampled, even though the actual chord lengths sampled are not
representative of the fundamental particle length, the change in the mean chord length
should be indicative of the change in the fundamental length. However, this estimation of

the growth rate is highly susceptible to chord-counting irregularities.
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4.3.4. Irregularities in Determining the CCD

Irregularities in determining chord length and, subsequently, the CCD are best
described as aberrations due to the back-scattering measurement. Two irregularities, (a)
particle screening and (b) effects due to particle curvature are considered especially
important and will be discussed more extensively here.

As previously mentioned, the measurement is dependant on the laser light
reaching a particle, and then scattering back from the particle surface with enough
intensity to be detected by the FBRM probe. Particle screening occurs when the laser
penetrates far enough into the solution that overlapping crystals are observed as,
represented in Figure 4.2. This generally will lead to shorter chord-length measurements,
and significant undercounting of the longer chord lengths for the relative few large
particles in the sampled volume. Screening can occur in any slurry with distribution of
particle sizes. Screening is also more likely in systems with greater laser penetration
depths, A, as the likelihood of observing crystal overlap increases with A. Thus, the

relative importance of this aberration is dependant on the particle-solution system.

: Probe
Beam———

5 Chord Lengths
3 Particles

Side View

G Top View

[

”
Scan Direction

Figure 4.2: Example of Possible Measurement Irregularities Due to Screening
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Because the FBRM filtering algorithm is proprietary and complex, it is impossible
to determine exactly how many chords would be recognized in a situation such as that
shown in Figure 4.2. However, a potential filtering algorithm is one in which both the
length of time for a reflected intensity of the required magnitude and the derivative of the
intensity are considered when identifying separate particles. While this filtering
algorithm is speculative, it would lead to shorter chord lengths as well as significant
undercounting of longer chord lengths from larger particles.

Increasing particle curvature decreases the reflectance to the FBRM probe from a
particle surface. Rather than observing a sharp drop in intensity as the laser passes off a
crystal edge, a gradual decay in backscattering intensity might be expected if curvature
and its impact on angle of reflection are important. Curvature will also tend to decfease
the measured chord lengths as the requisite backscattering intensity is only observed from
a portion of the particle.

Curvature does not have any impact on the 0™ moment, since all of the particles
are still counted. Screening may significantly affect the 0™ moment, and irregularities

can significantly impact higher moments. For this reason, it may not be appropriate to

use the growth rates estimated from Equations 4.14 and 4.15.

4.4. Equipment and Procedures

The experimental work presented here was conducted on a bench-scale
crystallizer designed for evaporative crystallization. The crystallizer was constructed
from a temperature-controlled, stirred, 1-L Parr reactor from which a measured vapor

flow was conﬁnuously withdrawn. Figure 4.3 presents a schematic of the bench-scale
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crystallizer. The initial solution placed in the crystallizer was prepared from 300 grams
of ACS grade Na,CO3 and Na,SO4 in 700 grams of DI water. During the experiment,

evaporation rate and chord-length data were collected. Additional details can be found in

Shi [12].
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Figure 4.3: Schematic of bench-scale crystallizer with FBRM (Courtesy of Shi, [12]).
One critical assumption was made in this work based on the work of Ruf et al.

[11]. The value of A was fixed at 1500 pm. In Ruf et al., this value provided the most
accurate measurement of the dimension of the ceramic bead that was used in that work.
At lengths greater than 1500 um, the dimension of the bead was significantly
underestimated in many cases. The ceramic bead used by Ruf et al. was 600 um in
diametér, larger than the majority of particles being studied here. It has not been

determined exactly how this difference might affect A. However, as A is being used
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essentially as a fitting parameter in order to develop specific nucleation rates, a difference

in A only changes the accuracy of the number, not the precision.

4.5. Results and Analysis
Results from a bench-scale evaporative crystallization experiment, were analyzed
to determine whether using moments of the CCD might provide nucleation and growth

kinetics. The bench-scale experiments were conducted at 107°C with a 1:1 molar,

NayC0O3:Na,SO4 solution.
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Figure 4.4: 0" Moment of the CCD from bench-scale evaporation of a 1:1 mole ratio aqueous
solution of Na,C0O;:Na,SOy at 107°C.

The specific 0™ moment, which represents the total number of particles detected
per unit scanned volume, and its derivative with time are presented in Figure 4.4. The

data can be interpreted to show that primary nucleation at approximately 3000 s and
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agglomeration combined with secondary nucleation took place after approximately 4000
s. Secondary nucleation was identified from the continued positive derivative of the 0™
moment. Agglomeration was identified by the multiple locations where the derivative of
the 0™ moment was negative. One example of this was seen at approximately 4500 s.
The apparent primary nucleation rate, Jj, was determined from Figure 4.4 using Equation
4.11. The nucleation rate was 4.06x10% m>s™ at the peak of primary nucleation, observed

about 3330 s into the run.
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Figure 4.5: 2" Moment of the CCD from bench-scale evaporation of a 1:1 mole ratio aqueous
solution of Na,CO;:Na,SO, at 107°C.

Second and third moments of the CCD, which are shown in Figures 4.5 and 4.6
respectively, provide an interpretive challenge. The data in Figures 4.5 and 4.6 are from
the same experiment as Figure 4.4. In Figure 4.5, based solely on peaks in the derivative

of the 2" moment with time, evidence for 3 separate significant nucleation events can be
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found. These are indicated by large values of the derivative at 1290 s, 3310 s, and 6440
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Figure 4.6: 3" Moment of the CCD from bench-scale evaporation of a 1:1 mole ratio aqueous
solution of Na,CO;:Na,S0, at 107°C.

The speciﬁé 3" moment data in Figure 4.6 is troubling theoretically. During
batch evaporation of an aqueous solution, the mass of crystals (represented in Figure 4.6
by the volume) should not decrease. Yet in Figure 4.6, at 1290 s, the third moment
reaches a maximum and then decreases. :These data imply that as evaporation progressed
past this maximum, the crystal mass 1n the system decreased.

A closer examination of Figﬁré 4.4 reveals a small increase in the particle
population density at 1290 s, but, the increase is insignificant when compared to the

primary nucleation point at 3300 s.
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Shi [12] and Ruf et. al. [11] provided the foundation for an explanation of the
observed behavior in Figures 4.5 and 4.6. Shi found that for aqueous solutions of
Na,COj3 and NaySOy in this composition range, a small number of burkeite
(2NaZSO4-Na2CO3) crystals nucleated and grew to large sizes due to the relatively high
supersaturation prior to primary bulk nucleation. A specific explanation for this
phenomenon was not identified, but it was suggested this might be due to an unidentified
trace contaminant in the reagent grade make-up chemicals used. If the evaporation
experiment was stopped after the formation of these large crystals in Region I, and the
solution was filtered to remove these crystals, then no additional crystals nucleated or
grew until the primary bulk nucleation event [12]. Ruf et. al. showed that the addition of
80 ppm of titanium dioxide (dp= 10 um) provided a significant screening effect for the
water/ceramic bead system studied. This effect was significant enough that A decreased
over 50% [11].

Based on the previous discussion, early increases in the 2™ and 3" moments, seen
in Figures 4.5 and 4.6, likely were due to a limited number of crystals that nucleated prior
to 1290 s. These particles grew rapidly in the supersaturated solution. Then as primary
nucleation occurred, the small nuclei formed began to screen the large existing crystals.
This hypothesis was confirmed by chord-length distributions (CLD) at several significant

points during the experiment.
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Figure 4.7: Chord Length Distributions for the evaporation experiment shown in Figures 4.4, 4.5
and 4.6 at t=760 s, 1290 s, 2310 s, and 3330 s.

Figure 4.7 presents the CLD at four different times: (a) 760 s, before the initial
nucleation; (b) 1290 s, just after the initial nucleation; (c) 2310 s, between the initial
nucleation and primary bulk nucleation; and (d) 3330 s, at the peak of primary bulk

nucleation. The main plot shows each complete CLD, clearly showing that the CLD at

3330 s has increased by at least an order of magnitude. However, the inset plot of
particle chord lengths from 100 um to 1000 wm shows that the longest chbrd lengths
measured actually decreased at 3330 s. This decrease confirms that the larger particles
were screened by the small nuclei after primary bulk nucleation.

Because of these screening effects, any approach using weighted average chord-
lengths to determine growth rates may not be valid. However, applying Equation 4.15 to

particle data in the region between 4650 and 4900 s produced a growth rate of 1.81x107
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ms". This growth rate falls between 1x10® ms™ and 5x107 ms™, the reported range for
growth rates for a number of inorganic salts [17, Table 6.1]. But, because the ratio of

m3 [my is affected by particle screening issues, a non-FBRM based growth rate

calculation would be required to determine the validity of FBRM growth rate estimations.
No secondary estimation method was used in this work for the reasons discussed in the

introduction.

4.6. Conclusions
Bench-scale evaporation/crystallization work confirmed the capability of the

FBRM system to estimate the bulk cfystal nucleation rate, Jy. If no counting
irregularities affect the measurement, this value should be accurate if Vg is determined

appropriately. No alternative population measurement technique could be used for
comparative purposes.
This work applied traditional particle population principles to FBRM chord-count

densities with limited success. The FBRM measurement violated a primary underlying
principle of population balances, namely that all of the particles in the test volume are
properly sized. This issue remains one of the key challenges in applying FBRM
technology to fundamental research. The 0" moment does not have issues with accurate
sizing of particles as it only measures the total number of particles counted. Thus, if no
chord-counting irregularities occur, thé nucleation rates estimated from FBRM data

should be precise. Improving accuracy would require a more accurate, slurry specific,

measure of A.
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As Braatz et al. note in their review article, online particle population tracking
technology is a critical limitation in industrial crystallization control [1]. Counting
irregularities not withstanding, this work shows that the FBRM can be used to provide an
estimation of nucleation and possibly growth kinetics. Additional work is necessary to
determine the accuracy of this estimation method. By correlating off-line size
distributions in a less experimentally demanding particle slurry with online FBRM chord-
count densities, it may be possible to determine the precision and accuracy of this

methodology.
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4.8. Variables
b  FBRM laser width, m

¢(l) Chord-count density, m™ " |
C(l) Chord count, s

AC; Number of chords measured in the 1th channe], 5!
d;  Diameter of i barticle, m |

dp Particle diameter, m

G  Growth rate, m's™
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3.1

Jo  Nucleation rate, m™s’
ks  Shape factor, vy indicates volume, A indicates surface area

I; Chord length at the start of the i channel

I Square-weighted mean chord length, m
L Characteristic particle length, m

m; " moment of the particle population, m'
n(L) Particle population density, m

N(L) Particle population, s

Vs  Sample volume, m®

vs FBRM laser rotation speed
Vs Volume scan rate of the solution by the FBRM, m’s™!

A Effective laser penetration depth, m

pc  Crystal density, kg-m'3
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Chapter V: Pilot Evaporation Studies with Aqueous Solutions of Sodium Carbonate

and Sodium Sulfate

5.1. Objectives

A methodology for the estimation of primary nucleation and growth rates in bulk
solutions and of the growth rate of crystals on a heat-transfer surface will be developed in
this chapter. This methodology will provide an analytical tool for modeling and for
comparative analysis of experimental heat-transfer and bulk crystallization results from
pilot-scale falling-film evaporation of aqueous solutions of sodium carbonate and sodium
sulfate. The influence of the Reynolds number, the thermal driving force, and the
composition of the dissolved salts on the rate processes will be determined. The
influence of calcium on the crystallization behavior of burkeite and dicarbonate in the

bulk solution and on the heat-transfer surface will also be investigated.

5.2. Introduction

Pilot-scale evaporation of aqueous solutions of sodium carbonate and sodium
sulfate was used to simulate the évaporation of bladk liquor. Two different series of
experiments were conducted using the pilot app'arat:us.‘ The first series was conducted to
determine the influence of A7, Rér, aﬁd the molar rfatio 0f Nay;CO3:Na,SO4 on the
nucleation process for primary bulk nucleation and lthe growth process for crystals on the
heat-transfer surface. The second series was conduicted to determine the influence of
removing calcium from the system. These experimjents were analyzed using the methods

developed in this chapter. The present work appears to be the first in which the
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fundamental phenomena leading to bulk crystallization and surface fouling have been

measured simultaneously.

5.3. Procedure

The pilot-scale studies with aqueous sodium carbonate and sodium sulfate
solutions were performed with the falling-film, dimple-plate, pilot evaporator described
in Chapter 3 of this thesis. Only operational details and the experimental design will be
discussed here.

In both series of experiments, samples of salt crystals were scraped from a 15 mm
mesh inline filter for identification of the crystalline species using powder X-ray
diffraction (XRD). Sampling in this fashion sought to avoid formation of additional

crystals due to cooling.

5.3.1. Statistically Designed Experiments

Smith conducted a set of statistically designed experiments similar to those
conducted in this study [1]. This research is a substantial advancement over Smith’s work
for three reasons. First, upgrades in the control structure of the pilot falling-film
apparatus have resulted in more accurate continuous measurements and better control of
the vessel pressure and condensate flow rates. This resulted in moré acc‘uraté heat-
transfer data. Second, this work was conducted using an FBRM to obtain real-time data
on the particle population. Third, new methodologies were developed and used to analyze

the results of the statistically designed experiments conducted.
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The statistically designed experiments were conducted in semi-batch mode, with a
solution of dissolved Na,CO3 and Na,SO4 added continuously to maintain a constant
volume of solution in the evaporator as vapor was withdrawn. The effects of steam
pressure (temperature of the heat source), the rate of recirculation of the aqueous solution
over the heat transfer surface, and solution composition on bulk and surface
crystallization were evaluated. The initial thermal driving force, AT yitia, was determined
by the temperature of the saturated steam and the boiling temperature of the aqueous
solution. The initial thermal driving force was used because as each experiment
progressed, the thermal driving force changed due to the rise in the boiling point caused
by concentrating the dissolved salts. The Reynolds number, Rer, of the solution flowing
over the heat-transfer surface was determined by the rate of recirculation of liquor over
the plate and the properties of the black liquor. The composition of the aqueous solutions
was described by the ratio of sodium carbonate to sodium sulfate initially in the solution.
The experiments were conducted at each possible combination of Rer {7300, 14600},
ATl {2.8°C, 8.3°C}, and Nay;CO3:Na,SO4 {1, 6.7}. In addition, three replicate center-
point experiments were run at Rer= 10,000, AT pjiial = 5.5°C, and Na,CO3:Na,SO4 = 3.9.
These last three experiments were run to determine repeatability and as a basis to
determine the statistical significance of the results.

The solutions were composed of industrial-grade sodium carbonate and sodium
sulfate fully dissolved in approximately 180 kg of deionized water. As calcium is known
to inhibit the nucleation of burkeite [2], the calcium contents of these industrial-grade
salts were also determined. The sodium carbonate used in the experimental solutions

contained approximately 235 ppm by mass of calcium. The sodium sulfate used in the
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experimental solutions contained approximately 140 ppm by mass of calcium. Table 5.1
presents the design variables and initial solution composition for the 11 statistically
designed experiments and two additional experiments run at higher Na,CO3:Na;SO4

ratios.

Table 5.1: Values of the experimental variables, including the initial masses of Na,CO;, Na,SO,, and
calcium that were dissolved in 180 kg of DI water
I Experiment AT (°C) Rer Na,C0;:Na,SO, (molar) Mass of Na,CO; (kg) Mass of Na,SO; (kg) Calcium (ppm) I

1 5.5 10900 3.9 39.89 13.88 202
2 8.3 14600 1.0 23.04 30.73 173
3 8.3 7300 6.7 44.81 8.96 210
4 8.3 7300 1.0 23.04 30.73 173
5 2.8 7300 1.0 23.04 30.73 173
6 8.3 14600 6.7 37.80 7.56 210
7 5.5 10900 3.9 39.89 13.88 202
8 2.8 14600 6.7 37.80 7.56 210
9 2.8 14600 1.0 23.04 30.73 173
10 5.5 10900 3.9 39.89 13.88 202
1 2.8 7300 6.7 44.81 8.96 210
13.4:1 5.5 10900 13.4 48.88 4.89 217
20.1:1 5.5 10900 201 50.41 3.36 220

During the experiments, the chord lengths of crystals suspended in the solutions
were measured by FBRM to quantify the behavior of the crystal population. The FBRM
filtering adjustment was placed on the coarse setting. The effective penetration depth for
the FBRM laser was assumed to be 1500 pm as discussed in Chapter 4. Condensate flow
rates and relevant temperatures were measured for estimation of overall heat-transfer

coefficients, and subsequently surface fouling rates, as described in Chapter 3. The

average flow rate of condensate after reaching the operating conditions but before

Lo

crystallization was determined for each of the three center-point experiments in order to

measure the repeatability of the exp}efimental procedure. The standard deviation of these
|
flow rates relative to the average ﬂ(?w rate for the three experiments was 7%.

Each experiment was conduicted until one of two endpoints was reached. The first
was marked by rapid bulk nucleation and growth followed by apparent settling of the salt

crystals inside the evaporator body. Because the pilot unit did not have a conical bottom,
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crystals were allowed to settle in regions where they could not be entrained. The second
endpoint was marked by loss of thermal driving force, AT, due to surface fouling and/or

boiling-point rise in the aqueous solution.

