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Abstract

The work presented in this thesis focuses on the effect of a temperature
gradient on the local composition and morphology of ash deposits formed on
heat exchanger tubes of power boilers. Cross-sections of superheater deposits
from a Brazilian and Finnish kraft recovery boiler were analysed using
Scanning Electron Microscopy/Energy-Dispersive X-ray Analysis (SEM/EDXA).
The data obtained from the Finnish superheater deposits was complemented
by deposition probe measurements, that were carried out in the superheater
region of the same boiler. In addition, laboratory-scale experiments were
carried out using synthetic ash deposits to study the initial melting behaviour
of deposits and, by varying the deposit composition, whether the identified
deposit ageing mechanisms are also applicable to deposits other than those
found in kraft recovery boilers.

In the Brazilian superheater deposits, all three deposit ageing mechanisms
identified in previously reported laboratory studies (i.e. temperature gradient
zone melting, movement of enriched melt toward the steel, and diffusional
transport of alkali chloride vapours toward the steel) were confirmed to also
occur in actual superheater deposits. In addition, the movement of a melt and
concurrent enrichment in K toward the steel, induced by a temperature
gradient, was identified. Due to the local K enrichment in the vicinity of the
superheater steel surface, the local first melting temperature of the deposit
decreased significantly and reached a minimum where the local K
concentration was the highest.

The ageing behaviour of the Finnish superheater deposits differed from the
Brazilian deposit samples. Due to the different chemical composition and ergo
lower amount of melt, the Finnish deposits formed a skeletal morphology and
the dominating ageing mechanism was diffusional transport of alkali chloride
vapours toward the steel. Two deposit archetypes were observed.

Type 1 deposits had an innermost layer concurrently enriched in Cl and K.
The probe deposits showed that a Cl and K-rich layer was formed also directly
on the steel surface, where it subsequently caused corrosion via active
oxidation. The local enrichment in alkali chloride was also identified to cause a
local decrease in the first melting temperature of the deposit and reached a
minimum in the Cl and K-rich layer that was formed directly on the steel
surface. Furthermore, the probe deposits showed that over time, an overall
enrichment in the average Cl content within the deposit had occurred. Alkali
chlorides in the flue gas diffused into the porous deposit, where they
subsequently condensed as the local temperature decreased.

Type 2 deposits were characterized by a region enriched in K and S while
concurrently depleted in Cl, due to sulphation. A deposit region initially
enriched in alkali chloride, was sulphated over time as SO, from the flue gas
can diffuse into the deposit and subsequently react with alkali chloride.

The initial melting behaviour of synthetic ash deposits was studied on a
laboratory scale to identify the parameter determining the change of deposit
morphology from skeletal to densely molten. The amount of melt formed in the

VI



deposit was identified to be the parameter determining the final deposit
morphology. The transition from a skeletal to a molten deposit morphology is
in this thesis suggested to take place at a melt fraction of about 30 wt-%. In
deposits with lower melt fractions, the melt was observed to accelerate
sintering and the formation of the skeletal morphology.

The identified ageing mechanisms were also observed in synthetic deposit
mixtures comprising NaBr-Na,SO; and KBr-K;SO4. This implies that the
mechanisms are also applicable to other processes than kraft recovery boilers.

Overall, the results of this thesis demonstrate the impact deposit ageing can
have on the local chemical composition and morphology of actual superheater
deposits. Independently of the final deposit morphology, the local first melting
temperature of the deposits was shown to decrease toward the steel, which can
promote the formation of melt in the direct vicinity of the steel surface and
cause severe melt-induced corrosion. In addition, the formation of a layer of
alkali chloride directly on the steel surface can promote corrosion via active
oxidation. Furthermore, the results show that deposit ageing is not exclusive to
kraft recovery boiler deposits but is also of relevance to deposits in other
combustion processes.
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Svensk sammanfattning

Arbetet som presenteras i denna avhandling fokuserar pad effekten av en
temperaturgradient pa den lokala sammansattningen och morfologin av
askavlagringar som bildas pa viarmevaxlarror i kraftverk. Tvarsnitt av
askavlagringar fran dverhettare fran en brasiliansk och en finsk sodapanna
analyserades med hjilp av ett svepelektronmikroskop utrustat med en
energidispersiv rontgenanalysator (SEM/EDXA). De data som erhdlls fran de
finska 6verhettaravlagringarna kompletterades med resultat fradn méatningar
som utfordes i overhettaromradet i samma panna med en avlagringssond.
Dessutom genomfordes laboratorieexperiment med syntetiska askavlagringar
for att studera de initiala smaltegenskaperna hos avlagringarna. Genom att
variera avlagringssammanséattningen studerades det om de identifierade
aldringsmekanismerna ar tillimpliga &dven pa avlagringar fran andra
anldggningar dn sodapannor.

Gallande de brasilianska 6verhettaravlagringarna bekraftades det att alla
tre tidigare identifierade aldringsmekanismer som observerats i
laboratoriestudier (vilka ar temperaturgradientzonsmaltning, rorelse av
berikad smailta mot stalet, diffusionstransport av alkalikloridangor mot stalet)
aven forekommer i verkliga overhettaravlagringar. Dessutom identifierades
smalttransport, och samtidig berikning av kalium (K), mot stdlet, som
orsakades av en temperaturgradient. Pa grund av K-berikningen minskade
avlagringens forsta smalttemperatur betydligt och nddde ett minimum dér den
lokala K-koncentrationen var som hogst.

Aldringsbeteendet fér de finska avlagringarna skiljde sig fran de
brasilianska avlagringar. Pa grund av den olika kemiska sammanséattningen och
foljaktligen lagre mangd smalta hade de finska avlagringar en skelettformig
morfologi. Den dominerande dldringsmekanismen i de finska avlagringarna
visade sig basera pa diffusion av alkalikloridangor mot stdlet. Tva typer av
avlagringar observerades.

Typ 1-avlagringar hade ett innersta lager som var berikat med klor (Cl) och
kalium (K). Sondavlagringarna visade att ett Cl- och K-rikt lager ocksa bildades
direkt pa stalytan, vilket kan fororsaka korrosion genom aktiv oxidation. Den
lokala berikningen av alkaliklorid visade sig ocksda vara en orsak till en
minskning av avlagringens forsta smalttemperatur. Smalttemperaturens
minimum naddes i det Cl- och K-rika lagret som bildades direkt pa stalytan.
Dessutom visade sondavlagringarna en generell 6kning av den genomsnittliga
Cl-halten i avlagringen som fororsakats av transport av alkaliklorid fran
rokgasen. Denna alkaliklorid diffusion med tiden in i den pordsa avlagringen,
dar den sedan kondenserade nar den lokala temperaturen sjonk.

Typ 2-avlagringar karakteriserades av ett omrade som var berikat med K
och svavel (S) och utarmat pa klor. Detta avlagringsomrade var initialt berikat
med alkaliklorid, som sulfaterades med tiden nar svaveldioxid (SO2) fran
rokgasen kunde diffundera in i avlagringen och reagera med alkaliklorid.

De initiala smaltegenskaperna hos syntetiska askavlagringar studerades pa
laboratorieskala for att identifiera 6vergangen fran en skelettformig till en
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smalt avlagringsmorfologi. Det visade sig att mdngden smélta ar den avgérande
faktorn och att oOvergangen fran en skelettformig till en smalt
avlagringsmorfologi dger rum da smaltfraktionen 6verstiger cirka 30 vikt-%. I
avlagringar med lagre smaltfraktioner observerades det att smadltan
accelererade sintring och bildandet av den skelettformiga morfologin.

De identifierade aldringsmekanismerna observerades ocksa med syntetiska
avlagringar av NaBr-Na;SO. och KBr-K;SOs. Resultaten antyder att
aldringsmekanismerna &r 4aven tillimpliga pa avlagringar fran andra
hoégtemperaturprocesser dn sodapannor.

Sammanfattningsvis visar resultaten fran denna avhandling den paverkan
som avlagringens dldring kan ha pa den lokala kemiska sammansattningen och
morfologin hos verkliga overhettaravlagringar. Oberoende av den slutliga
avlagringsmorfologin visades det att den lokala forsta smalttemperaturen for
avlagringarna minskade ju narmare stalet man kom, vilket kan gynna bildandet
av smaélta i direkt narhet till stalytan och orsaka allvarlig smaltinducerad
korrosion. Dessutom visar resultaten att avlagringens aldring inte ar exklusivt
for avlagringar fran sodapannor utan ar ocksa relevanta for avlagringar i andra
forbranningsprocesser.
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1. Introduction

1.1. Motivation

On July 29th 2021, the European climate law came into force with the goal of all
member states of the European Union to become climate-neutral by 2050 [1].
A key factor in achieving this ambitious goal is the transition from utilising
fossil fuels toward renewable sources for heat and power production to reduce
net greenhouse gas emissions. In this transition, the combustion of biomass
fuels has an important role. Not only will the total amount of biomass used to
produce heat and power increase in the future, but also a larger variety of
biomasses will be utilized in combustion processes. For some of these
biomasses, the content of inorganics can be significantly higher when
compared to coal or oil, which can pose additional operational obstacles for a
boiler. During combustion, inorganics are released into the flue gas, known to
contribute to the formation of ash deposits on heat transfer surfaces.

Ash deposits lower the efficiency of the overall process as they act as a
resistor to conductive heat transfer and in some cases, extensive deposit
formation can even cause complete blockage of the flue gas duct of a boiler.
Furthermore, some of the inorganic compounds found in ash deposits are
known to cause severe corrosion of the heat transfer surfaces. Due to these
operational challenges, the final steam temperature in boilers utilising biomass
fuels is typically kept lower compared to coal-fired plants, resulting in lower
electrical efficiencies for combustion processes utilising biomass fuels.

The composition and operational problems caused by ash deposits vary
among different fuels. Thus ash and deposit formation has been a main focus
point in research over the last decades and has been studied for a variety of
biomass fuels. One of these biomass-based fuels is black liquor, a waste stream
of the kraft pulping process and one of the largest sources for the production
of bioenergy worldwide [2].

The composition of ash deposits and their formation mechanisms in kraft
recovery boilers have been studied extensively over the last decades [3-7].
However, more recent laboratory studies showed, that the local composition of
such deposits can change significantly over time [8-10]. One key observation
in these studies has been the movement and enrichment of corrosive alkali
chloride species toward the heat transfer surface, resulting in a non-uniform
deposit composition. Similar local enrichment patterns could also be seen in
actual boiler deposits, but were typically associated with changes in the
deposition mechanisms [4,11].

For boiler operators to efficiently handle deposit-induced issues, such as
corrosion and deposit removability, a good understanding of the behaviour of
ash-forming elements in the combustion environment is required. This does
not only include detailed knowledge of deposit formation and its bulk
composition but also the processes taking place within a deposit after it has



formed on a heat transfer surface. Such processes are referred to as deposit
ageing, and earlier laboratory experiments have shown that deposit ageing can
have a significant impact on the corrosion of heat transfer surfaces and hamper
deposit removal. However, these mechanisms have so far only been studied on
a laboratory scale, under well-controlled conditions.

1.2. Objective

The objective of this thesis is to get a better understanding of temperature
gradient-induced deposit ageing mechanisms. Previously, several ageing
mechanisms have been identified during studies of the effect of a temperature
gradient on ash deposits under well-controlled laboratory conditions. The
focus of this work is to determine whether these earlier identified mechanisms
can also be seen taking place in actual superheater deposits obtained from kraft
recovery boilers. For this purpose, several deposit samples were obtained from
two kraft recovery boilers and analysed regarding morphology and chemical
composition. In addition, laboratory-scale experiments utilising synthetic ash
deposits were conducted to study deposit ageing mechanisms under well-
controlled conditions. The focus of the laboratory experiments was on getting
a better understanding of the initial melting behaviour of deposits and the
evolution of the deposit morphology. Furthermore, deposit compositions
relevant to combustion processes other than kraft recovery boilers were
studied regarding their ageing behaviour. The results of the work presented in
this thesis aim to shed more light on the underlying fundamental phenomena
relevant to operational problems in boilers caused by ash deposits, especially
deposit removability and deposit-induced corrosion.



2. Background

2.1. The kraft pulping process

In 2021, a total of 201 million tonnes of wood pulp were produced worldwide,
of which 158 million tonnes were produced using the kraft pulping process
[12]. Thus the kraft pulping process, sometimes also referred to as sulphate
pulping, is the dominating method used for industrial production of pulp. The
main advantage of the kraft process over other commercially used methods is
the high flexibility of the process regarding the input material as both, soft- and
hardwood but also non-woody biomass such as bagasse, straw, or reed can be
used [13]. Furthermore, the spent pulping chemicals can be recovered
efficiently, with recovery rates of up to 98 % [14], while at the same time heat
and power are produced. In the following chapter, the main process steps of
the kraft pulping process will be introduced with a focus on the chemical
recovery line.

The goal of every pulping process is the liberation of the cellulose fibres
from the wood matrix (predominantly lignin). Chemical, mechanical, or
biological methods are used to achieve this goal, with the kraft process being a
chemical process.

In the kraft process, debarked wood chips are mixed with white liquor, a
basic solution of NaOH and Na,S to delignify the fibres. In the digester, the
suspension is heated to temperatures between 160 - 180 °C at an elevated
pressure of up to 8 bar [15]. After approximately 2 hours, delignification is
complete to a sufficient degree and the mixture is further processed [16]. In the
blow tank, the fibres are obtained from the delignified wood chips and
subsequently separated from the spent pulping chemicals which now also
contain the dissolved lignin fragments [14]. The fibres can then be further
processed for end use [17].

The solution of the spent pulping chemicals (Na;SOs4 and Na;CO3z) and
organic material from the wood is referred to as black liquor. After the blow
tank, the black liquor has a dry solids content of around 15 % [16]. In the first
step, the dry solids content of the liquor is increased in a multistage evaporator
process. After the evaporators, the dry solids content ranges between 65 % and
85 %.

The concentrated black liquor, also called heavy black liquor, is then burned
in the recovery boiler. The recovery boiler has a dual role. On the one hand, the
spent pulping chemicals are recovered to be reused in the pulping process. On
the other hand, through the combustion of the organic material dissolved in the
liquor, heat and power are produced [3,14]. At the bottom of the boiler, a smelt
bed of inorganic salts forms. The reducing conditions in the bed promote the
formation of Na;S over Na;S04. To avoid the formation of dead zones in the bed,
the dry solids content of the black liquor droplets should exceed 58 % [3].

The smelt is then extracted at the bottom of the boiler and dissolved in
water. In the causticizer, the aqueous smelt solution is mixed with CaO. In two



steps according to reactions 1 and 2, active NaOH is recovered from Na,COs
[16].

(1) Ca0 + H;0 -> Ca(OH):
(2) Ca(OH)2 + NazC03 -> 2 NaOH + CaCOs3

The solid CaCOs produced in the causticizer is subsequently removed by
filtration, together with additional impurities [16]. In a lime kiln, CaO is
recovered from the CaCO3z produced in the causticizer. The remaining liquid
solution after the causticizer contains NaOH and Na;S, which are reintroduced
into the digester [17]. If needed, additional sodium compounds can be added
to the solution before introducing it into the digester.

The advantages of the kraft pulping process over other commercially used
methods are a relatively high yield and greater strength of the obtained pulp
fibres compared to the sulphite method [17]. Furthermore, cooking times are
short, independent of the used wood type [17]. The overall process is also
highly efficient in terms of regenerating energy and chemicals. The key factor
for the efficient recovery of the spent pulping chemicals and generation of heat
and power is the recovery boiler, where the concentrated black liquor is
combusted.

2.1.1. Black liquor as a fuel

After the digester, approximately 50 % of the used raw wood, around 85 - 93 %
of the original lignin and 56-71 % of the original hemicellulose [18] are
dissolved to form weak black liquor [2]. Therefore, black liquor is considered a
biomass-based fuel, making it the largest biomass-based fuel for power
production worldwide [2]. Besides organic material, black liquor contains
significant amounts of inorganic compounds from the spent pulping chemicals.
Thus, black liquor has unique fuel properties that differ from conventionally
used biomasses and impose significant ash-related challenges on the boiler
during combustion.

Besides organic matter, additional inorganic compounds from the wood
matrix are dissolved in the liquor during pulping. These dissolved inorganics
are referred to as non-process elements and comprise mainly P, Si, Al, Mg, Fe,
Ca, Cl, K, and Mn [19]. In terms of ash-related issues in the recovery boiler, K
and Cl are of the biggest concern. The concentration of non-process elements
in black liquor can vary significantly among different pulp mills [20]. The
variations are due to differences in process design but also due to different
wood types used as raw material [21]. In northern Europe and North America,
softwoods such as spruce or pine are most commonly used as pulping wood.
Whereas in South America the dominating wood type used is eucalyptus.
Besides the wood species, the environment of the harvesting location affects
the inorganic content of wood as well. For example, trees harvested in a coastal
region contain larger fractions of chlorine compared to the same species



harvested inland [3,22]. Thus the composition of the inorganics dissolved in
the black liquor can vary significantly and depends on various parameters. In
Table 1, typical compositions for North European, North American, and South
American liquors are summarized [13].

Table 1: Typical compositions of virgin black liquor from northern Europe, North
America, and South America [13]

Element Northern Europe | North America South America
C, % 32-37 32-37.5 33-37

H, % 3.2-3.7 3.4-4.3 2.7-3.9

N, % 0.06-0.12 0.06-0.12 0.1-0.6

0, % 33-36 32-38 33-39

Na, % 18-22 17.3-22.4 16.2-22.2

K, % 1.5-2.5 0.3-3.7 0.4-9.2

S, % 4-7 2.9-5.2 2.4-7.0

Cl, % 0.1-0.8 0.1-3.3 0.1-3.3

Inert, % 0.1-0.3 0.1-2.0 0.2-3.0

From Table 1 it can be seen that the sum of Na, K, and S is high in all liquors,
which causes the average higher heating value of black liquor (13.4-15.5
M]/kg) [3] to be significantly lower compared to other biomass fuels such as
dry spruce (18.2-20.5 MJ/kg) [23] or dry wheat straw (16.2-20.8 M]/kg) [23].
Furthermore, due to the high content of inorganics in black liquor, the ash
content is significantly higher compared to other conventionally used fuels.
Thus, black liquor is a rather unattractive and challenging fuel for the sole
purpose of heat and power production. However, as already indicated above,
the purpose of the recovery boiler is not only the combustion of black liquor
for heat and power production but also the recovery of the spent pulping
chemicals.

2.1.2. The kraft recovery boiler

Due to the dual purpose of the recovery boiler and the complexity of black
liquor as a fuel, the boiler design requires a high degree of engineering, with
the focus being on maximizing boiler availability rather than high energy
efficiency [2]. The recovery boiler is designed to achieve the contradictory
goals of creating a reducing environment to recover Na,S from Na,S04 while at
the same time achieving complete combustion of the organics dissolved in
black liquor [3]. In modern recovery boilers, the amount of heat and power
generated is sufficient to supply the whole mill [14].

The concentrated black liquor with a dry solids content of up to 85 % is
introduced as a spray to produce millimetres sized droplets in the lower part
of the boiler [3,14]. The combustion air is introduced separately from the fuel,
at three to four levels [2]. Primary and secondary airports are located



underneath the liquor guns and the tertiary air is introduced above the liquor
guns. The fourth air level is controlling NOx emissions [2]. The multiple air level
system ensures complete combustion of the organics, a high reduction
efficiency, and low emission levels [13].

The combustion of a black liquor droplet can be divided into four stages:
drying, devolatilization, char combustion, and smelt formation [3,14]. As the
droplets are sprayed into the boiler, they are subjected to high heating rates
resulting in the onset of drying and subsequent devolatilization in flight. In
each droplet a local temperature gradient prevails, thus the various
combustion stages can occur simultaneously. During devolatilization, organic
compounds decompose into light hydrocarbons and gases, causing the droplet
to swell significantly. Depending on various operational parameters, swelling
can increase the droplet volume by 20 to 50 times [3]. In an ideal case, the
particles reach the bottom of the furnace after devolatilization where they form
a char bed. The ongoing char combustion provides a reducing environment for
the smelt underneath to avoid reoxidation of Na,S that has already been formed
during char combustion [3,14]. The smelt is then extracted from the bottom of
the boiler through smelt spouts. Primary and secondary air is used to control
the shape and height of the bed. In addition, secondary air is also maintaining
a constant temperature above the bed, reducing emissions, and guaranteeing a
high reduction efficiency [14].

The high degree of swelling of the black liquor droplets during
devolatilization imposes an increased risk for particles being entrained in the
flue gas and carried to the convective heat transfer zone of the boiler. On the
other hand, if the droplets are too large, they could reach the bed while still
wet, which can cause a decrease in bed temperature or even local blackouts in
the bed. Thus the droplet size is of utmost importance to achieve a constant bed
temperature and ideal combustion conditions. However, between different
recovery boilers, the composition of the black liquor, dry solids content, and
the operating conditions of the boiler can vary significantly. Thus, no
generalized guideline for an ideal droplet size can be found in the literature.

2.2. Ash deposits in the Kkraft recovery boiler

The generated heat of combustion is utilised to produce superheated steam.
The hot flue gases are entrained in the combustion air and move toward the
upper section of the boiler, where the superheaters are located. Superheaters
are bundles of vertically aligned steel tubes. Convective heat transfer heats the
steam inside the tubes, as the hot flue gases pass through the superheater
region. The superheated steam can then subsequently be used in a steam
turbine to generate power.

2.2.1. Ash forming matter in black liquor combustion

Besides the organic combustion products, a considerable portion of inorganics
is released during devolatilisation and char combustion of black liquor



droplets. The amount and composition of the released inorganics depend on
various parameters and thus vary among different recovery boilers. The main
inorganic elements released however do not change and comprise Na, K, Cl, S,
and C [24]. These elements are mainly responsible for the formation of ash
deposits on the superheater tubes. Compared to other industrial combustion
processes for power production, the amount of fly ash in the recovery boiler is
significantly higher, due to its high inorganic content.

The deposits consist almost entirely of water-soluble alkali compounds:
Na;S04, Na;COs3, NaCl, and their K counterparts [6,25]. Besides these main
compounds, traces of various other non-process elements, e.g. Si, Ca, or Mg can
be found in the deposits as well [14,25].

In a recovery boiler, particles are classified into three size fractions. Fume
particles typically have an average diameter of less than 1 um [14].
Vapourisation of alkali salts and subsequent homogeneous condensation in the
gas phase cause the formation of fume particles. The main constituent of fume
is NazSO04, but it also contains Cl, K and CO3 [24,26]. The majority of the ash
particles entrained in the flue gas of recovery boilers are fume [14].

The second particle size fraction is called intermediate-sized particles (ISP)
and the diameter ranges between 1-100 pm [27]. They are either entrained
particles of burning droplets or char, or particles broken off from already
deposited material via sootblowing [28]. The composition of ISPs is slightly
more complex and cannot easily be generalized and depends on the formation
pathway of the respective particle. Re-entrained, sintered fume particles
typically do not differ significantly in their composition from ESP ash. In some
cases, however, the Cl content is significantly lower due to sulphation [28].
Furthermore, mineral impurities contained in the black liquor can be released
and entrained in the flue gases and form ISPs [28].

The largest particle size fraction in the flue gas of a recovery boiler is called
carryover. Carryover particles are swollen black liquor droplets entrained in
the flue gas with diameters up to several millimetres [27]. Depending on
whether the droplets are already fully combusted or not when they reach the
bullnose, the composition of carryover particles varies. Particles that were still
burning contain a significant share of unburnt carbon, whereas particles where
all carbon is burnt can contain large amounts of Na,S [14].

2.2.2. Superheater deposit formation mechanisms

All three particle size fractions contribute to the formation of ash deposits on
the superheater tubes of a boiler. Ash deposits lower the boiler efficiency as
they act as thermal resistance to heat transfer from the hot flue gases to the
steam [6]. Deposits can also cause severe corrosion of the superheater steel,
causing eventual failure of the tube [29]. Extensive deposit formation can even
cause complete blockage of the flue gas path [3]. In the worst case, deposit-
induced problems can cause severe operational issues requiring a shutdown of
the boiler, which is connected to an extensive financial loss [30]. Hence, a good
understanding of deposit formation and the mechanisms causing operational



problems are required when dealing with deposit-induced challenges during
boiler operation to avoid an unscheduled shutdown of the mill.

Due to differences in particle diameter and shape, deposits form via various
mechanisms, concurrently taking place during boiler operation [3]. In the
following chapter, the governing mechanisms of deposit formation and the
general properties of kraft recovery boiler superheater deposits will be
discussed. The discussed deposit formation mechanisms are not exclusive to
kraft recovery boilers but apply also to other types of boilers.

Condensation contributes to deposit formation in regions where the flue
gases are still sufficiently hot to contain inorganic vapours. The flue gas
temperature decreases continuously after exiting the furnace and throughout
the convective pass of the boiler. The saturation pressures of volatile
compounds entrained in the flue gas are temperature-dependent and decrease
with decreasing temperature. If the concentration of a volatile compound in the
flue gas exceeds its saturation pressure, it condenses [24,31].

Condensation can be distinguished between homogeneous and
heterogeneous condensation [24,32]. Heterogeneous condensation describes
the condensation of a vapour either on a cold steel surface [33] or on a particle
entrained in the flue gas [32]. The heterogeneous condensation of alkali
compounds on the clean steel surface is often described to be the initiator of
deposit formation [33,34]. Already the presence of a thin layer of condensate
increases the stickiness of the surface and promotes deposition and adherence
of larger particles [31,32].

Besides heterogeneous condensation, vapours can also condense
homogeneously if the concentration of the inorganic vapour exceeds its
saturation pressure significantly [32]. Homogeneous condensation causes the
formation of small fume particles [6,32]. Fume particles, typically smaller than
1 pm in diameter [27,35], subsequently deposit on heat transfer surfaces
mainly via thermophoresis [36] and also via eddy impaction [35].
Thermophoresis describes the temperature gradient-driven movement of
small particles toward the colder temperature regime. Furthermore, smaller
particles with diameters up to 100 pm [28] get caught in eddies that form as
the flue gas flows around the superheater tube. The particle trajectory is
changed toward the tube surface by the eddies, resulting in deposit build-up
[35]. For deposits that form on the side of the superheater tube (surface
parallel to the direction of the flue gas flow), eddy impaction is the governing
deposition mechanism [28]. Deposition via heterogeneous condensation and
thermophoresis can be observed around the whole circumference of a
superheater tube, as these mechanisms are driven by the temperature
difference between the hot flue gas and the colder steel surface, independent
of the location along the steel tube.

Larger ISPs and carryover particles deposit via inertial impaction. If a
particle has too much inertia, it no longer follows the streamlines of the flue
gas around the superheater tube, but instead deposits upon impaction [35].
Thus inertial impaction is exclusive to the tube side facing the opposite



direction of the flue gas flow (wind side). Hence, the deposits on the wind side
consist predominantly of large ISPs and carryover particles.

Not all particles that reach the steel surface also stick to it. Larger particles
may rebound after impaction. Smaller fume particles may detach from the
superheater surface and get re-entrained into the flue gas [35]. The sticking
propensity of particles depends on various parameters [31], of which the
amount of melt has been identified to be crucial.