5.3.2. Calcium Inhibition Study

The influence of calcium ions on nucleation and crystal growth in suspension and
on the heat-transfer surface was not specifically studied in the statistically designed
experiments. However, Shi’s work had identified calcium as a burkeite nucleation
inhibitor [2]. For that reason, a second series of pilot experiments was conducted to
determine the effect of calcium ions on nucleation and growth of crystals both in bulk
and on the heat-transfer surface. One specific objective of these experiments was to
determine the effect of calcium on the rate parameters for bulk nucleation and crystal
growth on the heat-transfer surface.

All of the experiments in the calcium study were conducted under semi-batch
conditions maintaining a constant volume of solution in the sump of the evaporator. The
circulation rate corresponded to a Rer of 11,600. The liquor-side vapor pressure was set
at 1.758 bar (Ts,=116°C) and the steam pressure was set at 2.275 bar (Ts,=124°C).
Taking into account the boiling point rise of approximately 4°C, the initial thermal
driving force, AT, was 4°C. The FBRM ﬁltjering was changed to the fine setting to
improve fine particle recognition and impyove identification and measurement of primary

bulk nucleation. The effective penetratiqn depth for the FBRM laser was assumed to be

1500 pm as discussed in Chapter 4. -
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Like the solutions evaporated in the series of statistically designed experiments,
the solutions used to study the effect of calcium on crystallization behavior were
composed of deionized water and fully dissolved industrial grade sodium carbonate and
sodium sulfate at approximately 25 wt % total solids content. The industrial grade
sodium carbonate contained approximately 235 ppm by mass of calcium. The industrial
grade sodium sulfate contained approximately 140 ppm by mass of calcium. Calcium
was sequestered using EDTA (ethylene-diamine-tetraacetic sodium salt, dihydrate
crystals, FW 372.24) dissolved in the solution.! The amount of each species present at

the start of each experiment is given in Table 5.2.

Table 5.2: Initial masses of Na,COj;, Na,SO,, calcium, and additives per 180 kg of DI water

I Run Mass of Na,CO; (kg)  Mass of Na,SO, (kg)  Initial Calcium* (ppm)  Mass of Additive  Type ofAddi(iveJ

1 14.46 39.07 166
la 14.46 39.07 220 4.1g Ca0
2 43.74 9.78 218
3 44,92 8.59 220
4 49.13 4.39 227
5 14.46 39.07 166 97 g EDTA
6 43.74 9.78 218 97 ¢ EDTA
7 4492 8.59 : 220 97¢g EDTA
8 49.13 4.39 227 97g EDTA

*including additives
5.4 Results and Analysis

In this section, methods for analyzing experimental results for pilot-scale
evaporation of aqueous solutions of Na,CO3 and Na;SO4 will be presented. Then, these
methods will be used to obtain rate parameters for primary bulk nucleation and crystal

growth on the heat transfer surface during evaporation experiments in the pilot apparatus.

TEDTA is a commonly available chelating agent which forms a metal-ligand complex with Ca®*. When
the molar concentration of EDTA is in excess of the molar calcium concentration, the free calcium level

becomes negligible.
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5;4.1. Development of Analytical Methodologies

Because crystallization in the bulk solution and on the heat-transfer surface are
thought to be interconnected, methods to interpret and analyze data collected
simultaneously for bulk crystallization and heat-transfer fouling are critical to examining

the interdependencies of the two phenomena.
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Figure 5.1: Heat-transfer coefficient and chord length frequency data versus time for Experiment 1
of the statistically designed series of experiments

Figure 5.1 provides an example of the changes in heat-transfer coefficient and
chord-length frequency (CLF) observed durihg the;evaporatiofn process for oné of the
experiments in the statistically-designed study. Note that the ﬁeat-transfer coefficient
remained relatively constant until approximately 165 minutes into the run, when it
increased approximately 20%. This is indicative of an increase in surface area created by
microscopic crystals on the heat-transfer surface. Also, the increased surface roughness
due to the crystals can increase the local heat-transfer coefficient by disturbing the flow.

After the initial increase, there was a steady decline in the heat-transfer coefficient until
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primary bulk nucleation occurred. The fluctuations in the heat-transfer coefficient
between 180 and 190 minutes were due to PID controller problems which were quickly
corrected during the experiment. These fluctuations were only observed in three of the
experiments in this study and each was directly connected to control of the vapor pressure
in the vessel.

The CLF data are the total number of particles counted pef second in a given size
range through the entire experiment. Crystals were observed in solution early in the
experiment between approximately 125 and 150 minutes. There were probably two
sources of these particles. One source may have been early nucleation of crystals, prior
to the solution reaching the metastable limit for primary bulk nucleation of Na,COj3 and
NayS0s. In burkeite-producing solutions where calcium is present as in the experiment in
Figure 5.1, it had previously been reported thaf some early nucleation does occur prior to
reaching the metastable limit [2]. Second, random sloughing of crystals off of the heat-
transfer surface into solution may have occurred after crystallization occurred on the
surface. This mechanism of nucleation is more likely after initiation of fouling on the

heat-transfer surface, which occurred at 165 minutes. Early growth of nuclei occurred in

the saturated solution, and is evidenced by increases in the CLFs for each of the ranges
shown in Figure 5.1, beginning somewiqere between 150 and 175 minutes. Finally,
primary bulk nucleation is identified by the sharp spikes in CLFs at approximately 265
minutes.

Procedures for extraction of fouling rates (SFR) frbm pilot evaporator
experiments were discussed in Section 3.2.4. Defining SFR to be ‘proportional to the

growth rate of crystal on the heat-transfer surface,
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SFR =kiGS, (5.1)

F
where kr is the thermal conductivity of the fouling deposit. Furthermore, the crystal

growth on the heat-transfer surface can be assumed to be given by the expression,

Gg =kgo. (5.2)
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Figure 5.2: Linear regression of the heat-transfer coefficients in Figure 5.1 to determine the surface-
fouling rate

Figure 5.2 shows an example of how linear regression of the heat-transfer
resistance data was used to estimate the surface-fciuliﬁg rate in an aqueous sodium
carbonate and sodium sulfate expériment. Since burkeite was the crystallizing species,
and the thermal conductivity, kr, of burkeite scale was estimated by Smith to be
approximately 1.73 Wm™ K", for this experiment Gs= 1.82 pm/min. This value is of the
order of magnitude observed in aciueous crystallization of inorganic salts [3, Table 6.1].

An estimation of the supersaturation in the solution is required to obtain the

growth rate parameter, k. It was assumed that the relative supersaturation, o, was
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(5.3)

/

where C is the total concentration of the dissolved sodium salts at nucleation while C" is
the total concentration of the dissolved sodium salts at chemical equilibrium. Primary
bulk nucleation was identified through analysis of FBRM data. Samples of the solution
in the pilot evaporator were taken approximately every 30 minﬁtes and analyzed for total
solids content. These measured compositions were fit to a polynomial expression for
each experiment. After identifying the time at which primary bulk nucleation occurred,
the concentration at which it occurred was estimated using the polynomial expression.
The solubility limits for solutions composed of Na,CO3 and Na,SO4 were predicted using
the NAELS chemical equilibrium software.

In Chapter 4, the development of chord count densities (CCD) from FBRM data
and then determination of crystallization rates using the appropriate moments of the
CCDs were discussed. In the experiments with aqueous solutions of Na,CO3 and
Na,S0Oy4, growth rates for crystals in the bulk solution during evaporation were estimated
immediately before primary bulk nucleation. Just prior to primary bulk nucleation, a
small humber of particles were observed in suspensioq by the FBRM. Two possible
sources for these crystals were (a) éarly nucleation Eand &b) cr:ystallization on the heat-
transfer surface and subsequent sloughing. However, the validity of fh‘e, F B“RM-derived
growth rates was called into question by the work in Chapter 4.

Once the nucleation rate, Jy, was estimated, the rate parameter for pﬁmary bulk

nucleation could be estimated from,

Jo = kNG max’ - (5.4)
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The best way to determine i so that ky can be determined is to divide Equation 5.4 by an
equation for the growth rate shch as Equation 5.2. If this is done; the resulting equation
can be rearranged to obtain,
InJy =ilnG+(Inky —ilnkg), (5.5)

i can then be determined by linear regression of concurrently measured primary bulk
nucleation rates and crystal growth rates. Once the value of i has been determined it can
be used with the supersaturation at primary bulk nucleation (Eciuation 5.3) to determine
ky from Equation 5.4.

The rate of crystal growth in the bulk solution was estimated from Equation 5.6,

_a_4m)

G : 5.6
2dt dt ©.6)

The term on the right side of this equation is the time derivative of the area-weighted
mean chord length. This growth rate was then used to determine the growth rate
parameter in the bulk solution, kg, from,

G=kgo. (5.7)

5.4.2. Results for the Statistically Designed Experimental Study

The study was designed to determine the influence of A7, Rer and
Na,C03:NaySO4 ratio on the crystallization of burkeite in the bulk solution and on the
heat-transfer surface. The dependence of the surface-fouling rate, the bulk growth rate
and the bulk nucleation rate on each independent variable was determined. In addition,

the crystallization rates were analyzed using Equations 5.2, 5.4 and 5.7 to obtain rate
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parameters for the bulk and heat-transfer surface crystallization phenomena studied. The

rate parameters were correlated with the independent variables.

5.4.2.1. Heat Transfer and Surface Fouling Rates

Table 5.3 contains the heat fluxes and surface fouling rates for the 13 pilot-scale
experiments conducted according to the experimental design and the two additional
experiments conducted at higher sodium carbonate to sodium sulfate ratios (C:S). These

data are plotted in Figure 5.3.

Table 5.3 : Initial heat flux and estimated surface-fouling rates for the statistically-designed, pilot-
scale series of experiments and two additional experiments at high C:S ratio

Experiment Initial ¢ (W-m?) SFR x10° (m*K-W's™)

1 10600 17.5
2 17100 18.1
3 16800 271
4 16900 30.4
5 4500 7.34
6 17000 9.86
7 9600 19.0
8 4100 14.7
9 5700 13.5
10 9700 19.3
11 3800 16.2
13.4:1 10800 - 214
20:1 11100 48.6

Although scattered, these data indicate a direct relationship between the initial
heat flux? and the fouling rate, if the higher C:S ratio experiments are disregarded. That
a relationship exists is not surprising as a greater heat flux should increase the
temperature of the heat-transfer surface and consequently the supersaturation at the
surface for an inversely soluble salt. The scatter of the data in Figure 5.3 indicates that

either the experimental error was significant or that the independent variables have some

2 The initial heat flux was the average heat flux measured after reaching the operating conditions but before
crystallization occurred.
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influence on fouling aside from how they impact the heat flux. Because the standard
deviation of the surface fouling rate for the three repeat experiments was only 5% of the

average value of those three experiments, the latter seems more likely.
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Figure 5.3: Dependence of surface-fouling rate of the heat flux during a semi-batch pilot evaporation
of aqueous solutions of sodium carbonate and sodium sulfate.
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Figure 5.4: Influence of the experimental variables studied on the surface-fouling rate.
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The surface-fouling rates were analyzed to determine the influence of the
independent variables on the SFR. Figure 5.4 shows the influence of each of the
experimental variables studied on the surface-fouling rate. Each bar represents the
average fouling rate for the four experiments conducted at the specified condition (i.e. the
first bar on the left of Figure 5.4 is the average of the four experiments conducted with
AT =2.8°C). The error bars represent one standard deviation, as determined from the
three replicate center-point experiments, on either side of the average value. The
standard deviation of the SFR for the center-point experiments relative to the average for
these experiments was 5.2%. If the error bars do not overlap for the high and the low
operating condition, then that variable was considered to have a significant influence in
this work. Both the Reynolds number and the thermal driving force have significant
influence on the surface-fouling rate.

In principle, the influence of thermal driving force is straightforward. Increasing
the thermal driving force will increase the supersaturation at the heat transfer surface for
a solution of salts that exhibit inverse solubility. Increasing supersaturation in turn

should increase the growth rate for the crystals on the heat-transfer surface.

The influence of the Reynolds number is more difficult to reconcile traditional
crystallization theory developed for bulk solutions. In general, nucleation and growth of
crystals in a bulk solution increase with mixing, so the rates of nucleation and growth on
the heat transfer surface might be expedted to increase with mixing. However, there can
be two additional influences of the rate of recirculation of the aqueous solution over the
fouling rate on the heat-transfer surface: (a) the impact of mixing on the thermal and

supersaturation gradients and (b) mechanical removal of the scale (sloughing). In bulk
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solutions, mixing tends to increase crystal growth because it reduces transport limitations.
For growth on the heat-transfer surface, the primary driving force is the temperature
difference and its influence on the supersaturation. An increase in Rer increases the heat
transfer coefficient, changing the temperature (and the supersaturation) gradient. Also, at
higher Rer, scale is more likely to slough off due to shear.

The ratio of sodium carbonate to sodium sulfate did not have a statistically

significant influence on the surface fouling rate in Figure 5.4.

5.4.2.2. Bulk Crystallization

Table 5.4: Estimates of kinetic rates of bulk crystallization for the statistically-designed series of
pilot-scale experiments and two additional experiments conducted at high C:S ratios

Experiment Jo, (m3s™) G (m-s™)
1 8.88E+08 1.2E-07
2 1.82E+09 1.8E-07
3 4 12E+08 4 9E-07
4 6.36E+09 2.2E-07
5 2.86E+08 1.5E-07
6 3.11E+08 8.8E-07
7 2.05E+09 4 0E-07
8 2.65E+08 4 9E-08
9 1.11E+09 1.1E-07
10 1.38E+09 2.0E-07
11 1.51E+08 3.0E-07
13.4:1 6.05E+07
20:1 1.32E+08

Table 5.4 presents estimated primary nucleatlon and growth rates for crystals
suspended in the bulk solutions of the expenments conducted in the statistically designed
study. The primary nucleation and growth rates 1n bulk solutions were not completely
independent. The growth rate of crystals present in the bulk slurry prior to the massive
bulk nucleation event described earlier, should have influenced the rate at which

supersaturation was developed prior to that nucleation event. The bulk growth rate was
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averaged over the same time range as the surface fouling rate estimation. The nucleation

rates for the high Na;CO3:Na,SO,4 experiments are also included in Table 5.4.
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Figure 5.5: Influences of the experimental variables on the bulk growth rate, G

Figure 5.5 shows influence of the experimental variables on the estimated bulk
growth rates for the statistically designed experimental data set. The variability in the
bulk growth rates estimated was large, but the observed effects of all three experimental

variables were clear. Both the thermal driving force and the Na,COj3:Na;SOj4 ratio

influenced the bulk crystal grqwth rate. The standard deviation of G for the center-point

experiments relative to the average for these experiments was 61%.

An interesting observa;tjoﬁ{ can be made about the relationship between
Na,CO3:Na,SO4 ratio, supersa;ltyureflti()n, and fouling rate regarding the bulk growth rate
analysis. In Figure 5.5, the bulk grojwth rate (G) increased over 150% when the molar
ratio of NayCO3:NaySO4 was iqcréased from 1:1 to 6.7:1. This increase in fouling rate is

very difficult to account for in terms of increased supersaturation alone, since a relative

supersaturation change of the magnitude required to cause this change in growth rate
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should have caused primary bulk nucleation. One potential cause for this observed

difference would be two different species crystallizing at the two different molar ratios of

Na,C03:Na,SO0;.
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Figure 5.6: Influences of the experimental variables on the primary bulk nucleation rate, J,

Figure 5.6 presents the influence of each of AT, Rer, and Nay;COj3:Na,SOy4 ratio
on the bulk nucleation rate. The most important influence was the nearly order of
magnitude decrease in Jo when the C:S ratio was increased from 1:1 to 6.7:1. This also
suggests a change in the crystal species that is nucleating. The standard deviation of Jp

for the center-point experiments relative to the average for these experiments was 40%.

5.4.2.3. Crystal Species

It is possible that the influence of the ratio of Na;CO3:Na,SOy lies in the fact that
two different crystal species were nucleating and growing. Three crystalline species are

known to exist in equilibrium with saturated solutions in the range of the compositions
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and temperatures in this work. These are burkeite, a double salt with a nominal
composition of 1 mole of sodium carbonate for every 2 moles of sodium sulfate,
anhydrous sodium carbonate and sodium carbonate monohydrate (thermonatrite).
Chemical equilibrium calculations with the NAELS software predicted that the
transition between thermonatrite and sodium carbonate occurs at approximately 103.4°C.
However, some sources indicate that the transition may occur closer to 109°C [6]. At
106°C, which was the approximate solution temperature during evaporation in the
present work, the transition from burkeite to sodium carbonate is predicted to occur when
the C:S molar ratio is 13.5:1. If the equilibrium species is crystallized from solution, then
scale taken from the heat-transfer surface and crystals in the bulk solution should contain

only burkeite, except for the case when the C:S molar ratio was 20.1:1.
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Figure 5.7: XRD spectra for crystals sampled from salt solutions where burkeite is the predicted
species that crystallizes
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Figure 5.7 shows XRD spectra for the salt samples collected from the pilot
evaporation experiments. The peaks at approximately 31.9 and 34.7 in the spectra
indicate that the crystals formed from the solution with a 1:1 molar ratio of C:S were
burkeite. The peaks at approximately 32.3 and 37.9 in the spectra indicate that the
crystals formed from the solution with a 6.7:1 molar ratio of C:S were thermonatrite.
Dicarbonate was not identified as the crystallizing species for any of the statistically
designed experiments as none of the spectra contained the primary peak at 34.5 or the key
secondary peak at 33. This may have been due to operating at lower experimental
temperatures than those used by Shi [2]. Also, none of the expected peaks for anhydrous
sodium carbonate were observed in any XRD pattern for any experiment in this section.

Analysis of the XRD spectra indicate that either the aqueous solubility behavior
predicted by NAELS was incorrect, or that kinetics diqtated the solid species that
crystallized. Essentially this would mean that thermonatrite is actually a metastable
species at the experimental conditions that crystallizes instead of burkeite due to higher

nucleation and growth rates.

5.4.2.4. Estimates for the Value of i and the Rate Parameters

Equation 5.5, which was presented previbuslir, provides a method to estimate the
value of i. The slope of the regression lines in Figures 5.8 and 5.9 indicate the estimated
i-value for each crystal species relative to the growth rates in the bulk solution, G, and on
the heat-transfer surface, Gs. For the purposes of estimating the rate pqrameters for

primary bulk nucleation, an average of these i-values was used. The average i-value from
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Figures 5.8 and 5.9 for burkeite was 1.54. For thermonatrite, the average i-value from

Figures 5.8 and 5.9 was 0.22.

Table 5.5: Estimations of the kinetic rate parameters for crystallization and the metastable
supersaturation.

Experiment ky (m3s”) kg (m's?) ks (ms?) Onucteation

1 1.00E+10 5.65E-07 1.46E-07 0.207
2 5.83E+10 1.73E-06 2.98E-07 0.105
3 6.29E+08 3.30E-06 3.19E-07 0.147
4 1.28E+11 1.53E-06 3.69E-07 0.143
5 6.35E+10 5.06E-06 4.24E-07 0.030
6 4.62E+08 5.34E-06 1.03E-07 0.165
7 2.02E+10 1.76E-06  1.46E-07 0.226
8 4.04E+08 3.31E-07  1.72E-07 0.147
9 1.63E+10 5.88E-07 1.28E-07 0.182
10 1.11E+10 7.61E-07 1.30E-07 0.258
11 2.50E+08 2.96E-06 2.63E-07 0.100
13.4:1 1.10E+08 5.66E-07 0.065
20.1:1 2.58E+08 1.77E-06 0.047

In this work, the effective thermal conductivity of the fouling deposit was
assumed to be constant and equal to 1.73 Wm™'K''[1]. Using the values of i from Figures
5.8 and 5.9 and Equatioﬁs 5.1,5.2, 5.4 and 5.7, the rate parameters were determined for
bulk nucleation (ky), bulk growth (k¢), and surface growth (ks). These rate parameters

are presented in Table 5.5. Their standard deviations for the center-point experiments

relative to the average for these experiments were 40%, 62% and 6.7% respectively. The
supersaturation, o, used to determine the rate parameters in Table 5.5 was estimated
using Equation 5.3 and had a standard deviation for the center-point experiments relative

to the average for these experiments of 11%.
. I

5.4.2.5. Statistical Analysis of the Réte Parameters from the Designed Study
A rigorous statistical analysis was conducted using the rate parameters determined

in the previous section. In a full-factorial design of the type used in this study, the P-
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value is ﬁsed to measure the probability that an independent variable had a statistically
significant effect. A P-value of 0 implies that the variable studied has a 100% probability
of being significant. A P-value of 1 implies that the variable studied has a 0% probability -
of being significant. Typically a P-value of 0.1 or less is considered statistically
significant at a 90% confidence level. The P-value is dependant on both the experimental
results for the factorial design and the results of the replicate experiments at the center-
point. The variability in the measured results is determined from the values of the
replicate experiments performed at the center-point conditions. This variability is used in
assessing whether an experimental variable had a statistically significant effect. In this
work, the Minitab13 software package was used for the statistical analysis. Further
information about the P-value and its determination can be found in the Minitab13 guides

[7, 8].

Table 5.6: P-values from the statistical analysis of the effects of single variables and combinations of
variables.

Term kny (m3s") ko (ms') ks (ms’)  onuciation |
Constant 0.004 0.007 0.000 0.001
AT 0.021 0.244 0.060 0.073
Rer 0.018 0.115 0.001 0.316
Na,CO;:Na,SO, 0.004 0.237 0.005 0.008
AT-Rer 0.302 0.036 0.062 0.006
AT-Na,CO;:Na,S0, 0.021 0.051 0.039 0.027
RerNa,C0;:Na,SO, 0.018 0.179 0.149 0.023
AT-RerNa,C0;:Na,S0, 0.313 0.999 0.006 0.702
Center Point 0.035 0.068 0.003 0.679

P-values from analysis of the pilot experimental data are presented in Table 5.6.
The importance of each independent variable and combinations of independent variable
is indicated for each of the rate parameters as well as the supersaturation at the metastable

limit. The “constant” in Table 5.6 is a fitting parameter, and is nearly always significant.
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Finally, the P-value for th_e center point is shown. This value indicates if nonlinearity in
the relationship between the independent variables and dependant variable was
significant

For this work, a P-value < 0.1 (a 90% level of confidence) was used as the
criterion for determining if an independent variable had a significant effect in
determining the value of one of the rate parameters or supersaturation at the metastable
limit. Using this criterion, all of the single variable interactions were significant for ky.
In addition, the 2-variable interactions of AT and Rer with the ratio of Na;CO3:Na;SO4
were also significant. The influence of each of these variables or pairs of variables that
had a statistically significant effect in determining &y can be explained from
crystallization theory.

The rate parameter for bulk growth, ks, was influenced significantly by only two
variables. These variables were the paired interactions of Rer and the ratio of
NayCO3:Na;SO4 with AT.

The rate parameter for growth of a deposit on the heat-transfer surface, &s,

depended on all three single variables and on the same variable pairs as kg.

5.4.2.6. Correlative Models for the Influence of Experimental Variables on ky and kg
Correlative models for ky and ks were determined from the experimental data.

The models were developed with the assumption that the dependence of the rate

parameter on the experimental variables followed a power law. These empirical models

provided additional insight into the magnitude of the influence exhibited by each
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variable. The criterion for an acceptable model was that the correlation maximized the
R?-value with the fewest additional parameters beyond the three independent variables.
This methodology did not produce a useful correlation for kg. For ky, the data was

best fit using this method with an equation of the form,

CiAT

N = (5.5)
Rer‘ SR

where C is a constant. When C;=10" (m'3s'1), the R%-value was 0.94. The four lowest

nucleation rates exhibited the poorest fit in the data set. The ks data were correlated as,

kg =—22

=— (5.6)
Rer SR

where the R%-value of 0.74 was obtained when C,=0.0029 (ms™) and 0=0.25.

5.4.2.7. Conclusions for the Statistically Designed Study
Two conclusions were made based on the data from the pilot-scale experiments in
the statistically designed study. First, it was possible to measure bulk and surface

crystallization behavior simultaneously and to develop rate parameters for the important

crystallization processes. Second, the dependence of these rate parameters on the
experimental variables was modeled using a simple power law expression, and provided
a good correlation of the experimental results.

In the process of conducting this study an important observation was made. The
salt species crystallized on the heat-transfer surface or in the bulk solution is not always

the species predicted by the NAELS chemical equilibrium software. It remains to be
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determined whether incorrect prediction of the crystallizing species is due to errors in the

thermodynamic model or database, or to kinetic effects determining the crystal species.

5.4.3. Influence of Calcium on Bulk Crystallization and Fouling
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Figure 5.10: Surface-fouling rates for the different initial calcium contents from experiments in the
statistically designed study.

Calcium ions act as nucleation inhibitors in burkeite crystallization [2], so
determining the influence of calcium on the fouling process is important. The first step
was to determine what, if any, influence calcium had on the crystallization in bulk and on
- the heat-transfer surface during the experiments in the statistically designed study.

Figure 5.10 shows the surface fouling rates measured during the experiments in
the statistically designed study. The solutions happened to have different calcium

concentrations due to differences in the calcium content of the make-up salts and changes
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in the total mass of salts used in two of the experiments. Because of this, a number of
different initial calcium levels were inadvertently studied. The overall trend in Figure
5.10 indicates that at higher initial calcium levels, the surface-fouling rate was greater.
This held true for both burkeite and sodium carbonate monohydrate. However, because
calcium content was not one of the variables specifically tested, it is possible for example
that differences in the ratio of Na;CO3:Na,SO, was responsible for the higher fouling
rates.

Because of ambiguity that remained after examining the influence of calcium in
the statistically designed study, it was clear t_hat a second set of pilot evaporator
experiments needed to be conducted. This study needed to answer the question of what
effect calcium had on bulk crystallization and heat-transfer fouling during evaporation

experiments.

5.4.3.1. Crystal Species Observed During Calcium Inhibition Experiments
The ratio of Na;COj3:Na,SOj4 used in the calcium inhibition experiments (listed in

Table 5.2) were purposefully chosen to encompass the range of solution compositions

that would produce each of the three salts identified by Shi [2] during evaporation.
Specifically, the low ratio was in the burkeite region. The high ratio was in the sodium
carbonate region. The two middle ratios were where dicarbonate crystallization was
expected. Crystal samples were collected after primary bulk nucleation to determine the
salt species crystallized, and to determine if calcium influenced the crystallizing species.
They were removed fronﬁ the bulk suspension using a 15 pm filter. The molar ratios and

crystal species identified through XRD are shown in Table 5.7.

112



Table 5.7: Analysis of Crystals Produced in the Calcium Inhibition Experiments

I Experiment Molar Ratio (C:S) Expected Species Species Identified by XRD Analysis  Analysis Time! ]
1 0.44 2Na,;S04+Na,CO; 2Na,S04°Na,CO, 12 days
2 2.50 2Na;CO;Na SO, Na,CO;3°H,0 + 2Na,;S04+Na,CO, 20 days
2 2.20 2Na;CO3*Na, S0, NayCO;°H,0 + 2Na;S04°Na,CO; 20 days
3 2.59 2Na;C0O3°Na,S0O, Na,CO; + 2Na,S04+Na,CO,* 26 days
4 23.88 Na,CO; Na,CO; 26 days
5 0.45 2Na,S04+Na,CO, 2Na,S04°Na,CO, 5 days
5 0.45 2Na;S04+Na,CO, 2Na,S04+Na,CO, 5 days
6 3.17 2Na,C0O;°Nay S0, Na,CO; + 2Na,S04+Na,CO, 2 days
6 3.00 2NayCO5Na SO, Na,COj; + 2Na,S04+Na,CO, 2 days
7 2.99 2Na,CO;°Na,S0O4 Na,CO,+H,0 + 2Na;S04+Na,CO, 3 days
7 3.14 2Na,CO;*Na, S0, Na,CO3°H,0 + 2Na,S04*Na,CO, 3 days
8 31.67 Na,CO; - -

"There was some indication that this sample also contained 2Na,CO;°Na,SO,

"The length of time between sample collection and XRD

Table 5.7 presents the results of the analysis of the crystals recovered. It shows

both the results from the XRD analysis and the analysis of carbonate and sulfate in the

crystals. The mole ratios of Na,CO3:Na;SOy in the crystals collected indicate that the salt

species predicted by Shi are the ones that actually crystallized during the experiments.

Perhaps the most interesting observation of the crystal composition data is that when

EDTA was added, the ratio of Na;CO3:Na;SO4 for the dicarbonate species actually

shifted toward a tricarbonate ratio. Based on Shi’s Figure 5.12 [2], this ratio appears to

actually be quite high. Unfortunately, the metastable dicarbonate species decomposed

upon standing for several days to sodium carbonate and burkeite. Shi noted that the

species appeared to be metastable. He stored a sample at room temperature in a sealed

container for approximately 1 month and then reanalyzed by XRD, only to find that the

dicarbonate species had changed to burkeite and sodium carbonate. In the present study,

the first set of samples was analyzed after long delays due to unavailability of the XRD

spectrometer. However, the samples from experiments where EDTA was added were

performed after only 2-3 days. In both cases, the dicarbonate shifted to the stable salt



species. The only indicator that dicarbonate was crystallized was the overall ratios of

carbonate to sulfate in the crystals.

5.4.3.2. Results of the Calcium Inhibition Study

The experimental results from the calcium inhibition study are grouped into two
subsets, with EDTA and without EDTA. In the experiments with EDTA, enough EDTA
was added to effectively bind all the calcium ions in the solution. At the lowest C:S ratio,
two experiments were conducted without EDTA. In one, calcium was added to the
solution so that the total calcium level would be similar to that at-the other three C:S
ratios. In the other, the calcium level was lower due to the differences in the calcium

content of the two industrial-grade salts used in this study.
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Figure 5.11: Influence of calcium on supersaturation at four different Na,CQ;:Na,SO, ratios
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Figure 5.11 indicates that calcium inhibited primary bulk nucleation. Always at
lower C:S ratios, where crystallization of a double salt was expected, the experiments
conducted with EDTA added as a calcium scavenger exhibited lower supersaturation at
primary bulk nucleation. For the data at the lowest ratio of Na,CO3:Na,SO, data set
where two experiments were conducted without EDTA, after a 33% increase in the
calcium level, a 32% increase in ¢ was observed. This result corresponds well with Shi’s
observation that increasing calcium level increased the inhibition and consequently the
metastable limit [2]. It should also be noted that this inhibition could be quite substantial.
Relative supersaturation increased by more than a factor of 6 for the experiment with a
C:Sratio of 6.0:1. The error bars shown are one standard deviation as determined by the
center-point experiments in the statistically designed study.

The fact that the inhibiting effect of calcium was strong at Na,CO3:Na,SO4 mole
ratios of 6.0 and 7.0 implies that calcium influenced the crystallization of the dicarbonate
salt species, and not just burkeite. The data in Figure 5.11 suggest that the inhibition of
dicarbonate may even be greater than it was for burkeite. However, that c.annot be

definitively concluded based on this experimental work.

Figure 5.12 indicates that calcium had little influence on the nucleation rate. The
estimated nucleation rates are nearly identical for the experiments conducted with and
without the addition of EDTA. This is interesting considering the significant differences

in o among the different experiments.
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Figure 5.13 shows that the nucleation rate parameters are influenced by calcium.
The values of ky were always higher when calcium ions had been sequestered with
EDTA. Another interesting observation is that the values of the rate parameter for
nucleation were independent of the level of calcium in the system, as long as calcium was
present (experiments with no EDTA). The two experiments conducted at a C:S ratio of
0.5:1 and at two different calcium levels but without the addition of EDTA, had different
metastable limits and different nucleation rates, but their nucleation rate parameters were
identical. Figure 5.13 also shows that the difference in the nucleation rate parameter
between the two experiments conducted at high C:S ratios, With and without addition of
EDTA , is significantly less than for similar experiments cohducted at lower C:S ratios.
This again suggests that the crystal structure of anhydrous sodium carbonate is more
resistant to calcium inhibition than are those of the two douBle salt crystals.

Each of the conclusions drawn from Figures 5.11 — 5.13 is a confirmation of what
should occur if calcium is indeed a nucleation inhibitor in tﬁe double salt systems under
study, but not in anhydrous sodium carbonate.

The influence of calcium in the fouling process may.be as simple as its inhibitive
influence in the bulk solution, or it may be more complex. in the bulk solution, the
calcium ions inhibit nucleation by complicating the formation of critical nuclei. The
calcium ions incorporate themselx%ejs in%to the nuclei as lattic%: defects [2]. That this would

occur on a heterogeneous substrate is n"_Ot intuitively obvioué. Due to changes in the
geometry of the critical nucleus (a half sphere on the heat-transfer surface versus a sphere
in the bulk solution), it is difficult to predict exactly what influence the calcium might

have on surface fouling.
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Figure 5.14: Influence of calcium on the growth rate for crystals on a heat-transfer surface at four
different ratios of Na,CO;:Na,SO,.

Figure 5.14 compares the rate of growth of crystals on the heat transfer surface
versus C:S ratio, for the experiments with and without addition of EDTA. The apparent
lack of data trends in Figure 5.14, where the effect of supersaturation has not been
eliminated, might suggest that calcium did not influence fouling. The rate parameters for
surface growth, presented in Figure 5.15, clarify the influence of calcium on the fouling
process. For crystal growth on the heat—transfer surface a behavior opposite that seen in
the rate parameters for primary nucleatiQn was observed. For crystal growth on the hot
surface, the rate parameter for growth of‘;crystals of double salts was increased by the
addition of EDTA. For anhydrous sodi;lim carbonate, the two parameters are identical.

This is additional evidence that calcium did not influence anhydrous sodium carbonate.
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Figure 5.15: Influence of calcium on the rate parameter for crystal growth on a heat-transfer surface
at four different ratios of Na,CO3:Na,SO,.

More important is the observation that the rate parameter for crystal growth on the
heat-transfer surface was greater when calcium was not allowed to act as an inhibitor.
This indicates that the inclusion of calcium as a lattice defect is not limited to nucleation.

Rather, calcium acts as both a nucleation and a growth inhibitor.