Ash deposits formed in a kraft recovery boiler are a multi-component
system, and deposits melt over a larger temperature interval. The melting
behaviour is thereby determined by the chemical composition of the deposit.
The most important elements in terms of deposit melting are Cl and K. For
superheater deposits in a kraft recovery boiler, the melting behaviour can be
summarized as the following: An increase in K decreases the first melting
temperature (To) [37], while an increase in Cl results in an increase in the
amount of melt that is formed at the Ty [5]. For melt fractions between 15 and
70 wt-%, kraft recovery boiler deposits are considered to be sticky, hence they
adhere to the heat transfer surface and further deposit growth is possible [14].
If the melt fraction of a deposit exceeds 70 wt-%, gravitational forces will cause
the mostly liquid deposit to flow off the heat transfer surfaces.

However, due to the different particle size fractions and deposition
mechanisms, ash deposits in a kraft recovery boiler are not uniform in terms of
their composition and morphology. Thus predicting the composition and
morphology of a deposit that forms on a superheater tube is challenging.
Furthermore, the composition of a deposit can also change over time due to the
evaporation of volatiles initially present in the formed deposit [4], or chemical
reaction with gaseous species from the flue gas. A typical reaction between
deposits and the flue gas in the recovery boiler is the sulphation of alkali
chlorides and carbonates in the deposit [4,30].

2.3. Deposit ageing

After their formation, deposits undergo physical and chemical changes such as
sintering or (partial) melting. During sintering, bridges form between single
particles resulting in a higher degree of interconnection between the single
particles [38] which impedes the removal of a deposit [35]. Furthermore,
several studies can be found in the literature that identified local differences in
the composition of deposits obtained from actual power boilers [11,39-41].
These local differences are commonly associated with changes in the
deposition mechanism, such as the formation of an initial deposit layer
consisting of fume which enables subsequent deposition of larger particles via
inertial impaction [40]. Another common explanation found in the literature
for local differences in deposit composition is the diffusion of vapours from the
flue gas into the porous deposit and subsequent condensation on particle
surfaces or reaction with the solid deposit [4].

More recent studies at Abo Akademi University, however, showed that the
local composition of deposits can also change due to processes taking place



within the deposit, after its initial formation [8-10,42]. Such processes are
referred to as deposit ageing. Deposit ageing describes physical and chemical
mechanisms that take place in a deposit over time, after it has formed on a heat
transfer surface, affecting the local deposit chemistry and morphology.
Temperature gradients over deposits were identified to be connected to
several deposit ageing mechanisms. Due to the temperature difference
between the colder steam inside the superheater tube and the hotter flue gases,
a temperature gradient develops over the deposit in its radial direction. The
temperature gradient changes with time, as the deposit grows in thickness.
Furthermore, morphological changes due to melting or sintering result in
changes in the deposit temperature gradient. Depending on the porosity of a
deposit, the thermal conductivity, hence the temperature gradient over the
deposit cross-section changes [43]. Thus, the steepness of the temperature
gradient is not uniform over the deposit cross-section.

To get a better understanding of how the temperature gradient affects the
local chemistry and morphology of superheater ash deposits, Lindberg et al.
[8,9] exposed synthetic ash deposits to a temperature gradient. They showed
that the majority of the obtained deposits could be divided into three distinct
regions. In each of these regions, characteristics specific to a particular deposit
ageing mechanism were identified. These three deposit ageing mechanisms
will be introduced in more detail in the following sections.

2.3.1. Temperature gradient zone melting

Temperature gradient zone melting (TGZM) describes the transport of a melt
droplet through a solid medium induced by the temperature gradient the
system is exposed to. The driving force for the transport is the temperature-
dependency of the liquid phase composition. The solubility of the primary
crystallising phase in the liquid phase increases with increasing temperature.
Thus, a concentration gradient develops over the melt droplet in the direction
of the temperature gradient. The concentration gradient causes diffusional
transport in the melt resulting in the dissolution of the surrounding solid phase
at the hot end of the droplet. Simultaneously, the primary crystallising phase
recrystallises at the cold end of the droplet. By this, TGZM causes an overall
movement of the liquid phase toward the hotter temperature [8,44].

In the outermost region of the synthetic deposits, where local temperatures
were the highest, a region depleted in alkali chlorides was observed. For
exposure times of 24 h or more, the outermost layer had a dense morphology
consisting of alkali sulphate (primary crystallising phase). In all experiments,
the furnace temperature exceeded the Ty of the used synthetic deposits, thus
the dense deposit morphology was the result of (partial) melting [8,9]. In the
samples of shorter exposure times, the outer layer had a similar morphology.
However, channels of alkali chloride perpendicular to the steel surface were
identified within the outermost layer [8].

The channels of alkali chloride were oriented in the same direction as the
temperature gradient and formed as a result of temperature gradient zone
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melting [8]. For the synthetic deposits used in these earlier studies, the
composition of the formed melt is temperature-dependent. With alkali
sulphate as the main compound in the original mixture, the primary
crystallising phase is pure alkali sulphate. The corresponding melt contains all
Cl present within the original salt particles and a certain share of sulphate,
which is temperature-dependent. With increasing temperature, the solubility
of alkali sulphate in the melt increases [8].

As the local temperature in the outer deposit region exceeds the Ty, the melt
accumulates in the void areas of the originally porous deposit, forming melt
pockets [9,45]. Due to the exposure to a temperature gradient, the equilibrium
composition of the melt, even for a small melt droplet, is not uniform in the
radial direction. The region of the droplet closer to the steel, thus at a lower
local temperature, is enriched in alkali chloride compared to the region further
away from the steel. The local differences in the melt composition cause
diffusional transport of alkali chloride from the colder to the hotter region
inside the melt droplet [8].

As the alkali chloride concentration in the colder region of the melt droplet
decreases, alkali sulphate begins to recrystallize for the melt to reach its
equilibrium composition. Simultaneously, the local increase in the Cl content at
the hotter part of the droplet causes dissolution of the surrounding solid alkali
sulphate. This continuous process of concurrent recrystallisation and
dissolution, induced by the internal diffusion of alkali chlorides in the melt
droplet causes alkali chlorides to move toward the outer deposit surface with
time [8].

After the alkali chlorides have reached the outer deposit surface, they
evaporate into the furnace [8], leaving behind an outer deposit region depleted
in alkali chloride, which has a characteristic sharp border to the chloride-rich
region below, closer to the steel [8]. Due to the recrystallisation of alkali
sulphate, TGZM causes densification of the outer deposit layer.

2.3.2. Movement of enriched melt toward steel

Besides the movement of melt toward the hot part of the deposit due to TGZM,
the formed melt was also seen to move toward the steel. A melt that forms in
the outer region of a deposit, where local temperatures are above the Ty, moves
toward the steel due to capillary and gravitational forces. As the melt moves
toward the steel, the local deposit temperature experienced by the melt
decreases and the primary crystallising phase begins to solidify. Thus, despite
the decreasing local temperature, the remaining melt remains liquid and can
move even closer toward the steel.

In the synthetic deposits, below the Cl-depleted region, a second dense
deposit layer was observed. The two dense layers are separated by a sharp
border, which coincides with Ty [8,9]. The chemical composition of this second
dense layer approached the composition of the eutectic point [8,9].

The formation of this “eutectic region” is due to partial melting of the deposit
at temperatures above the To. Due to capillary and gravitational forces, the
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formed melt subsequently moves toward the steel [8,9]. As the local deposit
temperature decreases, the primary crystallising phase begins to solidify. In
the case of binary NaCl-Na;S0, and KCI-K>SO4 mixtures with alkali sulphate as
the main component, sulphate is the primary crystallising phase. Consequently,
the remaining melt enriches in alkali chloride, as the composition follows the
liquidus line. Hence, with decreasing temperature, the composition of the
remaining melt approaches the eutectic point. If the melt, which is now at the
eutectic composition due to the continuous enrichment in Cl, moves even
further toward the steel, complete solidification takes place as the local deposit
temperature reaches the Ty. Due to the low cooling rate of the melt, as it moves
toward the steel, the typical labyrinth-like distribution of alkali chlorides and
alkali sulphate can develop [8]. In several of these earlier experiments, the
movement of melt toward the steel was identified and a labyrinth-like eutectic
solidification pattern was observed between original, sharp-edged particles
[9]. This was a clear indication that melt moved toward the steel and filled
voids in the deposit at colder temperatures.

The movement of melt toward the steel causes densification of the deposit,
similar to TGZM. In addition, the movement of melt enriches the deposit in
alkali chloride toward the steel. Experiments carried out in an entrained flow
reactor, where synthetic KCI-K,SO4 and NaCl-Na;SO4 deposits were fed into the
system subsequently showed that mixing of the alkali compounds promotes
the melt to move even closer toward the steel. Due to the mixing of the alkali
compounds, melt with a To lower than that of the respective binary salts formed
[10].

2.3.3. Diffusional transport of alkali chloride vapours

The third deposit ageing mechanism identified is the diffusional transport of
alkali chloride vapours toward the steel. The diffusional transport is
temperature gradient induced and connected to the temperature-dependence
of the alkali chloride vapour pressures. With increasing temperature, the
vapour pressure of both NaCl and KCl increases exponentially. Therefore, a
concentration gradient for alkali chloride vapours develops over the gas phase
of the porous deposit region in the radial direction [8]. At higher local
temperatures, further away from the steel, the vapour pressures of alkali
chlorides are higher.

Hence, in the air gap between two distinct particles located at different
temperatures, the concentration of alkali chloride vapours is higher at the
steel-facing side of the hotter particle compared to the furnace-facing side of
the cooler particle. Thus a concentration gradient of alkali chloride vapours
develops over the air gap between the two particles. Alkali chloride vapours
then subsequently diffuse toward the steel due to the concentration gradient.
As the alkali chloride vapour concentration on the surface of the cooler particle
increases, alkali chloride condenses on the cooler particle surface to maintain
saturation concentration. At the same time, additional alkali chloride
evaporates from the inside of the hotter particle, as the vapour concentration
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at the hotter particle surface tends to decrease due to diffusional transport
toward the cooler deposit region [8,9].

The diffusional transport of alkali chloride vapours toward the steel was
seen in the region of the deposit where local temperatures did not exceed the
To and the distinct particles retained their original shape and no melt was
formed during the experiment.

This continuous process of evaporation, diffusion, and condensation results
in the build-up of alkali chloride layers on the furnace-facing side of particles
over time. Simultaneously, the steel-facing side of the original salt particles was
observed to deplete in alkali chloride, leaving behind a skeleton of alkali
sulphate [8,9].

In addition to the furnace-facing side of particles, alkali chloride layers
formed directly on the steel surface [8,9]. However, closer to the steel surface,
where local temperatures were lower, the thickness of the formed layers
decreased [8,9]. As the vapour pressure increases exponentially with
increasing temperature, the concentration gradient is steeper at higher
temperatures, thus the diffusion flux is greater and the alkali chloride layer
thickness increases with distance from the steel [8]. The formation of an alkali
chloride layer directly on the steel surface implies an increased risk for alkali
chloride-induced corrosion.
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3. Experimental

In this thesis, deposit ageing mechanisms in ash deposits obtained directly
from the superheater tubes of kraft recovery boilers were studied. In addition,
probe measurements were carried out in the superheater region of a kraft
recovery boiler. To complement the full-scale data, a laboratory setup was used
in which temperature gradient-induced changes on synthetic ash deposits
were studied under well-controlled conditions.

The morphology and chemical composition of all deposit samples were
analysed using scanning electron microscopy (SEM) and energy dispersive X-
ray analysis (EDXA). Thermodynamic modelling was utilised to calculate the
melting behaviour of the deposits, the composition of the formed molten phase,
and the vapour pressures of alkali halides.

3.1. Kraft recovery boiler superheater deposits

A major part of this thesis concerns deposit ageing in actual superheater ash
deposits from kraft recovery boilers. Deposit samples were obtained from the
superheater tubes of two different kraft recovery boilers.

3.1.1. Brazilian deposit samples

The deposit samples presented in Paper I were obtained from a kraft recovery
boiler located in Belo Oriente, Brazil. The boiler has a maximum firing capacity
of 2700 tons of dry solids per day. The deposits were removed directly from
the superheater tubes, after 6 months of continuous boiler operation. The
samples were taken by the boiler operator, during a shut-down of the boiler,
from where they were then shipped to Finland for detailed analysis.

A total of three samples were taken from different locations along the
convective pass of the boiler (secondary superheater tube, screen tube, and
tertiary superheater tube). The sampling locations are indicated in the
schematic drawing of the convective pass of the boiler shown in Figure 1.
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Figure 1: Sampling locations of superheater deposits obtained from Brazilian
kraft recovery boiler. Reprinted with permission from Paper I under a CC-BY-4.0
license. Copyright © 2021 Elsevier

The superheater tubes were accessed through manholes in the boiler wall. The
deposits were manually removed from the superheater tubes. A loss of material
during sampling, especially of the innermost deposit layer, could not be ruled
out as some of the deposit material either remained attached to the
superheater tube or got destroyed during sampling and transportation.

No information on the flue gas temperature at the sampling locations was
available. However, typical flue gas temperatures in recovery boilers are
around 900 °C at the entrance to the convective pass [28] and 700 - 800 °C at
the exit of the tertiary superheater tubes [28]. The steam temperature at the
respective sampling locations was 420 °C at sampling point 1, 290 °C at
sampling point 2, and 460 °C at sampling point 3.

3.1.2. Finnish deposit samples

A second batch of deposit samples was obtained from a kraft recovery boiler in
Rauma, Finland with a maximum firing capacity of 3200 tons of dry solids per
day (Paper II). Analogous to the Brazilian deposits, the boiler was accessed
through openings in the boiler wall and the deposits were manually removed
from the superheater tubes by the boiler operator. The sampling locations are
indicated in the schematic in Figure 2.
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Figure 2: Sampling locations of superheater deposits obtained from Finnish kraft

recovery boiler. Reprinted with permission from Paper Il under a CC-BY-4.0
license. Copyright © 2023 Elsevier

The deposits were obtained after a continuous boiler operation of
approximately one month. Four sampling locations were located close to the
boiler roof, similar to the Brazilian boiler. In addition, samples were taken from
the lower part of the tertiary superheater, close to the bullnose. Deposits were
taken from a total of 8 different sampling locations, as the superheaters were
accessed from both boiler side walls. The steam temperature in the tertiary
superheater tubes averaged 480 °C. No data on the flue gas temperature was
available. However, flue gas temperature measurements during separate probe
sampling campaigns showed flue gas temperatures in the upper superheater
region (Sampling location R1) to range between 550 - 650 °C.

3.2. Full-scale probe deposit sampling

Besides actual superheater deposits, a new sampling probe was designed to
carry out long-term deposit sampling campaigns in actual recovery boilers. The
design of the probe and measurement results are discussed in Paper III. All
probe measurements were carried out at Sampling location R1 (Figure 2) of the
Finnish kraft recovery boiler.
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The deposit sampling probe consists of two steel tubes made from P235GH
steel (a carbon steel). The outer diameter of the probe is 5 cm. The main
features of the probe design are shown in Figure 3.

Figure 3: Main design features of full-scale deposit sampling probe: A) Fully
assmebled probe; B) Removable tip; C) Back end of probe; D) Custom made
manhole cover; Reprinted with permission from Paper Il under a CC-BY-4.0
license. Copyright © 2023 Elsevier

In image A of Figure 3 the fully-assembled probe is shown. The square-shaped
plate is attached to the boiler wall, thus dividing the probe into two parts: the
part to the left of the plate, with a total length of 85 cm, is located inside the
boiler during the experiment. The part to the right of the plate remains outside
of the boiler. The main probe is welded to the squared metal plate, to avoid any
rotation during the measurement, enabling differentiation between various
locations along the probe’s circumference when analysing the obtained deposit
sample. Two inspection holes are drilled into the squared plate, which can be
used to remove deposit material from the inside boiler wall before removing
the probe. For the whole duration of the experiment, a thermocouple was
inserted directly into the boiler through one of the inspection holes, measuring
the flue gas temperature.

The deposit sample is collected on a removable tip, 10 cm in length,
highlighted in image B. The removable tip allows analysis of the collected
deposit, while still attached to the probe surface. During the experiment, the
tip is held in place by a second steel tube, located inside the probe. A metal
cross is welded to the tip of the inner tube, fitting into the grooves of the outer
tip and preventing it from falling off the probe during the experiment.
Additional grooves are located at the contact area between the main probe and
the tip, preventing the tip from rotating during the experiment. After longer
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exposure times, the tip could no longer be removed from the main probe due
to extensive corrosion. Therefore, a small gap between the tip and the main
probe can be seen in image B. [t is possible to cut off the tip at this gap, without
damaging the probe or the deposit on the sampling tip.

The sampling tip is cooled to a designated temperature using pressurized
air. During the exposure, two thermocouples are placed inside the sampling tip,
one of which is connected to a PID controller adjusting the flow of cooling air
inside the probe thus maintaining a constant steel temperature. The second
thermocouple logs the steel temperature. The cooling air enters the probe at
its back end, indicated in image C, and passes through the probe in the space
between the inner and outer tube from where it is then blown into the boiler,
exiting the probe at its tip.

At the back of the probe shown in image C, a spring is used to build up force
for the inner tube to keep the tip in place during the measurement. By using a
spring, differences in the thermal expansion of the inner and outer tube can be
compensated while at the same time exerting sufficient force for the tip to
remain attached to the probe during the whole duration of the experiment.

An oval metal plate was manufactured, exactly fitting the opening in the
boiler wall and onto which the probe can be attached. A square opening in the
oval plate with an edge length of 15 cm ensures the removal of the probe from
the boiler without damaging the deposit. Four bolts are used to attach the
squared metal plate to the oval plate covering the boiler wall opening.

Before inserting the probe in the boiler, the sampling tip was preheated to
temperatures above 100 °C to avoid immediate condensation of water vapour
on the blank steel surface. After the experiment, the flow of cooling air was
increased to achieve fast cooling of the sample. The cool deposit was then cast
in epoxy resin, while still attached to the sampling tip.

At the sampling location, three sootblowers were located in the direct
vicinity of the probe. The locations of the three sootblowers in relation to the
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probe are shown in Figure 4 together with the nomenclature for distinct points
along the probe’s circumference.

Direction of flue gas flow

1 Wind side
2 Top side
3 Lee side
4 Bottom side
IO.75 m
2.25m ZI%Q
Sootblowers

Figure 4: Nomenclature of distinct points around probe circumference and
location of nearest sootblowers during probe measurement. Adapted with
permission from Paper IIl under a CC-BY-4.0 license. Copyright © 2023 Elsevier

The side of the probe facing the flue gas stream directly is referred to as the
wind side and the opposite part of the probe is the lee side. The top side was
facing upward during the experiment. The bottom side, which was directly
exposed to the closest sootblower at a distance of 0.75 meters, faced
downward. Two more sootblowers were located 2.25 meters to the left and
right, on the same level as the one directly underneath the probe.

3.3. Laboratory temperature gradient experiments

Deposit ageing was also studied on a laboratory scale (Papers IV and V).
Synthetic ash deposits were exposed to a temperature gradient by placing an
air-cooled probe in a tube furnace. Images of the laboratory probe setup are
shown in Figure 5.
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Figure 5: Laboratory temperature gradient probe with two removable steel
sample rings on which the synthetic deposits were placed on. Reprinted with
permission from Lindberg et al. [9] Copyright © 2016 Elsevier.

The probe itself consists of 2 concentric steel tubes. Synthetic ash deposits are
placed on two steel sample rings at the tip of the inner tube. Cooling air,
recirculating inside the probe, is used to maintain a constant steel temperature
during the experiment. The outer tube is used to minimize the cooling effect
the inner tube has on the furnace and at the same time reduce the flow of
cooling air. The deposits are exposed to the furnace through a small opening in
the outer tube. More stable furnace temperatures during the experiments are
ensured by this design.

During the exposure, the synthetic ash deposits are held in place by moulds
of fire-sealant paste. This prevents molten salts from flowing off the probe
during the experiment. In each of the steel rings, a thermocouple is placed to
control the cooling airflow and log the steel temperature, respectively. A third
thermocouple logs the furnace temperature just above the outer deposit
surface. In Paper IV, the temperature measured at the outer deposit surface is
used to calculate the maximum amount of melt formed in the deposit during an
experiment.

The preparation of the synthetic deposits used in the laboratory scale
experiments consisted of the following steps: the single compounds are
weighed, mixed, and melted for homogenization. After cooling to room
temperature, the solidified melt is crushed and sieved to a particle size of 53 -
250 pm. The initial compositions of the synthetic deposits (pre-melting) used
in this thesis are summarized in Table 2. After melting and crushing, the final
compositions of the synthetic deposits were analysed using electron dispersive
X-ray analysis.
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Table 2: Compositions and calculated Ty of synthetic ash deposits used in
laboratory temperature gradient experiments

Name Na K Cl S04 Br To

[wt-%] | [wt-%] | [wt-%] | [wt-%] | [wt-%] [°C]
86-Na;S04 33 - 4 63 - 626
77-K2S04 - 46 5 49 - 690
69-K2S04 - 46 8 46 - 690
1K 1Cl 32 1 1 66 - 615
10K 1Cl 25 10 1 64 - 556
10K 10Cl 26 10 10 54 - 557
1K 10ClI 33 1 10 56 - 613
NaBr-Na;S0; | 29 - - 46 25 622
KBr-K;S04 - 40 - 33 27 670

Besides the deposit composition, other parameters varied in the laboratory
experiments were the exposure time (0-336 h), furnace temperature (780-
980 °C), and probe temperature (400-500 °C). The laboratory setup was used
to study deposit ageing in synthetic deposits relevant to kraft recovery boilers
(Cl-containing salts) as well as deposits relevant to other processes, e.g. waste
combustion, by replacing Cl with Br in some of the salts (Paper V).

In Paper 1V, deposit compositions containing Na and K concurrently
(ternary reciprocal systems) were studied. The ternary reciprocal deposits are
closer to the composition of actual recovery boiler superheater deposits
compared to the earlier studied binary salts. Furthermore, the initial melting
behaviour of deposits was studied in experiments with short exposure times
(Paper IV). The shortest exposure time to investigate the initial melting
behaviour of deposits was zero minutes. Temperature profiles of the probe and
furnace temperature during a zero-minute experiment are shown in Figure 6.
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Figure 6: Probe and furnace temperature of zero-minute laboratory probe
experiment. Reprinted with permission from Paper IV under a CC-BY-4.0 license.
Copyright © 2023 Elsevier

The probe was placed in the cold furnace and heating of the furnace was started
(0 minutes on the X-axis in Figure 6). As soon as the probe reached its
designated temperature (Point 1 in Figure 6), cooling of the probe started.
From this point on, the probe temperature remained stable at its set
temperature. At the same time, the furnace was further heated up to its
designated temperature. At point 2 in Figure 6, the furnace reached its target
temperature, marking the starting point of the experiment. In the case of a zero-
minute experiment shown in Figure 6, point 2 concurrently marks the endpoint
of the experiment. After the experiment, the probe was removed from the tube
furnace and the flow of cooling air inside the probe was increased to cool the
deposit samples to room temperature. Before removing the steel sample rings
from the probe, the deposit samples are cast in epoxy resin to minimize the risk
of damaging the deposit when removing the steel rings from the probe.

3.4. Analysis of deposit samples

The same analysis method was used for all samples in this thesis, independent
of it being a superheater deposit, boiler probe deposit, or laboratory probe
deposit. First, the samples were cast in epoxy resin. By this, the probe deposits
remained attached to the steel surface and the loss of deposit material during
further process steps was prevented. The cured samples were then cut to
obtain a cross-section. The cross-sections were ground using different grades
of SiC grinding paper to obtain a smooth surface. A water-free lubricant was
used for polishing to avoid the dissolution of any deposit material. The polished
deposits were cleaned using petroleum ether and subsequently carbon coated.

The morphology of the cross-sections was analysed using scanning electron
microscopy (SEM). The chemical composition of the cross-sections was
analysed using energy-dispersive X-ray analysis (EDXA). The EDXA data were
further used to create elemental maps of the cross-sections and to calculate
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concentration profiles of certain elements and the molar K/(Na+K), Cl/(Na+K),
and S/(Na+K) ratios throughout the cross-section. Furthermore, the deposit
melting behaviour and local Ty were calculated using FactSage 8.1[46] and the
FTPulp database containing data relevant to deposits forming in kraft recovery
boilers [47].
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4., Results and discussion

4.1. Full-scale boiler deposits

Deposits from superheater tubes of two different kraft recovery boilers, one
located in Brazil (Paper I) and one located in Finland (Paper II) were analysed
regarding their morphology and chemical properties to identify deposit ageing
mechanisms. In addition, long-term probe deposit measurements were carried
out in the Finnish boiler (Paper III). As shown in Table 1, the composition of
the fired black liquor can be significantly different, depending on the wood type
used in the pulping process. Due to these compositional differences in the fired
liquors, the Brazilian and Finnish deposits will be discussed in separate
sections.

4.1.1. Brazilian boiler deposits

Three deposits from different locations along the convective pass of the
Brazilian boiler were analysed in Paper . No significant differences in the bulk
chemical composition of the single deposits were observed. In Figure 7 the
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cross-section of one of the obtained deposits is shown, with the three identified
deposit ageing mechanisms highlighted on the right.

Ak .7

43.5 mm

L & A -t [

Figure 7: (A) SEM cross-section of Brazilian superheater deposit; (B) Channels of
alkali chloride rich melt perpendicular to steel surface; (C) Molten region
enriched in K and Cl closest to steel; (D) Alkali chloride layers on furnace facing
side of particles within porous region of deposit. Adapted with permission from
Paper I under a CC-BY-4.0 license. Copyright © 2021 Elsevier

For all backscatter images of deposit cross-sections in this thesis, the white
colour corresponds to alkali halides, darker shades of grey are alkali sulphate
and carbonate, and black represents voids within the deposit. In all deposits,
the bottom of the image was located closest to the steel surface.

The majority of the deposit cross-section shown in Figure 7 A was of a dense
morphology, indicating the presence of large amounts of melt during boiler
operation. Closest to the steel, at the bottom of the image, the deposit had a
porous region of distinct particles. Characteristics of three deposit ageing
mechanisms, previously identified on a laboratory scale using synthetic ash
deposits [8-10,42], were also observed in the Brazilian superheater deposits.

In the outer region of the deposit, furthest away from the steel surface,
channels of alkali chloride perpendicular to the steel surface were seen (Figure
7 B), a clear indicator for temperature gradient zone melting. During partial
melting of the outer deposit region, the melt formed within the originally
porous deposit accumulates in void areas. As the deposit is exposed to a
temperature gradient, the local temperature within the formed melt pockets is
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not constant. The temperature gradient over the melt pockets causes the alkali
chloride-rich melt to move toward the outer deposit surface over time. A more
detailed explanation of the mechanism can be found in Chapter 2.3.1 of this
thesis and Paper V.

Different stages of temperature gradient zone melting were observed in the
same deposit sample. For larger melt pockets, the majority of the melt was still
within the pocket and a Cl-rich channel led from the upper part of the melt
pocket toward the outer deposit surface. For smaller pockets, TGZM already
progressed further, leaving behind spherical voids, depleted of alkali chloride.