5.4.3.3. Conclusions for the Calcium Inhibition Study

The most significant conclusion of this portion of this work is that calcium acts as
both a nucleation and a growth inhibitor. f:Further work is required to determine the
relative inhibition for bulk and surface nucleation and for bulk and surface growth.
Without this additional data, no conclusions can be drawn regarding the possible benefit

of operating at a given calcium concentration in black liquor.
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One conclusion that can be drawn is that operating with a variable calcium level
would be likely to lead to fduling conditions in industrial black liquor evaporators. This
is because fluctuating calcium levels will cause the supersaturation to also fluctuate.
When the level of calcium decreases, only nucleation or growth will reduce the
supersaturation. If operating conditions are in a transition region where a new salt

‘species might nucleate, then increasing and decreasing the supersaturation without a
stable bulk crystal population may lead to heavy fouling as supersaturation is reduced by
nucleation and growth on the heat-transfer surface when they are not inhibited by the

calcium.

5.5. Conclusions for Experimental work Conducted with Aqueous Solutions on the
Pilot-Scale Falling-Film Apparatus

The pilot-scale falling-film evaporator provided simultaneous data for
crystallization in the bulk solution and on the heat-transfer surface. Analytical methods
were developed to determine crystallization rate parameters from the results for semi-
batch experiments. Models estimating the rate parameters for primary bulk nucleation
and fouling of heat-transfer surfaces that are dependant on the studied variables were
developed. The estimated rate parameters were used to confirm that calcium acts as both
a nucleation and growth inhibitor for both burkeite and dicarbonate.

Several additional observations were made. One of these was that the dicarbonate
species that can crystallize from aqueous solutions is not stable, and decomposes to
burkeite and sodium carbonate. This finding is extremely significant in terms of

developing a solution to the problem of fouling in black liquor evaporators. The standard
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methodology for control of fouling during evaporative crystallization in black liquor
evaporators for many years has been to maintain a crystal population in the bulk solution
of any potential species that might scale out on the heat-transfer surface. The goal is to
avoid conditions where primary nucleation might occur. Generally, seeding crystallizing
evaporators with product liquor during start-up accomplishes this task. However, if the
dicarbonate species is not stable, even for short time periods (days), then seed liquor may
not contain any dicarbonate seed crystals. This could lead to conditions where primary
nucleation of dicarbonate would occur, and fouling rapidly the heat-transfer surface in the

black liquor concentrators.
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5.7. Variables
C  Concentration, kg:m™
C; Fitting parameter, Equation 5.5

C, Fitting parameter, Equation 5.6
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Gs

Jo

ky
ks
my
Rr

Rer

Bulk growth rate, m-s™

Surface growth rate, m-s™!

Nucleation rate, m>s™ (Volume) or ms™ (Surface)

Growth rate parameter, m's™

Nucleation rate parameter, m™s™

Surface growth rate parameter, m-s™

0" Particle population moment, m™
Thermal fouling, m?K-W'!

Plate Reynolds number

Temperature, K

’i‘ime, S

Overall heat transfer coefficient, W-m2K™

Fitting parameter, Equation 5.6

Relative supersaturation

Superscripts and Subscripts

i

Sat

Nucleation order
Steam
Saturated condition

Equilibrium
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Chapter VI: Pilot Evaporation Studies with Black Liquor Solutions

6.1. Objectives

Crystallization in bulk black liquor and rates for fouling of the heat-transfer
surface will be measured simultaneously during evaporation experiments using the
falling-film pilot-scale apparatus with the objective of determining the crystallization
events that lead to rapid fouling dﬁring the concentration of black liquor. The
methodology developed in Chapter 5 for estimating rate parameters for primary
nucleation and growth in bulk solutions and growth of crystals on a heat-transfer surface
will be extended to black liquor in this chapter. Estimated rate parameters will be used to
determine the influence of changes in the liquor composition, specifically the ratio of
Na,C0Oj3:NaSOys, on the bulk crystallization and fouling of the heat-transfer surface. The
rate parameters will also be used to evaluate a number of alternatives for reducing fouling
in black-liquor evaporators

Another key objective of this work will be to determine the role played by the
dicarbonate species identified by Shi [1] on fouling in the 65%-80% total solids content

liquor composition range.
6.2. Introduction

Before Shi’s work [1], no attempt to measure particle populations in situ for black

liquor solutions had been published due to the inherent difficulties in conducting this
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measurement. Simultaneous observation of crystallization in the bulk liquor and fouling
on the heat-transfer surface has never been published previously.!

FBRM provided continuous monitoring of the particle population in black liquor
as it did for the aqueous solutions studied in Chapters 5. However, there are several
differences between aqueous solutions and black liquor. One significant difference is
that black liquor is composed of both water and dissolved organic material. The
dissolved organics adsorb infrared radiation. The adsorption of the FBRM laser changes
as water is evaporated and the ratio of the mass of dissolved organic material to the mass
of water increases. This was dealt with in this work using Beer’s law. Another effect of
the organic material is that laser penetration depth should be reduced. Thus, the sample
volume would be significantly less. Also, the viscosity is much greater, and changes with
total solids content and temperature, which should change the flow dynamics around the
FBRM probe.

Of these differences, one calls for a significant assumption. Unlike the aqueous
salt solution work for which an educated estimate could be made, there is no published
work on the effective depth of laser penetration for the FBRM in black liquor. As this is
outside of the scope of this work and the experimental equipment for obtaining this
measurement was unavailable, an educated guess of 100 pm has used in this research.
This was based on the observation that Very few particles had chord lengths over 100 pm
for CCDs measured in black liquor. Since many crystals observed in black liquor are

roughly spherical agglomerates [1], geometric arguments would suggest that the effective

! Weyerhaeuser Company experimented with FBRM for particle population tracking at a mill location
before suggesting the idea to the GIT/IPST evaporator consortium. However, none of their work has been
published.
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penetration depth would be 100 pm and any particle over 100 pm would have non-
spherical geometry.

The work reported here covers three studies conducted using black liquors from
two kraft pulp mills, identified as Mill A and Mill B. The first study characterized bulk
crystallization and fouling of heat-transfer surfaces when evaporating black liquor. The
second study examined liquor from Miil B to determine the effect on crystallization, both
in the bulk solution and on the heat-transfer surface, caused by a change in the liquor
composition. The third study was a joint research project between a sponsor company,
the Institute of Paper Science and Technology and the Georgia Institute of Technology.
A number of potential methods for controlling evaporator fouling at Mill A were
evaluated, with the goal of reducing fouling at this mill. These methods have not been

formally evaluated or presented previously.
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Figure 6.1: Process flow diagram of the black liquor concentrators at Mill A.

The evaporation capacity at Mill A is limited by fouling of the heat-transfer

surface in the first effect (C1) of a two-effect, tube-type, falling-film, crystallizing
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concentrator set. The concentration of the product liquor from effect C1 ranges from
66% to 72% total solids content. Figure 6.1 is a process diagram of the black liquor
concentrators at Mill A.

Two major process streams are merged. at the high solids concentrators. They are
(a) the virgin black liquor from the low solids evaporator train, and (b) brine (an aqueous
solution of Na,SOj solution) from precipitator ash recovered from the exiting gas stream
from the recovery boiler.

At the time of this study, the brine stream was being added to the feed tank for the
C2 concentrator effect, along with black liquor at a total solids content of 50%. The C2
effect concentrated the liquor to ~55-60% total solids content. The product liquor from
this effect was fed to the C1 effect, which produced black liquor at 66-72% total solids
content. Under normal operating conditions, the heat-transfer surface of the C1 effect
fouled rapidly, usually requiring cleaning® within one to seven days.

In this study, several options were evaluated for reducing the rate of fouling of the
heat-transfer surface in the C1 concentrator effect at Mill A The options evaluated were

chosen because each had the potential to change the crystallization behavior in the C1

effect in a way that might reduce fouling of the heat-transfer surface in that effect. Also,
each of the methods evaluated could be implemented at Mill A without a large capital

investment.

2 Regular cleaning of the C1 effect is performed by filling the effect with weak black liquor, boiling the
liquor, and recirculating it until the Na,CO3-Na,SO, scale has been dissolved completely.
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6.3. Procedure

These pilot-scale evaporations of black liquor were performed on the falling-film
dimple-plate evaporator located at the Institute of Paper Science and Technology. The
physical apparatus has been previously described in Chapter 3 of this thesis so only
experimental details are addressed here.

During the experiments, the pilot evaporator was operated in either batch or semi-
batch mode. In the batch mode, black liquor was charged to the sump of the evaporator,
and the total volume of black liquor within the evaporator was allowed to decrease as
evaporation proceeded. In the semi-batch mode, black liquor was charged to the sump
prior to the start of an experiment, and fresh liquor was fed continuously to the
evaporator during the experiment, to maintain a constant total volume of black liquor
within the evaporator. Evaporation rates of 3 to 12 ml/s were achieved. Except for small
samples for chemical analysis, no black liquor was removed from the evaporator during
the experiments.

The black liquors used in this work were obtained from two different kraft pulp

mills. Both are located in the Southeastern United States and both produce softwood

pulps. They are referred to here as Mills A and B. Other materials were obtained from
Mill A for addition to the black liquors during the pilot evaporator experiments. The
chemical compositions of the as-received black liquors and the other materials are given
in Table 6.1. Analysis of these materials was performed at by the Chemical Analysis

Laboratory of the Institute of Paper Science and Technology.
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Table 6.1: Inorganic chemical constituents in the two virgin black liquors used in this study. The
black liquor, lime mud solids, and ESP ash data are as wt% of dry solids. The ESP ash brine data
are on a wet basis.

Mill A Liquor Mill B Liquor ESP Ash Lime Mud

Analyte As Received As Received Dissolved Brine Solids ESP Ash
Total solids content 50 47.20 257 67.400
Na,S 6.5 6.37 <0.01
NaOH 5.9 5.08 <0.01
COy” 4.33 3.9 1.29 52.8 7.4
HCOs 0.34
SO,° 2.99 2.42 14.32 0.01 54.5
S,0;” 4.52 3.02 <0.40 <0.01
Ccr <0.2 0.337 4.27 <0.1 10.1
Na,CO3/Na,S0, 1.73 1.92 7.87
Na 20.2 17.2 4.75 0.73 30.6
S 5.15 4.68 0.34 0.04
K 0.54 1.34 0.34 0.004 1.77

6.3.1. Liquor Crystallization and Fouling Behavioral Study

Liquors from Mills A and B were used to study the crystallization behavior of
sodium salts in black liquor when concentrated from below the solubility limit (usually
less than 50% total solids content) up to betweén 70% and 75% total solids content. The
experiments were conducted with the same rates of recirculation of black liquor, but the
initial heat flux and the vapor pressure on the liquor side differed, Table 6.2 presents

these differences.

Table 6.2: Operating conditions for all experiments using the two different mill liquors.

Mill Initial Heat Flux (Wm'z) Vessel Pressure (bara)
A 21000 1.496
B 13000 1.531

During the evaporation runs, steam pressure, liquor temperature, and condensate
flow rates were measured every 0.1 min. for calculation of overall heat-transfer
coefficients. Particle population data were collected by FBRM every 0.17 min. Filtered
and unfiltered liquor samples were collected approximately every 30 min. during each

run.
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6.3.2. Black Liquor Inorganic Composition Study

Experiments were conducted using the liquor from Mill B, both as-received and
with approximately 2.64 wt% of industrial grade anhydrous Na,COj3; added per initial
mass of black liquor solids. These experiments were conducted to determine the
influence of changes to the inorganic composition of black liquor on crystallization in the
bulk liquor and on the heat-transfer surface. Two repeat experiments were conducted at

the two different inorganic compositions.

6.3.3. Black Liquor Fouling Reduction Study

Five experiments were conducted to quantify repeatability in this work. Two
experiments with the as-received black liquor from Mill A were conducted, followed by
three experiments with the as-received black liquor with brine (an aqueous solution
containing mainly Na;SO,) from the bleach plant added. These initial experiments were
followed by a total of seven experiments designed to evaluate a number of potential
methods to control fouling of heat-transfer surfaces in black liquor evaporators. Four

materials were evaluated to determine if their effect on fouling and their potential to
control it. They were (a) brine from the bleach plant, (b) dry precipitator ash (mainly
Na;S0y) recovered from the recovery boiler (c) lime mud, and (d) aﬁhydrous Na,CO;3,
which could be used as a makeup chemical to replace sodium losses.

The impact of adding dry precipitator ash on the fouling rate was evaluated. The
dry ash was added to black liquor that had previously been concentrated to 58% total
solids content. This was done to test whether the precipitatorlash would reduce fouling by

providing a greater surface area of crystalline material to relieve supersaturation via

130



crystal growth on that material. A total solids content Qf 58% was selected because it
represented the typical concentration of black liquor from the C2 effect, and because it
was above the solubility limit of Na,CO3 and Na,SOy in the black liquor. This
experiment was intended to determine whether or not the species crystallizing from the
black liquor would crystallize on particles of dissimilar composition and crystal structure,
potentially reducing the rate of depbsition on the heat-transfer surface.

Anhydrous sodium carbonate was evaluated to determine if it would provide a
surface for growth that would reduce dissolved sodium carbonate levels in the black
liquor and postpone or eliminate fouling. One Na;COj; experiment was conducted with
the black liquor as received. A second experiment with Na,COj; addition was conducted
with as-received liquor to which brine had been added.

Calcium carbonate acts as an inhibitor for both nucleation and growth of crystals
of Na;CO3 and Na,SO,4 [1]. Lime mud was added to evaluate the hypothesis that it
would produce calcium ions that would inhibit the nucleation of dicarbonate so that
nucleation would not occur within the C1 effect.

The combined impacts of a longer residence time of black liquor in the evaporator

sump and reduced heat flux on fouling of the heat-transfer surface were evaluated
simultaneously in one experiment. The hypothesis was that both ‘of these c_he‘mg“es would
reduce supersaturation, and therefore reduce the rate of fouling. The residence ﬁme of
black liquor in the evaporator sump was increased by increaéing the volume of black
liquor in the sump while maintaining the same liquor circulation rate. In addition, the
steam pressure was reduced by approximately 5-7 psig throughout the experiment, to

lower the evaporation rate. This reduced the heat flux approximately 28%.
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In all of the fouling reduction studies in which a solid material was added, the
liquor was removed from the evaporator for the purpose of adding the material, as no in
situ addition method was available. While the evaporator was empty, the heat-transfer
surface was washed with water to remove any scale or dried liquor that might have
remained on it when the liquor was removed. This was done so that the heat-transfer
surface would be clean when evaporation began again.

Table 6.3 shows how the various liquor mixtures were prepared so as to conduct

these experiments.

Table 6.3: Components in the black liquors used to test various options for reducing fouling. The
liquors were all from Mill A.

| Experiment Starting Volume of Liquor, gallons Initial Brine Added to BL  Added to BL at 65-59% |
As Received 44 gal. Virgin BL
As Received + Brine 44 gal. Virgin BL 4 gal. Brine
Brine to C1 44 gal. Virgin BL 4 gal. Brine
Brine to C1 44 gal. Virgin BL 4 gal. Brine
Dry ash to 58% liquor 40 gal. Virgin BL 9.4 Ib. dry ash
Na,CO,; — As Received 40 gal. Virgin BL 50 g Na,CO;
Na,CO; — As Received + Brine 36 gal. Virgin BL 3.25 gal. Brine 50 g Na,CO;
Lime mud 40 gal. Virgin BL 83 g lime mud (wet)
Sump retention time 40 gal. Virgin BL 3.6 gal. Brine

6.4. Results and Analysis

To analyze the experlmental results for crystalhzatlon in the bulk liquor and on

the heat-transfer surface, it is critical to have some understandmg of the solub111ty of
NayCOj; and NaySOg4 in black llquor Chapter 2 discusses the previous work on the
solubility of sodium salts (partlcularly those composed of carbonate and sulfate), so for
this chapter only the relevant information‘for how their solubility was estimated and the
results are provided.

The solubility of Na,COj3; and Naz’iSO‘; in the black liquors used in this study was

estimated using the NAELS thermodynamic equilibrium software [2, 3]. Estimations
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were made for the as-received black liquors and for those liquors after the addition of the
applicable sodium salts. To simplify the presentation of results, the estimations were
made at a single temperature of 130°C, rather than over the range of temperatures
(normally 120°C to 135°C) encountered in each evaporation experiment This specific

temperature was chosen because it was the average temperature at which fouling was

observed.
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Figure 6.2: Carbonate and sulfate concentrations at equilibrium at 130°C vérsﬁs .total' solids content
for the as-received and modified Mill A black liquors o L

Figures 6.2 and 6.3 preéent the estimated solubility re§1iit$i. The curves in each
figure represent the total amounts of CO3% and SO pér unit of biack liquor solids that
would remain soluble at equilibrium as the black liquors were i:oncentrated from 40% to
75% total solids content.

The results in Figures 6.2 and 6.3 indicate that addition of Na,SO4 or Na,CO; to

black liquor reduces the total solids content of the liquor at which it is saturated with
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these two salts. Also, the location of the transition from burkeite to Na,COs as the
crystalline species at equilibrium changes with the ratio of sodium carbonate to sodium
sulfate in the liquor. An increase in this ratio lowers the total solids content at which the

transition occurs, while a decrease has the opposite effect.
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Figure 6.3: Carbonate and sulfate concentrations at equilibrium at 130°C versus total solids content
for the as-received and modified Mill B black liquors.

6.4.1. Analysis of Heat Transfer and FBRM Reshlts for Evaporation of Black
Liquor Solutions

Heat transfer and crystallization data wefe acquired continuously for every run.
Black liquor samples were collected periodically from the liquor recirculation line of the
evaporator during each run. They were analyzed for total solids content to provide the

relationship between time and total liquor solids content for that run.
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The overall heat-transfer coefficients, U(t), were used to evaluate the onset and

rate of fouling. 'U(t) was calculated as:

q
U=——. 6.1
AAT ©.1

In Equation 6.1, g is the rate of heat transfer from the condensing steam to the
liquor. It is calculated from the measured steam condensate flow rate and the latent heat
of vaporization evaluated at the measured steam pressure as discussed in Chapter 3 of this
thesis. A is the heat-transfer surface area (12 £t or 1.1 m?) and AT is the difference
between the saturation temperature of the condensing steam and the liquor temperature in

the sump.

Heat Transfer Coefficient U
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Steam Pressure, P;, bara
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Figure 6.4: The apparent heat-transfer coefficient and steam pressure versus time and the
corresponding total solids content of the black liquor during evaporation with black liquor from Mill
B

Figure 6.4 shows the estimated heat-transfer coefficients during the experiment.

As the liquor was concentrated, the temperature of the liquof increased for a given

pressure in the vapor body due to the boiling point rise. In order to maintain a relatively
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steady evaporation rate, the steam pressure had to be gradually increased as the run
proceeded. Figure 6.4 also shows how the steam pressure was increased during the
experiment.

Figure 6.4 also shows the effect of changes in viscosity on the heat-transfer
coefficient that was discussed in Chapter 3 of this thesis. During the first part of the
experiment a relatively constant reduction occurred in the heat-transfer coefficient. After

approximately 300 minutes, this slow decrease transitioned to a rapid decline.

0.007 2000
& T 1800
w
43 0.006
8 + 1600 -
g [}
@ 0.005 1 = Fouling Resistance - 1400 g'
4 = 1-10 micron S
C - 00044 = 10-25 micron y1200 3
=4 = = 25-100 micron 9
£Eg ; 1000 LC
= NE = 100-1000 micron <
(=} - =
£ E om low B
[ Q
2 3
: 1 o
2 00021 g0 &
e £
- a0 ©
8 0001
£ T 200
0 A—r— e ——i " u —— r—p—p—r 0
50 100 150 200 250 300 350
471 51.6 55.6 59.7 64.3 70.1 775

Time, min.
Total Solids Content, %

Figure 6.5: The heat-transfer resistance due to fouling and the number of crystals observed in four
different chord length ranges versus time and the corresponding total solids content of the black
liquor for the same experiment shown in Figure 6.4

Figure 6.5 shows the heat-transfer resistance due to fouling for this experiment
after the heat-transfer resistance (1/U) has been corrected to account for the effects of
viscosity. Figure 6.5 also shows FBRM particle population data for this experiment.

The particle population underwent three distinct transitions during the experiment
shown in Figure 6.5. The first transition corresponds to bulk nucleation and is observed

around 150 minutes (55% total solids content). The second transition is observed
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between 200 and 300 minutes. No final conclusion for the cause of this transition has
been reached. However, a number of potential explanations have been provided.

It should be noted that a declining particle population is not a cause for concern
theoretically. In fact only the 3™ (mass) moment of a particle distribution should not
decrease during a batch concentration of this type. And as previously mentioned, the 3
moment should not be considered reliable when using FBRM data due to the concerns
discussed in Chapter 4 of this thesis. There appears to be a two-fold answer to what is
occurring in the second transition region. First, agglomeration combined with equipment
scan depth limitations can explain thev disappearance of smaller particles from the system
without a simultaneous increase in larger particles. The least dramatic change in particle
counts was observed in the smallest size range. Second, the presentation of particles to
the FBRM probe may have changed in this region. At the same time the particle counts
declined, the liquor viscosity was increasing to the point where the Reynolds number in
the pipe where the FBRM probe is mounted became laminar. From an equipment
standpoint, there were no changes that could be made to shift back into a turbulent
regime, as the pipe diameter was already the minimum allowable for mounting the
FBRM probe. Combining the agglomeration and viscosity issues provides a potential
explanation for the population observations. Because of the ambiguity about the exact
phenomena responsible for the second transition, this work has ignored this region of the
particle population data and focused on the third characteristic transition instead.

The third transition was an apparent second nucleation point coﬁesponding with
nucleation of the dicarbonate double salt (2Na,CO3-Na,SO4). The salt species nucleating

was confirmed using powder X-ray diffraction as shown in Figure 6.6. Due to
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contamination with black liquor solids, the diffraction spectrum of the sample was
particularly noisy. However, when compared to a clean diffraction spectrum for this

crystal [1], four distinct peaks clearly identify this as a sample composed primarily of

dicarbonate.
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Figure 6.6: Powder x-ray diffraction spectra identifying the second salt nucleated as dicarbonate

In Figure 6.5, the second nucleation point was seen at 310 minutes as the particles
counted in the two smallest size ranges begin to increase. This was confirmed by
reviewing the 0™ moment of the particle population, that is, the total number of particles
in the system. Figure 6.7 shows.the trend for the 0™ moment in addition to the first
derivative of this moment with time. The time derivative provided an estimation to be

made of the two bulk nucleation rates, Jo; and Jg 2.
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Figure 6.8 presents the same heat transfer resistance data as Figure 6.5, but with a
regression fit line added for the surface-fouling rate. The resistance behavior can be best
described as constant through approximately 225 minutes. Between 225 minutes and 300
minutes fouling does appear to have occurred on the plate, but it was sporadic and
appeared to slough off of the plate at times (at 255 minutes for example). After 300
minutes, rapid fouling occurred. The heat transfer resistance increased to a point where
the maximum steam pressure was reached and the plate temperature could no longer be
raised to drive evaporation. The estimated surface fouling rate in Figure 6.8 corresponds
to Gs=5 pm/s for a kr=1.73 W-m"'K'm. The thermal conductivity, kr, was estimated
by Smith [4].

This growth rate is high for an inorganic salt, but is certainly possible at high
supersaturation [5, Table 6.1]. To determine the supersaturation required a number of
assumptions be made.

Obtaining crystal-free samples of black liquor through a filter is extremely
difficult. Several attempts to obtain filtered liquor samples for analysis in order to
determine dissolved solids concentrations for the relevant species and use them to
determine supersaturation were made during these studies. Sampling issues combined
with analytical costs made this approach unworkable. Because of these difficulties,
another method was developed to estimate supersaturation.

This estimation of the level of supersaturation was based on two key assumptions.
The first assumption is that NAELS provides an accurate prediction of the inorganic ion
composition of the liquor. This is important because the ratio of dissolved carbonate to

sulfate determines what salt crystallizes from the solution [1]. The second assumption is
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that the actual solution composition matches the solubility limit of any species when

crystals of that species are present.
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Figure 6.9: Representation of the solubility curves for burkeite and dicarbonate in black liquor.

Figure 6.9 shows the solubility and metastable behavior of burkeite as well as the
presumed solubility of dicarbonate. The second assumption listed previously means that
when burkeite crystals are present, the solution composition matches the burkeite
solubility curve (either in the equilibrium or metastable region shown in Figure 6.9). As
black liquor is concentrated and crystallization proceeds, the dissolved carbonate to
sulfate ratio increases. However, the ratio of these anions in either burkeite or
dicarbonate is nearly always less than in the solution from which they crystallize. This
means that the dissolved carbonate to sulfate ratio is always increasing provided a double
salt is being crystallized. This also means that relative superSaturation can be measured
using the carbonate anion supersaturation. The relative supersaturation, o, for [CO3] was

used in this work to represent supersaturation,
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[C03] [co,T
[cosT

(6.1)

Equation 6.1 is the general definition of relative supersaturation. However, due to
crystallization behavior, one small adjustment was made. During all of the black liquor
experiments, the first primary nucleation in the bulk solution produced burkeite while the
fouling on the heat-transfer surface and second primary nucleation in the bulk solution
were dicarbonate. However, nucleation of burkeite did not always occur before the
predicted transition to dicarbonate. In these cases, the relative supersaturation causing
nucleation is not the supersaturation relative to the equilibrium condition, but rather the
supersaturation relative to a metastable condition that is indicated in Figure 6.9. For
these situations, the metastable solubility limit [COs]™ was used in place of [CO3]" in

Equation 6.1.
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Figure 6.10: Estimate of the dissolved carbonate concentrations during an evaporation experiment
and at equilibrium, and the relative supersaturation.
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Applying this analysis method for to the experiment shown in Figure 6.5 produces
the results shown in Figure 6.10. This figure indicates that the supersaturation at the
actual burkeite nucleation point is only 0.1, similar to that seen in the aqueous salt
solution work (where 0.1<5<0.25). This number compares well with the supersaturation
seen in aqueous salt solutions where EDTA was added to bind the calcium ion.

The supersaturation at the point where fouling begins and the point where the
second primary bulk nucleation event occurs are significantly greater if the assumptions
used in this work are valid. For the experiment in Figure 6.10, fouling occurred at o =
2.18 while secondary nucleation occurred at o = 3.4. Both of these values are
significantly greater than the supersaturation normally encountered in aqueous salt
system (both sodium and other cations) [S, Table 6.1].

There are two possible reasons for this in black liquor. First, nucleation of
dicarbonate is inhibited by calcium and at the higher liquor solids contents (and
corresponding higher temperatures) where dicarbonate formed. At these temperatures,
the concentration of calcium ions should increase because of the dissociation of calcium-
organic complexes [6, 7]. Second, black liquor has a viscosity of several hundred
centipoises in the solids content range where dicarbonate formed. This could cause
nucleation to be inhibited by diffusion limitations.

For black liquor experimental work, two nucleation orders (values of /) can be
obtained, ‘one for each of the primary nucleation events in the bulk liquor. In the case of
black liquor, no growth rate on the heat-transfer surface can be used to perform a fit like

the one applied in Chapter 5 of this thesis for burkeite or dicarbonate due to differences in
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the level of supersaturation when these events occurred. Instead, a least squares fit was
applied using the data for the three repeat experiments conducted using as-received Mill

A liquor with brine added. Using the empirical equation,

Jo =kyo', (6.2)
and knowing Jj and o, ky was calculated, given an assumed i. Then, the square root of
the sum of the errors squared for each individual &y in the three experiments was
calculated and minimized by adjusting i. This procedure yielded nucleation orders of 1.8

for burkeite and 1.6 for dicarbonate. These are both close to the 2.0 nucleation order for

burkeite measured in aqueous salt solutions.

6.4.2. Influence of Na;CO3:Na;SO4 on Bulk Nucleation and Surface Fouling

This set of experiments was conduced to answer the fundamental question of how
a change in the inorganic composition, specifically the ratio of Na,CO3:Na,SO4, would
change the bulk and surface crystallization. As Figure 6.3 shows, the first predicted
soiubility limit for the liquor from Mill B as it was concentrated decreased by
approximately 1.5 wt% total solids coﬁtent when sodium carbonate was added to the
black liquor. The transition from bukeite to dicabonate decreases by 3.6 wt% total solids

content for the change in liquor composition.

Table 6.4: Nucleation and surface growth rate results from evaporation of black liquor from Mill B

Mill B Sample 1st Nucleation 2nd Nucleation Surface Fouling

Description Solids Content  Jo 1 m3s" | Solids Content  J 02 m?s? | Solids Content G s ms?t
As Received 57.6% 1.23E+09 72.3% 1.13E+08 69.7% 5.01E-06
As Received 58.8% 2.35E+409 71.0% 7.68E+08 69.7% 2.17E-05
As Received+Na,CO; 55.2% 2.19E+08 69.0% 1.67E+08 61.7% 1.48E-06
As Received+Na,CO; 57.9% 9.16E+08 72.8% 8.42E+07 67.5% 3.22E-05
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When the crystallization rates in Table 6.4 are analyzed, the average measured
first nucleation point decreased by 1.6 wt-%, in the liquor spiked with Na,COs3,
approximately equal to the solubility reduction predicted by NAELS. At thé same time,
the nugleation rate decreased by 68%. For the 2" nucleation point, the decrease was only
0.75 wt-% total solids content. Given that the average nucleation rate decreased 71%, it
appears that the nucleation process is dependant on both inorganic composition and
supersaturation as the nucleation rate decreased substantially while the totals solids
content at which nucleation occurred (an indicator of developed supersaturation)
remained nearly constant. Despite a 5 wt-% total solids content decrease in the solids
concentration at which fouling begins in the higher carbonate to sulfate ratio black liquor
solution, the most significant finding of this analysis is that the growth rate on the heat-
transfer surface actually increased 26%.

Table 6.5 contains the rate parameters determined from the nucleation orders and
the estimated levels of supersaturation for the as-received black liquor and the as-
received liquor with Na;CO3 added. The rate parameter for growth on the heat-transfer |
surface was estimated from,

Gg =kG,S°'- T - (6.3)

Table 6.5: Rate parameters calculated from the experimental meas‘urerﬁehts of hucleaﬁion and
fouling of the heat transfer surface during evaporation of black liquor from Mill B, with and without
addition of Na,COyj, and on estimated solubility and supersaturation of sodium carbonate '

Mili B Sample 1st Nucleation 2nd Nucleation - |Surface Fouling |

Description o1 knam’s’ o2 knzm?®s' | o kg sms”
As Received 0.10 6.99E+10 3.43 1.57E+07! 2.18 1.46E-06
As Received 0.13 9.23E+10 2.72 1.55E+08: . 2:14 8.01E-06
As Received+Na,CO4 0.06 2.88E+10 2.85 3.13E+07 ; = 0.77 5.22E-07

As Received+Na,CO, 058  241E+09 285  1.57E+07) . 221 1.13E-05
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In Table 6.5, the rate parameter for the first primary nucleation decreased by 80%
when sodium carbonate was added. The rate parameter for the second primary nucleation
decreased by 72% and the rate parameter for growth on the heat-transfer surface
increased 25%.

This study indicated that increasing the ratio of dissolved carbonate to sulfate by
addition of sodium carbonate changed the crystallization behavior. Both the
crystallization rates and the estimated rate parameters show that nucleation was reduced
for both burkeite and dicarbonate while the growth rate for dicarbonate on the heat-
transfer surface increased. From this work, it is impossible to decouple the two
phenomena and determine if the increased fouling behavior reduced the nucleation of
dicarbonate. Theoretically these phenomena are coupled because the rate of fouling
reduces the relative supersaturation prior to nucleation.

It is also impossible to conclude from this work whether or not the trace calcium
added with the sodium carbonate may have influenced the results. The dissolved, non-
organically bound, calcium ion concentration was not measured as no procedures exist
for measuring it independently of the total soluble calcium in black liquor. Without a
better determination of the non—organically bound calcium in black liquor, it is
impossible to determine if the trace dgntaminant levels in the anhydrous sodium
carbonate are significant enough to %harlve caused additional inhibition of crystal nucleation
and growth. This is one area that should be explored further.

Another plausible explanation for the observed reduction in the nucleation rate is
that enriching the carbonate relative té) the sulfate in black liQuor may hinder the

nucleation of burkeite. The reasoning for this is based on the structure of burkeite, which
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Shi outlined in greater detail as a part of his calcium substitution arguments [1]. The
burkeite crystal unit cell contains places for eight sodium cations and 4 anions. The most
stable structure contains 3 sulfate anions and 1 carbonate anion. To obtain lower ratios,
such as the nominal 2:1 ratio of sulfate to carbonate, a significant degree of substitution
must occur. However, each of the substitutions exacts a cost in thermodynamic stability.
Adding additional dissolved carbonate relative to the dissolved sulfate should make
substitution of carbonate for sulfate into the lattice structure more likely if we assume that
the instabilities for this substitution are only observed across the extended crystal lattice.
The added carbonate may tend to inhibit development of the crystal past a critical nucleus
size, effectively decreasing the nucleation rate as the carbonate to sulfate ratio increases.

What is clear from this study is that relatively small changes in the carbonate to
sulfate ratio (2.6 to 3.6 moles Na;COj3 per mole Na;SOy) in the range where Shi’s model
[1] predicts burkeite as the first species to nucleate can lead to a significant change in the
bulk nucleation and growth of fouling deposits on a heat-transfer surface for a black

liquor as it is concentrated..

6.4.3. Analysis of Hypothetic‘]al Fquling Reduétion Opportunities

The final set of black liquor%experiments conducted as a part of this research
examined the benefit of a number of potqntial schemes to control evaporator fouling at
Mill A. Table 6.6 contains the results of ?the three reproducibility runs that were made
with the black liquor from Miil A, with Brine addéd to it. Thé repeatability of the black
liquor solids content at nucleation and at fhe onset of fouling, and fouling rates presented

in Table 4 is surprisingly quite good. The 1st, and 2nd nucleation events and the onset of
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fouling occurred at 54.8 % 3.0%, 65.8 £ 1.3%, and 65.1 £ 1.0% total solids content,
respectively. For the estimated rate constants for dicarbonate nucleation and for fouling,
the relative standard deviations were 72.2% and 1.9%, respectively. The rate constant for
fouling is remarkably reproducible, especially considering that the growth rate itself had

a relative standard deviation of 21.3%.

Table 6.6: Reproducibility of nucleation events, fouling rate, and rate parameters for the black
liquor from Mill A with brine added.