In Paper I, TGZM was for the first time observed to take place in actual
superheater deposits. Compared to synthetic laboratory deposits, where TGZM
has been observed earlier in the context of deposit ageing, actual superheater
deposits are significantly more complex regarding their melting behaviour.
However, analogous to the synthetic binary deposits used in the earlier
laboratory studies, the composition of the melt formed in the superheater
deposits is temperature-dependent. Thus, the driving force for the movement
of meltin the actual superheater deposits remains the same as for the synthetic
deposits utilised in the laboratory scale studies. For the Brazilian recovery
boiler deposits, most Cl present in the deposit will be incorporated in the
molten phase as soon as the Ty is reached. With increasing temperature, a
larger share of alkali sulphate and carbonate is dissolved in the molten phase.
Hence the alkali chloride diffusion is directed toward the outer deposit surface,
analogous to the laboratory deposits.

Closer to the steel, within the molten region of the deposit, local enrichment
in Cl was seen (Figure 7 C). The melt, formed within the deposit, moves toward
the steel due to capillary forces. As the local temperature decreases, solid
phases precipitate and the remaining melt is enriched in Cl. The visual
appearance of the enriched region at the interface between the molten and
porous region was similar to that of a eutectic melt. Local enrichment in Cl
within a molten region of deposits has also been observed in laboratory
experiments, where the enriched region approached a composition close to
that of the eutectic point [8,9].

The region closest to the steel (Figure 7 D) consisted of distinct particles,
which did not sinter during boiler operation. On the furnace-facing side of these
particles, layers of alkali chloride were formed. These layers form as alkali
chloride vapours evaporate from the original deposit particles and diffuse
toward the steel surface. Analogous to the laboratory experiments using binary
salt mixtures, the driving force of the vapour diffusion is the alkali chloride
concentration gradient in the gas phase induced by the temperature gradient.
This mechanism has been studied extensively under well-controlled laboratory
conditions using synthetic binary ash deposits [8,9,42]. The Brazilian
superheater deposits gave proof for the mechanism to be also of relevance for
actual superheater deposits.
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Within the molten region of the deposit closest to the steel, local enrichment
in K was observed. SEM-EDXA maps of the innermost region of the deposit are
shown in Figure 8.

Cl/(Na+K) [mol/mol] K/(Na+K) [mol/mol]

0.2

7.9 mm

Figure 8: Cross-sectional backscatter SEM image, molar Cl/(Na+K) ratio, and
molar K/(Na+K) ratio (left to right) of innermost region of Brazilian superheater
deposit. Adapted with permission from Paperl under a CC-BY-4.0 license.
Copyright © 2021 Elsevier

The molar K/(Na+K) ratio showed a gradual increase in the K content toward
the steel. A maximum was reached at the interface between the porous and
molten regions. Throughout the K-enriched region, Cl was more or less evenly
distributed but enriched compared to the outer deposit region.

A similar gradual element enrichment has not been observed in earlier
laboratory temperature gradient experiments. These earlier laboratory
experiments have been carried out using synthetic ash deposits containing only
one alkali metal, either K or Na. Therefore, the development of an alkali metal
concentration gradient in the melt was not possible in these experiments.

The composition of actual recovery boiler superheater deposits is more
complex, as the deposits contain K and Na concurrently. The enrichment in K
toward the steel is a consequence of the above-described movement of melt
toward the steel due to capillary forces. As the local temperature within the
deposit decreases, the melt solidifies partially. The primary solidifying
compounds for the Brazilian kraft recovery boiler deposits are Na;SOs and
Na,COs. Hence, K and Cl enrich in the molten phase with decreasing
temperature. The K enrichment in the remaining melt affects further
solidification. For kraft recovery boiler deposits, an increase in the K content
results in a decrease in the To. Therefore, the remaining melt solidifies at a
temperature well below the Ty of the deposit bulk composition. The melting
behaviour of the Brazilian deposits and subsequent solidification of the formed
melt was calculated using FactSage 8.1. In Figure 9, the gradual K enrichment
in the remaining melt during solidification is shown.
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Figure 9: Change of melt composition during solidification of melt initially formed
at the deposit bulk T, of the Brazilian deposit. Adapted with permission from
Paper [ under a CC-BY-4.0 license. Copyright © 2021 Elsevier

The local deposit temperature is plotted on the Y-axis of the graph in Figure 9.
The bulk Ty of the deposit was at 543 °C with the following melt composition:
27 wt-% Na; 20 wt-% Cl; 12 wt-% K; 32 wt-% SO4; and 9 wt-% COs. A decrease
in temperature results in partial solidification of the melt. As mentioned above,
the solidifying phase consists predominantly of Na,S04 and Na;COs. Therefore,
with decreasing temperature, the remaining melt enriched in K. Furthermore,
the graph shows that melt, initially formed at the bulk Ty solidifies over a large
temperature range of almost 40 °C. The final solidification temperature was at
506 °C, due to the continuous enrichment of K in the remaining molten phase,
as the temperature decreases. At its final solidification temperature (506 °C),
the remaining melt consisted of 23 wt-% Na; 21 wt-% Cl; 18 wt-% K; 30 wt-%
S04; and 8 wt-% CO:s.

Based on the temperature-dependent change in the melt composition as it
moves closer toward the steel, a mechanistic explanation of the observed K
enrichment was developed. The four main steps of the proposed mechanism
are shown in Figure 10.
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Figure 10: Stepwise illustration of melt enrichment mechanism in a deposit
containing NaCl, Na;S04, Na:CO3, KCI, K2S04, and K>CO3. A) Outer region of porous
deposit exceeds the bulk Ty; B) Initial formation of melt at the T,; C) Movement of
melt toward the steel and partial solidification; D) Additionally formed melt on
outer deposit surface fills remaining voids in porous deposit at temperatures
between the Topux and Tooveran. Reprinted with permission from Paper I under a
CC-BY-4.0 license. Copyright © 2021 Elsevier

In the early phase of deposit build-up on the superheater tube, cooling from the
steel is sufficient and the deposited particles do not melt. The local deposit
temperature in the region closest to the steel is below the bulk To. Over time
additional particles deposit, increasing the deposit thickness. At a certain
deposit thickness, cooling from the superheater tube is no longer sufficient and
the temperature in the outer deposit region exceeds the Ty of the bulk deposit
composition.

In Figure 10 A, the particles at the outer deposit surface are exposed to
temperatures above the bulk To. Hence these particles melt partially. Most of
the CI present in the originally deposited particles will be in the molten phase
as soon as the particles reach the Ty and a melt is formed (Figure 10 B). Due to
capillary forces, the melt formed at the outer deposit surface moves toward the
steel. As the local temperature decreases toward the steel, the melt solidifies
partially. In the case of the Brazilian deposits, the recrystallizing phase consists
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of alkali sulphate and carbonate, predominantly Na compounds, whereas
almost all chloride remains in the molten phase as well as a large share of K
(Figure 10 C).

At the same time, as the melt moves toward the steel, additional material
deposits on the outer deposit surface. The newly deposited material is also
exposed to local temperatures above the To. Hence additional melt forms at the
outer deposit surface which subsequently moves toward the steel following the
same mechanisms as described for the melt initially formed. At some point, the
melt reaches local temperatures equal to the global Ty of the system. The
process continues until all pores of the deposit, where local temperatures are
above the global Ty, are filled with melt (Figure 10 D). This results in the dense
deposit morphology with local enrichment in Cl and K seen in the Brazilian
boiler deposits.

The described mechanism of melt moving towards the steel coupled with
enrichment in K was shown to affect the local first melting temperature of the
deposit. The EDXA data was utilized to analyse to what extent the observed
enrichment in K affects the Ty of the deposit locally. The part of the deposit
enriched in K was divided into several sections, as shown in Figure 11.
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Figure 11: Innermost region of Brazilian superheater deposit divided into several
sections (left); Local first melting temperature of the deposit for each
corresponding section (middle); molar K/(Na+K) ratio (right). Adapted with
permission from Paper I under a CC-BY-4.0 license. Copyright © 2021 Elsevier

The average composition was calculated for each section the deposit was
divided into and subsequently used to determine the local To with FactSage. As
shown in Figure 11, the local To within the K and Cl-rich region decreased
toward the steel. A minimum was reached at the interface of the molten and
porous layer, where the K concentration reached a maximum. The profile of the
local average Ty represents a mirrored image of the molar K/(Na+K) ratio as
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shown in the right-hand figure in Figure 11. The first melting temperature of
recovery boiler deposits depends predominantly on the K content: the first
melting temperature decreases with increasing K. Thus the calculations of the
average local first melting temperatures were in line with the general
understanding of the melting behaviour of superheater deposits in a kraft
recovery boiler.

The movement of melt toward the steel coupled with K enrichment was also
seen in the laboratory experiments. In PaperIV, synthetic deposits
concurrently containing K- and Na-salts were exposed to a temperature
gradient. For deposits containing Na- and K-salts, melt was observed
significantly closer to the steel compared to earlier experiments where binary
salt mixtures had been used. The presence of a melt in the direct vicinity of the
steel is directly connected to the local decrease in the Ty due to the K
enrichment. Hence the proposed melt enrichment mechanism poses an
increased risk for melt-induced corrosion of superheater tubes.
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4.1.2. Finnish boiler deposits

Superheater deposits (Paper II) and probe deposits (Paper III) were obtained
from a Finnish kraft recovery boiler. The samples complemented each other
very well and are therefore presented together. The Finnish deposits showed
significant differences in morphology and chemical composition when
compared to the Brazilian superheater deposits. In addition, major
morphological differences were observed among individual Finnish deposits.
No molten layer formed in the hotter regions of the deposits, due to the low Cl
content in the Finnish liquor compared to the Brazilian liquor. Selected cross-
sectional SEM images of the Finnish superheater deposits are presented in
Figure 12.

Sampling location: R1

Sampling location: L2

9.7 mm

Innermost layer of sintered fume
in sample L2

17.2 mm

Sampling location: L4

Large irregularly shaped particles
in sample L3 ¢

6 mm

Sampling location: L3 ¢ ,l
1 ; 2 E |1 ;

ol R

Sampling location: L

2.6 mm

Figure 12: A-E) SEM images of superheater deposit cross-sections obtained from
various sampling locations in the Finnish kraft recovery boiler; F) Outer deposit
region consisting of larger sintered agglomerates; G) Innermost deposit region
of sintered network of sub-micrometre sized particles; H) Large irregular shaped
structures; Reprinted with permission from Paper Il under a CC-BY-4.0 license.
Copyright © 2023 Elsevier
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Deposits A and B in Figure 12 were obtained from the upper region of the
superheaters, and deposits C, D, and E from the lower region, close to the
bullnose. The morphologies of deposit C and the upper superheater deposits (A
and B) were very similar, while D and E differ significantly.

The large variations in morphology among the deposits from the lower
superheater region are currently not fully understood. A possible explanation
for the morphological features of the lower superheater deposits is the
increased deposition of carryover particles with a high melt fraction. The shape
and size of the particles seen in deposit E indicate the deposition of carryover
particles, which were partially molten in flight. As these particles hit the
superheater tube, they deform and solidify subsequently, resulting in the
irregularly shaped melt-like particles in Figure 12 E. Furthermore, deposit
morphologies similar to that in Figure 12 E were also seen at the bottom side
of the probe deposits, which were directly facing the sootblower. Thus, the
proximity of sootblowers to the sampling location is another possible
explanation for the morphology of the deposits obtained from the lower
superheater region.

Due to the large variations among the deposits from the lower superheater
region, the detailed analysis of the Finnish superheater deposits focused on
samples from the upper superheater region. This also ensured better
comparability to the deposits from the Brazilian boiler as these deposits were
also taken from the upper superheater region. Furthermore, the probe
measurements were also carried out in the upper superheater region.

Most of the deposits from the upper superheater could be divided into two
distinct regions: An innermost layer consisting of sintered fume particles
(Figure 12 G) followed by a layer consisting of larger sintered agglomerates
toward the outer deposit surface (Figure 12 F). Some of the analysed cross-
sections lacked this inner layer of sintered fume. As the deposits were scraped
off the superheater tubes, the risk of particles being lost during sampling was
high and the lack of the innermost region of sintered fume particles was
believed to be a sampling artefact. By carrying out probe measurements, the
risk of material loss could be eliminated as the deposit samples were analysed
while still attached to the probe surface.

Due to the lack of a dense molten layer in the Finnish deposit samples, the
ageing behaviour differed significantly from the Brazilian deposits. Movement
of melt toward the steel and temperature gradient zone melting were not
observed within the Finnish deposits, as these mechanisms require larger
amounts of melt. However, alkali chloride layers were observed on the furnace-
facing side of particles within the porous deposit structure. Hence, diffusional
transport of alkali chloride vapours toward the steel took also place in the
Finnish deposit samples.
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Two different enrichment patterns were identified in the EDXA data. “Type
1” deposits were characterized by a region enriched in K and Cl closest to the
steel. An example of a “Type 1” deposit is given in Figure 13.

Greyscale SEM image of Cl/(Na+K) [mol/mol] K/(Na+K) [mol/mol]

cross-section EEE—— 00 ]
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Figure 13: Greyscale cross-sectional SEM image of a Type 1 deposit (left); molar
Cl/(Na+K) ratio (middle); molar K/(Na+K) ratio (right); Adapted with
permission from Paper Il under a CC-BY-4.0 license. Copyright © 2023 Elsevier

In the images depicting the molar Cl/(Na+K) and K/(Na+K) ratios, layered
enrichment in Cl and K is seen. A more detailed analysis of the enriched region
did not show any significant formation of alkali chloride layers on the
individual particles. Therefore, the enrichment visible in Figure 13 was
concluded to be the result of fume particles forming an initial deposit layer on
the superheater tube. The initial deposit layer subsequently facilitated the
deposition of larger particles. Fume particles contain larger amounts of alkali
chlorides compared to intermediate-sized and carryover particles [26], thus
the innermost region showed enrichment in alkali chloride. After the initial
layer of fume particles has formed on the superheater tube, the deposition
probability for larger particles, which contain less alkali chloride than fume, is
increased [31,32].

The probe deposit measurements gave some additional insights into the
deposit ageing behaviour of the Finnish deposits. Three long-term probe
experiments were carried out with exposure times of 1, 5, and 8 weeks
respectively. Detailed analysis of the chemical composition of the probe
deposits was carried out at four selected areas on the wind, lee, top, and bottom
sides of each sample. The exact analysis locations are indicated in Figure 14.
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Figure 14: Panorama cross-sectional SEM images of probe deposit samples of
exposure times of 1, 5, and 8 weeks from left to right. Locations of EDX analysis
along probe circumference indicated by squares. Reprinted with permission from
Paper 11l under a CC-BY-4.0 license. Copyright © 2023 Elsevier

The probe deposits were analysed, while still attached to the steel surface they
initially formed on. This eliminated the risk of losing the innermost deposit
region. The three deposits were the thickest on the lee side, indicating that
eddy impaction and thermophoresis were the governing deposition
mechanisms. On the wind side, the deposits were significantly thinner. The
measurement location was located between the secondary and tertiary
superheater bundles and the main share of the larger particles entrained in the
flue gas deposited already on the superheater tubes upstream of the probe. The
probe measurements were carried out at the same location from which the
superheater deposit sample shown in Figure 13 was obtained. Therefore, the
probe deposits strengthened the conclusion that the superheater deposits
consisted predominantly of fume particles, which resulted in the observed
enrichment in Cl and K within the innermost region of the deposit.

For each of the areas indicated in Figure 14, the average Cl content of the
respective deposit cross-section was determined using EDXA data. Figure 15
gives a summary of the average deposit Cl content over time.
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Figure 15: Average Cl content at analysis locations of probe deposit samples with
increasing exposure time. Reprinted with permission from Paper Il under a CC-
BY-4.0 license. Copyright © 2023 Elsevier

With increasing exposure time, the average relative deposit Cl content
increased. The enrichment was seen in all analysis locations along the probe’s
circumference. Due to the porous deposit morphology, alkali chloride vapours
present in the flue gas can diffuse into the deposit. As the local temperature
within the deposit decreases, the Cl vapours condense within the deposit
resulting in the observed increase in the average deposit Cl content with time.
The increase in average deposit chlorine content is concentration gradient
driven, analogous to the intra-depositional Cl vapour diffusion mechanism. Due
to the higher temperature in the flue gas, the concentration of alkali chloride in
the bulk flue gas is higher than within the deposit structure which results in the
diffusion of additional alkali chloride into the porous deposit.

For the 5- and 8-week probe deposits, local differences in the chemical
composition of the deposits were observed. Analogous to the superheater
deposits, a region enriched in K and Cl was observed closest to the steel.
Throughout the cross-section, Cl layers were observed on the furnace-facing
side of the particles. In addition, a Cl and K-rich layer formed directly on the
steel surface. In Figure 16, the backscatter SEM image and EDXA maps of a
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probe deposit with local Cl and K enrichment in the vicinity of the steel surface
are shown.

Probe deposit 5 weeks up Cl/(Na+K) K/(Na+K)
[mol/mol] [mol/mol]

Greyscale

7.8 mm

Figure 16: 5-week top-side probe deposit: Greyscale SEM image, molar
Cl/(Na+K) ratio, and K/(Na+K) ratio from left to right. Adapted with
permission from Paper I1l under a CC-BY-4.0 license. Copyright © 2023 Elsevier.

The formation of a Cl layer directly on the probe surface is a clear indicator for
temperature gradient-induced vapour diffusion of alkali chlorides toward the
steel and subsequent condensation. A similar Cl-layer has previously also been
observed in laboratory experiments [8,9,42]. Throughout the Cl and K-rich
region of the deposit, alkali chloride layers were also observed on the furnace-
facing side of the particles. The results from the probe measurements
confirmed that a layer of alkali chlorides can form directly on the steel surface
as a result of deposit ageing. After an exposure time of one week, no Cl-layer
was observed on the probe surface, thus the Cl layer on the steel surface is
suggested to have formed as a result of deposit ageing. The results obtained
from the probe samples help to better understand the formation of the K and
Cl-enriched region in “Type 1” deposits. The layered Cl and K enrichment
closest to the steel is a combination of the innermost deposit layer consisting
of Cl and K-rich fume particles and additional temperature gradient-induced
diffusion of alkali chlorides toward the steel.
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As already mentioned above, a second enrichment pattern was observed
among the Finnish boiler deposits. Two examples of “Type 2” deposits, one
superheater deposit and one probe deposit, are shown in Figure 17.
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Figure 17: SEM images of "Type 2" superheater deposit (top row) Adapted with
permission from Paper Il under a CC-BY-4.0 license. Copyright © 2023 Elsevier
and probe deposit (bottom row) Adapted with permission from Paper 11l under a
CC-BY-4.0 license. Copyright © 2023 Elsevier; A) Greyscale SEM image; B) molar
S/(Na+K) ratio; C) molar K/(Na+K) ratio; D) molar Cl/(Na+K) ratio

“Type 2” deposits are characterized by a region enriched in S and K while being
concurrently depleted in Cl, as seen in the region closest to the steel in the two
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deposits shown in Figure 17. The depletion in Cl and concurrent enrichment in
S indicates sulphation of alkali chlorides. Due to the porous deposit
morphology, SO; can diffuse from the flue gas into the deposit and
subsequently react with alkali chlorides. As described above, the innermost
deposit layer consists predominantly of fume particles and, hence is enriched
in alkali chloride compared to the outer deposit regions. Therefore, sulphation
was most pronounced in the innermost region of the deposit. Image D in the
bottom row of Figure 17 shows the molar Cl/(Na+K) ratio of the probe deposit.
A distinct chloride layer was seen on the steel surface, indicating enrichment
in alkali chloride via vapour diffusion preceding the sulphation. Hence, for the
obtained deposits, the sulphation can be divided into two steps. First, the
depositis enriched in alkali chlorides by diffusional transport of alkali chloride
vapours toward the steel. Second, the Cl and K enriched region is sulphated by
SO; from the flue gas. The preceding enrichment in alkali chloride also explains
the observed K enrichment within the sulphated region of the deposit, as the K
content is not affected by the sulphation reaction.

Sulphation was more pronounced in the superheater deposit (top row of
Figure 17) compared to the probe deposit (bottom row of Figure 17). The probe
deposits were obtained during regular boiler operation. In contrast, the
superheater deposits started to form during the start-up phase of the boiler.
During boiler start-up, heavy fuel oil is co-fired to accelerate the heating of the
boiler, causing significantly higher concentrations of SO; in the flue gas.
Therefore, sulphation was more pronounced in the superheater deposits when
compared to the probe deposits. However, the probe deposit samples proved
that sulphation is also of relevance during regular boiler operation, as
sulphated regions were observed in the 5 and 8-week probe deposits.

When comparing the 5-week probe deposit with the 8-week probe deposit,
differences in the location of the sulphated region were observed. After an
exposure time of 8 weeks, the sulphated region was seen closest to the steel.
Whereas after an exposure time of 5 weeks, the sulphated region was seen mid-
deposit, at some distance from the steel surface. The SO; concentration has
been measured in the flue gas stack during both probe sampling periods.
Analysis of the data showed that the SO, concentration was elevated for a short
period for both experiments, but was otherwise essentially zero. A period of
elevated SO concentration in the flue gas stack was identified 11 days after the
5-week exposure was started, and 5 days after the 8-week exposure was
started. Therefore, the probe deposit of 8 weeks exposure time was sulphated
closer to the steel than the probe deposit obtained after 5 weeks.

Besides the differences in the location of the sulphated region within the
probe deposits, differences in the chemical composition of the Cl layer that
formed directly on the steel surface were observed. For the 5-week probe
sample shown in Figure 16, the layer on the steel surface was concurrently
enriched in Cl and K. For the 8-week probe deposit shown in Figure 17, no
enrichment in K was observed within the Cl-rich layer on the steel surface. The
differences in the chemical composition of the Cl layer are caused by corrosion
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[48]. The governing corrosion mechanism is active oxidation. Alkali chlorides
(NaCl and KCI) attack the steel surface and form FeCl;, whereas alkali metals
form volatile hydroxides, which can subsequently react with the oxide layer
and form alkali ferrates. The formation of Na;Fe;04 is favoured over the
formation of K;Fe;04 [48], thus the majority of the formed KOH diffuses away
from the steel surface. Hence no enrichment in K is observed within the Cl layer
adjacent to the steel surface. The probe measurements proved that a corrosive
alkali chloride layer can form directly on the steel surface under boiler
conditions due to deposit ageing.

Analogous to the Brazilian deposits, the impact of the different enrichment
patterns on the local Ty of the Finnish deposits was analysed. In Figure 18, three
deposits are shown together with their corresponding molar Cl/(Na+K),
K/(Na+K), S/(Na+K) ratios, and T profile.
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Figure 18: Local Ty profiles and corresponding molar Cl/(Na+K), K/(Na+K), and
S/(Na+K) profiles of Finnish boiler deposits. "Type 1" 5 week probe deposit (top
left); "Type 2" superheater deposit (top right); "Type 2" 8 week probe deposit
(bottom left). Adapted with permission from Paper Il and Paper Ill under a CC-
BY-4.0 license. Copyright © 2023 Elsevier

The probe deposit in the top left corner of Figure 18 is of “Type 1” and a Cl and
K layer was found on the steel surface. The calculated local Ty throughout the
Cl and K-rich region was lower compared to the outer part of the deposit. The
observed decrease in the Ty is in line with the observations made in the
Brazilian deposits. In kraft recovery boiler deposits an increase in the K-
content lowers the To. The local To reached a minimum in the Cl and K-rich layer
adjacent to the steel surface and reached almost the global minimum of the K,
Na, Cl, SO4, and CO3 system (501 °C) [47].

The innermost region of the superheater deposit in the top right corner of
Figure 18 was sulphated with concurrent enrichment in K. The local T¢ within
the sulphated region was higher as compared to the outer parts of the deposit,
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despite the local enrichment in K. However, with the molar Cl/(Na+K) ratio
throughout the sulphated region being below 0.015, the K enrichment does not
cause any decrease in the Ty [7]. Furthermore, the enrichment in S increases
the S04/CO3 ratio, causing the observed increase in the Ty throughout the
sulphated region.

The innermost region of the probe deposit in the bottom left corner of
Figure 18 was sulphated but to a lesser extent compared to the superheater
deposit. Furthermore, a layer of Cl was found on the steel surface. A slight
decrease in the local Ty was seen in the Cl layer directly on the steel surface.
However, for the Cl and K-rich layer in the 5-week probe deposit on the top left
corner of Figure 18, the Ty reached a significantly lower temperature. An
increase in the local Cl content without concurrent K enrichment does not
cause a significant decrease in the Ty [5,26,37], as the deposit K content has a
greater impact on the To. Hence the Cl and K-rich layer reached significantly
lower Ty values. However, the lack of K in the Cl layer of the 8-week probe
deposit is the result of corrosion via active oxidation. Corrosion products that
form during the reactions can lower the Ty significantly to values well below
the steel temperature [49], causing even more severe melt-induced corrosion.
The calculated Ty profiles did not consider elements other than K, Na, Cl, S, C,
and 0. Hence the impact of formed corrosion products such as FeCl; on the Ty
was not considered in the presented Ty profiles.

For the sulphated region of the 8-week probe deposit, no increase in the
local Ty was seen, as sulphation did not proceed to the same extent as for the
superheater deposits. An increase in the local Ty due to sulphation was not
observed in any of the probe deposit samples.

4.2. Impact of amount of melt on deposit ageing

Significant morphological differences were seen between the Brazilian and
Finnish boiler deposits, also affecting the ageing behaviour of the deposit. The
Brazilian deposits had a dense morphology and transport of a K-Cl-rich melt
toward the steel had taken place. In contrast, the Finnish deposits remained
porous and did not show any signs of melt movement toward the steel. The
amount of melt formed in the deposits was considered as the potentially
important parameter resulting in these differences.

To get a better understanding of the initial melting behaviour of ash
deposits, short-term laboratory experiments using synthetic ash deposits were
carried out. The goal was to identify the parameter determining the final
deposit morphology and a threshold value for when the deposit morphology
changes.

Analogous to the boiler deposits, two archetype morphologies emerged
from the laboratory experiments. The final deposit morphology of the
laboratory experiments was strongly connected to the initial Cl content in the
synthetic salts, hence the amount of melt formed during the experiment. The
maximum amount of melt formed within the laboratory deposit was calculated
using FactSage 8.1. During the experiment, a thermocouple located just above
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the outer deposit surface was continuously recording the temperature. The
measured temperature was defined to be equal to the outer surface
temperature of the deposit. Based on the initial composition of the synthetic
deposit, the amount of melt formed at the highest temperature recorded during
the experiment was calculated.

A total of 33 cross-sections comprising short and long-term laboratory
deposits as well as boiler deposits were analysed regarding their morphology.
Based on the SEM images of the cross-sections the samples were categorized
as skeletal or molten, corresponding to the porous Finnish deposits and the
dense Brazillian deposits, respectively. The graph shown in Figure 19 gives a
summary of the morphologies of the analysed deposits.
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Figure 19: Classification of final deposit morphology into skeletal or molten as a
function of maximum amount of melt formed. Adapted with permission from
Paper IV under a CC-BY-4.0 license. Copyright © 2023 Elsevier

In the graph, the final deposit morphology is plotted as a function of the
maximum amount of melt formed at the outer deposit surface during the
exposure. The transition from a skeletal to molten deposit morphology takes
place at about 30 wt-% melt. It should be noted that the amount of melt
referred to in Figure 19 is based on the temperature measured at the outer
deposit surface. As the deposit is exposed to a temperature gradient during the
whole exposure, the highest temperature within the cross-section prevails at
the outer surface furthest away from the steel. The local deposit temperature
decreases toward the steel surface, hence the amount of melt decreases and is
not constant throughout the whole cross-section.

Among the boiler deposits included in the graph, a skeletal morphology was
exclusively observed for Finnish deposit samples and a molten morphology
exclusively for Brazilian deposits. The higher Cl content in the Brazilian

43



deposits caused the formation of larger amounts of melt during boiler
operation, enabling the formation of a molten morphology. For the boiler
deposits, the temperature at the outer deposit surface was assumed to be equal
to the estimated flue gas temperature at the deposit sampling location.

The suggested threshold of 30 wt-% melt for a molten layer to form is in
good agreement with reference values found in the literature. For liquid phase
sintering, approximately 30 vol-% liquid is required to efficiently fill the pores
of a porous medium [45]. Further, the average porosity of random packings is
within the range of 26 vol-% to 36 vol-% [50].

Besides the identification of a threshold value for the formation of a molten
layer, additional observations were made when analysing the laboratory
deposits. A better understanding of the formation of a skeletal deposit
morphology was obtained from short-term laboratory experiments. A
magnified image of the skeletal region of a 0-minute experiment is shown in
Figure 20.
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Figure 20: Skeletal region of a synthetic deposit of 0-minute exposure time
highlighting its main characteristics. Reprinted with permission from Paper IV
under a CC-BY-4.0 license. Copyright © 2023 Elsevier

Accumulations of larger amounts of melt (white areas) are seen in the skeletal
region of the deposit. The SEM images of the short-term experiments clearly
show that melt was formed in the skeletal structure of the deposits. The amount
of melt was not sufficient to initiate pore filling for a molten morphology to
form. However, as the melt was predominantly found at contact areas of
distinct particles, it was identified to accelerate the formation of the skeletal
structure. The round edges and the lack of alkali chloride within the particles
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surrounded by melt further indicated partial melting of these particles. In
general, sintering processes are known to be accelerated significantly by the
presence of a melt [45] and without the presence of a melt, no skeletal layer
would have been formed during the short-term experiments as solid-state
sintering processes are significantly slower.

For skeletal deposits of longer exposure times, the alkali chlorides tend to
evaporate and diffuse either into the furnace or toward the steel and the
skeletal region is depleted in alkali chloride. Also, within the O-minute
experiment shown in Figure 20, some of the alkali chlorides have evaporated
and diffused toward the steel, resulting in the formation of the alkali chloride
layers on the furnace-facing side of particles at lower local temperatures.

With an increasing amount of melt in the deposits, larger agglomerates were
observed. Of the analysed cross-sections, one sample could neither be classified
on an either-or basis into skeletal or molten and was therefore categorized to
be of intermediate morphology. A greyscale SEM image of the cross-section of
the sample in question is shown in Figure 21.

86-Na,SO, 0 min; 32 wt-% melt

Figure 21: Cross-sectional SEM image of morphological intermediate and
magnification of molten agglomerate mid-deposit (left). Adapted with permission
from Paper 1V under a CC-BY-4.0 license. Copyright © 2023 Elsevier

The outer region of the deposit formed a skeletal morphology. Mid-deposit,
larger agglomerates and the onset of the formation of a molten layer are seen.
Further, the close-up image of the molten region on the left of Figure 21 shows
the formation of two distinct layers. The outer layer of the molten region
(toward the furnace) is depleted in Cl compared to the layer closer to the steel.
The enrichment in Cl toward locally lower temperatures indicated melt moving
toward the steel according to the mechanism described in 2.3.2.

The formation mechanism of the observed morphology can be explained as
follows: Melt initially forms in the outermost regions of the deposit, from where
it subsequently moves toward the steel due to gravitational and capillary
forces. This leaves behind the skeletal structure at the outer deposit surface. As
the melt moves toward the steel it accumulates and starts to form the observed
larger agglomerates mid-deposit. In the present case, the amount of melt is not
sufficient to cover the whole cross-section with a molten layer, hence larger
accumulations of melt are only seen at the outer edges of the deposit.
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When further increasing the melt fraction, the deposit morphology changes
to that of molten deposits. Three molten deposits are shown in Figure 22
illustrating the development of the molten layer with increasing melt fractions.

33 wt-% melt 36 wt-% melt 100 wt-% melt
69 K,SO,; 0.5 h 86 Na,SO,4; 0.5 h 10K 10Cl; 72 h

Figure 22: Cross-sectional SEM images of selected laboratory deposits of molten
morphology with increasing maximum amount of melt formed at the outer
deposit surface from left to right. Adapted from Paper IV under a CC-BY-4.0
license. Copyright © 2023 Elsevier

The image on the left shows the molten deposit with the lowest melt fraction.
The molten layer is located at the outer deposit surface, and no movement of
melt toward the steel was seen in the cross-section. However, similar to the
morphological intermediate shown in Figure 21, two distinct layers were
identified in the molten region. The outer layer of the molten region was
depleted in Cl (dense, grey layer), as the Cl-rich melt moved toward the steel
(dense, white layer).

The salt that was used for the morphological intermediate in Figure 21 was
also used for the deposit shown in the middle of Figure 22. For the deposit in
the middle of Figure 22, the temperature measured at the outer deposit surface
was slightly higher, resulting in the maximum amount of melt having been
4 wt-% higher compared to the morphological intermediate in Figure 21. The
small increase in melt fraction, due to the higher temperature at the outer
deposit surface, was sufficient for the molten layer to cover the whole cross-
section. Analogous to the morphological intermediate, the molten layer is
found in the middle of the cross-section, indicating that a large share of the melt
had initially formed at the outer deposit surface, from where it subsequently
moved toward the steel where it accumulated and formed the molten layer.

Differences in the melting behaviour of the 69-K,504 and 86-Na,SO0, salts
resulted in molten layers at different locations, although the melt amounts
were nearly equal. The 69-K;S04 salt forms 30 wt-% melt at a To of 690 °C. As
the maximum amount of melt formed in that deposit was 33 wt-% at a
temperature at the outer deposit surface of 731 °C, only the outermost region
of the deposit reached temperatures above the To. Hence, the formed melt
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could not move toward the steel. The 86-Na,S0, salt on the other hand forms
20 wt-% melt at a To of 626 °C, and the maximum melt fraction formed during
the experiment was 36 wt-%, at an outer deposit temperature of 725 °C, which
is 100 °C above the salt’s Ty. This implies that a larger region of the outer part
of the deposit reached temperatures above the Ty, and melt could move closer
toward the steel before solidifying. Therefore, for the 86-Na,S04 deposit, melt
was formed over a larger area of the cross-section and the formed melt moved
toward the steel, where it subsequently accumulated in the middle of the
deposit forming the molten layer seen in Figure 22.

The deposit shown on the right of Figure 22 consisted of a ternary reciprocal
salt. In this sample, the melt has moved significantly closer toward the steel
than initially expected. Analysis of the elemental composition of the molten
region showed enrichment in K toward the steel, analogous to the superheater
deposits from the Brazilian kraft recovery boiler. The local enrichment in K of
the melt caused a decrease in the Ty of the melt compared to the Ty of the initial
deposit composition. This enabled the presence of a melt significantly closer to
the steel, almost reaching the steel surface. The results of the ternary reciprocal
systems gave additional validation for the laboratory temperature gradient set
up to replicate conditions in actual superheater deposits reasonably well, as
the results are in good agreement with observations made in the full-scale
boiler deposits presented in Chapter 4.1.

4.3. Applicability of results to other combustion processes

The results presented so far focused on deposit ageing in the context of kraft
recovery boilers. In PaperV, laboratory temperature gradient experiments
were carried out to study whether the so far identified deposit ageing
mechanisms are also applicable to ash deposits of compositions other than
those found in kraft recovery boilers. Therefore, synthetic deposits consisting
of NaBr-Na;S04 and KBr-K,SO4 were utilised.

In combustion processes, bromides can be found in processes utilizing solid
waste-derived fuels. Bromide is a constituent of flame retardants used for
wood and plastics [51,52]. In nature, the sea is the largest reservoir for
bromide. Thus, plants in coastal regions have been observed to be enriched in
bromine compared to their inland counterpart [53]. Furthermore, some marine
algae species have been identified to accumulate bromine [53].

Alkali bromides were chosen due to their similarity to alkali chlorides in
molecular structure, melting behaviour and chemistry. Bromides also form
volatile compounds with alkali metals [51]. The Br-containing mixtures can be
used to identify whether the observed deposit ageing mechanisms are
exclusive to alkali chlorides or if the mechanisms are general and also
applicable to deposits of other compositions.
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In the laboratory experiments, synthetic deposits were exposed to a
temperature gradient for 2, 4, and 8 hours. An SEM backscatter image of a
deposit cross-section after an exposure time of 4 h is shown in Figure 23.

Sintered region [&

exposure time of 4 h. Reprinted with permission from Paper V under a CC-BY-4.0
license. Copyright © 2019 American Chemical Society

The overall morphological features seen in the cross-section of the Br-
containing deposit were similar to those identified in the synthetic Cl-
containing deposits. Three distinct layers were also identified for the cross-
sections of the synthetic Br deposits. The outer region had a molten
morphology and vertical channels of alkali bromide were observed in this
region. After 8 hours, the outer part of the deposit was depleted in bromide and
contained only alkali sulphate. The Br-rich channels perpendicular to the steel
surface and the depletion in Br over time are indicators for temperature
gradient zone melting. Due to the temperature gradient and the temperature
dependence of the composition of the melt, alkali bromide-rich melt moves
toward the outer deposit surface.

Closer to the steel, within the molten region of the deposit, a region enriched
in Br compared to the initial composition was observed. The Br-rich region had
a composition close to the eutectic composition. Analogous to the Brazilian
superheater deposits and previously presented laboratory experiments with
alkali chloride-containing deposits, the formed melt moved toward the cooler
steel and was enriched in alkali bromide. As the used binary salts are eutectic
systems, the composition of the melt follows the liquidus line and approaches
the eutectic point as the local temperature decreases. The first melting
temperature of the remaining melt of the used binary salts is not affected by
compositional changes and the Ty is equal to the system’s eutectic temperature.

In the deposit region where local temperatures did not exceed the Ty, the
deposit particles retained their original shape. On the furnace-facing side of the
particles, layers of alkali bromide formed. Alkali bromides, both NaBr and KBr,
evaporate from the original particles and subsequently diffuse toward the
steel, where the vapours condense on the surface of cooler particles. Analogous
to earlier experiments with alkali chloride deposits, the driving force for the
diffusional transport is the concentration gradient for alkali bromides in the
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gas phase. The vapour pressures of NaBr and KBr are temperature-dependent
and increase exponentially with increasing temperature. Hence a
concentration gradient for NaBr and KBr vapours prevails in the gas phase. In
addition, alkali bromides were also observed to have deposited directly on the
steel surface. On the steel surface iron and chromium bromides formed due to
corrosion of the steel sample ring, initiated by the alkali bromide layer.

The results from PaperV show that deposit ageing, and especially
mechanisms observed earlier in kraft recovery boiler deposits, are also of
relevance to deposits other than those found in kraft recovery boilers. Volatile
compounds were identified to diffuse toward the steel by Fickian diffusion and
causing corrosion of the steel sample. Furthermore, movement of melt and
element enrichment within the melt, and temperature gradient zone melting
were identified in the alkali bromide-containing deposits.

However, when comparing the measured halide layer thickness on the
particles in the porous region of the Cl-containing deposit with the Br-
containing deposits significant differences were observed. After an exposure
time of 4 hours using the NaBr-Na,S0, salt, layer thicknesses comparable to
those of a 24-hour experiment using a NaCl-Na;SO4 salt [8] were observed. The
measured average layer thicknesses of these two experiments and the
calculated vapour pressures of alkali chloride and bromide are shown in Figure
24.
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Figure 24: Vapour pressures of NaCl, KCl, NaBr, and KBr and measured average
thickness of alkali halide layers on particles in the porous deposit region for NaCl
after en exposure time of 24 h [8] and NaBr after an exposure time of 4 h. The
error bars resemble the maximum and minimum layer thickness measured for
the respective temperature interval.

Alkali bromides have higher vapour pressures compared to alkali chlorides, as
the vapour pressure increases with increasing size of the anion or cation.
Furthermore, the partial pressure increases exponentially with increasing
temperature, and thus the concentration gradient for alkali bromide is larger
than for alkali chloride for the same temperature interval. Based on the first
Fickian law of diffusion, the diffusion flux increases linearly with increasing
concentration gradient. Hence the diffusion flux for alkali bromides is higher
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than for alkali chlorides at the same temperature and temperature gradient.
The observations from the bromide deposits gave further confirmation that the
layer formation is the result of concentration gradient-induced diffusion of
alkali halides toward the steel due to a temperature gradient.
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4.4. Updated understanding of deposit ageing and
practical implications

The work presented in this thesis provides new insights into deposit ageing
mechanisms. Furthermore, the obtained boiler deposits confirmed that deposit
ageing mechanisms also occur under operating boiler conditions. Previously,
these mechanisms were identified and studied only under well-controlled
laboratory conditions. Figure 25 gives a summary of the current understanding
of deposit ageing.
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Figure 25: Summary of current understanding of deposit ageing in kraft recovery
boilers based on the results obtained in this thesis

Based on the deposit composition and the surrounding temperatures, deposits
form either a skeletal or molten morphology. The final deposit morphology is
mainly influenced by the maximum amount of melt formed in the deposit. If the
maximum amount of melt formed in the deposit exceeds about 30 wt-%, a
molten deposit morphology is formed. For molten deposits, the three
governing deposit ageing mechanisms are temperature gradient zone melting,
movement of melt toward the steel coupled with concurrent element
enrichment in the melt, and diffusional transport of alkali chloride vapours
toward the steel.

If the amount of melt formed in the deposit does not exceed 30 wt-%, a
skeletal deposit morphology develops. Due to the lack of a molten layer, the
only deposit ageing mechanism identified in skeletal deposits was diffusional
gas phase transport of alkali chloride vapours toward the steel. The porous
deposit morphology enables alkali chloride vapours to diffuse through the
outer region of the deposit and condense within the deposit at regions closer
to the steel, where local temperatures are lower. Furthermore, sulphation of
the deposit regions originally enriched in alkali chlorides was observed.
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For some of the analysed deposits, significant differences in the overall
deposit morphology were observed. The direct vicinity of the sampling location
to a sootblower or proximity to the bullnose can affect the deposition
behaviour, deposit morphology, and consequently the ageing behaviour.

Overall, the results presented in this thesis show that deposit ageing is of
relevance in actual kraft recovery boiler superheater deposits obtained from
industrial boilers. The results emphasize that accurate knowledge of the bulk
deposit composition is not sufficient when dealing with deposit-induced
operational issues. Due to deposit ageing, the local composition of a deposit can
change significantly, affecting deposit corrosiveness and removability. The
boiler deposits also verified that the temperature gradient probe set-up used
for laboratory scale studies is a suitable method for studying deposit ageing
mechanisms under well-controlled conditions.

The local enrichment in K and Cl toward the steel due to the movement of
melt or gas phase diffusion was shown to locally affect the To. Both mechanisms
lowered the local Ty to values close to the global Ty of the chemical system.
When designing a boiler, the maximum steam temperature is typically set to be
well below the bulk Ty of the fuel ash, to avoid the presence of a melt directly
on the steel surface. However, the results of this work showed that the deposit
To locally can reach values significantly lower than the Ty of the bulk ash
composition, due to deposit ageing. Hence, element enrichment through
deposit ageing significantly increases deposit corrosiveness by locally lowering
the Ty and thus increasing the risk for melt-induced corrosion.

The results of this thesis also provide more fundamental explanations for
observations made in earlier deposit studies. Costa et al. [11] reported severe
corrosion of the hottest superheater tubes in a kraft recovery boiler. Deposit
samples obtained from these tubes confirmed enrichment in K and Cl toward
the steel-facing side of the deposit resulting in a lower To. The superheater
deposits from a Brazilian recovery boiler presented in this thesis were
obtained from the same boiler. The detailed analysis of these deposits provided
a fundamental explanation of the underlying mechanisms resulting in the
observed enrichment in K and Cl toward the steel.

Reeve et al. [40] have observed local element enrichment in an 800 h probe
deposit obtained from a kraft recovery boiler. The deposits were enriched in K
and Cl toward the steel and the outer deposit surface, resulting in a
concentration minimum in the middle of the deposit. The observations were
explained by the deposit formation mechanisms, where an initial layer of fume
forms an inner layer enriched in K and CI. The results presented in this thesis
showed, however, that the local enrichment in K and CI toward the steel can
also be contributed by deposit ageing mechanisms. Further, the enrichment in
K and Cl toward the outer deposit surface can be due to temperature gradient
zone melting, in case the probe deposit obtained by Reeve et al. was of a molten
morphology.

The superheater deposits also showed the connection between their
morphology and the observed ageing mechanisms. A porous morphology
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enables flue gases to diffuse into the formed deposit and interact with the
deposit as either additional vapours condense within the deposit or react with
already deposited material. For deposits of a molten morphology, the dense
outer layer prevents flue gases from diffusing into the deposit and thus also
hinders any subsequent reactions from taking place.

The suggested threshold value of about 30 wt-% melt required for a molten
morphology to form can help in identifying the relevant deposit ageing
mechanisms for a specific process. Furthermore, the results can help in
estimating the deposit removability based on the final morphology, and thus
the sootblowing frequencies can be optimised.

In the laboratory experiments in which synthetic deposits of NaBr-Na;S04
and KBr-K;SOs were used, the same deposit ageing mechanisms as for Cl-
containing deposits were identified. The results imply that the underlying
mechanisms of deposit ageing are not specific to certain elements, such as
alkali chlorides. Hence the results are also applicable to systems other than
kraft recovery boiler deposits.
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5. Conclusions

In this thesis, temperature gradient-induced changes in the morphology and
chemical composition of ash deposits were studied. Cross-sections of
superheater deposits from a Brazilian and Finnish kraft recovery boiler were
analysed. Further, probe deposit samples were obtained from the Finnish
boiler, enabling analysis of deposits of different ages, while still attached to the
metal surface they formed on. In addition to the full-scale data, laboratory
experiments were carried out using synthetic ash deposits. The objective of the
work was to get a better understanding of the local changes in deposit
morphology and chemical composition over time, also referred to as deposit
ageing.

In earlier work, three deposit ageing mechanisms have been identified in
laboratory-scale experiments using synthetic ash deposits. These three deposit
ageing mechanisms were now also identified to take place in actual
superheater ash deposits. The kraft recovery boiler deposits analysed in this
work confirmed that deposit ageing is also of relevance in actual boiler
deposits. Furthermore, the results verified that the laboratory setup is suitable
for studying deposit ageing mechanisms and the impact of a temperature
gradient on synthetic deposits under well-controlled conditions.

For molten deposits with a sufficiently high K content, local enrichment in K
toward the steel was observed in the molten region of the deposit. The melt,
formed in the outer regions of the deposit, had a lower first melting
temperature than the bulk deposits. Hence, the formed melt can move toward
the steel due to capillary forces. The local deposit temperature decreases
toward the steel, and the melt solidifies partially. In the analysed kraft recovery
boiler deposits, the primary crystallising phase consists predominantly of
Na;S04 and NazCOs, thus the remaining melt is enriched in K. As a consequence
of the local K enrichment, the deposit Ty decreases locally and a minimum is
reached for the highest K-concentration. Depending on the operating
conditions of the boiler, the local decrease in the Ty can allow the presence of a
melt adjacent to the steel surface which would result in severe melt-induced
corrosion of the heat transfer surface.

The probe deposit samples of exposure times of 1, 5, and 8 weeks showed
enrichment in the average Cl content over time. Due to the porous deposit
morphology, alkali chloride vapours from the flue gas diffused into the deposit,
driven by the temperature-gradient induced vapour concentration difference
between the hot flue gas and the cooler steel surface. The alkali chloride
vapours then subsequently condensed at lower temperatures, resulting in the
observed increase in the Cl content over time. The enrichment in bulk deposit
Cl follows the same underlying mechanism as the intra-depositional vapour
diffusion in the porous region of the deposit. The probe measurements could
also show the formation of a corrosive Cl-layer with concurrent enrichment in
K directly on the steel surface, which also caused a significant decrease in the
local To compared to the bulk deposit To.
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Since a significantly lower T, was observed, the maximum steam
temperature in the superheater tubes should not simply be determined based
on the Ty of the bulk deposit but also local deposit conditions should be
considered. The results obtained in this thesis imply that the To can locally
reach values as low as the global minimum of the chemical system.

In addition, short-term laboratory experiments were carried out in this
thesis to identify the parameter determining the final deposit morphology. The
analysed superheater deposits showed significant differences in their ageing
behaviour, depending on their final morphology. In the molten deposits from
the Brazilian boiler, all three deposit ageing mechanisms identified earlier
were observed. In the skeletal deposits from the Finnish boiler, only vapour
diffusion was observed. A molten morphology was identified to form when the
amount of melt formed within the deposit exceeds about 30 wt-%. Molten and
skeletal deposit morphologies were already observed in samples of very short
exposure time. For skeletal morphologies, small amounts of melt were seen to
accumulate at contact points of the original deposit particles, accelerating the
sintering of the outer deposit region.

Additionally, laboratory experiments with different deposit compositions
showed that the three deposit ageing mechanisms were identified regardless
of composition and that the mechanisms are not exclusive to Cl-containing
deposits. The underlying mechanisms are based on the thermodynamic and
physical deposit properties. Hence the identified deposit ageing mechanisms
are also applicable to processes other than kraft recovery boilers and can be
predicted with proper understanding of the chemical system and process
details.
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Cross-sections of kraft recovery boiler superheater deposits were analyzed using scanning electron
microscopy (SEM) and energy dispersive X-ray analysis (EDX). The observed deposit morphology can be
explained by temperature gradient induced time-dependent processes such as diffusional transport of
alkali chloride vapours, temperature gradient zone melting, formation of melt enriched in Cl and K, and
movement of this enriched melt towards the steel. These processes have recently been identified on a
laboratory scale under well-controlled conditions, and are now for the first time identified to take place
also in actual boiler superheater deposits. The identified processes alter the local deposit composition
and melting behaviour close to the steel. The local first melting temperature (Tp) close to the steel is
lower by 30 °C compared to that of the deposit bulk To. The observations made in this work give new
insight into the melting and ageing behaviour of superheater deposits, relevant for superheater
corrosion.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Most of the modern, commercially operated pulping processes
are based on the kraft recovery cycle. In this process, a suspension
with a high solids fraction of up to 85 wt-% is fired in the kraft
recovery boiler [1]. The main components of the fired suspension
are spent pulping chemicals, organic material, mainly lignin, from
wood, and water [2]. This liquid is called black liquor. With
approximately 50 wt-% of the raw wood used in the process being
combusted, the kraft recovery process is the largest industry sector
to utilize biomass as fuel. Contributing by around 25% to the total
amount of biomass annually utilized for heat and power production
in the world [1].

Ash deposition and deposit related problems such as corrosion
can cause major problems in kraft recovery boilers. Non-process
elements such as Cl and K are incorporated in the wood, thus
making their way into the process. Also, Cl can enter the process via

* Corresponding author. Laboratory of Molecular Sciences and Engineering Fac-
ulty of Science and Engineering (FNT) Abo Akademi University Biskopsgatan 8 Abo,
FI-20500, Finland.

E-mail address: roland.balint@abo.fi (R. Balint).

https://doi.org/10.1016/j.energy.2021.120439

make-up chemicals and process water used in the bleaching pro-
cess [3]. The non-process elements Cl and K tend to accumulate in
the chemicals recovery cycle, and particularly in the fly ash (called
recovery boiler dust).

Ash deposits and deposit induced corrosion have been crucial
research areas for kraft recovery boilers as well as combustion
processes in general. Over the last decades, research within this
area focused on understanding the mechanisms causing super-
heater deposit formation and how operational parameters can
affect deposit build-up [4—9]. Deposits formed in kraft recovery
boilers contain mainly Na;COs3, NapSO4, and NaCl as well as the
corresponding potassium counterparts [5,8]. Two major particle
size fractions contribute to the formation of superheater deposits.
Fine fume particles with diameters of up to 1 pm form via nucle-
ation of vapours. These particles then deposit predominantly
through thermophoresis. Furthermore, vapours also condense
directly on superheater steel surfaces. The other size-fraction
contains larger particles in the range of 100 um up to a few mm.
These larger particles originate from entrained black liquor droplets
and deposit predominantly via inertial impaction on the wind side
of superheater tubes [10,11].

Despite the advanced knowledge of deposit formation

0360-5442/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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mechanisms, time-dependent changes that occur within the de-
posit after its formation are less extensively studied. Deposit
related research has mainly focused on the sintering behaviour of
deposits [2,12,13], but recent studies have shown that deposits
undergo more structural changes, besides sintering, after they form
on the superheater steel. Superheater deposits are constantly
exposed to a temperature gradient due to the temperature differ-
ence between the hot flue gas and the colder superheater steel.
Recent studies at Abo Akademi University have identified several
so-called temperature gradient induced deposit ageing mecha-
nisms [14—18]. The studies were carried out on a laboratory scale
using synthetic salt mixtures under well-controlled conditions and
could identify three ageing mechanisms caused by the temperature
gradient. In the porous region of the deposit, closest to the steel,
alkali halides evaporate, diffuse as vapours toward the steel, and
condense on colder surfaces resulting in an enrichment of alkali
halide (chloride and bromide) toward and onto the superheater
steel surface. In addition, partial melting of the deposit has been
identified to result in transport of alkali halide enriched melt to-
ward the steel, resulting in local enrichment of alkali chloride.
Further, toward the outer parts of the deposit, a process called
“temperature gradient zone melting” has been identified to take
place, resulting in transport of alkali halide enriched melt toward
the outer surface of the deposit.

It can be expected that deposit ageing mechanisms may occur
also in actual boiler deposits, having an impact on the corrosiveness
of boiler deposits. So far, temperature gradient induced deposit
ageing mechanisms were studied only under well-controlled lab-
oratory conditions using synthetic salts. To this point, it is unclear to
what extent ageing mechanisms lead to changes within the local
chemical composition and morphology of actual superheater de-
posits and how this might affect design and operation of boilers.
The continuous presence of alkali chloride vapours in direct vicinity
to the superheater steel as a result of diffusional transport pro-
cesses favours corrosion. Furthermore, the possibility of Cl and K
enriched melt being transported toward the steel increases corro-
sion rates significantly [2].

Data on deposit ageing under full scale conditions is rare. In the
literature, a few publications point in the direction that deposit
ageing processes identified in the laboratory could also take place
in full scale deposits. In one study kraft recovery boiler deposits
obtained using an air-cooled probe showed Cl-enrichment toward
the cool probe surface and an area depleted in chloride located
mid-deposit [11]. The authors reasoned that some kind of time-
dependent enrichment process, most likely via the gas phase, was
responsible. Another study deals with deposit induced corrosion on
superheater tubes in a kraft recovery boiler [19]. Heavy corrosion
was observed on several superheater tubes although the steam
temperature was well below the calculated first melting point of
the fly ash (carryover and fume). Analysis of superheater deposits
showed local enrichment of K and Cl close to the steel, corre-
sponding to a local first melting temperature that was lower than
the first melting temperature of the bulk fly ash. It was concluded
that this local enrichment of Cl and K toward the steel was con-
nected to alkali chloride diffusion from the flue gas, through the
deposit, toward the steel. In a third study, cross-sections of several
mature superheater deposits collected from two Danish straw fired
boilers were analyzed [20]. The analyzed deposits had a multi-
layered structure, where the intermediate layer was depleted in
Cl, followed by a layer of KCl when moving toward the steel. This
depletion of Cl has been argued to be a result of reactions involving
KCl, Si, and Ca taking place within the deposit, where Cl is released
in gaseous form as one of the reaction products. The mature deposit
samples were also compared to short term probe measurements.
The deposits obtained from the probe measurements did not
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contain an intermediate layer depleted in Cl and the innermost KCl
layer was observed to be significantly thinner in the probe deposits.
The observed differences when comparing the mature deposits
with porbe measurements of shorter exposure times could also be
caused by temperature gradient induced aging processes. KCl
evaporates within the intermediate layer and subsequently diffuses
toward the colder steel surface, resulting in a similar deposit
structure as described by Jensen et al. [20].