Milt A Sample 1st Nucleation 2nd Nucleation

Description Solids Content o1 Joam®s'  kyyim®s? | Solids Content 02 Jozm®s!  kyams”
As Received+Brine 56.5% 0.19 1.12E+09 2.02E+10 64.4% 0.88 1.24E+08 1.53E+08
As Received+Brine 51.4% 0.07 1.90E+08 2.11E+10 66.5% 1.38 6.52E+07  3.90E+07
As Received+Brine 56.5% 0.20 1.43E+09  2.54E+10 66.7% 1.42 1.06E+08 6.02E+07
Average 54.8% 0.15 9.12E+08  2.23E+10 65.8% 1.23 9.85E+07  8.41E+07
St. Dev. 3.0% 0.07 6.44E+08  2.77E+09 1.3% 0.30 3.03E+07  6.08E+07
St Dev/Average 5.4% 47.4% 70.6% 12.5% 1.9% 24.6% 30.8% 72.2%
Mill A Sample Surface Fouling

Description Solids Content oF Gs ms'  kgsms?!

As Received+Brine 65.7% 0.88 9.89E-07 1.13E-06

As Received+Brine 65.6% 1.16 1.34E-06 1.16E-06

As Received+Brine 63.9% 0.78 9.07E-07 1.17E-06

Average 65.1% 0.94 1.08E-06 1.15E-06

St. Dev. 1.0% 0.20 2.30E-07  2.13E-08

St Dev/Average 1.6% 20.8% 21.3% 1.9%

Some general comments and observations can be made from an inspection of the
data in Table 6.6. The onset of rapid fouling occurred consistently at a slightly lower
total solids content (0.9 to 5.5% less) than the total solids content at which the 2nd bulk
nucleation event occurred. This is probably due to the inverse solubility of Na;COj3 and

Na;SO4 with temperature, and the i‘act that the heat-transfer surface is hotter than the bulk

liquor. Dicarbonate was apparentl]y; deposited on the hot surface, as detected by
decreases in the heat-transfer rate, })efore nucleation occurred in the bulk solution as
detected by increases in the particlécounts from the FBRM measurements.

With the repeatability of th%e experimental procedure detailed in Table 6.6, it was

possible to compare each of the prdposed fouling control scenarios. To compare the

various fouling control options tested to the base case, a simple statistical analysis was
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used to analyze the potential effectiveness of each of the schemes. Assuming a normal
distribution of the data, a fouling control scheme has a significant effect, with 90%
confidence, when z, the measured effect, falls outside +1.65 standard deviations from the
base case average. This test was used to determine whether the measured rate parameters
were significantly different when scale control schemes were implemented in the pilot
evaporator experiments compared to the base case of the as-received liquor with brine
added.

Looking only at the data in Table 6.6, it is clear that the two most repeatable
parameters are the first nucleation rate parameter and the surface growth rate parameter.
From a fouling perspective the first (burkeite) nucleation rate parameter was of less
interest since there is no fouliﬁg associated with the first nucleation event. Instead, the
second nucleation rate and more importantly, the rate parameter for growth on the heat-
transfer surface were considered. The excellent repeatability for the growth rate on the

heat-transfer surface is very useful with regard to understanding dicarbonate fouling.

Table 6.7: Rates of nucleation and fouling of the heat transfer surface, and the total solids contents
of the black liquors at their onset, for evaporation experiments performed with black liquor from
Mill A, both as received and with various additives.

Mill A Sample 1st Nucleation 2nd Nucleation Surface Fouling

Description Solids Content  Josm™s™ | Solids Content Jo2m s™ | Solids Content Gs m-s”
As Received 56.7% 2.19E+09 68.0% 4.03E+08 64.8% 9.94E-07
Brine to C1 56.1% 1.26E+09 73.7% 1.30E+08 64.5% 8.26E-07
Dry Ash 58.6% 7.01E+08 66.5% 1.93E+08 61.2% 3.64E-07
As Received+NaCOj (s) 55.6% 1.16E+09 - - 67.7% 7.05E-07
As Received+Brine+Na,COj; (s) 56.4% 1.25E+09 69.1% 1.94E+08 64.8% 1.99E-07
Lime Mud 57.2% 8.64E+08 72.2% 1.82E+08 61.7% 1.27E-07
Sump Retention (Low Heat Flux) 57.2% 8.71E+08 70.2% 1.63E+08 66.6% 8.96E-07

Table 6.7 presents each of the measured values for the various scale reduction
strategies. For all of the strategies, the measured growth rate was reduced. As most
strategies involved making a change in the composition of black liquor affer the

nucleation of burkeite, it would be expected that the nucleation rates for burkeite in these
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experiments would be similar, and they were. Because the data associated with the first
nucleation event provided no information about fouling reduction strategies, they were
not analyzed further than what is presented in Table 6.7. The nucleation rate data for the
second nucleation event for each of the strategies were also within an order of magnitude

of the base case. This implies that the rate was not affected by the changes.

Table 6.8: Supersaturation at the onset of the second nucleation event and of fouling of the heat
transfer surface, their rate parameters, and the level of certainty of the significance of each.

Mill A Sample 2nd Nucleation Surface Fouling Reduction
Description o2 knam®s  Significance oF kesm-s'  Significance | inkgs
Virgin 2,33 1.04E+08 0.32 1.25 7.95E-07 -16.67 30.9%
Brine to C1 5.72 7.93E+06 -1.25 1.17 7.04E-07 -20.94 38.8%
Dry Ash 1.76 7.80E+07 -0.10 0.58 6.28E-07 -24.48 45.4%
Virgin+Na,COs; (s) - - - 2.20 3.21E-07 -38.90 721%
VirgintBrine+Na,CO; (s) 2.29 5.15E+07 -0.54 0.97 2.06E-07 -44.32 82.1%
Lime Mud 4.67 1.54E+07 -1.13 0.65 1.97E-07 -44.74 82.9%
Sump Retention (Low Heat Flux) 2.79 3.15E+07 -0.87 1.39 6.47E-07 -23.63 43.8%

Table 6.8 presents the statistical analysis for the fouling control strategies. The
first major observation is that all of the hypothetical solutions produce significant
reductions in the fouling behavior of Mill A’s black liquor at a confidence level of 90%
(or 1.65 standard deviations). The significance value represent the number of standard
deviations the rate constant is from the base case mean, with a positive value indicating
an increase and a negative value indicating a decrease. The implication of this statement
is that Mill A might reduce its evaporator fouling by implementing any of these
strategies. The fouling reduction value represents the percent reduction in the surface
growth rate constant from the base case mean.

One issue to consider for a production facility with a given set of equipment is
that even if fouling rates are significantly lowef, if the total solids content at which
fouling occurs also shifts, the change may not prove beneficial. For example each of the
optional solutions outlined in Table 6.8 shows significant reductions in the surface

growth rate constant. However, only for the virgin liquor with solid Na,COj; and the
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sump retention trial did the fouling begin at greater total solids content than in the basis
case as indicated in Table 6.7. A potential trade-off is being made for any of the other
strategies. Fouling may potentially occur at lower total solids content (perhaps even in a
different effect), but should be slower.

Because most of the tested scale control strategies showed lower total solids
concentrations at the start of surface fouling, they should not be considered. The best
choice is either processing only virgin liquor and adding solid anhydrous sodium
carbonate crystals as a seed material prior to the first concentrator where fouling is
occurring or increasing th;: sump retention time for supersaturation reduction.

From a purely crystallization perspective, aside from benefits to Mill A in
particular, one interesting observation stands out in Table 6.8 as well. Each of the
experiments where solids material was added showed a rate parameter for growth on the
heat-transfer surface reduction two times greater than the other changes. In the case of
anhydrous sodium carbonate it cah be assumed that this was due to the added sﬁrface area
for growth of sodium carbonate and the consequent reduction in the relative

supersaturation. In the case of lime mud (CaCO3) it is more difficult determine the

reason for the change. Shi showed that CaCOs is not a favorable nucleation seed for
burkeite [1], actually inhibiting burkeite nucleation and growth instead. If this holds true
for the double crystal dicarbonate as well, then it can be concluded that it is the calcium
inhibition effects that are influencing thp chan_ges. This would explain the nearly four-
fold increase in the supersaturation rédﬁired for the nucleation of dicarbonate. However,

the slight decrease in supersaturation‘ and significantly lower solids at which fouling
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occurs in the lime mud experiment is not explained well using calcium inhibition

reasoning.

6.5. Pilot-Scale Black Liquor Experimental Conclusions

The pilot evaporation experiments with black liquor presented in this chapter are
the first investigation of the simultaneous bulk and surface crystallization behavior
Na,COj3 and Na,SO4 from black liquor. Three main conclusions can be made based on
this work.

First, this work has shown the value of in situ particle population analysis in
combination with heat-transfer measurements for fouling rate estimation. Prior to this
work, in situ particle population of black liquor had never been undertaken. The
quantifiable nucleation behavior observed using FBRM technology in black liquor
provides a better understanding about the phenomena occurring during the concentration-
driven crystallization from such a complex fluid. Relating the measured particle
population data with the estimated ion concentrations has provided a means to calculate
nucleation rate parameters. These rate parameters can be compared quantitatively
between different experiments.

Second, this work has shown that increasing the carbonate to sulfate ratio in black
liquors whose compositions were such that burkeite crystallized from them, had a
negative influence on the nucleation of both burkeite and dicarbonate. In addition,
increasing the carbonate to sulfate ratio increased growth rates of dicarbonate on the heat
transfer surface. Because each of these phenomena was driven by supersaturation but

also affect supersaturation, they are not independent.
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Third, the addition of solid particles to black liquors whose total concentration
was above the solubility limit for burkeite substantially reduced the surface growth rate
parameter. However, in two of the three experiments with addition of solid materials, the
addition also reduced the total solids content at which fouling occurred. Thus, even
though the fouling rate parameters were reduced, fouling would begin at an earlier point
in the evaporation process. Also, it is possible that crystallization on the anhydrous
sodium carbonate reduced the dissolved Na,COj; content of the liquor and delayed the

onset of fouling.
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6.7. Variables

G  Growth rate, ms™

Jo Nucleation rate, m™s™ (V olume) or m™s™ (Surface)
kg  Growth rate constant, ms’

3

kv  Nucleation rate constant, m>s™

my O™ chord length distribution moment, m™
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R Thermal resistance — subscript indicates what the resistance is measured through,
m’KW"

Ps  Steam pressure, bara

SFR Surface fouling rate, m*’KWs™

T  Temperature, K

t Time, s |

U  Overall heat transfer coefficient, Wm2K'!

z  Measured effect

o Relative supersaturation

Super and Subscripts
i First event

P Second event

F Fouling
Nucleation order

Metastable condition
s Surface

Chemical equilibrium
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Chapter VII: Bench-Scale Surface Crystallization

7.1 Objective

There will be two major objectives for the experiments conducted using the
bench-scale sﬁrface crystallizer. The first objective will be to observe and identify the
mechanism(s) by which fouling by salts composed of Na,CO; and Na,SOj is initiated on
a heat-transfer surface from aqueous solutions of Na,CO3; and Na,SO4. The second
objective will be to: (a) measure the sizes of crystals on the heat-transfer surface as a
function of time to determine the rate of growth, (b) measure the heat-transfer resistance
due to fouling with time to estimate a fouling rate and (c) determine the relationship
between the fouling rate and the growth rate of crystals observed on the heat-transfer

surface.

7.2. Introduction
Pilot-scale experiments provided results for bulk crystallization and for surface

fouling phenomena in aqueous solutions of sodium salt and in black liquor. However,
they could not provide a microscopic Qbser\!/alt;i‘op of the heat-transfer surface, nor did
they allow determination of the specif'l;cv:‘:me‘ch‘efnism for scale initiation on the surface or a
direct measurement of the growth rate_iof crystals on the surface.

Two primary mechanisms havé Been proposed and discussed for initiation of
crystallization fouling [1, 2]. For the first mechanism, supersaturation develops to the
point at which direct nucleation on the hfeat'l-:transfer surface.occurs. The crystal nucleus

|
develops directly on the heat transfer surface, although subsequent growth may not be in
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contact with the surface [2-4]. The second mechanism for scale initiation involves the
adhesion of particles to the surface. If a particle comes into contact with the heat-transfer
surface, where the flow velocity is negligible due to the no-slip flow condition, then the
particle could adhere to the surface by growing into the void space in the microstructure
of the surface.

Supersaturation can be generated in the system of interest by increasing the
temperature and/or solvent evaporation. In this work, supersaturation can be developed
at the heat-transfer surface due to its higher temperature, even if the bulk solution is at
equilibrium. Supersaturation in the solution due to prior evaporation of the solvent that
has not been reduced through crystallization is also possible. Hedrick and Kent referred

to supersaturation present for this reason as residual supersaturation [5].

7.3. Procedure

The bench-scale surface crystallizer apparatus was discussed extensively in
Chapter 3. Thus, only the operational details and any experimentally relevant apparatus
changes are discussed in this section.

The bench-scale surface crystallizer experimental work was broken down into two
series of experiments. The first series was cénductéd with no supersaturation due to
evaporation of the solvent. Only the supersaturation due to the inverse relationship
between solubility and temperature at the héat-;;[ransfer surface acted as the driving force
for crystallization. Evaporation from the bulk ;solution was used in the second series to
increase the supersaturation to a level aboxbe‘ th;t which‘coulcll be developed only by the

inverse relationship between solubility and temperature at the heat-transfer surface. This
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study was conducted to determine the supersaturation required for rapid crystallization on

the heat-transfer surface.

7.3.1. Generation of Supersaturation at the Heat-Transfer Surface

An experimental method was developed to measure crystallization on a heat-

transfer surface from aqueous slurries of Na,CO; at equilibrium. The aqueous slurries

were prepared with deionized water and industrial grade Na,CO3;. Anhydrous sodium

carbonate was added to the water to create a slurry at approximately 50°C. The slurry

temperature was raised to 110°C and left for a minimum of 8 hours to equilibrate. This

preparation method guaranteed that at the operating temperature of 110°C the slurry

would not be supersaturated. A number of possible equipment configurations were

considered for forming scale from the equilibrated slurry. Figure 7.1 presents the four

options considered.

' Feed Tank

il

| FeedTank

No Separation

Test Cell Feed |-

Magnetically Coupled
Centrifugal Pump

Upstream Filter
Inside Feed Tank

Magnetically Coupled
Gear Pump

Test Cell Feed |

7 'Feed Tank: '

Downstream Filter

Test Cell Feed

Magnetically Coupled
Centrifugal Pump

est Cell Feed
Hydrocylone

Tank Return

Magnetically Coupled
Centrifugal Pump

Figure 7.1: Experimental apparatus configurations considered for experimental studies with the
bulk solution at equilibrium
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The option in Figure 7.1A was the easiest to try. Unfortunately, crystals in the
bulk slurry clouded the digital imagery of the surface, preventing observation of crystals
on the surface. The remaining three possibilities were also tested experimentally.

The options in Figures 7.1B and 7.1C proved unacceptable due to standard design
concerns. In the case of a downstream filter (Figure 7.1B), the pressure drop across the
filter increased rapidly. Because of this, the flow rate decreased and, without additional
control equipment, was determined to be unreliable. An upstream filter inside of the tank
was considered a possible solution to filter plugging (Figure 7.1C). In this case, the feed
tank mixing would have a tendency to remove crystals from the filter surface. Indeed this
hypothesis proved true during foom temperature tests. However, when the feed solution
was raised to operating temperatures, with the corresponding saturated vapor/solution and
solution/solid conditions, a 10°C decrease in temperature between the feed tank and the
test cell inlet was observed. This temperature decrease was attributed to flashing that
occurred due to tfle pressure drop across the filter. The pressure drop across the filter was
caused by the pump, which pulled a slight suction to maintain the set point for flow rate.
The flashing also led to crystallization on the inside surface of the filter, which increased
the pressure drop.

Finally, as shown in Figure 7.1D, a small hydrocyclone was added to the
apparatus to act as a downstream partiéle; ‘vsepa’r\ator. Placing the hydrocyclone
downstream of the pump alleviated both;;tfle‘;}i)lugging and the flashing problems

it

previously experienced. While this andﬁgéfriéﬁt was not perfect, it did allow important

. : P Vo
conclusions to be reached. Tk
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7.3.2. Generation of Supersaturation from Evaporation and Increased Temperature

These experiments were conducted using the experimental apparatus
configuration as detailed in Chapter 3. Initial runs were performed on solutions of
aqueous Na,COs. The total solids content of the solution was raised from below the
solubility limit to above it by evaporating water from the solution. Bulk nucleation of
Na,CO3 occurred when the relative supersaturation in the bulk solution reached

approximately 0.1. No fouling was observed either before or after bulk nucleation.

Table 7.1: Bench-scale surface crystallizer batch evaporator experimental outline.

rC:S mole ratio Tg, °C EDTA* Added (g)J

2.67 110 -
2.67 110 -
2.67 110 -
2.67 110 30
6.0 110 -
6.0 115 -
6.0 115 9.5
6.0 115 28.5

* Ethylene-Diamine-Tetraacetic Sodium Salt

Solutions described in Table 7.1 were prepared from ACS grade sodium
carbonate and sodium sulfate dissolved in 0.030 m? dejonized water. The initial
concentrations ranged between 28.1% total solids content and 29.6% total solids content,
but all experiments were conducted at a target evaporation rate of 8.4x10™ g H,O/min/g
initial salt mass. This value was approximately the maximum evaporation rate from the
feed tank that could be maintained while still maintaining a constant temperature in the
feed tank; it is lower than the value obtained during experiments with the pilot apparatus.
This specific evaporation rate implied that the residual supersaturation increased at the

same rate in all experiments. The 2.67:1 and 6.0:1 carbonate-to-sulfate mole ratios were
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chosen in order to obtain burkeite and dicarbonate, respectively, as the crystallizing
species [6].