The data published so far provides first indications of time-
dependent changes taking place in superheater deposits,
including local enrichment of alkali chlorides toward the steel.
However, a systematic study using cross-sectional images of su-
perheater deposits focusing on the identification of deposit ageing
mechanisms has so far not been carried out.

The objective of the present study is to obtain a better under-
standing of deposit ageing mechanisms in actual boiler superheater
deposits. Careful analysis of full scale deposits from the superheater
tubes of a kraft recovery boiler was carried out. The deposits were
analyzed regarding their morphology and chemical composition to
identify temperature gradient induced ageing mechanisms. This
study gives insight into processes taking place in the analyzed
deposits and points out the effect these observed mechanisms can
have on corrosiveness emanating from the deposit.

2. Methods

Three superheater ash deposits were analyzed in this study. The
deposits were collected from superheater tubes of a pulp mill kraft
recovery boiler with a maximum firing capacity of 2700 tons of dry
solids per day, located in Belo Oriente, MG, Brazil. The boiler in
question has earlier faced severe superheater corrosion problems
related to local enrichment of K and Cl within the deposit [19]. In
the present study, samples were collected during a boiler shutdown
after approximately six months of continuous operation. The de-
posits were collected by hand, without the use of further tools. The
convective pass of the boiler was accessed through manholes
located between two superheater panels. Therefore the sampling
locations are limited by the possible access points determined by
the location of suitable manholes. Samples from different locations
were collected by the boiler operator to cover a wider flue-gas and
steam temperature range. The three sampling locations along the
flue gas path are indicated in the schematic in Fig. 1.

The sampling points were located i) at the inlet (windward) to
the secondary superheater (Sample #1), ii) at the outlet (leeward)
of the superheater screen, located between the secondary and
tertiary superheater (Sample #2), iii) and at the outlet (leeward) of
the tertiary superheater (Sample #3).

No dedicated analysis of the fired black liquor has been carried
out during the time the deposit samples were collected. Data on the
composition of the black liquor fired in the kraft recover boiler of
the present study are available for the years 2007 and 2015 [19].
The available data are summarized in Table 1. Besides typical values
for black liquor compositions for kraft pulp mills in Brazil [21] and
northern Europe [22] are presented in Table 1.

The mill uses eucalyptus in the pulping process, resulting in a
black liquor containing higher amounts of Cl compared to pulp
mills located in northern Europe.

Steam temperatures at the sampling points were on average
420 °C in the secondary superheater (Sample #1), 290 °C in the
screen tubes (Sample #2), and 460 °C in the tertiary superheater
(Sample #3). Data regarding the flue gas temperature in the su-
perheater area of the boiler was not available. However, the flue gas
temperatures in this region of a boiler were estimated to range
from 900 °C at the secondary superheater inlet to 700—800 °C [6]
or even as low as 600 °C after the tertiary superheater.
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Fig. 1. Schematic drawing of the superheater area indicating the locations of sampling
points.

The deposit samples were first cut into smaller pieces using a
hand saw while being fixed in a bench vice. All deposits analyzed in
the present study appeared robust toward mechanical processing
and the overall deposit structure has not been damaged. After-
wards, the deposits were cast in epoxy resin to retain their initial
structure and prevent loss of material during further preparation
steps. The cast deposits were then cut a second time using a hand
saw to obtain a cross-section and polished using SiC grinding paper.
During cutting and polishing of the samples, no lubricants were
used to avoid dissolution of water-soluble deposit material and to
simplify sample preparation. The polished cross-sections were then
carbon-coated and analyzed using scanning electron microscopy
and energy dispersive X-ray analysis (SEM/EDX) (LEO Gemini 1530
equipped with a ThermoNORAN Vantage X-ray analyzing system
manufactured by Thermo Scientific). Elemental maps were taken,
enabling analysis of the distribution of elements within the de-
posits. The molar potassium to alkali ratio (K/(K+Na)) and chlorine
to alkali ratio (Cl/(K+Na)) was calculated from the cross-sectional
elemental maps. In addition, one-dimensional profiles of ele-
ments and their ratios as functions of distance from steel were

Table 1
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calculated from the two-dimensional cross-sections. For the pro-
files in the vertical direction of the two-dimensional cross-sectional
images, the average molar concentration of each element was
calculated along each horizontal line of pixels.

3. Results and discussion
3.1. Deposit structure

When comparing the cross-sections of the deposits from
different sampling points, they differ in their appearance when
examined visually. These differences are seen in Fig. 2.

In Fig. 2, Sample #1 on the left appears to be more porous,
containing several bigger cavities and a partly lamellar structure.
Sample #2, on the other hand, appears to be very dense and has a
layered structure.

Both samples show regions with blue colour. However, in
Sample #1, the blue colour is seen throughout the deposit’s cross-
section, while in Sample #2, the blue colour is limited to a relatively
thin layer inside the deposit sample. During further analyses of the
cross-sections of the two samples, only minor differences in their
chemical compositions were identified. Blue colouration of kraft
recovery boiler deposits has been connected to the sampling po-
sition and local flue gas temperatures. Small amounts of Mn in the
deposit in combination with the presence of carbonate can lead to a
blue colouration of the deposit under oxidizing conditions at suf-
ficiently high temperatures. However, the colouration does not
change the properties of the deposit in a way that would further
affect boiler operation [23]. Sample #1 was collected on the wind
side of the secondary superheater where the local flue gas tem-
perature is higher than in the sampling location of Sample #2.
Higher temperatures, above 700 °C, are required for blue deposits
to form [23]. Traces of Mn are always present in kraft recovery
boiler deposits, but their concentrations are too low to be detected
by SEM/EDX.

Apart from the macroscopic differences in the deposit structures
seen in Fig. 2, no major differences between the deposit samples
concerning their chemical composition and structures could be
identified under the electron microscope. Therefore, Sample #2 is
used in further discussion, representing the general chemical and
morphological characteristics of the deposits collected within this
work. Table 2 summarizes the average bulk composition of the
three analyzed deposits and the corresponding first melting tem-
perature. The Na, K, Cl, and S content of the deposit is obtained from
SEM/EDX analysis. The carbon content is then calculated, by zero-
ing the charge balance. It is assumed that all sulfur is present as
sulfate, even though in carry-over particles some of the sulfur can

Composition of the black liquor fired in the kraft recovery boiler of the present study from the years 2007 and 2015 together with typical values for black liquor compositions in

Brazilian and north European kraft pulp mills.

Element Black liquor from pulp mill of present Black liquor from pulp mill of present

Typical black liquor of Brazilian Typical black liquor of north European

study 2007 study 2015 [19] pulp mills [21] pulp mills [22]

C[wt-%] 29.4 na. 30-35 346

H[wt- 3.7 na. 3-4 35
%]

N [wt- 02 na. 0-0.04 -
%]

S [wt-%] 3.2 na. 3-5 438

Na [wt- 20.8 18.5 18-24 19.9
%]

K[wt- 15 1.8 1.5-2 1.0
%]

Cl[wt- 0.5 17 2-5 0.1

%]
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Fig. 2. Deposit cross-section of Sample #1 (left) and Sample #2 (right) before casting in epoxy resin.

Table 2
Bulk deposit compositions of the analyzed deposits and corresponding first melting
temperatures (Tp).

Sample Na [wt-%] K [wt-%] Cl[wt-%] SO, [wt-%] COs3[wt-%] To[°C]
Sample #1 35.71 257 1.52 3443 25.78 543
Sample #2 32.83 3.95 4.74 4425 14.23 543
Sample #3 32.32 4.04 3.76 47.37 12.51 546

also be present in the form of sulfide. The first melting tempera-
tures listed in Table 2 were calculated using the thermodynamic
software FactSage version 7.3 and the FTPulp thermodynamic
database, relevant for alkali salts in kraft recovery boiler conditions
[24]. The bulk deposit composition represents the average value of
each element determined by elemental analysis of the whole cross-
section of the deposit using SEM/EDX.

The overall bulk compositions of deposit Sample #2 and Sam-
ple #3 do not vary much. Only Sample #1 shows a higher con-
centration of carbonate and a lower chlorine concentration. This
difference is most likely due to the sampling location. Sample #1
has been obtained from the windward side of the secondary su-
perheaters, which are facing the flue-gas stream first, as shown in
Fig. 1. Thus, the probability for inertial impaction of carry-over
material containing unburnt carbon is higher for Sample #1
compared to the other two sampling locations. This difference does
not affect the estimated first melting temperature of the deposit. A
cross-sectional SEM image of Sample #2 is shown in Fig. 3. Cross-
sectional SEM images of Sample #1 and Sample #3 can be found
in Appendix A and B.

In Fig. 3, a SEM panorama image (A) of the cross-section of the
sample is shown on the left. The three images on the right side of
Fig. 3 are magnifications of selected areas of the deposit to highlight
the deposit’s essential features. All images in Fig. 3 are oriented in
the same direction. The deposit-steel interface is located at the
bottom of the image and the flue gas facing side of the deposit on
top.

Three distinct areas were identified within all deposits. The
hotter region of the deposit, toward the flue gas, seemed to have
been in a fully or partially molten state during boiler operation and
therefore has a dense morphology. This part consists mainly of al-
kali sulfate and carbonate (grey colour in SEM images) and is
interveined by vertical alkali chloride channels (white colour in
SEM images) (Fig. 3 B). Similar radially oriented channels of alkali
halides were observed in previous laboratory experiments using
synthetic ashes of binary systems [15,17]. This topic will be dis-
cussed in detail in section 3.2.

When moving closer toward the steel surface, the morphology
of the deposit does not change significantly. The chemical compo-
sition of the deposit, on the other hand, changes. All analyzed de-
posits show similar regions with a dense morphology that is
enriched in potassium and chloride close to the superheater steel
(Fig. 3 C). A more detailed description of this region within the
deposit structure can be found in section 3.3.

Closest to the superheater steel, the deposit morphology
changes from dense to porous. For one of the analyzed samples, this
porous layer is missing. It is not clear whether the deposit-steel
interface of this deposit was not porous, or whether the porous
layer had detached from the deposit either during sampling or
during transportation. The change in morphology is an indication
that the local temperature within the deposit was below the first
melting temperature Tp. At temperatures below Ty, no melt-
induced-pore-filling can occur, and as a result, this region of the
deposit remains porous. On the furnace facing side of particles
within the porous region, layers of pure alkali chloride form (Fig. 3
D). A more detailed description of the porous region of the deposit
can be found in section 3.4.

3.2. Temperature gradient zone melting

In the hotter deposit regions toward the flue gas, the dense
morphology indicates presence of melt during boiler operation. In
this region, radial channels of alkali chloride were observed. These
channels are currently believed to be caused by temperature
gradient zone melting (TGZM) [17]. The mechanism of TGZM de-
scribes the movement of a liquid phase through a solid phase of a
different bulk-composition when the system is exposed to a tem-
perature gradient [25,26]. The mechanism was first brought up in
connection with deposit ageing by Niemi et al. [18]. They observed
similar vertically oriented channels of alkali chloride and alkali
bromide to form in the hotter region of artificial, binary deposits
under laboratory conditions. With time, these channels moved
further away from the steel, transporting alkali halides and in some
cases also corrosion products [17] to the outer deposit surface
where they subsequently evaporated into the furnace. The present
study represents a more complex system in terms of deposit
composition, which affects the general melting behaviour of the
salt. Furthermore, external influences such as sootblowing or
continuous deposition of new material, are possibly affecting the
mechanism during boiler operation. Nevertheless, all of the
analyzed samples in the present study exhibit signs of temperature
gradient zone melting. This observation gives further proof for the
relevance of the TGZM mechanism regarding deposit ageing not
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Fig. 3. SEM cross-section images of Sample #2. The light grey/white colour corresponds to alkali chloride, the dark grey to alkali sulfate and carbonate, and the black to the
surrounding epoxy-resin. A) Panorama image of the whole cross-section. B) Vertical alkali chloride channels in outer deposit. C) Area enriched in Cl and K toward the superheater
steel. D) Porous region of deposit, closest to the steel with alkali chloride layers on top of particles. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

only on laboratory scale but also in actual full scale superheater
deposits.

With increasing deposit thickness on the superheater tube, the
local temperature within the deposit increases. At a certain deposit
thickness, the outer surface reaches a temperature equivalent to To.
At this point, the newly depositing particles, which are partially
molten do not solidify after deposition but remain in a partially
molten state. This melt subsequently accumulates in void areas
between particles forming melt-pockets. Overall this leads to a
densification of the deposit and a change in the local composition.
The change in the local deposit composition can affect the melting
behaviour of the deposit and result in additional melt formation.
Calculations of the melting behaviour of the deposit using the
thermodynamic software FactSage were conducted. The calcula-
tions showed that melt, which is formed at temperatures close to Ty
contains almost all Cl present in the bulk material together with a
certain share of sulfate and carbonate. The amount of alkali sulfate
and carbonate soluble in the formed melt is temperature-
dependent. With increasing temperature, the solubility of sulfate
and carbonate increases. This means that the melt is enriched in Cl
compared to the bulk and the surrounding solid phase contains
mainly alkali sulfate and carbonate. This temperature dependence
of the melt composition together with the effect of the temperature

gradient in the deposit leads to concentration differences within
the melt-pockets. The hotter region of the melt-pocket contains
higher amounts of sulfate and carbonate, thus a percentual lower
amount of Cl compared to the colder region of the melt-pocket.
These concentration differences lead to diffusional transport of Cl
toward the hotter region in the melt and transport of sulfate and
carbonate in the opposite direction. Subsequently, the increased
amount of Cl in the hotter region of the melt enables further
dissolution of sulfate and carbonate in that region. In the cooler
region of the melt, sulfate and carbonate crystallize as the local
chlorine concentration decreases and with that, the solubility of
carbonate and sulfate decreases. These continuous processes result
in movement of the melt through the solid phase toward the hotter
region of the deposit. A graphical illustration of the mechanism
within binary deposits can be found elsewhere [17]. Fig. 4 shows
examples of TGZM within the deposit analyzed in the present study
at two different stages of progress.

The image on the left of Fig. 4 shows a melt-pocket that still
contains most of the solidified melt. On the upper part of the
spherical pocket, first signs of movement due to TGZM can be
observed. The melt begins to move toward the hotter region of the
deposit (top of image). In the right image, the process has advanced
to a point, where the Cl rich melt has left the pocket, leaving behind
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Fig. 4. SEM images of melt pockets in different stages: Melt-pockets filled with Cl-rich melt in the initial stage of TGZM (left); empty melt-pockets with Cl-rich melt in channels

above, moving toward the hotter region of deposit (right).

a void sphere in the deposit. The two images of melt-pockets in
different stages of TGZM shown in Fig. 4 were found within the
same region of the deposit, thus at similar temperature conditions.
The possibility for melt pockets being in different stages of TGZM at
similar thermodynamic conditions is possibly related to the basic
mass transport processes and Kkinetics of the TGZM process in
combination with the size of the formed melt pocket. As mentioned
earlier, Cl is transported from the colder region within the melt-
pocket toward the hot region via diffusion. This leads to dissolu-
tion of sulfate and carbonate in the hotter region of the melt. These
two mechanisms strongly affect the overall speed of the process.

In larger melt-pockets, the overall speed of the TGZM process is
limited by the diffusional transport of Cl through the melt, whilst in
small pockets, the speed of the process is governed by dissolution
kinetics [27]. Furthermore, rates of diffusional mass transport due
to TGZM are in general slow and not affected by the size of melt
pockets [28]. This implies that the exposure time may have been
sufficient for the melt to leave small pockets but too short to fully
empty larger pockets.

Besides size, the melt pockets location relative to the steel sur-
face might affect the TGZM mechanism as well. Deposit build-up
over time affects the internal temperature gradient and local
temperature within the deposit during boiler operation. With
increasing deposit thickness the local temperature and the steep-
ness of the temperature gradient decreases. In particular in regions
close to the steel surface, thus of generally lower temperature, the
local temperature can drop below the melt’s solidification tem-
perature. This can lead to melt solidifying and being enclosed in the
originally formed melt-pocket, as seen on the left of Fig. 4. Never-
theless, larger melt pockets, still containing all or a large share of
the melt were found throughout the whole deposit, also in regions
that are expected to not have dropped to a temperature below To
during boiler operation. This would suggest, that the overall speed
of TGZM mechanisms in kraft recovery boiler deposits is governed
by dissolution and diffusion.

The images in Fig. 4 indicate clearly that TGZM is relevant as an
ageing mechanism in kraft recovery boiler superheater deposits.
Compared to previous research with synthetic deposits on labora-
tory scale [17] the presented data of kraft recovery boiler deposits
represents a more complex salt system. Besides the main elements
Na, S, O, and C, deposits can contain various non-process elements

[23], of which K and Cl make up the greater part and corrosion
products [17,29] which affect the melting properties. Furthermore,
the temperature gradient in boiler deposits changes with time due
to deposition of new material, sootblowing, and general tempera-
ture fluctuations in the convective pass of the boiler. Nevertheless,
clear indication for the process taking place within kraft recovery
boiler superheater deposits was found in all deposit samples.

3.3. Formation of K and Cl enriched melt close to steel

All analyzed cross-sections showed, to some extent, a region
enriched in K and CI right above the porous layer (Fig. 3C). In Fig. 5,
the greyscale image of the deposit is shown together with images
visualizing Cl/(K+Na) and K/(K+Na) ratios within the enriched
region. In addition, calculated profiles of both ratios are plotted
against the distance from the steel. Both graphs contain reference
values for the respective ratio based on elemental analysis of the
deposit bulk composition and the ESP-ash. The profiles as a func-
tion of distance from the steel in Fig. 5 B and D have been calculated
from the cross-sectional images by averaging over each horizontal
line of pixels.

In Fig. 5, the porous layer closest to the steel (bottom of images
in Fig. 5 A, B, and D) extends to a distance of about 1 mm from the
steel. Within the porous layer, the gas phase transport of alkali
chlorides toward the steel takes place, as discussed in more detail in
section 3.4.

At a distance of 1-6 mm from the steel, the deposit is enriched
in chlorine and potassium compared to the bulk composition of the
deposit and ESP ash. The very dense structure of this region in-
dicates that the deposit has been at least partially molten during
boiler operation. The chlorine enrichment is seen to be relatively
constant in the 1-6 mm region. In contrast, the potassium
enrichment has a maximum in the porous-dense layer interface
located at a distance of about 1 mm from the steel. From there on
the K content within the deposit decreases almost linearly with
increasing distance from the steel. The enrichment of chlorine and
potassium in the 1-6 mm region of the deposit is believed to be the
result of a chlorine and potassium enriched melt percolating to-
ward the inner parts of the deposit. Similar behaviour has been
observed in laboratory and pilot scale experiments [15,16,18].

Differences in the K and Cl distribution within the enriched melt
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Fig. 5. A) Greyscale image of the whole deposit from the steel to the outer surface. B) An image describing the molar Cl/(K+Na) ratio in the deposit. C) The calculated Cl/(K+Na) ratio
as a function of the distance from the steel. D) An image describing the molar K/(K+Na) ratio in the deposit. E) The calculated K/(K+Na) ratio as a function of the distance from the

steel.

can be connected to the deposit melting behaviour and subsequent
solidification of the initially formed melt. Calculations of the
melting properties were carried out using the thermodynamic
software FactSage version 7.3 and the FTPulp thermodynamic
database for alkali salts in kraft recovery boiler settings [24]. As
input for these calculations, the bulk composition of the deposit
discussed here was used. For a better picture of the deposit’s
melting behaviour, a calculation consisting of two steps was con-
ducted. First, the composition of melt, which was formed at Ty of

the bulk deposit composition was calculated. The formed melt in
question was then considered separately. The melt composition
was used in the second step as input to calculate the composition of
the remaining melt during precipitation, thus with decreasing
temperature. The input values and calculation procedure are shown
in Fig. 6, together with the elemental composition, K/(Na-+K) ratio,
and Cl/(Na+K) ratio of the remaining melt during precipitation.
The calculated absolute values of the K/(Na+K) and Cl/(Na+K)
ratios shown in Fig. 6 are higher than the measured values within
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Fig. 6. The applied systematic approach of FactSage calculation to simulate precipitation of melt formed at Ty of the deposit bulk composition. The mass fractions of components in
the melt during precipitation (top right) and the K/(Na+K) and Cl/(Na+K) ratios in the melt during precipitation (bottom right).

the enriched region of the deposit, as shown in Fig. 5. These
observed differences between calculated and measured values
could be the result of two mechanisms related to temperature
gradient induced melt enrichment. Initial melt formation of the
bulk material takes place at 542 °C. This initially formed melt then
solidifies over the temperature interval from 542 °C to 506 °C, along
the path shown in Fig. 6. The implication is that melt can percolate,
because of capillary forces, toward the steel through the porous
deposit until the local temperature of 506 °C is reached, thus
complete solidification takes place. This results in the presence of
melt at temperatures below Ty of the bulk material (542 °C). Thus,
the percolating melt fills the voids between solid particles of the
porous layer. Consequently, the composition of the deposit in the
region where the local temperature is in the interval between
542 °C and 506 °C represents a mixture of melt, enriched in Cl and
K, and solid particles with the composition of the original bulk
material. Therefore, the measured K/(Na+K) and Cl/(Na+K) ratios
in Fig. 5 are lower than the calculated values of the pure melt in
Fig. 6, due to dilution of enriched melt with original solid particles.
Furthermore, the calculation presented in Fig. 6 does not consider
the presence of a solid phase during the solidification process, thus
interactions between the enriched melt and solid particles of the
porous layer are not taken into account. In reality, interactions
between these two phases can be expected to take place at tem-
peratures below 542 °C. These interactions could alter the solidi-
fication and enrichment process and therefore contribute to the
observed differences between measured and calculated values of K/
(Na+K) and Cl/(Na+K). Currently, interactions between the melt
and the solid phases in the temperature interval between 542 °C
and 506 °C are not taken into account. Fig. 7 illustrates, what is
believed to be the main steps of the described melt enrichment.
The melt enrichment is believed to occur during deposit build-
up. As the deposit grows onto the superheater tube, its thickness
increases. In the early stages of the build-up process, cooling from
the superheater tubes is sufficient to prevent formation of melt.

With increasing deposit thickness, the deposit surface temperature
increases up to a point where the local temperature on the deposit
surface reaches Ty of the bulk deposit material (Fig. 7 A). At tem-
peratures above the first melting point, particles start to melt
partially (Fig. 7 B). As long as the local deposit temperature stays
below the temperature of complete melting, parts of the original
deposit particles remain in solid-state. These remaining particles
contain mainly Na;CO3, NaS04, and their potassium counterparts.
The formed melt contains almost all the chlorine present in the
original particles together with a certain share of NayCO3, NaySO4,
K,COs3, and K;SO4. The melt that is formed in the outermost parts of
the deposit can move toward the inner parts due to capillary forces
[18]. During the movement process, parts of the melt gradually
solidify as the local deposit temperature decreases toward the steel.
The solidifying melt consists mainly of Na;SO4 and Na,COs result-
ing in enrichment of Cl and K in the remaining melt compared to
the bulk material (Fig. 7C). Especially enrichment of K in the
remaining melt is connected to a further decrease of the melt’s final
solidification temperature. Calculations with FactSage showed that
the final global solidification temperature for the presented
K—Na—Cl-C03—S04 system is located at about 505 °C. Most likely,
in the early stage of the melt movement process, the amount of
melt that has had time to form is small. Re-solidification of melt
while moving toward the cooler steel leads to a further decrease in
the amount of melt. At some point, the melt fraction present within
the deposit is not high enough for further movement toward the
steel. However, with time, more particles deposit on top of the
deposit (Fig. 7 D), increasing its thickness and providing new ma-
terial for more melt to form. Due to the increasing deposit thick-
ness, the local temperature, at which this additional melt is formed
might be higher than in the previous step. This higher temperature
affects mainly the solubility of alkali sulfate and carbonate, as
almost all Cl available is already incorporated in the melt at tem-
peratures close to Tp of the deposit bulk material. The additional
melt subsequently moves toward the steel increasing the amount of
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Fig. 7. An illustration of the believed melt enrichment mechanism: A) A deposit in which the local temperature at the outermost part is above To; B) The formation of a first melt in
the outermost part of the deposit; C) The melt moves down toward the steel during which partial solidification takes place, leaving a melt high in Cl and K to move further toward
the steel; D) Continued deposition leads to more melt transport toward the steel until all voids become filled.

melt present at lower temperatures within the deposit. A higher
amount of melt present enables further moving of melt toward the
steel until the local temperature reaches Ty of the overall system.
This can lead to a situation, where all void areas in the temperature
region between Ty of the bulk and the overall Ty of the system are
filled with a melt that was formed at temperatures above T of the
bulk material (Fig. 7 D).

It should be noted that the proposed mechanism includes
several simplifications. Melt-solid interactions are not considered.
Additionally, in a boiler environment, the temperature profile of the
deposit is constantly affected by various external and internal
changes. Sootblowing, can change the deposit thickness signifi-
cantly and increase the local temperature in the cooler parts of the
deposit. Furthermore, the continuous deposit growth does not only
provide a source for more melt to form but the growth also alters
the temperature profile within the deposit. The current knowledge
is not sufficient to quantitatively estimate how much the listed
factors contribute to the time-dependent changes.

3.4. Porous region close to the steel

The region of the deposit closest to the steel is porous and
consists of discrete particles. The Cl/(Na+K) ratio in Fig. 3 D shows

the characteristic round shapes of alkali chloride layers formed
predominantly on the furnace facing side of particles within this
porous region closest to the steel. These alkali chloride layers can
also be seen in Fig. 5 B as shapes resembling “inverted cups”.
Similar layers were previously detected when studying the ageing
behaviour of synthetic deposits on a laboratory scale. During the
laboratory experiments, alkali chloride layers built-up on top of
particles within the porous region of the deposit, close to the steel
[14,16—18]. The laboratory experiments could prove that these
layers are the result of a temperature gradient induced deposit
ageing mechanism.

The driving force for this layer build-up was shown to be the
temperature dependence of the alkali chloride vapour pressures
[16]. Alkali chloride evaporates from particles within the porous
region of the deposit. With increasing local temperature the partial
pressure of alkali chloride, thus the local concentration of alkali
chloride in the gas phase, increases, and a concentration gradient
develops across the porous deposit layer. Vapours of alkali chloride
diffuse toward the cold steel surface due to concentration gradients
in the gas phase, and subsequently condense either on top of par-
ticles at lower temperatures or directly on the superheater tube, as
the saturation pressure of the vapours decreases with decreasing
temperature [16—18].



R. Balint, M. Engblom, |. Niemi et al.

As the diffusional transport is directed toward the steel, char-
acteristic alkali chloride layers predominantly build-up on the
furnace facing side of particles within the porous layer. Another
observation connected to this mechanism besides the formation of
alkali chloride layers is the depletion of alkali chloride within the
particles in the porous region. These particles serve as sources for
continuous evaporation of alkali chloride. Most of the particles
within the porous layer of the superheater deposits analyzed in this
work showed signs of alkali-chloride depletion, confirming the
evaporation-condensation mechanism to take place in actual su-
perheater deposits. Fig. 8 shows a part of the porous region of the
deposit within which layers of alkali chloride, as well as particles
depleted in alkali chloride, can be seen.

Under operational boiler conditions, the flue-gas contains
additional chloride vapours. These vapours could also penetrate the
deposit and result in the formation of observed layers within the
porous region of the deposit. However, the dense deposit structure
in the hotter regions of the deposit complicates diffusion of alkali
chloride vapours through the outer deposit region. Furthermore,
particles within the porous region being depleted in alkali chloride
strengthen the assumption of the described mechanism, first pro-
posed by Lindberg et al. [14], being responsible for the observed
formation of alkali chloride layers.

Generally, the observations made in the present study are in line
with the laboratory data found in the literature [14,16—18]. This
provides substantial evidence, that the evaporation-condensation
mechanism takes place within the porous region of actual super-
heater deposits and that the mechanism can affect the local deposit
composition within the porous region, close to the steel.

3.5. Deposit first melting temperature Ty

A deposit Ty profile depending on location and therefore on local

Layeré of alkali chloride
on furnace facing side of particles
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composition was calculated by dividing the cross-sectional image
closest to the steel into sections. For each section, the bulk
composition was determined from SEM/EDX data, and Tp was
calculated using FactSage. The results of these calculations are
presented in Fig. 9.

The profile shown in Fig. 9 indicates significant changes in Tp
close to the steel (bottom of the image) compared to the bulk
composition. To decreases toward the steel to a minimum of 517 °C
at the porous-dense interface of the deposit, at a distance of about
1 mm from the steel. This decrease is the result of Cl-K-enriched
melt percolating toward the inner parts of the deposit and the steel,
as discussed in Section 3.3. Tp shows a slight increase within the
porous layer, but the calculated value is still significantly lower than
To of the bulk deposit.

In addition to the bulk deposit, the composition of particles
within the porous layer was determined and Tp of the original
particles calculated. The centres of several particles that seemed to
have remained at their original composition were analyzed. The
inner parts of the particles were assumed to have not been affected
by ageing mechanisms. Tp of the overall bulk deposit and the
original particles within the porous part of the deposit differed by
2 °C. The calculated value of Ty of the bulk composition of the
porous layer is well below that of the individual original particles.
The deposit ageing mechanisms within the porous region, other
than melt enrichment also affect the local deposit composition and
therefore also the local first melting temperature within the de-
posit. Note that the calculated value of Ty for the porous region as
illustrated in the SEM image in Fig. 9 does not exclusively represent
the porous layer. On the left-hand side of the image, the deposit
seems to have been molten at some point. The presence of melt
affects the overall composition of this area of the deposit. Accord-
ingly, the calculated value of Ty in the porous layer is affected.
Nevertheless, as seen from Fig. 5 D there is a local enrichment of K

Particles depleted
in alkali chloride

Fig. 8. The porous region of the deposit showing formation of alkali chloride layers (white colour) on the furnace facing sides of particles and alkali chloride depleted particles. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. The local first melting temperatures of the deposit's area enriched in K and Cl.

in the porous layer, mainly on the top of particles. Likely, this
enrichment is caused by temperature gradient induced diffusional
transport of alkali chloride vapours within the porous layer. The
local enrichment of K and Cl within the porous layer can also be a
remnant from initial deposition mechanisms. In the early stages of
deposit build-up predominantly alkali chloride condenses on top of
the cool superheater tubes. This initial condensation of alkali
chlorides would result in higher concentrations of Cl and K in the
region of the deposit close to the steel [5].

The observations made within the present study also provide
additional information concerning superheater corrosion in the
same boiler that was reported earlier. A higher concentration of K
and Cl in the inner part of the deposit, facing the steel compared to
the outer part of the deposit was observed [19]. The results pre-
sented in the present study help to understand the mechanisms
behind the previously observed enrichment of these elements to-
ward the steel and verify the conclusion made in the earlier pub-
lication, that observed corrosion is connected to the presence of
melt at the steel surface.

4. Conclusions

This study focuses on investigating the local enrichment of Cl
and K within kraft recovery boiler superheater deposits with high

concentrations of Cl. The deposits showed similar characteristics to
those previously seen on a laboratory scale [14—18]. These char-
acteristics have been identified to be caused by the temperature
gradient across the deposit. Three mechanisms were identified to
contribute to changes in the chemistry and morphology of the
boiler superheater deposits: 1) in the hotter outer region of the
deposit, temperature gradient zone melting transports alkali
chlorides away from the superheater steel; 2) in the inner parts of
the deposit, enrichment of K and Cl in the melt toward the super-
heater steel takes place; 3) in the porous region closest to the su-
perheater steel, alkali chlorides vaporize and condense toward the
steel.

The changes in deposit chemistry, leading to enrichment in
chlorine and potassium toward the steel with time are likely to
increase the risk of chlorine and melt induced corrosion. The local
first melting temperature Ty of the deposit was estimated to be
about 30 °C lower in the vicinity of the steel as compared to the Ty
of the bulk deposit.

Currently, a common practice for choosing the final steam
temperature in the hottest superheater tubes is based on Ty cor-
responding to the composition of the fly ash or the composition of a
bulk deposit. The present study shows that melt can be present at
temperatures significantly lower than the bulk Ty of the fly ash, as
the local composition of the deposit changes due to temperature
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gradient induced ageing mechanisms and melt gets transported
through the deposit toward the superheater steel. The calculated
first melting temperature in the Cl and K enriched region was close
to the global minimum of the first melting temperature of the
K—Na—Cl-S04—CO0s3 system at about 505 °C.

More work is needed to better understand the mechanism of
melt enrichment toward the steel. The proposed mechanism in the
present study can be seen as a first attempt at describing the melt
enrichment process. A complete quantitative description of the
melt enrichment process is a subject for future work. The results
imply that a relatively high amount of melt in the deposit is needed
for the melt enrichment mechanism to occur. In practice for kraft
recovery boilers, this means that a relatively high content of Cl is
needed to enable the melt enrichment toward the steel. It is
possible that in kraft recovery boilers with lower chlorine (e.g. in
Scandinavia and North America) an insufficient amount of melt for
melt enrichment in the deposit is formed at Tp.

As many biomass-based fuels contain large amounts of Cl, these
findings can be relevant for a variety of biomass-based fuels. The
results presented in this study can serve as a base to better un-
derstand processes that can cause severe superheater corrosion.
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A) Cross-sectional SEM image of Sample #1
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B) Cross-sectional SEM image of Sample #3
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ARTICLE INFO ABSTRACT
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The effects of two deposit ageing mechanisms were identified by analysing superheater ash deposits from a kraft
recovery boiler. Local differences in deposit morphology and chemical composition were identified under the
electron microscope. Temperature-gradient-induced diffusion of alkali chloride vapours toward the steel was
evident. Two deposit types were identified, based on local chemical compositions: “Type 1" deposits had an
innermost porous layer of fine, sintered fume particles enriched in K and Cl, that deposited after homogeneous
condensation in the gas phase. “Type 2” deposits formed via sulfation of initially deposited fume particles rich in
K and Cl. Thus the innermost layer was enriched in K and S, while concurrently depleted in Cl. Differences in the
local first melting temperature (Tp) within the innermost regions of the two deposit types were identified. Ty
reached a minimum within the innermost region of Type 1 deposits, implying an increased risk for melt for-
mation and corrosion. Whereas for Type 2 deposits, T was increased closest to the steel, reducing the risk for
melt formation and superheater corrosion. The presented results provide a better understanding of intra-
depositional changes taking place after initial deposition, helping assess risks of deposit-related operational
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problems in the boiler.

1. Introduction

About 90% of chemical pulp worldwide is produced via the kraft
pulping process, making it the most used process in the industry [1]. A
pulp fibre yield of up to 55% can be achieved, by dissolving wood in an
aqueous solution of NayS and NaOH [1]. The mixture of spent pulping
chemicals, dissolved organic matter from the wood, and water is
referred to as black liquor. In large-scale industrial steam boilers, the
kraft recovery boilers, black liquor is burned to produce heat and power
but also to recover the spent pulping chemicals. Recovery rates of the
spent pulping chemicals reach values of up to 98%, eliminating the need
for new chemicals almost completely [2]. At the same time, the power
produced in a modern kraft recovery boiler typically exceeds the mill’s
energy needs [2]. In Finland, the pulp and paper industry is a vital part
of both economy and national energy supply, as 86% of the country’s
land area is covered by forest [3]. In 2020 renewable energy was the
largest energy source in Finland, supplying 40% of the country’s energy

demand [3], whereof around one-third is produced from black liquor
combustion [3].

Compared to other biofuels, black liquor contains higher amounts of
inorganic compounds originating mainly from pulping chemicals, but
also raw wood [4]. During combustion, parts of these inorganic com-
pounds are released into the gas phase, forming ash deposits on heat
exchanger surfaces in the colder parts of the boiler. Such deposits
contain predominantly NapSO4, NayCOs, NaCl, NayS and their K coun-
terparts [5]. Na and S originate mainly from the pulping chemicals,
while K and Cl originate mainly from wood [4]. Thus, the composition of
ash deposits in kraft recovery boilers is affected by the wood type used in
the pulping process. Both K and ClI can cause severe operational issues in
the boiler, affecting the melting behaviour of ash deposits significantly
[5,6]. An increased K content lowers the first melting temperature (T)
of a deposit [5], while an increase in deposit Cl increases the amount of
melt formed at Ty [6].

The initial formation and build-up of ash deposits in recovery boilers
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have been studied thoroughly over the last decades and are well un-
derstood by now [7,8]. Three particle size fractions have been identified
to contribute to the formation of deposits in kraft recovery boilers [9].
The first layer of superheater deposits formed in kraft recovery boilers
consists of submicron-sized fume particles, typically enriched in K and
Cl, forming a sticky deposit layer and enabling deposition of larger
intermediate-sized and carry-over particles, accelerating the deposit
growth rate.

More recent experimental data have shown ash deposits to undergo
changes in their local chemical composition and morphology, after their
initial formation, referred to as deposit ageing [10-12]. These processes
are less understood and over the last years, deposit ageing mechanisms
have been studied under well-controlled conditions on a laboratory scale
at Abo Akademi University [10-12]. Three different deposit ageing
mechanisms have been identified when exposing synthetic ash deposits
to a temperature gradient [10,11]. Deposit ageing has been identified to
cause densification of ash deposits, increasing the tensile adhesion
strength [13], thus hampering removal via sootblowing. Furthermore,
local enrichment of corrosive compounds toward the steel has been
identified to take place via several pathways [11,12].

Despite ash deposition, and operational problems connected to it,
have been studied extensively over the last decades, no data on sys-
tematic deposit ageing studies of actual superheater deposits can be
found in the literature. A change from laboratory experiments to full-
scale deposit studies provides additional valuable information. Not
only do full-scale data help in confirming earlier findings from labora-
tory experiments, carried out under well-controlled conditions. But
scaling up to actual boiler conditions also provides additional informa-
tion on other experimental parameters, which have not been possible to
be simulated in the laboratory. Among these parameters are e.g. the
impact of sootblowers, reactions between the formed deposit and the
flue gas, or continuous deposition of new material and concurrently
occurring deposit ageing reactions.

Studies utilising full-scale deposits focused mainly on deposit sin-
tering [14,15], or the initial deposit build-up by carrying out short-term
probe measurements [16,17]. However, a few examples indicating de-
posit ageing to be also of relevance for actual ash deposits in steam
power boilers were found in the literature [18,19]. Several studies re-
ported the formation of a layered deposit structure, which typically has
been associated with changes in the operating conditions of the boiler or
governing deposition mechanisms [8,18,20,21]. Reeve et al. [8] have
analysed deposits collected on an air-cooled probe and identified local
enrichment in K and Cl within the deposit, toward the steel surface. The
observed enrichment has been concluded to be the result of alkali
chloride vapours in the flue gas penetrating the outer sintered deposit
layer through cracks and subsequently condensing in the inner parts of
the deposit. Other studies have identified the local enrichment in S due
to sulfation of alkali chlorides [7] and carbonates [22] to be of relevance
for kraft recovery boiler deposits, causing melt formation due to
compositional changes within the deposit. Sulfation of deposits has also
been identified in several straw-fired boilers [18] after the deposits had
formed on the superheater tubes. A more recent study carried out in a
Brazilian kraft recovery boiler [20] has identified clear enrichment in Cl
and K within the region of the deposit closest toward the steel, resulting
in a local decrease in the first melting temperature of the deposit and
severe melt-induced corrosion of the superheater tubes. In a separate
study, deposit samples of this same Brazilian boiler have been analysed
in more detail regarding their deposit ageing behaviour [23]. All three
ageing mechanisms previously seen within laboratory experiments have
also been identified within these actual superheater deposits. Further-
more, a local decrease in Ty due to local K enrichment connected to
deposit ageing has been identified within these deposits [23]. However,
more work is needed to better understand and possibly predict deposit
ageing mechanisms in actual superheater deposits of boilers.

The objective of the present work was to shed more light on the role
of temperature gradient-induced deposit ageing by detailed
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characterization of deposit samples from a Finnish kraft recovery boiler.
Deposit samples were collected from eight locations within the super-
heater region during a shutdown of the boiler. Cross-sections of the
deposit samples were analysed using scanning electron microscopy and
energy dispersive X-ray analysis (SEM/EDX). Several differences in de-
posit morphology, chemistry, and local melting behaviour among the
analysed samples were observed, and different deposit types were
identified. These differences are expected to affect the deposit’s corro-
siveness and removability to different extents.

2. Methods

The present study analysed kraft recovery boiler superheater de-
posits using SEM/EDX. The deposits were obtained directly from tertiary
superheater tubes of a kraft recovery boiler located in Rauma, Finland.
The boiler’s maximum firing capacity is 3200 tonnes of dry solids per
day. The superheater tubes were accessed through eight manholes in the
boiler wall, four on each side of the boiler. The exact sampling locations
are shown in Fig. 1.

Four sampling locations (L1, L2, R1, and R2) were situated in the
upper region of the superheater, close to the boiler roof, and four sam-
pling locations (L3, L4, R3, and R4) were situated in the lower region of
the superheater tubes, close to the bull-nose. Deposits were directly
scraped off the superheater tubes during a boiler shutdown in September
2019. However, the exact orientation of the analysed deposits con-
cerning their direction to the flue gas stream (wind-side, lee-side, or
somewhere between) was not known. Before the shutdown, the boiler
had been operating continuously for about 30 days. The fired black li-
quor had a dry solids content of 74%. The composition of the as-fired
black liquor and reference values for a black liquor composition
typical for northern Europe are given in Table 1. The oxygen content
shown in the table is determined by closing the mass balance.

The steam temperature in the tertiary superheater of the boiler in
question averages 480 °C during regular operation. The recovery boiler
is not equipped to measure the flue gas temperature in the superheater
region from which the samples were obtained. Flue gas temperatures in
the region of the boiler the samples were taken from typically range
between 600 and 650 °C.

For a detailed analysis of the local chemical composition, the deposit
samples were cast in epoxy resin to prevent any loss of deposit material
during further processing of the samples. The cast deposits were then cut
to obtain a cross-section, which was polished using SiC polishing paper.
No additional lubricants were used during sample preparation to avoid
the dissolution of the water-soluble deposit. The polished deposit cross-
sections were cleaned using petroleum ether, and subsequently carbon-
coated. The general morphology and chemical composition throughout
the deposit cross-sections were analysed using scanning electron mi-
croscopy (SEM) and energy dispersive X-ray (EDX) analysis (LEO Gemini
1530 equipped with a ThermoNORAN Vantage X-ray analysing system
manufactured by Thermo Scientific), operated at an accelerating voltage
of 20 kV and a working distance of 13 mm. Backscatter SEM images were
used to obtain morphological information and EDX data was used to
analyse the chemical composition of the deposits. The molar fractions of
Na, K, Cl, and S were obtained directly from EDX analysis. The C content
of the deposits was subsequently calculated by closing the charge bal-
ance. The O content was calculated by assuming all C was present as
carbonate and all S as sulfate.

Based on the results from SEM/EDX analysis, the local first melting
temperature of the deposits was calculated. Each cross-sectional SEM
image was divided into various sections, based on local differences in the
chemical composition. For each of these sections, the average compo-
sition was calculated, which was then utilised to calculate the respective
Ty of the section. Ty calculations were carried out using FactSage
Version 8.1 [25] and the FTPulp thermodynamic database [26], con-
taining data relevant for salt mixtures containing NaCl, KCl, NaySOy,
K2S04, NaxCOs, K2COs3, NayS, and KsS typical for deposits occurring in
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Fig. 1. Schematic front view drawing of left and right side of the superheater area of the boiler with the deposit sampling locations at the tertiary superheater tube

bundle indicated.

Table 1
Composition of the black liquor “as-fired” utilised in the present study and
reference values of typical black liquor composition in northern Europe.

Element [wt-  Black liquor fired in Typical black liquor composition in

%] present study northern Europe [24]
C 32.8 29.4

H 3.7 3.7

N 0.1 0.2

S 5.7 3.2

Na 20.4 20.8

K 2.8 1.5

cl 0.3 0.5

[¢] 34.1 40.5

Others 0.1 0.2

kraft recovery boilers. The following phases were considered in the
calculation: Liquid phase (designated as FTpulp-MELTA in FactSage);
high-temperature, hexagonal alkali sulfate-carbonate solid solution
(FTpulp-Hexa); several low-temperature alkali sulfate-carbonate solid
solutions (FTpulp-KCO; FTpulp-NKCB; FTpulp-NKCA; FTpulp-OrtA;
FTpulp-OrtB); alkali chloride solid solution (FTpulp-ACL); alkali sul-
fide solid solution (FTpulp-NAKS); and glaserite (K3Nap(SO4)2-based
solid solution, FTpulp-Gsrt). In all calculated cases, only the hexagonal
phase and alkali chloride were the solid phases stable at T of the system.
Using this method, the impact of local elemental enrichment on the
deposit’s local first melting temperature was studied.

3. Results and discussion
3.1. General deposit characteristics

A total of 13 deposits were analysed regarding their chemical
composition and morphology. Morphological differences between in-
dividual deposits were identified. The main morphological features are
presented in the following paragraph. Fig. 2 shows SEM images of
selected deposit cross-sections from various sampling locations.

All SEM images of deposit cross-sections shown in Fig. 2 and the
following figures are oriented in the same way. The deposit surface at
the bottom of the image was closest to the superheater steel during
boiler operation while the deposit surface at the top of the image was
facing the flue gas. Thus the local temperature throughout the deposit

cross-section increases from the bottom of the image toward the top, due
to the temperature difference between the cool superheater steel and the
hotter flue gas. However, the orientation of the images in Fig. 2 does not
correspond to the actual orientation in the boiler, as the superheater
tubes are vertically aligned in the boiler.

As shown in Fig. 2, all analysed deposits were sintered but to a
varying degree of porosity. The Cl content suggests that the amount of
melt formed in the deposits during boiler operation was relatively low.
Thus, the deposits remained porous as the amount of melt was not suf-
ficient for liquid phase sintering, not even toward the outer deposit
surface where the local temperatures were the highest. Clear morpho-
logical differences between deposits from sampling points 1 and 2 (Fig. 2
A and B), close to the boiler roof, and deposits from sampling points 3
and 4 (Fig. 2C, D, and E), close to the bullnose, were identified.

Deposits from the upper superheater region can be divided into two
distinct regions. The innermost layer typically consisted of small parti-
cles that sintered into a well-connected skeletal network (Fig. 2 G). With
increasing distance to the steel, the deposit morphology changed and the
sintered agglomerates increased in size (Fig. 2 F). A more detailed
description of these two layers and their underlying formation mecha-
nisms are presented in the further course of the text.

Deposits from the lower superheater region typically contained
irregularly shaped particles, significantly larger than the sintered ag-
glomerates on the outer region of deposits from sampling locations one
and two (Fig. 2H). The originally deposited particles could still be
identified. Deposits from the lower superheater region did not form a
skeletal structure. The exact formation mechanism of the deposits from
the lower superheater region is not fully understood. However, the
morphological features suggest formation via deposition of larger
carryover particles, which were partially molten in flight, thus adhered
on the superheater tubes, and solidified after impaction. The proposed
deposition mechanism accounts for the low porosity of deposits from the
lower superheater region. As the deposits did not form a dense molten
layer but contained gaps between the single particles, liquid phase sin-
tering was ruled out to have taken place within deposits from the lower
superheater region.

Also among samples from the same sampling point, especially the
lower superheater region, significant differences in deposit morphology
were seen (Fig. 2 D and E). The exact formation mechanisms resulting in
the seen morphological differences are currently not understood, and
further research is needed.
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Larger sintered agglomerates
in sample L2

Large irregularly shaped particles
in sample L3 ¢

Fig. 2. Selected SEM images of deposit cross-sections from upper superheater region (A and B) and lower superheater region (C, D, and E); zoomed images (F, G, and
H) highlighting the main morphological differences between samples; different shades of grey representing the deposit material and black regions corresponding to
gas phase (epoxy resin). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Besides morphological differences, the deposits from the lower su-
perheater region were typically thinner, with an average thickness of
5.9 mm, compared to deposits from the upper superheater region with
an average thickness of 19.6 mm. Multiple parameters can have an
impact on the deposit thickness during boiler operation. The distance to
the closest sootblower and frequency of sootblowing can account for
significant differences within the final deposit thickness as well as the
particle load in the flue gas. The bulk of the flue gas enters the upper

superheater region after exiting the furnace, resulting in a higher par-
ticle load within the region of the upper superheater tubes (sampling
points 1 and 2) compared to the lower superheater region (sampling
points 3 and 4) close to the bull-nose. It has been shown for the depo-
sition rate increases linearly with increasing particle load [27]. Thus, the
deposit build-up rate was expected to be higher in the upper superheater
region compared to the lower superheater region.

For further detailed analysis in the present report, only deposits



R. Balint et al.

collected from the upper superheater region were utilised. This allowed
for easier comparison between the present deposit samples and super-
heater deposits from the upper superheater region of a Brazilian kraft
recovery boiler, presented elsewhere [23].

Despite the differences in deposit morphologies seen in Fig. 2, no
significant variations in the bulk composition among all analysed de-
posits were observed. The calculation of the average bulk deposit
composition of all analysed deposits was based on EDX data of the cross-
sections. In Table 2, the mass-based average bulk deposit composition of
all obtained deposits is shown.

The bulk deposit composition in Table 2 was calculated by assuming
that all sulfur was bound as sulfate. The carbonate content was calcu-
lated by closing the charge balance. The main constituents of the de-
posits were Na and SO4, making up almost 78 wt-% of the deposit, while
Cl made up 0.7 wt-% on average. The Cl content in the Finnish deposit
samples was lower compared to Brazilian superheater deposits [23]. In
general, superheater deposits from Scandinavian and also North Amer-
ican kraft recovery boilers have a lower Cl content than deposits from
South America due to the wood type used in the pulping process [4].
This difference in deposit Cl content is thought to be mainly responsible
for the differences in deposit morphology between the Finnish and
Brazilian deposits.

Due to the low deposit Cl content, no significant melt formation was
expected within the deposits at the prevailing flue gas temperatures. The
calculated melting curve based on the average deposit composition
(Table 2) also suggested a low amount of melt to form at the expected
maximum flue gas temperature as shown in Fig. 3.

The amount of melt formed at Ty was very low, 2 wt-%, and did not
increase significantly with increasing temperature. Up to 675 °C, i.e.,
above the estimated maximum flue gas temperature at the sampling
location, the amount of melt within the deposit remained below 10 wt-
%. Only at temperatures above 725 °C, well above temperatures relevant
for the present deposit samples, the formed amount of melt began to
increase more steeply.

Even though no significant differences in the average deposit
composition between single samples were seen, local enrichment of el-
ements such as Cl, K and S were observed in SEM/EDX analyses. Two
main enrichment patterns were identified, thus the deposits were clas-
sified into two main deposit types based on their local chemical
composition in the region closest to the steel. In the following, the main
characteristics of the two deposit types from the upper superheater re-
gion are presented.

3.2. Initial deposit layer of fume enriched in K and Cl - “type 1" deposit

The first deposit type, “Type 17, can be divided into three distinct
regions as shown in Fig. 4.

Closest to the steel (Fig. 4 A), the deposit consisted of a porous layer
of a network of fine, sintered particles. A similar morphology has also
been identified in laboratory studies investigating the condensation of
alkali chloride vapours from hot flue gases onto cold steel tubes [28,29],
as well as in deposition experiments burning black liquor in an entrained
flow reactor [30]. The observed morphology of fine sintered particles
was suggested to have resulted from homogeneous condensation of al-
kali chlorides in the gas phase. The condensation products were then

Table 2
Mass-based average bulk composition of all deposits ob-
tained in wt-%.

Component Mass fraction [wt-%]
Na 31.9

K 4.6

cl 0.7

SO, 45.7

COs3 17.1
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Fig. 3. Melting behaviour of average bulk deposit composition given in
Table 2. Estimated maximum flue gas temperature at the sampling loca-
tion indicated.

transported to the steel surface through the thermal boundary layer via
thermophoresis and subsequently deposited on the cold steel surface
[28,29].

In the context of recovery boilers, condensation products forming in
the flue gas are called fume, typically forming an initial sticky deposit
layer on the superheater tubes. Fume particles are of sub-micrometre
size and enriched in alkali chlorides [15]. During black liquor com-
bustion, inorganic compounds are released into the flue gas, with alkali
chlorides having higher vapour pressures compared to alkali carbonate,
sulfate, and sulfide. Therefore, larger amounts of alkali chloride
vaporise and enrich in the flue gas. In the superheater region, the
inorganic vapours condense as the temperature decreases. These
condensation products are not only enriched in Cl due to the higher
volatility of alkali chlorides but additionally, enrichment in K is typically
observed, as the volatility of KCl is higher compared to NaCl [31].

Fig. 4 D and E show the molar Cl/(Na + K) and K/(Na + K) ratios
within the deposit cross-section. The innermost layer of “Type 1" de-
posits was enriched in K and Cl compared to the outer regions. Layers
enriched in K and Cl parallel to the steel surface were observed
throughout the enriched region. However, a more detailed analysis did
not show any significant formation of alkali chloride layers on the
furnace-facing side of particles, typical for temperature gradient-
induced diffusional transport of alkali chloride. Currently, the layered
enrichment in alkali chloride is believed to have formed predominantly
during initial deposit formation via the above-mentioned condensation
mechanism.