Experiments were conducted at 110°C and 115°C for reasons that will be outlined
in the results and analysis section. The flow rate through the test cell for all experiments
except one was 600 ml/min. The applied voltage for heating in all experiments was 93 V,
which corresponded to an applied power of 290 W.

EDTA was added in three of the experiments to sequester calcium. Calcium
levels in the sampled solutions were between 150 and 200 ppm on a dry mass basis.

In each experiment, the solution was concentrated by evaporation from below the
solubility limit until crystals were observed on the heat-transfer surface. At this point,
evaporation was halted to maintain a constant supersaturation while measuring growth
rates. In cases where primary bulk nucleation preceeded surface growth, evaporation was
continued until either crystals were observed on the surface, or until crystals in the bulk

slurry caused the circulation line to plug.

7.4. Results and Analysis

The bench-scale surface crystallizer was able to provide results on the initiation
mechanisms for crystallization fc_niling from double salts composed of Na,CO3 and

Na,S04 and the subsequent growth rates fof the crystals in the deposit.
7.4.1. Fouling from Aqueous Naz(j()s;at Equilibrium

As previously described, an aqheous solution of Na,COj; was circulated through

the test cell after the crystals were separated using the hydrocyclone. The experiment
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was conducted a number of times varying both the circulation rate through the test cell
and the thermal driving force, AT, between the heated stainless-steel plate and the
aqueous sodium carbonate solution. Crystallization on the heated plate was not observed
in any of the experiments. |

An explanation for the lack of crystal formation is based on the solubility
behavior of aqueous sodium carbonate. From work in Chapter 5 and 6, it was found that
a value of ¢ greater than 0.1 was necessary for crystallization in either the bulk solution
or on the heat-transfer surface. This is also the order of magnitude often observed for the

heterogeneous primary bulk nucleation of a number of salts [7, Table 6.1].

1 Bulk Solution Condition
33 ] Bulk Solution When Nucleation Occurs

Initial Condition /
32 ] AN

s ”\0\.\\ .

A

30 o =0.062

29 ]

28 j Temperature of the
] Heat Transfer Surface

27 ]

Solubility Point, g N3 CO,/100 g sat. solution

Solubility

26 7 e AT =20 ———

25 1 — — . . —
80 90 100 110 120 130 140 150

Temperature, ¢C

Figure 7.2: Solubility diagram for aqueous Na,COj; indicating experimental conditions and
estimated supersaturation required for nucleation.

The solubility of aqueous Na,COj3 is shown as a function of temperature in Figure

7.2. The bulk temperature in the experiments was 110°C, with a corresponding Na,CO3
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solubility of approximately 30.8 wt%. With a maximum temperature difference of 20°C
allowed before nucleate boiling occurred, the plate could be heated to a surface

temperature of 130°C. This corresponded to a solubility of 29 wt%. Since,

* *
— CFeed - CPlate (71)

b

c *
CPlate

where the concentrations are measured as the weight percent Na,COj in the solution, a
relative supersaturation of only 0.062 could be achieved through developed
supersaturation at the heat transfer surface without moving into the nucleate boiling
regime.

If a linear relationship between solubility and temperature is assumed then Cp]ate*-
C]:ecd* = AC = mAT, where AT is Tpiate - TFeed. Since o = (CFced*-Cplate*)/CPlatc‘, a general
relationship can be derived to determine when surface nucleation mi ght be expected.

Namely,

Co
== 7.2
m=-—0 (7.2)

where m is the slope of the linear relationship between solubility and temperature (i.e. m

will be a negative number for any solute that is inversely soluble with temperature).

Given the restriction that 6>0.1 and not allowing nucleate boiling to occur at the
heat-transfer surface (i.e. AT<20°C), Equation 7.2 becomes
m <-0.005C" (concentration/K) (7.3)
Equation 7.3 allows a prediction of the minimum inverse solubiility behavior required for

rapid initiation of surface scale. Using this model and the sdlubiiity behavior for aqueous

sodium carbonate, rapid initiation of surface fouling was not predicted. Based on several
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concentration-temperature solubility profiles for solutions of different Na,CO3:Na>SO4
predicted with the NAELS chemical equilibrium software, rapid initiation of surface
fouling would not be expected from aqueous solutions of sodium carbonate and sodium
sulfate either.

This implies that the initiation of fouling of Na,CO3-Na,SOy salts is not due to

supersaturation generated solely from increased temperatures at the heat-transfer surface.

7.4.2. Initiation Mechanisms for Fouliﬁg when Ev‘aporation was used to Generate
Supersaturation

Evaporation was used to generate supersaturation in aqueous solutions of Na;COj3
and then Na,COj; and Na,SO4. Work started with aqueous Na,CO3 and progressed to
solutions with compositions more representative of black liquor.

Only primary nucleation in the bulk solution was observed during four
evaporation experiments with aqueous sodium carbonate. After o increased to values
greater than 0.1 in the solution, primary nucleation in the bulk solution occurred, and no

subsequent fouling was observed on the heat-transfer surface. This observation indicated
that the metastable limit for bulk nucleation was lower than that for surface nucleation.
After evaporation experiments with aqueous sodium carbonate did not produce
crystallization on the heat-transfer surface, solutions with burkeite as the expected solute
were tested, followed by experiments with dicarbonate as the expected solute.
Because the relative supersaturation when bulk nucleation occurred in the
aqueous Na,COj3 had a standard deviation relative to the average value observed of less

than 10%, it was assumed that the experimental procedures were repeatable and only two
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experiments were conducted with aqueous solutions having Na,COj3:Na,SO4 molar ratios
0f 2.67:1. These experiments were conducted to determine the mechanism for scale
initiation. Analysis of microscopic digital imagery of a section of the heat-transfer
surface taken during the experiments showed crystals on the surface before crystals were
observed in the bulk solution. From this, the mechanism for the initiation of burkeite
deposits on the heat-transfer surface was identified as nucleation directly on the heat-
transfer surface rather than adhesion. It is possible that adhesion of crystals smaller than
the observable limit (d, <30 pm) due to early bulk nucleation acted as the mechanism.
However, crystals from early nucleation were not observed at any time either in the
digital imagery of the surface or by visual observation of the flow across the surface. In
one experiment, bulk crystallization was observed approximately 20 minutes after surface
fouling was first observed and evaporation stopped. In the second experiment, sloughing
of scale pieces restricted flow and required the experiment to be stopped before bulk
nucleation was observed.

An aqueous solution with a Na,COj3:Na;SO4 molar ratio of 6.0:1 was tested to
determine the mechanism for the initiation of dicarbonate scale. The initial experiment
was conducted at 110°C to allow for comparison to the burkeite experiments. During this
experiment, bulk nucleation occurred prior to surface nucleation. Analysis of
microscopic digital imagery of a section of the heat-transfer surface taken during the
experiments indicated that the initiation mechanism was adhesion of crystals to the heat-
transfer surface after their nucleation in the bulk solution. The habit of the crystals on the
heat-transfer surface appeared to be quite different from that observed previously with

burkeite. Crystals from the 6.0:1 solution displayed a more facetted nature than those
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from burkeite. Differences in appearance coupled with the fact that sodium carbonate
monohydrate can form below 109°C (the feed temperature to the cell was slightly below
this value) led to the conclusion that the crystals nucleating could be sodium carbonate
monohydrate.

Shi conducted all of his dicarbonate experiments at bulk conditions of 115°C [6],
so the next 6.0:1 solution experiment was conducted at 115°C. This experiment also
showed bulk nucleation followed by surface adhesion to be the initiation mechanism for
scaling. The crystal habit observed was closer to that seen for burkeite than to the 6.0:1
experiment conducted with a bulk solution temperature of 110°C. The difference
observed in crystal habit for the deposits coupled with differences in the effective thermal
conductivity, which will be discussed later, indicated that dicarbonate was crystallizing at
the higher temperature. Thus, it was concluded that the initiation mechanism for surface
fouling of dicarbonate was adhesion followed by growth. The rapid nucleation that
caused an opaque white solution observed for burkeite did not occur with dicarbonate.
Rather, the nucleation rate for dicarbonate in the bulk solution appeared to be much
lower. Bulk nuclei were observed in the microscopic imagery, but were barely
discernable visually.

The image capture and analysié %cl')ftware provided numerous images of crystals

el
on the heat-transfer surface for review.  Several of these will be presented and discussed.

(BN
! !

Figure 7.3 shows the habit of bf\lf}{eite crystals on the heat-transfer surface. The
ik
tooling marks on the stainless steel areio;bserved as the straight white lines on the surface.
Crystal masses that were growing towa'rd“-the center of the image from three directions

are seen in this figure. Later, these three masses grew together to form one large mass.
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Figure 7.3: Microscopically observed habit of burkeite crystals on the heat-transfer surface (imaged
area shown is 2700 pm in height)
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Figure 7.4: Microscopically observed habit of sodium carbonate monohydrate crystals on the heat-
transfer surface (imaged area shown is 2700 pm in height
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Figure 7.5: Microscopically observed habit of dicarbonate crystals on the heat-transfer surface

(imaged area shown is 2700 pm in height)




For burkeite, no clearly defined faces are observed. Rather, the crystalline masses had
the appearance of large agglomerates composed of individual crystals that were small
enough to not be discernable in the microscopic imaging. One possible cause of this
appearance might have been a combination of concurrent nucleation and growth on the
existing crystal surfaces. This is what Linnikov referred to as crystal splitting [2]. Itis
more accurately described as dendritic gromh [7].

Figure 7.4 shows a different crystal habit from tﬁat seen in Figure 7.3. While the
crystalline mass was not a perfect crystal, it did display a facetted nature not.observed in
Figure 7.4. This was probably dué to a reduction in the dendritic behavior because the
relative supersaturation was lower (0.33 for burkeite, 0.19 for sodium carbonate
mohohydrate). The difference may also be partially explained by the initiation
mechanism. Bulk nucleation followed by adhesion of the crystals to the heat-transfer
surface could lead to individual crystals on the heat-transfer surface. Also, sodium
carbonate monohydrate has been shown to form good individual crystals with defined
edges [6].

Figure 7.5 shows the surface crystal habit observed for the 6.0:1 solution after the
temperature was increased to 115‘?C. The appearance was different from both Figure 7.3
and in Figure 7.4. In Figure 7.5, _the :deposit appears to be an agglomerate, but the
individual crystal structures do nét appear to be as small as those in Figure 7.3. The habit
in Figure 7.5 might be explained by noting that dicarbonate bulk nuclei are typically
small agglomerates [6], but the initiafion mechanism was adhesion. Thus, the size of
individual crystal structures on thie. heat-transfer surface was not as small as it was for

burkeite due to less crystal splitting because the supersaturation was lower. Yet, the
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deposits on the heat-transfer surface did not have the facetted nature of sodium carbonate
monohydrate because the dicarbonate crystals adhering to the surface are themselves

agglomerates.

7.4.3. Measurement of Heat-Transfer, Nucleation and Grow Rates for Crystals on
the Heat-Transfer Surface

Measurement of the heat-transfer coefficient, nucleation rate on the heat-transfer
surface and the subsequent growth rate would provide important data for modeling the
process of fouling on heat-transfer surfaces. For this reason, an attempt was made to
develop this data.

While digital images of crystals on the heat-transfer surface were being collected,
temperatures and voltage applied to heat the surface Were also collected using a data
acquisition system. These data allowed the heat-transfer coefficient to be determined.
Only the overall heat transfer coefficient, U, was determined since only inlet and outlet

temperatures were measured. For the bench-scale surface crystallizer then,

U= ‘; Y (7.4)
A(TP— "; 0)

where g is the heat generated by the resistance heater calculated from, g = V?/Rg. Figure
7.6 presents the heat-transfer coefficient and thermal resistance due to fouling for a

sample experiment.
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Figure 7.6: Overall heat-transfer coefficient and estimations of thermal resistance due to fouling for
the crystallization of burkeite on a heat-transfer surface

The data in Figure 7.6 show negligible resistance due to fouling prior to initiation
of scale on the heat-transfer surface. At approximately 608 minutes, the heat-transfer
coefficient increased approximately 5% for a short period of time beforf; beginning a
steady decline. The drop in heat-transfer resistance at this time was explained as a
transient effect due to the nucleation of scale. As.scale nucleates on a heat-transfer
surface, it temporarily provides additional surface area for heat transfer without changing
the thermal driving force. Possibly more importantly, the scale also perturbs the flow
which can also increase the heat-transfer coefficient. The net result was an apparent
increase in the heat-transfer coefficient. At the end of this transient period, the resistance

increased due to growth of the crystals on the heat-transfer surface. The surface fouling

rate, SFR, was determined during this region.
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Dué to the somewhat random locations at which surface nucleation occurred, and
the limitation of digitally imaging one fixed location, it was impossible to determine
reproducible nucleation rates. However, nucleation of burkeite on the heat-transfer
surface occurred at the imaging location in one experiment. This observation provided an
opportunity to discuss how nucleation on the surface could be studied given three-
dimensional computer control of the location being imaged.

" Even when a clear image of the surface nuclei was obtained, as displayed in
Figure 7.7a, it was challenging to analyze the image in order to determine the number of
nuclei. Image analysis is highly subjective because of the filtering options before the
software counts the nuclei. The white lines in Figure 7.7a represent tool marks on the
heat-transfer surface. The light gray regions are nuclei on the surface.

After one set of color and light filters were used, as shown in Figure 7.7b, the
Image Pro-Plus software counted 3918 nuclei (the white dots in Figure 7.7b). This
corresponded to a nucleation rate on the heat-transfer surface, Jy s, of 4.73x10° m>s™.

Together, known values of Jj, s and the drop in thermal resistance, ARF, allowed
an estimation of the initial radius of a deposit on the heat-transfer surface, 7¢ s, to be
made. If the apparent drop in resistance is due only to the increase in the surface area for
heat-transfer because of nucleation, and if the nuclei are hemispherical in geometry, then
a straightforward estimation can be méde.

Derived from the thermal resistance due to fouling,

ARy =2 A4, (1.5)

q
Equation 7.5 shows how an apparent change in the resistance could be due to a change in

the area for heat-transfer. Because each hemisphere of radius »¢ s had a surface area of
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2nrc, 32 and was covering a circle on the heat-transfer surface of area 1tr¢ 52, the net gain in
area was nrc,szjo,s. Thus, the size of the critical radius can be estimated from

AT
ARF =_7an,S2]O,S . (76)

For the nucleation event pictured in Figure 7.7, the estimated size of a critical
nucleus was 0.37 um. Estimating r¢ s in this manner could prove to be a useful tool for
future work with equipment that can image larger portions of the surface area and capture
reproducable images of nucleation events on the heat-transfer surface.

Time-lapse digital imagery of the heat-transfer surface was used to identify and
track stable crystal structures on the surface. After calibration using a slide etched with
1-mm marks, the Image Pro Plus software package allowed measurement of crystal
lengths in individual digital images. This process is illustrated in Figure 7.8. By plotting
the different lengths measured as a function of time as shown in Figure 7.9, an average

surface growth rate was determined for each of the bench-scale experiments where

crystallization on the heat-transfer surface was observed.

Figure 7.8: Analysis of time-lapse images showing a growing crystal on the heat-transfer surface at
two different times
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Figure 7.9: Example of the estimation of growth rates for crystals on the heat-transfer surface

derived using measurements of crystal length from analysis of time-lapse imagery

Table 7.2: Bench-scale surface crystallizer growth rate kinetic estimations

C:Smoleratio Tg, °C MassEDTA,g Gs,m-s” Os ks,ms’ St Dev. ks, ms" |
2.67 110 - 3.14E-07 0.32  9.83E-07 1.58E-07
2.67 110 - 3.18E-07 0.34  9.49E-07
2.67 110 -
2.67 110 30 0.19
6.0 110 - 1.71E-07 023  7.61E-07
6.0 115 - 4.63E-07 0.14  3.35E-06 6.01E-07
6.0 115 9.5 1.11E-06 0.12  9.21E-06
6.0 115 28.5 * 0.09

*Moments after surface crystals were observed in this experiment, bulk crystals plugged the
circulation line and no growth rate data was determined.

Growth rate parameters were estimated for all of the bench-scale surface

crystallization experiments where crystal growth could be measured using the methods

outlined in Chapter 5. The growth rates and growth rate parameters from the bench-scale

surface crystallizer are presented in Table 7.2. For the experiments where multiple
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crystals were observed, the standard deviation of the growth rate parameter is also
presented in Table 7.2.