Besides differences in the local chemical composition, the particle
size within the innermost deposit layer of “Type 1” deposits was
significantly smaller compared to the outer regions, as mentioned above.
A more detailed analysis of the particle size showed the particle diam-
eter of the innermost layer was slightly below 1 pm on average, implying
the main constituent of this region was fume particles [15]. Fume con-
centration in recovery boiler flue gas streams typically ranges between
10 and 35 g/Nm?, while the concentration of larger carry-over particles
ranges between 2 and 4 g/Nm?> [24]. Furthermore, the sampling location
favours the formation of an initial deposit layer via fume deposition.
Carry-over particles deposit via inertial impaction [18]; thus, most
larger particles are expected to not reach the tertiary superheater tubes
but instead deposit already on the secondary superheater tubes [32].
Therefore, the analysed deposit morphology, chemical composition, and
the general understanding of deposit formation in kraft recovery boilers
verified the suggested condensation mechanism yielding the innermost



R. Balint et al.

Greyscale SEM image
Sampling location R1

R RS
R

VR i

9.7 mm

Energy 267 (2023) 126576

Cl/(Na+K) [mol/mol] K/(Na+K) [mol/mol]

Fig. 4. SEM image of “Type 1" deposit with A) region of fine sintered particles enriched in K and Cl; B) bulk of larger sintered agglomerates; C) layer of spherical
particles on outer deposit surface; D) molar Cl/(Na + K) ratio; and E) molar K/(Na + K) ratio.

layer of “Type 1” deposits.

No indications of melt formation within this innermost region of the
deposit during boiler operation were found. Closest to the steel, the local
deposit temperature was the lowest and expected to remain below Ty
during boiler operation. The steel temperature of the superheaters is
kept at temperatures well below T of the bulk deposit to avoid any melt
getting in direct contact with the steel. Even deposits from different
boilers, with higher Cl concentrations and higher amounts of melt
formed during boiler operation, have been shown to contain a porous
layer closest to the steel due to the low local temperatures [23].

It is worth mentioning that, in a few cases, the innermost deposit
layer of fine, sintered particles was missing, indicating material loss. As
the deposits were mechanically removed from the superheater tubes, it
is not clear if material was lost during sampling. Thus, it cannot be ruled
out that the innermost layer of fine, sintered particles of some deposit
samples was damaged during sampling and transportation, resulting in
the lack of the innermost deposit layers. Especially, as the region of fine
sintered particles appeared to be more fragile than the remaining de-
posit toward the hotter outer deposit surface, the lack of the innermost
deposit layer is currently believed to be a sampling artefact.

The porous layer consisting of fine, sintered particles seen in Region
A in Fig. 4 is followed by a second sintered layer consisting of larger
agglomerates (Region B). Within Region B, the local temperature was
higher compared to Region A due to the temperature gradient in the
deposit. The smooth edges on the irregularly shaped particles indicated
the local deposit temperature having been above T, during boiler
operation, resulting in initial melt formation. However, as shown in
Fig. 3, the amount of melt formed was below 10 wt-% throughout the
deposit as the flue gas temperature at the sampling location did not
exceed 650 °C. The amount of melt was thus insufficient to form a dense
molten layer. Similar results have been observed in synthetic deposit
samples studied in the laboratory [10-12].

The alkali chloride layers on the furnace-facing side of particles in
Region B were more pronounced than in Region A. The gap size between
two distinct particles was larger in Region B than in Region A, causing
larger temperature differences between two distinct particles in Region
B. Subsequently, the concentration gradient of alkali chloride in the gas
phase increased, resulting in higher diffusional transport rates. Similar
observations of the air gap size affecting the rate of diffusional alkali

chloride transport have been reported in laboratory experiments [12].
Thus, the change in deposit morphology was believed to contribute to
the increased alkali chloride layer thickness with increasing distance
from the steel. Furthermore, higher local temperatures increase the al-
kali chloride vapour pressure, resulting in a larger concentration
gradient of alkali chloride in the gas phase. In comparison to laboratory
experiments, the Cl layers were thinner in actual boiler deposits. The
observed difference is due to the temperature gradient in the boiler
deposits being smaller, resulting in slower transport rates of alkali
chloride vapours compared to the laboratory experiments. Furthermore,
the boiler deposits contained less alkali chloride, thus the layers could
not reach an equal thickness. However, the underlying mechanism of
diffusional vapour transport resulting in the formation of such alkali
chloride layers is not expected to be further affected when comparing
the laboratory set-up to the boiler environment.

Within several of the analysed deposit samples, alkali chloride-rich
regions were not exclusively observed on the furnace-facing sides of
particles but also within larger sintered agglomerates. The small amount
of melt within the deposit is highly enriched in Cl compared to the
original deposit. Melt tended to accumulate at contact points between
distinct particles, favouring liquid phase sintering [33]. The increased
size of sintered agglomerates within Region B compared to Region A
(Fig. 4) was due to the capability of already small amounts of melt to
accelerate sintering processes [34]. For all deposits obtained from the
upper superheater region, a layer with a morphology similar to Region B
in Fig. 4 was observed. This morphology accounts for the bulk of the
deposits.

A thin layer of small, spherical particles was seen at the outermost
part of the deposit (Fig. 4C). These particles were thought to represent
newly deposited material, for which the residence time in the deposit
was not sufficient to undergo more pronounced sintering during boiler
operation. It is not clear to what extent these spherical particles repre-
sented the actual deposit material during regular boiler operation. The
boiler shut-down before the samples were taken likely affected the flue
gas conditions within the convective pass of the boiler. Hence, the
composition of the deposited particles may differ from that of particles
deposited during regular boiler operation.

Based on the average particle size of 20 pm, the spherical particles on
the outer deposit surface are intermediate-sized particles (ISP) [31].
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Local enrichment in K on the outer deposit surface was seen in Fig. 4 E.
The cause for this enrichment is currently unknown. A thin layer of
spherical particles and local enrichment in K was seen on the outer
surface of all deposits originating from the upper region of the super-
heater tubes.

Local enrichment in certain elements within a deposit, especially in
direct vicinity to the steel, as seen in Fig. 4 D and E, can have a signif-
icant impact on deposit-induced superheater corrosion. Furthermore,
changes within the local composition of the deposit affect the local
melting behaviour. In an earlier study, deposit ageing mechanisms
resulting in local enrichment of K and Cl have decreased the local first
melting temperature of kraft recovery boiler superheater deposits to-
ward the steel [23]. The impact of local differences in the deposit
composition on the first melting temperature T, was studied in detail.
For this, the “Type 1” deposit of Fig. 4 was divided into several sections
and Ty was calculated for each section. The local first melting temper-
ature profile as a function of distance from the steel and the sections the
deposit was divided into are shown in Fig. 5. The figure also shows the
molar Cl/(Na + K), K/(Na + K) and S/(Na + K) ratios.

The local first melting temperature had its minimum in the inner-
most section closest to the steel, where the molar Cl/(Na + K) and K/(Na
+ K) ratios were the highest. Throughout the region enriched in K and
Cl, local Ty values were lower than in the three regions furthest away
from the steel, which showed no local elemental enrichment and cor-
responded to the bulk of the deposit. As the Cl content of the deposit was
below 5 wt-% on average, also enrichment in Cl, besides enrichment in
K, caused a local decrease in the deposit first melting temperature [6].
The enrichment in Cl and K within the “Type 1" deposit was not thought
to be exclusively caused by alkali chloride vapour transport within the
already formed deposit. Some alkali chloride enrichment close to the
steel likely took place during deposit build-up. However, layers of alkali
chloride were seen within the Cl and K enriched region of the deposit as
well, thus diffusional gas-phase transport of alkali chloride most likely
contributed to the observed decrease in T to some degree. The deposits
of the present work were sampled after about 30 days of boiler opera-
tion. Whether alkali chloride enrichment would be similar in deposits
after 12-18 months of operation, an interval typical between scheduled
boiler shut-downs is unclear.

Above the region enriched in K and Cl, the deposit local Ty and

Distance from steel [mm]

[
520 524 528 532 536 540 544

Temperature [°C]

Energy 267 (2023) 126576

chemical composition remained fairly constant over a large region. The
increased formation of alkali chloride layers within this deposit region
did not cause any significant differences in the local chemical compo-
sition; thus, local T values did not change significantly. Already minor
variations in the local deposit composition, which are within the mea-
surement error of the EDX analysis, result in changes in the calculated
local first melting temperature of around 3 °C. Therefore, variations in
the local first melting temperature of less than 5 °C were considered too
small to assess whether calculated local variations in Ty were caused by
intra-depositional mechanisms altering the local deposit composition.

At the outermost layer of the deposit, the local Ty value was the
highest, despite being enriched in K. Besides K, the outermost deposit
layer was also enriched in S, as seen in Fig. 5, while no enrichment in CI
was observed. An increasing K content does not affect the first melting
temperature in deposits if the molar Cl/(Na + K) ratio remains below
0.015 [9], which applied to the “Type 1” deposit shown in Fig. 5.
Furthermore, the simultaneous enrichment in S locally increased the
molar SO4/COg3 ratio on the outer deposit surface, resulting in the
observed increase in the local first melting temperature. These obser-
vations are in line with experimental results carried out by Frederick and
Vakkilainen [15], and the general understanding of the melting
behaviour of deposits formed in a kraft recovery boiler [26]. In terms of
corrosiveness, the outer deposit region is of little interest due to the
increased distance from the steel surface. In addition, the flue gas
composition and the composition of the outermost deposit layer might
have been affected by the boiler shut-down. Thus, the outermost layer of
the deposit will not be discussed in any more detail within the present
report.

3.3. Innermost layer enriched in S and K — “type 2” deposit

An example of a “Type 2” deposit with SEM/EDX maps highlighting
the main characteristics is shown in Fig. 6.

The outer region of the “Type 2" deposits did not differ from that of
the “Type 1" deposit in morphology and chemical composition and will
therefore not be further discussed. However, the chemical composition
of the innermost deposit region of “Type 2” deposits differed signifi-
cantly from “Type 17.

Closest to the steel the deposit was enriched in potassium and sulfur
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Fig. 5. Local first melting temperature of “Type 1" deposit and molar Cl/(Na + K), K/(Na + K), and S/(Na + K) ratios as functions of distance from the steel.
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Fig. 6. A) Greyscale image of “Type 2" deposit; B) close-up of the region closest to the steel; C) molar S/(Na + K) ratio; D) molar K/(Na + K) ratio; E) molar Cl/(Na +

K) ratio.

(Fig. 6C and D), while at the same time depleted in chlorine (Fig. 6 E).
The innermost region of “Type 2” deposits consisted of a dendritic
structure of fine sintered particles, similar to “Type 1” deposits and was
therefore believed to have formed via the same condensation
mechanism.

The chemical composition of the innermost layer was believed to
have formed via sulfation, whereby the initial deposit layer, originally
enriched in K and Cl, reacted with SO; from the flue gas. Several studies
in the literature have indicated that sulfation of alkali chlorides is of
relevance in kraft recovery boilers [7,35] and especially toward the
innermost region of deposits [7].

To further investigate whether the sulfation reaction serves as a
plausible explanation for the observations made within “Type 2" de-
posits, the SO concentration measured in the flue gas stack was ana-
lysed. Significantly higher SO, concentrations of 184 mg/Nm® on
average with maximum peaks up to 690 mg/Nm® were recorded during
the first five days of boiler operation. For the remaining operating time
of the boiler, corresponding to normal operation, the measured SO,
concentration in the flue gas stack was essentially zero. During boiler
start-up, heavy fuel oil was used, known to cause higher SO, emissions.
In addition, lower furnace temperatures during start-up as compared to
normal boiler operation promoted SO, emission [32]. Thus, the
measured SO, concentrations supported the hypothesis of alkali chlo-
ride sulfation to result in the analysed innermost layer composition of
“Type 2" deposits.

With increasing distance from the superheater steel surface, the local
chemical composition of the deposit changed. The K and S enriched
region was followed by a layer enriched in Cl compared to the deposit
bulk, while also slightly being enriched in K. A layer enriched in Cl but
varying in thickness was analysed within all “Type 2" deposits. For the
majority of samples, the Cl-enriched region did not show any enrich-
ment or depletion in either K or S. Also, within the deposit shown in
Fig. 6, the Cl-rich layer above the sulfated part of the deposit was not
enriched in S, possibly due to the lack of SO in the flue gas after the first
five days of boiler operation. Also, regions further away from the steel
had a shorter residence time in the deposit, not sufficiently long to un-
dergo substantial sulfation.

However, sulfation of alkali chlorides alone does not explain the
concurrent enrichment in K within the innermost region of the “Type 2"

deposits. Currently, the K enrichment is believed to be a remnant of the
initial deposit layer, originally enriched in K and Cl as seen in the “Type
1" deposit (Fig. 4). The sulfation reaction does not affect the K content
within the deposit, therefore the sulfated region of the deposit remained
enriched in K. However, it cannot be ruled out that some other mech-
anism caused the observed K enrichment. Furthermore, no definite
explanation for why the S-rich layer wasn’t seen within all deposit
samples can be provided. Based on the analysis results, an asymmetric
flue gas flow was believed to have caused local differences in the SO,
concentration in the flue gas and therefore, not all deposit samples
showed signs of sulfation. The lower boiler load during boiler start-up,
compared to regular boiler operation, typically amplifies asymmetric
flue gas conditions. Further research is needed to better understand the
underlying mechanism(s) causing the observed local enrichment in K
and S within “Type 27 deposits.

Also for the “Type 2” deposit, the local melting behaviour was ana-
lysed in more detail. The sections the deposit was divided into are shown
in Fig. 7 together with the local Ty profile and the molar K/(Na + K), Cl/
(Na + K), and S/(Na + K) ratios.

The local first melting temperature within the innermost K and S
enriched region of the deposit shown in Fig. 7, was increased by almost
20 °C compared to the outer deposit region, an observation made for
most of the analysed “Type 2” deposits despite the locally increased K
content. The local increase in Ty resulted from the enrichment in S on
one hand, and the depletion in Cl, on the other hand. These observations
are in line with the general understanding of the well-studied melting
behaviour of ash deposits forming in kraft recovery boilers [26]. Similar
to the outer deposit surface, the local increase in the SO4/CO3 ratio
increased Ty. Similar observations have been made by Frederick and
Vakkilainen, who have identified sulfation of deposits to cause an in-
crease in the first melting temperature [15]. In the present samples, the
K increase did not affect Ty, as the molar Cl/(Na + K) ratio remained
below 0.015 throughout the K-enriched region [9].

3.4. Summary of observations and proposed deposit formation and ageing
mechanisms

The analysed deposits from the upper superheater region were
classified into two main types based on differences in their chemical
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Fig. 7. Local melting behaviour and molar Cl/(Na + K), K/(Na + K), and S/(Na + K) ratios as functions of distance from the steel of innermost region of “Type 2"

deposit with locally increased Ty close to the steel.

composition closest to the steel. In addition, some of the deposits had a
morphology and chemical composition differing from these two main
types. Fig. 8 summarizes all deposit types observed and puts forward an
explanation for how these deposit types can be linked.

The deposits obtained from the upper superheater region were
divided into two distinct regions, based on their morphological features.
Closest to the steel, the deposits consisted of a porous layer of sub-

micron-sized fume particles. Further away from the steel, the
morphology changed to that of larger sintered agglomerates. Tempera-
ture gradient-induced diffusion of alkali chloride toward the steel was
assumed the governing deposit ageing mechanism in both deposit
regions.

The initial deposit layer built up as alkali chloride-rich fume parti-
cles, formed via homogeneous condensation in the flue gas, deposited on

Sampling artefact “Type 1" C

"Type 2"

12.2mm

K/(Na+K) [mol/mol]

Cl/(Na+K) [mol/mol] S/(Na+K) [mol/mol]

5.3 mm

Sulfation of K and Cl rich region

Fig. 8. Summary of identified deposit types: A) “Type 1” deposit with innermost layer of fine sintered particles enriched in K and Cl; B) Sampling artefact lacking
innermost layer of fine sintered particles; C) “Type 2” deposit with innermost layer enriched in K and S while concurrently depleted in Cl; D) Thin deposit of large

irregularly shaped dense particles from lower superheater region.
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the superheater steel resulting in local enrichment in K and Cl closest
toward the steel (“Type 17, Fig. 8 A). Local T, values were lower within
the region enriched in K and Cl as compared to the outer regions of the
deposit.

The innermost layer of “Type 1 deposits consisting of fine, sintered
particles was more fragile than the outer parts of the deposit. Thus, some
of the analysed samples lacked this innermost layer of fine particles
(Fig. 8 B) as it presumably got lost during deposit sampling. In general,
material loss during sampling could not be ruled out for any of the
analysed deposit samples.

The second main deposit type had an innermost layer enriched in K
and S while concurrently depleted in Cl (“Type 27, Fig. 8C), believed to
have formed via sulfation of the innermost layer initially enriched in K
and Cl. Local Ty values increased within the K and S-rich layer of “Type
27 deposits due to the high S content and concurrent lack of Cl within
this region.

Several deposits from the lower superheater region showed signifi-
cant deviation in morphology (Fig. 8 D) compared to deposits from the
upper superheater region. The underlying mechanisms causing the
observed densification are currently not known.

4. Conclusions and implications

Ash deposits collected from the tertiary superheater tubes of a
Finnish kraft recovery boiler were analysed regarding their chemical
composition and morphology using SEM/EDX. The main findings can be
summarized as the following.

- The melt fraction formed within deposits did not exceed 10 wt-%,
thus the aged deposits from the upper superheater region formed a
two-layered skeletal morphology. The governing deposit ageing
mechanism was diffusional transport of alkali chloride vapours to-
ward the steel, induced by the temperature gradient the deposits
were exposed to.

- Type 1 deposits had an innermost layer enriched in K and Cl, formed
via deposition of K and Cl-rich fume particles and additional deposit
ageing. Furthermore, the local Ty of the deposits had a minimum
within the K and Cl-rich region, increasing the risk of melt formation
in the direct vicinity of the steel and hampering deposit removal via
sootblowing. The high Cl concentrations close to the steel and local
decrease in Ty were believed to increase the corrosiveness of the
deposits.
Type 2 deposits had an innermost layer enriched in K and S while
concurrently depleted in Cl, formed via sulfation. The innermost
deposit layer originally enriched in K and Cl reacted with SO from
the flue gas forming alkali sulfate whereas HCI was released into the
gas phase. The local T was shown to be increased within the sulfated
region compared to the outer regions of the deposits due to the lack
of Cl and concurrent increase in the SO4/COj3 ratio. Thus sulfation
potentially reduces the risk of deposit-induced superheater
corrosion.

More research is needed to better understand the underlying cause

for the observed morphological differences between deposit samples

from the upper and lower superheater regions. Furthermore, a better
understanding of what resulted in the concurrent presence of the two
main types of deposits is needed.
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Probe deposit samples of 1, 5, and 8 weeks exposure time were collected from the superheater area of a Finnish
kraft recovery boiler. Deposit cross-sections were analysed regarding their morphology and chemical composi-
tion using SEM/EDXA. Morphological differences along the probe’s circumference were observed due to different
prevailing deposition mechanisms. Overall enrichment in the deposit Cl content with increasing exposure time
was observed. The Cl enrichment proceeds via diffusion of Cl-vapours from the flue gas into the deposit. Two

deposit ageing mechanisms were identified within the deposit samples. First, alkali chloride layers formed on the
furnace-facing side of deposit particles and also directly on the steel surface as a result of deposit ageing. Second,
within the 5 and 8-week probe samples, sulfation of alkali chloride within the inner regions of the deposits was
observed. Analysis of the local first melting temperature of the deposits showed a significant decrease within the
Cl and K-rich layer adjacent to the steel surface, implying an increased risk for melt formation, and thus
corrosion, in the direct vicinity of the steel.

1. Introduction

Finland and Sweden are Europe’s main producers of pulp and paper,
together accounting for almost 60 % of the annual production in 2021
[1]. The dominating process used is the kraft pulping process, where a
solution of NaOH and NayS$ is used to extract the pulp fibres from raw
wood. The aqueous solution of spent pulping chemicals (NazSO4 and
NayCOs3) and organic material, mainly lignin originating from the wood,
is called black liquor. The black liquor is burned in the recovery boiler,
into which it is sprayed as droplets. These droplets dry, pyrolyze, and
start to burn in flight. The process is designed in such a way that the
burning droplets reach the bottom of the boiler, where a char bed is
formed [2,3]. For an efficient boiler operation, the droplets must not
reach the bed while still wet, as this would lower the bed temperature
and result in undesired growth of the bed. Due to the reducing atmo-
sphere within the bed, Na;SO4 present in the droplets is reduced to NaS
by reacting either with char carbon or reducing gases [2]. The remaining
smelt of incombustible inorganics, predominantly Nap,CO3 and the
reduced NayS, exits the boiler at the bottom, flowing into a dissolving

tank forming green liquor. The green liquor is further processed in a
causticizer to recover NaOH from NayCOs3 [2]. The recovery boiler has
two main purposes in the pulping process: through combustion the re-
covery of the spent pulping chemicals, therewith almost eliminating the
need for new process chemicals is enabled [4]. At the same time heat and
power are generated through combustion of the organic material dis-
solved in the black liquor. The energy produced by a modern recovery
boiler is sufficient to supply the whole mill [4].

However, ash deposition on superheater tubes and therewith asso-
ciated operational problems such as reduced heat transfer and corrosion
of superheater tubes still pose a major problem for boiler operators. A
significant share of sodium but also other inorganic compounds dis-
solved in the fired black liquor release into the gas phase [3]. Further-
more, occasionally black liquor droplets are entrained in the flue gas and
form deposits on heat transfer surfaces [3]. Similar deposit-related ob-
stacles also arise for other combustion processes utilising biomass-based
fuels. Compared to coal, biomass fuels generally contain larger amounts
of inorganic compounds, causing severe slagging, fouling, and corrosion
issues in combustion processes, resulting in a lower boiler-efficiency and
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limiting the maximum steam temperature in the hottest superheaters.

In recovery boilers, Cl and K-containing compounds are mainly
causing corrosion-related operational issues. Cl originates from the
wood, but makeup and bleaching chemicals or process water provide
additional sources for Cl to enter the process. K originates from the raw
wood and is dissolved in the liquor in the pulping process [5]. The main
compounds of recovery boiler superheater deposits are NaCl, NapSO4,
NayCOs, NayS, and their K counterparts [6].

The formation mechanisms of superheater deposits have been stud-
ied thoroughly over the last decades [2,6]. Particles contributing to
deposit build-up in a kraft recovery boiler are divided into three main
groups [2,7]. The smallest particles, referred to as fume, are sub-
micrometre sized and deposit predominantly via condensation or ther-
mophoresis on the lee-side of superheater tubes. Fume particles are rich
in alkali sulfate and contain high amounts of alkali chlorides [2,6]. The
particles in the second fraction are called intermediate-sized particles
(ISP), typically within the range of 1-100 um in diameter. ISP particles
deposit predominantly via inertial impaction on the wind side of the
superheater tubes [2,6]. The formation of ISP is not fully understood,
but it is believed that these particles form during char bed burning as
small char particles are ejected from the bed and entrained in the flue
gas. Thus, ISPs contain only small amounts of Cl and high amounts of
carbonate and sulfate [6,7]. The largest particle fraction is called
carryover; such particles can reach up to a few millimetres in diameter.
Carryover particles are (partially) unburnt (fragments of) black liquor
droplets entrained in the flue gas [7], thus containing high amounts of
carbonate and sulfate [6]. Due to their large size, a big share of carryover
particles deposits already on the first rows of superheater tubes via in-
ertial impaction [6].

However more recently, local changes in the deposit composition
occurring after the initial deposit formation have been observed. These
changes were shown to affect the local deposit composition and thus
corrosiveness, removability, and melting behaviour of deposits [8-11].
Such intra-depositional changes taking place after the initial deposit
formation are referred to as deposit ageing. Due to the temperature
difference between the hot flue gas and the cooler superheater tubes,
deposits are exposed to a temperature gradient, which has been shown
to cause deposit ageing mechanisms. Diffusional transport of alkali
chloride vapours toward the steel and subsequent condensation of these
vapours at lower local temperatures result in the formation of alkali
chloride layers on the furnace-facing side of particles within the deposit
and also directly on the steel surface [10,11]. Furthermore, temperature
gradient-induced movement of Cl and K-enriched melt toward the steel
has been identified within deposits [8].

Both deposit ageing mechanisms described above increase the local
Cl and K content of the deposits toward the steel, directly affecting the
deposit’s local melting behaviour. An increase in Cl increases the
amount of melt that is formed at the first melting temperature Tq [12],
while an increase in K lowers To [13]. Therefore, deposit ageing in-
creases the risk of melt getting in direct contact with the steel surface,
resulting in severe corrosion. Deposit ageing mechanisms have been
predominantly studied on laboratory scale using synthetic ash deposits
[9-11,14], but have also been verified in actual deposits directly
collected from the superheater tubes of kraft recovery boilers [8,15].
Within the superheater deposits, a direct impact of these deposit ageing
mechanisms on the local first melting temperature of a deposit could be
shown, as Ty has been significantly lower within the Cl and K-enriched
region close to the steel compared to the outer regions of the deposit
[8,15]. Several deposit samples have been obtained directly from the
superheater tubes of the boiler, in which the probe deposit measure-
ments of the present article were carried out. Within these superheater
deposit samples, local enrichment in Cl and K toward the steel due to
deposit ageing has been observed to result in a local decrease in Ty
within several samples [15]. In other superheater deposit samples, ob-
tained during the same sampling campaign but from different super-
heater tubes, a sulfated region closest to the steel has caused an increase
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in the local Ty [15].

However, a systematic study on how actual superheater deposits
change in their local chemical composition and morphology with time
poses some challenges. Actual superheater deposits can only be obtained
during a boiler shutdown. Thus, the duration for the deposit to build up
and age cannot be chosen freely. Furthermore, deposits have to be
removed from the superheater tube they adhered to during boiler
operation, resulting in the loss of valuable information from the inner-
most deposit layer directly attached to the superheater tube. Therefore,
a sampling probe has been designed to obtain and analyse deposits still
attached to the steel surface they originally formed on during regular
boiler operation. Furthermore, the exposure time of the deposit can be
controlled, enabling a systematic study of time-dependent processes
taking place within a deposit.

The objective of the present study was to obtain a better under-
standing of deposit ageing under full-scale conditions. Deposits attached
to the steel surface they initially had formed on are obtained using a
sampling probe. With this method, the deposit steel interface could be
studied in more detail. Furthermore, differences in deposit ageing pro-
cesses depending on the exact location along the probe’s circumference,
such as wind or lee side, were identified. The measurements aimed to
shed more light on the timeframe within which deposit ageing takes
place under actual boiler conditions, as measurements with varying
exposure times were carried out. Deposit ageing mechanisms were
identified within all of the obtained probe samples. Furthermore, a
general increase in deposit Cl with time as well as sulfation of the de-
posits were identified, as a result of the initially formed deposit inter-
acting with the surrounding flue gas. Deposit ageing significantly
lowered the local T closest to the steel surface.

2. Materials and methods

Probe deposit measurements were carried out in the superheater
region of a kraft recovery boiler with a maximum firing capacity of 3200
tonnes dry solids per day, located in Rauma, Finland. All measurements
were carried out in the upper superheater region, between the secondary
and tertiary superheater bundles. The closest sootblower was located
0.75 m below the probe, with two more sootblowers located 2.25 m to
the left and right, as shown in Fig. 1.

For the discussion of the obtained results, the following nomencla-
ture for selected locations along the circumference of the probe is used:
The part of the probe directly facing the flue gas stream is referred to as
the “wind side” deposit, while the region shielded off from the flue gas
flow by the probe is called the “lee side”. The region between the “wind
side” and “lee side”, directly facing the sootblower, is referred to as the
“bottom side” and the region on the opposite is referred to as the “top
side”.