The standard deviation of the growth rate for burkeite during a single experiment
where growth rates were measured for several different crystals on the heat-transfer
surface was only 16% of the average measured value. The standard deviation of the
average growth rate parameters estimated for the two burkeite experiments conducted
under the same conditions was 2.5% of the average of the estimated values. The standard
deviation of growth for different dicarbonate crystals during the same experiment was
approximately 18% of the average measured value. A direct comparison between
burkeite and dicarbonate is not possible due to different bulk temperatures and
supersaturation gradients (as defined by differing m-values for their respective
concentration-temperature solubility curves). An indirect comparison of the rate
parameters indicates that dicarbonate growth may be one order of magnitude greater than

burkeite,

7.4.4. Estimation of Effective Thermal Conductivity from Observed Growth Rates
and Heat-Transfer Resistance.,

The model for dependence of fouling crystallization on the heat-trangfer surface
used in Chapters 5 and 6 is

SFR = FI-GS , (7.7)

F
where the effective thermal conductivity of the fouling deposit was assumed to be 1.73
Wm™K, the value previously reported by Smith [8]. The method for estimating surface-

fouling rates was presented previously in this chapter. With the surface-fouling rate and
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measured growth rate of crystals on the heat-transfer surface, it was possible to estimate
the thermal conductivity of the fouling deposit on the heat transfer surface. The results

are presented in Table 7.3.

Table 7.3: Surface fouling rates and estimations of the thermal conductivity for crystal deposits on
the heat-transfer surface from experiments with the bench-scale surface crystallizer.

| C:Smoleratio Tp, °C Mass of EDTA,g Gs,m-s’ SFR, m’KW"s” ke, WmK?
2.67 110 N 3.14E-07 1.94E-07 1.61
2.67 110 N 3.18E-07 2.09E-07 1.52
2.67 110 N
2.67 110 Y-30g
6.0 110 N 1.71E-07 9.33E-08 1.84
6.0 115 N 4 63E-07 1.22E-07 3.80
6.0 115 Y-9.5 g' 1.11E-06 2.80E-07 3.95
6.0 115 Y-285¢g *

*Moments after surface crystals were observed in this experiment, bulk crystals plugged the
circulation line and no growth rate data was determined.

The effective thermal conductivities measured using the bench-scale surface
crystallizer for burkeite compared well to the value of 1.73 Wm™K™! previously reported
[8]. The experimental values varied between 6 and 12% from the previously reported
value. The first experiment with an aqueous solution of Na;CO3:Na,SO4 molar ratio
6.0:1 that was conducted at 110°C also had a value similar to that previously reported for
burkeite (6% variation) and used for sodium carbonate monohydrate in the pilot-scale
experiments. However, when the temperature was raised to 115°C at the same molar
ratio, the effective thermal conductivity more than doubled. This further justifies the
previous conclusion that different salts were crystallizing at these two different bulk
solution temperatures with sodium carbonate monohydrate the likely crystal formed at

110°C and dicarbonate at the higher temperature.
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7.4.5. Influence of Calcium on Crystallization of Double Salts of Na,COj3 and
Na»;SO4 on a Heat-Transfer Surface

The final remaining question for this chapter is how calcium affected the results
reported in this chapter when calcium was not sequestered. To determine the effect,
EDTA was added in a series of experiments using different solutions. The exact amounts
added to each experiment are listed in Table 7.1.

EDTA was added to the solutions expected to produce burkeite to obtain a 4:1
mole ratio of EDTA molecules to calcium ions. Shi identified that a ratio between 2 and
4:1 totally sequestered the calcium and eliminated its inhibiting effects [S]. However,
this left the question of what influence EDTA might have on the surface crystallization
process. For this reason, the experiments with solutions expected to produce dicarbonate
had EDTA added to produce a 0.5:1 molar ratio in the first experiment and a 1.5:1 mole
ratio in the second experiment.

Differences in the supersaturation where initiation occurred and differences in
growth rate for crystals on the heat-transfer surface were expected when EDTA was

added. The values were tabulated in Table 7.2. For dicarbonate the rate parameter

increased by 275% when a small amount of EDTA was added. The kinetic parameters in
Table 7.2 indicate that calcium playéd a signiﬁcant role in the crystallization
phenomenon. These results were an unegj:)ected given the results in Chapter 5.
Differences in the initiation mechanism, or lack thereof, provided an additional
indication of the influence of calcium on crystallization on the heat-transfer surface. Any
change in habit might have indicated an influence of EDTA on the surface crystallization

process.
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In the case of solutions expected to produce burkeite, when EDTA was added no
crystallization on the heat-transfer surface was observed. Instead, at a relative
supersaturation of 0.15 in the bulk solution, primary nucleation occurred. No subsequent
adhesion of crystals to the heat-transfer surface was visible. This implies that nucleation
directly on the surface observed from solutions expected to pfoduce burkeite without
EDTA added was caused in part by calcium inhibition. From crystallization theory, the
interfacial free energy for a surface crystal should be lower than for a bulk crystal since
one crystal face is in contact with the heated surface, not the solution. Calcium ions
increase the interfacial free energy by introducing lattice defects. Without the calcium
inhibition, the supersaturation required to cause nucleation directly on the surface is not
reached and primary bulk nucleation occurs instead.

In solutions expected to produce dicarbonate, when EDTA was added adhesion of
crystals to the heat-transfer surface still occurred. However, the number of stable
initiation sites for fouling decreased with the increasing level of EDTA in the solution.
The apparent reason for this is the reduction in supersaturation and the consequent
reduction in growth rates. In adhesion fouling of this type, growth of the crystal into the
microstructure of the surface is requiréd to creiatcf: a stable site.

Table 7.4 presents each of the _expérirh‘erif[s and the mechanism of initiation for
fouling of the heat-transfer surface in each case. The one experiment not discussed
previously is the reduced circulation rate experiment. The parameters for this experiment
are located in the third row from the top in Table 7.4. Here the circulation rate was
reduced by 33% to determine what impact this variable might have on fouling. Instead of

influencing fouling, the pre-bulk nucleation crystals formed in solutions expected to
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produce burkeite when calcium is present caused the circulation piping to plug numerous

times.

Table 7.4: Mechanism for initiation of fouling on the heat-transfer surface observed during
experiments with the bench-scale surface crystallizer

| C:Smoleratio Tg, °C Massof EDTA, g 3 Results 1
2.67 110 - Direct Surface Nucleation before Bulk Nucleation
2.67 110 - Direct Surface Nucleation
2.67 110 - Lower Circulation Led to Particle Settling & Line Plugged
2.67 110 30 Bulk Nucleation - No Surface Adhesion
6.0 110 - Bulk Nucleation - Surface Adhesion & Growth
6.0 115 - Bulk Nucleation - Surface Adhesion & Growth
6.0 115 9.5 Bulk Nucleation - Surface Adhesion & Growth
6.0 115 28.5 Bulk Nucleation - Surface Adhesion & Growth

Table 7.5: Relative supersaturation at primary bulk nucleation (or where surface fouling was
observed)

| C:Smoleratio Tg, °C Massof EDTA,g o5 |

2.67 110 - 0.29
2.67 110 - 0.30
2.67 110 -

2.67 110 - 30 0.15
6.0 110 - 0.20
6.0 115 - 0.11
6.0 115 9.5 0.10
6.0 116 28.5 0.06

Table 7.5 shows that EDTA did in fact act to sequester calcium as the relative
supersaturation levels required for nucleation were significantly reduced. For burkeite
the relative supersaturation required was reduced by 50%. For dicarbonate, the relative
supersaturation was reduced byJust under 50%. What is interesting is that only a slight
decrease in the relative supersatufation required for bulk nucleation of dicarbonate was
observed for the first level of EDTA. It was only at the higher EDTA level that the
relative supersaturation was significantly reduced. This result agrees with the
observation of Shi that a small amount of calcium can have a large influence on

crystallization of double salts containing Na,COj3 and Na,SO4 [6].
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7.5. Conclusions

Results of experiments conducted using the bench-scale surface crystallizer were
used to identify the mechanism by which fouling was initiated on the heat-transfer
surface for both burkeite and dicarbonate. For burkeite, initiation of the fouling deposit
occurred by direct nucleation of crystals on the heat-transfer surface. For dicarbonate,
initiation of the fouling deposit occurred after bulk nucleation through adhesion of the
crystals in solution to the heat-transfer surface. Growth rates for crystals on the heat-
transfer surface were measured and heat-transfer resistances due to fouling were
estimated using the bench-scale surface crystallizer apparatus. In addition, a method for
determining nucleation rates was presented, but requires additional refinement.

Burkeite fouling was due in part to calcium inhibition. The inhibiting effects of
calcium on burkeite crystallization allowed the supersaturation to reach a level at the
heat-transfer surface where nucleation occurred before the metastable limit in the bulk
solution was reached. When EDTA was added to sequester the calcium ions, primary
bulk nucleation occurred before the initiation of fouling and no subsequent fouling was

observed.

For dicarbonate, the growth fate parameter increased with‘the sequestering of
calcium by EDTA. Sequestering calcium with EDTA also reduced the relative
supersaturation at which crystallization occurred for both dicarbonate and b.urkeite. The
relative supersaturation at which burkeite nucleation occurred was generally higher than

that for dicarbonate.
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7.6. Variables

C  Concentration, wt-%

d,  Bulk particle diameter, m

Gs Surface growth rate, ms™

Jos Surface nucleation rate, m?2s!

kr  Effective thermal conductivity of fouling material, Wm'K?!
ks  Surface growth rate parameter, ms’! |
m  Inverse solubility profile slope, K

q  Heat transfer rate, W

SFR Surface fouling rate, m*KW's™

Rr  Electrical Resistance, Q

Rr Fouling Thermal Resistance, mZKW!

T  Temperature, K

U  Overall heat transfer coefficient, Wm2K!
V  Voltage, V

o Relative supersaturation

T Scale initiation time, s

Superscripts and Subscripts
" Solubility limit
5 Bulk Condition

I Inlet Condition

0 Outlet Condition
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N

Surface Condition
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Chapter VIII: Summary of the Research

8.1. Introduction

The research undertaken and reported in this thesis had four objectives: (1) to
determine the initiation mechanisms for heat-tfansfer fouling by double salts composed
of Na,COj3 and Na,SOy; (2) to develop a methodology fqr the estimation of rate
parameters for primary nucleation and growth of crystals in bulk solutions and growth of
crystals on heat-transfer surfaces; (3) to determine the effect of calcium on the
crystallization behavior of double salts of Na,COj3; and Na;SOy, particularly as it relates to
fouling of heat-transfer surfaces; and (4) to determine the dependence of fouling on the
composition of black liquor, and particularly the influence of the transition in

crystallizing species from burkeite to dicarbonate, and on nucleation phenomena.

8.2. Initiation Mechanisms for Heat-Transfer Fouling by Na,CO3-Na,SO4 Based

Salts

Fouling of heat-transfer surfaces by double salts composed of Na,COj; and
Na,S0O4 was found to be a caused by two different crystallization phenomena. In the case
of burkeite, direct nucleation was determined to be the mechanism by which the initiation
of fouling occurred. For dicarbonate, primary bulk nucleation at relatively high
supersaturation followed by surface adhesion was identified as the mechanism for the
initiation of fouling.

Results from this work indicate that primary nucleation of two separate crystal

species of Na,COj3 and Na;SO4 can occur when black liquor is being concentrated.
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Primary nucleation first occurs shortly after the solubility limit is exceeded, when
burkeite begins to crystallize out of solution. At greater total solids content, as the
dissolved sulfate content in the liquor is reduced, dicarbonate begins to crystallize out of
solution. In black liquor, no fouling by burkeite was observed, while fouling due to
dicarbonate was substantial.

Finally, the level of supersaturation that resulted from inverse solubility behavior
and temperature of the heat-transfer surface alone was not sufficient to cause rapid
fouling. Rather, this supersaturation combined with additional supersaturation developed
by evaporation led to rapid initiation of scale on the heat-transfer surface, and subsequent

fouling.

8.3. Estimation and Application of Rate Parameters for Primary Nucleation and

Growth in Bulk Solutions and Growth of Crystals on a Heat-Transfer Surface
Nucleation rates were estimated for the first time from Focused-Beam Reflectance

Measurements (FBRM). Rate parameters for primary bulk nucleation and for growth on

a heat-transfer surface of crystals that contained Na,COj3 and Na,SO4 were estimated

using conventional crystallization models. The rate parameters estimated were used to
determine the influence of changes in experimental variables on the fouling process and
to evaluate potential strategies to reduce fouling on heat-transfer surfaces.

Correlative models for the dependence of the rate parameters for primary bulk
nucleation and for crystal growth on the heat-transfer surface from aqueous solutions of
sodium carbonate and sodium sulfate were developed through this research. The rate

parameter for primary bulk nucleation in an aqueous solution of Na,CO3 and Na;SO4
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depended directly on the thermal driving force and inversely on the rate of recirculation
of the aqueous solution over the heat transfer surface and on the Na,CO3:Na;SOy in
solution. The rate parameter for growth of crystals on the heat-transfer surface depended
inversely on the rate of recirculation of the aquéous solution over the heat transfer surface
rate and on the Na,CO3:Na,SO;4 in solution. The ratio of the salts in solution was raised
to the % power.

The dependence of the rate parameters for primary bulk nucleation and for crystal
growth on the heat-transfer surface on the composition of black liquor solutions was also
determined through this research. The rate parameters for both the first and the second
- nucleation events decreased in black liquor when the Na;COj3:Na,SO4 ratio was
increased. The rate parameter for crystal growth on the heat-transfer surface decreased
when the Na,CO3:Na,SO, ratio was increased. In addition, the viability of a number of
potential strategies that could be employed to reduce fouling at an industrial facility was
determined by comparison of their estimated rate parameters. Of the alternatives studied,
adding crystal of anhydrous sodium carbonate to black liquor above its solubility limit
provided to be the best method to reduce fouling of the heat-transfer surface in the pilot
evaporator.

The growth rate of a layer of crystals on a heat-transfer surface was estimated

from the heat-transfer resistance and thermal conductivity of the fouling deposit from

d%) _ e 8.1
dt kpdt

Recognizing that dAxf/dt is actually a growth rate, a conventional model for growth rates

of crystals of the form,
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Gg =kgo, ' 8.2)
was substituted into Equation 8.1 for dAxg/dr. This created a model for crystallization
fouling,

d—(%]—) = @-. 8.3)

kg

The sizes of crystals on the heat-transfer surface were measured as a function of
time from digital imagery. The rate of growth of these crystals was determined using the
measurements obtained.

The estimated thermal conductivity, kg, for burkeite was estimated from the
growth rates of crystals observed on the heat-transfer surface and surface fouling rates
determined from estimated heat-transfer coefficients. The thermal conductivity estimated
was within 10% of the value reported by Smith [1]. An advancement of this model
taking into account fouling initiation rate would be useful but was not undertaken as a
part of this research because nucleation rates on the heat-transfer surface could not be

measured sufficiently accurately, given the limitations of the experimental apparatus.

8.4. Influences of Calcium on the Crystalllzatlon of Na;CO3-Na,SO4 Based Salts.
Sequestering calcium ions: w1th EDTA al]owed bulk nucleation to occur in
burkeite-producing solutions before any crysltals were observed on the heat-transfer
surface. No subsequent adhesion of c‘r‘ystals‘ to the surface, as seen with dicarbonate,
occurred. For dicarbonate, when calQium V\;/as sequestered, surface adhesion and growth

occurred with molar ratios of EDTA to caicfium ion as low as 1.5:1. However, the

number of nucleation sites observed decreased when the concentration of EDTA was
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increased. Also, the rate parameter for crystal growth on the heat-transfer surface

increased when the concentration of EDTA was increased.

8.5. Future Research Opportunities

While this research provided a better understanding of the relationship between
crystallization phenomena and fouling of heat transfer surfaces during evaporation of
black liquor, it also raised several new questions. Those questions are included here as
guidance for future research on this topic.

One key question is the exact nature of EDTA-calcium interactions and their
influence on the crystallization of burkeite and dicarbonate. This work clearly shows that
the crystallization behavior for both crystals is altered by the addition of EDTA to
sequester calcium. However, no consideration has been given to whether or not EDTA
itself might inhibit crystallization in Na;CO3-Na;SOyq salts. The only way to evaluate this
is to completely remove calcium from the system, and no practical method of separation
has been determined to accomplish this task.

One experimental difficulty that was not overcome was the quantitative
measurement of the composition of the dissolved species in black liquor during
evaporation. It was difficult to collect samples that were completely free of crystals. Also,
the small changes in composition with time during evaporation were difficult to detect
because of the difficulty in sampling and analytical errors. An in situ measurement of the
dissolved sodium carbonate and dissolved sodium sulfate concentrations is needed. It
would be valuable for expén’rhental measurements and for on-line monitoring and control

of supersaturation in industrial black liquor evaporators.
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There is currently no way of estimating the solubility of Na;COj; and Na;SO4 in
black liquor that accounts for the differing composition of burkeite and dicarbonate
crystals with solution composition. In addition, dicarbonate may not be a
thermodynamically stable chemical species. Methods of accounting for the variable
composition of burkeite in equilibrium calculations, and for predicting crystallization of
dicarbonate as a non-equilibrium species need to be developed.

One final area for additional research would be to determine the influence of
viscosity on the processes of crystallization. The experimental work conducted for this
thesis used the plate Reynolds number as an indication of the flow behavior. However,
this value is primarily influenced by the flow velocity for these experiments. If the
crystallization process has any bulk transport limitations, then the viscosity of the

solution may play.a significant role in the fouling process.
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