The sampling probe has been designed and built at Abo Akademi
University. Several short-term experiments were carried out, and the
probe design was refined. The main features of the final probe design are
presented in Fig. 2.

The design consists of two concentric tubes made from P235GH steel
with an outer diameter of 51 mm (A). The part of the probe inserted into
the boiler during the experiment is 0.85 m long, including the 0.1 m long
detachable tip on which the deposit sample was collected. Before
inserting the probe into the boiler, the sampling tip was preheated to
temperatures above 100 °C to avoid condensation of water vapour onto
the cold steel surface. The sampling tip was mounted to the outer tube of
the probe and held in place by the inner tube (B). On the part of the
probe located outside the boiler (C), a spring was used to build up suf-
ficient force for the inner tube to keep the detachable tip in place and
prevent it from falling off the probe at any time during the experiment.

A custom-made oval plate, exactly fitting the manhole through
which the superheater region was accessed, was used to attach the probe
to the boiler wall (D). The probe is welded onto a smaller square-shaped
plate (A) that can be attached to the larger oval plate during the
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Direction of flue gas flow

1 Wind side

2 Top side

3 Lee side
4 Bottom side

Fig. 1. Probe sampling location in the upper superheater region of the boiler, location of closest sootblowers and sample nomenclature.

Fig. 2. Main features of probe design: A) Main probe; B) Detachable sampling tip; C) Part located outside of boiler during the experiment; D) Oval manhole

cover plate.

experiment, using four bolts highlighted in Fig. 2D. The whole design
aims to avoid any rotation of the measurement equipment during the
experiment. This design enables differentiation between the probe’s
wind, lee, bottom, and top sides and identification of location-specific
deposition and ageing mechanisms. Two inspection holes are drilled
into the squared plate. A thermocouple can be inserted through one of
these holes directly into the boiler to measure and log the local flue gas
temperature near the probe.

After the experiment, the inner tube was removed first, followed by
the tip. Fig. 2B shows a small gap between the detachable tip and the
main probe, which helped to remove the tip. Due to corrosion, the tip
could not be separated from the probe after longer exposure times. Thus,
the tip was cut off using a metal saw without destroying the main probe

or the collected deposit.

Pressurised air entering the probe on the part located outside of the
boiler (C) was used to cool the sampling tip and ensure a constant steel
temperature during the experiments. Two thermocouples were placed
within the detachable tip to control and log the steel temperature
throughout the experiment. After passing the probe between the inner
and outer tubes, the cooling air exited the probe at the tip and was blown
directly into the boiler. Each measurement point of the logged steel and
flue gas temperature represents the average temperature over a five-
minute interval.

After the experiment, the probe was removed from the boiler and the
airflow through the probe was increased to ensure fast cooling of the
sample to be able to be cast in epoxy resin. The sample was then cut to
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obtain a cross-section. The cross-sections were polished using SiC pol-
ishing paper and water-free lubricant to avoid deposit dissolution. The
polished cross-sections were cleaned using petroleum ether and carbon-
coated before the analysis. Scanning electron microscopy (SEM) and
energy dispersive X-ray analysis (EDXA) (LEO Gemini 1530 equipped
with a ThermoNORAN Vantage X-ray analysing system manufactured by
Thermo Scientific) were utilised to study the deposit morphology and
chemical composition in detail.

Based on the SEM/EDXA data, molar Cl/(Na + K), K/(Na + K), and
S/(Na + K) ratios were calculated for the analysed cross-sections. In
addition, the local first melting temperature (Tp) of the deposits was
calculated. The deposit was divided into several sections whereby the
average composition for each of these sections was calculated. Subse-
quently, the local Ty value was calculated based on the average
composition of each section, using FactSage Version 8.1 [16] and the
FTPulp database, containing data relevant for deposits forming in kraft
recovery boilers [17].

3. Results and discussion
3.1. Morphology and local chemical composition of probe deposits

Deposit sampling experiments with exposure times of 1, 5, and 8
weeks were carried out. The steel temperature at the sampling tip of the
probe was set to 450 °C, representing actual steel temperatures of the
tertiary superheater tubes in the boiler. The flue gas temperature during
the experiments averaged 550 °C, measured with a thermocouple in the
vicinity of the probe. Fluctuations in the measured flue gas temperature
were observed, occasionally reaching values as high as 650 °C.

Three panorama images of deposit cross-sections obtained from the
three experiments are presented in Fig. 3. In addition, locations on the
wind, lee, bottom, and top side of the probe deposit samples, where the
morphology and chemical composition was analysed in more detail, are
indicated.

It should be mentioned that the probe diameter of the one-week
experiment shown in Fig. 3 is smaller compared to the five and eight-
week experiments. The probe design was changed after the one-week
experiment, including an increased probe diameter. However, the
overall shape of the obtained deposits shown in Fig. 3, as well as the
morphological features of the three deposits, were similar despite the
difference in probe diameter. Hence, the modified probe design did not
affect the results of the experiments.

All deposits obtained were porous and appeared the thickest at the
lee and top sides of the probe, while the bottom and wind sides were
significantly thinner. The bottom part of the probe was affected the most
by the sootblower it was directly facing, located 0.75 m below the probe.

Wind
10 mm
—

5 weeks

Direction of flue gas flow.
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Therefore, the bottom side deposit was thinner than other locations
along the probe’s circumference. Differences in deposit thickness be-
tween the wind and lee sides were caused by differences in the pre-
vailing deposition mechanisms at those two locations. As the
measurements were carried out between the secondary and tertiary
superheater, the deposits built up predominantly from sub-micrometre-
sized fume particles. A major share of the larger intermediate-sized and
carryover particles tended to deposit via inertial impaction already on
the secondary superheater tubes. Only small amounts of larger particles
were expected to reach the measurement location [18]. Sub-
micrometre-sized fume particles start to form in the measurement re-
gion either via homogeneous condensation in the gas phase or hetero-
geneous condensation directly on the steel surface; thus, fume particles
contributed the most to the deposit building up on the probe [6]. The
governing deposition mechanism for fume particles on the sampling tip
appeared to be eddy impaction, predominantly depositing on the lee
side of the probe [19], resulting in the deposit shape seen in Fig. 3, with
the maximum deposit thickness at the lee side. In general, no significant
differences in deposit morphology were identified when comparing
probe deposit samples of different exposure times from the same loca-
tion along the probe’s circumference. This suggests good reproducibility
of the results obtained from the probe measurements.

For all three deposits, the average deposit Cl content has been
determined at the four locations indicated in Fig. 3. The average mass-
based Cl concentration of the three deposits at the respective analysis
location is shown in Fig. 4.

The average Cl content of the deposits increased with exposure time
in all four locations along the probe’s circumference. A significant in-
crease in deposit Cl content was seen when increasing the exposure time
from one to five weeks. In contrast, the deposit Cl content increased to a
lesser extent when increasing the exposure time from five to eight
weeks.

It is worthwhile to mention that a period of almost three years lay
between the 1-week and the sequentially carried out 5- and 8-week
experiments; thus, changes in the operating conditions of the boiler
possibly affecting the Cl content in the flue gas cannot be ruled out.
However, no significant differences in the chemical composition of the
black liquor fired during the 1-week experiment and the 5- and 8-week
experiments were identified. Therefore, the enrichment in probe deposit
Cl with increasing exposure time was believed to be representative of the
time-dependent chlorine enrichment of actual superheater deposits. The
overall deposit Cl content increased over time as alkali chloride vapours,
present in the flue gas, diffused through the outer regions of the deposit
and condensed within the deposit region closer toward the steel, at
lower local temperatures.

For a more detailed analysis of the Cl distribution within the probe

Wind

0 mm
—
8 weeks

Fig. 3. SEM images of deposit cross-sections after exposure times of 1, 5, and 8 weeks indicating locations of detailed analysis on wind, lee, bottom, and top side

of deposits.
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Fig. 4. Development of average mass-based Cl concentration with increased
exposure time at lee, wind, top, and bottom side of the probe deposit.

deposits, the molar Cl/(Na + K) ratios over the cross-sections of the
three deposits from the top side of the probe are shown in Fig. 5 together
with their corresponding grey-scale images.

A clear difference was seen when comparing the 1-week deposit with
the 5- and 8-week deposits. The Cl concentration throughout the cross-
section of the 1-week sample was lower compared to the samples with
longer exposure times. This overall enrichment in deposit Cl seen in the
images in Fig. 5 was in line with the trend shown in Fig. 4. The deposit
was enriched in Cl over time via condensation of Cl-rich vapours,
diffusing into the deposit from the flue gas.

Furthermore, alkali chloride layers formed on the furnace-facing side
of particles within all analysed deposits. For the 5- and 8-week samples,
a chloride-rich layer was also observed directly on the steel surface. The
presence of such alkali chloride layers is a characteristic of temperature
gradient-induced deposit ageing via diffusional transport of alkali
chloride vapours toward the steel [10]. This mechanism has been
studied thoroughly in laboratory-scale tests [9,10,14] and has also been
shown to take place in actual deposits collected directly from super-
heater tubes [8,15]. The results of the present probe measurements
confirmed deposit ageing to form an alkali chloride layer directly on the
steel surface. Such a Cl-layer was not found on the probe’s steel surface
after the 1-week experiment but after the 5-week and 8-week experi-
ments. Thus, the layer likely formed due to deposit ageing rather than
during initial deposit formation via condensation of alkali chlorides

1 week top

8.4 mm

5 weeks top
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directly on the steel surface.

However, in contrast to deposits obtained from the laboratory-scale
experiments, chloride layers formed also on non-furnace facing sides of
particles, especially surrounding larger dense agglomerates within the
deposits, similar to those seen in the 1-week and 8-week deposits in
Fig. 5. These larger agglomerates were predominantly seen on the wind
side directly exposed to the flue gas stream during the experiment. The
exact formation mechanism of the Cl-layers surrounding such larger
particles is not known. It is believed that a mechanism other than the
temperature gradient-induced diffusional transport of alkali chloride
vapours resulted in the formation of the Cl-layers on the non-furnace-
facing sides of particles.

An indication of a second mechanism involved in the formation of
the non-furnace facing alkali-chloride layers was their presence already
after an exposure time of one week. Despite the generally low Cl content
within the 1-week sample and the lack of similar well-pronounced Cl
layers on deposit particles of smaller size within the same sample, alkali
chloride layers surrounded larger irregularly shaped particles within the
sample. Such larger particles were believed to be either carryover par-
ticles or parts of deposits, which initially formed on superheater tubes
upstream of the probe and were removed by sootblowing, got re-
entrained in the flue gas, and re-deposited subsequently on the probe.

However, the Cl-layers appeared to be more pronounced on the
furnace-facing side of particles, especially within the samples of 5 and 8
weeks of exposure. Thus, it was believed that also the Cl layers on the
furnace-facing side of larger irregularly shaped particles were at least
partially formed via temperature gradient-induced diffusional transport
of alkali chloride vapours toward the steel. An example of a deposit
where the Cl-layers were more pronounced on the furnace-facing side of
the particles is given in Fig. 6.

Fig. 6 also shows an example of the general morphological
complexity of the probe deposit samples. Within the 8-week sample on
the left, particles of varying shapes and sizes appeared. The region
closest to the steel contained predominantly larger, irregularly shaped
particles with particle sizes ranging between 500 um and 1 mm. Due to
the prevailing steel temperature of the probe and the local flue gas
temperature, deposition of re-entrained particles seemed probable.
Carryover particles likely solidify almost completely when reaching the
probe. Thus, they will not deform upon impact, resulting in a particle
structure seen in Fig. 6. Due to the chosen steel temperature, neither
extensive sintering nor partial particle melting was expected to be
relevant in this deposit region.

The outer deposit region contained spherical particles ranging be-
tween 1 ym and 100 pm in diameter, classified as intermediate-sized
particles (ISP) [7]. Additionally, some outer deposit regions had un-
dergone partial sintering during boiler operation. However, the outer-
most region of the deposit had not sintered significantly. Therefore, it
was believed to reflect best the shape and composition of particles

8 weeks top

7.4 mm

Fig. 5. Grey-scale SEM image and corresponding molar Cl/(Na + K) ratio of 1-week deposit (left), 5-week deposit (middle), and 8-week deposit (right).
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5 weeks bottom side

Fig. 6. 8-week wind side probe deposit and corresponding molar Cl/(Na + K) ratio and 5-week bottom side probe deposit and corresponding molar Cl/(Na +

K) ratio.

initially deposited on the probe.

The morphology and thickness of deposits from the bottom side of
the probe differed significantly from the other analysis locations. Bottom
side deposits were typically the thinnest and appeared less porous
compared to the other locations along the probe’s circumference. The
differences in morphology and deposit thickness were likely due to the
bottom side directly facing a sootblower. Larger parts of the deposit
were expected to have been removed during sootblowing, resulting in a
thinner deposit on the bottom side. Furthermore, high water vapour
concentrations possibly caused partial dissolution of the deposit fol-
lowed by rapid recrystallisation, resulting in the observed less-porous,
dense morphology.

Besides the general Cl enrichment with time, as shown in Fig. 4, local
enrichment in K and S and concurrent depletion in Cl were observed
within the analysed deposits. Regions of similar local composition have
been analysed within deposit samples taken directly from the super-
heater tubes of the same boiler [15]. The enrichment in S and concurrent
depletion in Cl in deposits obtained directly from the superheater tubes
were reported to have formed when an initially alkali chloride-rich
deposit was sulfated by SO, present in the flue gas. However, the
enrichment in K could not be explained via the proposed sulfation
mechanism; thus, a second unidentified mechanism has been believed to
result in the observed concurrent K enrichment [15].

The local K and S enrichment within the probe deposits was not
exclusively identified within the region closest to the steel but also in
regions further away from the steel surface. Examples of two probe
cross-sections showing signs of local sulfation within the deposit are
given in Fig. 7.

An example of local depletion in Cl and concurrent enrichment in K
and S, referred to as the sulfated region in the further discussion below,
further away from the steel, is given in the top row of Fig. 7. The images
in the bottom row give an example of a sulfated region directly above the
steel surface. In further analyses of the probe deposit samples, similar
sulfated regions were observed within the 5- and 8-week samples at
other locations along the probe’s circumference. Analogous to the cross-
sections shown in Fig. 7 for the 5-week sample, the sulfated region was
consistently observed at some distance to the steel surface. In contrast,
the sulfated region was located right above the steel surface in the 8-
week sample.

The sulfated regions analysed at different locations within the 5- and
8-week deposit samples were assumed to depend on temporal fluctua-
tions in the flue gas’ SOy concentration during boiler operation.
Therefore, the measured SO, concentration in the flue gas stack of the

boiler was analysed in more detail. The SO, measurement data was
provided by the boiler operator. Each data point represented a one-hour
average of the measured SO, concentration. For both probe sampling
periods, the overall measured SO concentration in the stack was low,
averaging 0.1 mg/Nm® SO, during the 5-week sampling period and 0.6
mg/Nm® SO, during the 8-week sampling period. However, the SO,
concentration had been noticeably higher than the average during 12 h
in both cases. For the 5-week exposure, this increased SO concentration
was identified on the 11th day after starting the experiment. For the 8-
week exposure, a similar time interval of increased SO, concentration
was seen on the 5th day. The increased SO, concentrations in the flue
gas at different times during the experiment may explain the differences
in the location of the sulfated regions between the 5-week and 8-week
probe deposit samples.

Furthermore, the presence of a Cl-rich layer directly on the steel
surface (Fig. 7) provided additional evidence for the sulfation of alkali
chlorides to take place after the initial deposit formation. A sufficient
amount of Cl within the inner region of the deposit is required for such a
Cl layer to form directly on the steel surface via diffusional transport of
alkali chloride vapours toward the steel. The results imply that the
fraction of alkali chloride that remained within the initially deposited
particles has subsequently been sulfated by reacting with SO, from the
flue gas after the Cl layer on the steel surface has been formed.

Besides differences in the location of the sulfated region in the probe
deposit cross-sections, differences in the degree of sulfation were iden-
tified when comparing the probe samples to the deposits collected
directly from the superheater tubes of the same boiler [15]. The sulfa-
tion appeared to have advanced to a greater extent within the super-
heater deposits, resulting in a higher molar S/(Na + K) ratio. For better
comparison, the molar S/(Na + K) ratios of the sulfated deposit regions
and the remaining unsulfated regions of the two probe samples shown in
Fig. 7 were calculated. The calculated ratios are summarised in Table 1
and compared to the equivalent ratios from an actual superheater
deposit.

Table 1 shows that the difference in the molar S/(Na + K) ratio be-
tween the sulfated and non-sulfated regions of the probe deposits was
less significant than in the superheater deposit sample. The higher de-
gree of sulfation within the superheater deposit sample was likely due to
the probe samples being collected during regular boiler operation. No
major fluctuations in the flue gas composition were expected to occur
during the probe sampling periods. In contrast, the superheater deposit
samples started to build up during the start-up phase of the boiler,
during which heavy fuel oil was used, causing significantly higher SO5
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Grey-scale SEM image  Cl/(Na+K) [mol/mol] K/(Na+K) [mol/mol] S/(Na+K) [mol/mol]
5 weeks lee-side [ | [ |

Fig. 7. Top row: SEM cross-sectional image and molar Cl/(Na + K), K/(Na + K), and S/(Na + K) ratios from the lee side of the 5- week deposit; bottom row: SEM
cross-sectional image and molar Cl/(Na + K), K/(Na + K), and S/(Na + K) ratios from the top side of the 8-week deposit.
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Table 1
Molar S/(Na + K) ratios of sulfated and non-sulfated probe deposit regions and
actual superheater deposit [15] as reference.

Sample name S/(Na + K) [mol/mol]
Probe 5-week lee sulfated 0.37
Probe 5-week lee non-sulfated 0.33
Probe 8-week wind sulfated 0.39
Probe 8-week wind non-sulfated 0.37
Superheater deposit sulfated 0.44
Superheater deposit non-sulfated 0.33

concentrations in the flue gas. Thus, higher sulfation rates can be ex-
pected during the start-up phase of the boiler [20], and sulfation of the
innermost layer in the superheater deposits was more pronounced than
in the probe deposit samples. However, the probe deposits suggest that
sulfation of alkali chlorides within superheater deposits does not
exclusively occur during the start-up phase of the boiler when SO, flue
gas concentrations are significantly higher but might take place during
regular boiler operation as well.

A more detailed analysis of the molar Cl/(Na + K) and K/(Na + K)
ratios of the two probe deposit samples shown in Fig. 7 suggests dif-
ferences in the composition of the Cl layer that had formed directly on
the steel surface. As mentioned above, the Cl layers form because of
temperature gradient-induced transport of alkali chloride vapours to-
ward the steel. The most significant difference between the Cl layers of
the two deposit samples was the lack of K within the Cl layer of the 8-
week sample. In contrast, the 5-week sample was enriched in Cl and K
in the layer adjacent to the steel surface.

The lack of K in the Cl-rich layer right above the steel surface after an
exposure time of 8 weeks was attributed to alkali chloride-induced
corrosion, often referred to as active oxidation. The Cl-rich layer
formed directly on the steel surface due to deposit ageing contained
initially NaCl and KCl. A similar layer of alkali chlorides was also formed
in laboratory experiments studying deposit ageing mechanisms using
synthetic ash deposits [9,14]. Alkali chlorides then initiated the corro-
sion reaction by adsorbing on the oxide layer of the steel, forming alkali
hydroxides while releasing Cl ions [21,22]. The formed Cl ions diffuse
through the oxide layer toward the steel surface, where FeCl,, stable
under reducing conditions, forms at the steel-oxide-scale interface. Of
the formed alkali hydroxides, a large share volatises, while smaller
amounts, predominantly NaOH, react with the oxide layer to form
NagFe;04. In contrast, only small amounts of potassium ferrates are
expected to form [23]. Thus, as the corrosion reactions proceed with
time, K volatises from the steel surface in the form of KOH, resulting in
the observed depletion in K of the Cl-rich layer attached to the steel
surface shown in the 8-week deposit in Fig. 7.

3.2. Impact of observed enrichment patterns on local Ty

The impact of local enrichment patterns in the probe deposit samples
on boiler operation was evaluated from the local first melting temper-
ature profiles of selected deposit cross-sections in Fig. 8. The figure also
shows the molar Cl/(Na + K), K/(Na + K), and S/(Na + K) ratios.

Two 1-week deposit samples are shown in the upper row of Fig. 8.
The lee side deposit (top left in Fig. 8) had a uniform composition
throughout the cross-section; thus, no variations were observed in the
calculated T profile. The 1-week top side deposit (top right in Fig. 8)
contained several larger particles surrounded by a Cl layer within the
region close to the steel, causing a decrease in the local Tq values. The Cl
layers surrounding these larger agglomerates were assumed to be due to
some other mechanism than temperature gradient-induced diffusion of
alkali chlorides. Therefore, the lee-side deposit of uniform composition
and its corresponding linear T, profile were more representative of
short-term deposits. Additional probe deposit samples of shorter expo-
sure times (30 min to 3 h) had a similar uniform composition throughout
the cross-section. Also, the calculated Ty profiles were linear within the
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same temperature range as those of the 1-week lee side deposit.

It should be noted that small variations of up to 5 °C in the calculated
local Ty values are insufficient to conclude whether the variations are
due to compositional changes. The accuracy of SEM composition anal-
ysis might give variations of up to 5 °C in the calculated local Tj.
However, the Ty values in Fig. 8 provide a reasonable estimate of how
specific enrichment patterns affect the local first melting temperature
within a deposit.

The 5-week top side deposit (bottom left of Fig. 8) had a Cl and K-rich
layer directly on the steel surface, followed by a region enriched in Cl
and K when compared to the regions of the deposit further away from
the steel. The calculated local Tq reached values as low as 505 °C within
the Cl and K-rich layer adjacent to the steel surface, corresponding to the
global minimum of the system [17]. Throughout the inner deposit re-
gion, concurrently enriched in Cl and K, the local first melting temper-
ature was lower compared to the outer regions of the deposit. When
moving further away from the steel surface, the Cl and K content of the
deposit was lower on average, while the S content was higher. There-
fore, the local first melting temperature of the outermost regions of the
deposit was the highest throughout the cross-section and did not show
any significant variations.

Reeve et al. [12] have shown that an increase in the deposit Cl up to
molar Cl/(Na + K) ratios of 5 % results in a decrease in Ty. As described
above, alkali chloride from the flue gas was assumed to diffuse into the
deposit, causing the overall deposit Cl content to increase over time.
Thus, the lower local Ty of the outer deposit region of the 5-week deposit
sample compared to the 1-week samples is also due to an increase in the
overall Cl content of the deposit (see Fig. 4), due to temperature
gradient-induced deposit ageing. Besides higher Cl concentrations, the
5-week deposit sample contained also higher amounts of COs, further
decreasing the first melting temperature [13] and thus contributing to
the observed lower T, values in the outer region of the 5-week sample
than the 1-week samples.

The deposit sample on the right of Fig. 8 consisted of a Cl-rich layer
directly on the steel surface with no further enrichment in K. The Cl-rich
layer was followed by a sulfated region depleted in Cl while concur-
rently enriched in K and S. The local Ty of the Cl-rich layer adjacent to
the steel surface was not significantly lower than the Ty of the remaining
parts of the deposit due to the lack of K. An increase in the Cl content
lowers the deposit Ty, but not to the same extent as concurrent enrich-
ment in Cl and K [12,13].

However, already small amounts of corrosion products, well below
the detection limit of the SEM analysis, can significantly impact the
deposit’s first melting temperature and lower the local Ty well below
steam temperatures typical for kraft recovery boilers. For example, iron
chlorides and KClI form a eutectic melt at 355 °C [22]. The calculated Ty
values in Fig. 8 were based on the deposits’ Na, K, Cl, S, C, and O con-
tents. The impact of corrosion products or other impurities on the local
first melting temperature was not taken into account in the calculations.

The sulfated region in the deposit on the right of Fig. 8 showed no
significant increase in the local Ty. The local enrichment in S compared
to the outer deposit region was not pronounced, as the sulfation of the
deposit had not progressed far enough to significantly affect the local
first melting temperature. Increased calculated T values have been re-
ported for sulfated regions of superheater deposit samples taken from
the same boiler [15]. Thus, further progress of the sulfation likely results
in a local increase in T with time, reducing the risk for melt formation
close to the steel, and therefore, melt-induced corrosion. However, as a
Cl and K-rich layer was analysed on the steel surface of the 5-week de-
posit sample, the sulfation reaction is not likely to prevent active
oxidation of the superheater steel. In contrast, Cl-induced corrosion
mechanisms initiate almost instantaneously after the alkali chlorides
deposit on the steel surface [22]. In this work, a Cl-rich layer on the steel
surface provided a source for alkali chloride-induced corrosion still after
8 weeks.
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Fig. 8. Local T, profiles and molar B) Cl/(Na + K), C) K/(Na + K), and D) S/(Na + K) ratios of: 1-week lee side (top left); 1-week top side (top right); 5-week top side

(bottom left); and 8-week top side deposit (bottom right).
4. Conclusions

A novel probe design was used to obtain ash deposit samples of 1-, 5-,
and 8-week exposures from the superheater region of a Finnish kraft
recovery boiler. The three probe deposit samples showed similarities in
shape and morphology, indicating the suitability of the probe to study
time-dependent changes within ash deposits and providing results of
good reproducibility. Furthermore, the probe deposits showed similar
morphological characteristics as deposits obtained directly from the

superheater tubes of the same boiler. Morphological differences along
the probe’s circumference likely depended on differences in locally
prevailing deposition mechanisms and external influences such as
sootblowing.

The CI concentration in the deposit increased with exposure time.
The analysed Cl-enrichment with time was assumed to be due to alkali
chloride vapours from the flue gas diffusing into the initially formed
porous deposit. Subsequently, Cl condensed within the deposit, resulting
in an overall enrichment in deposit chlorine. Cl enriched locally as alkali
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chloride layers on the furnace-facing side of particles through temper-
ature gradient-induced concentration diffusion.

Additionally, a Cl-rich layer developed with time onto the steel
surface of the 5-week and 8-week samples, but not the 1-week sample.
Overall, the temperature gradient-induced deposit ageing mechanism
resulted in the local enrichment of Cl and K of the deposits toward the
steel.

Sulfation of alkali chlorides was observed within the 5 and 8-week
deposit samples. Sulfation was limited to distinct regions within the
deposits, most likely being formed as a result of temporarily elevated
SO, concentrations in the flue gas. For deposits with sulfation, 12 h of
elevated flue gas SOy were identified from process data at different
points in time.

Within regions concurrently enriched in Cl and K, a decrease in the
local Ty was seen. A minimum in the local Ty of 505 °C was reached
within the Cl and K-rich layer adjacent to the steel surface, about 35 °C
lower compared to Ty at the outer deposit region. Furthermore, a
decrease in the deposit Ty due to the overall enrichment in alkali chlo-
ride caused by temperature gradient-induced diffusion of alkali chloride
vapours from the flue gas into the deposits was seen. The local Ty was
typically 15-20 °C lower toward the steel as compared to the outer parts
of the deposit. No major changes in the local Ty were seen due to sul-
fation. The degree of sulfation within the probe deposit samples was too
low for it to affect the local Ty significantly. However, more extensive
sulfation would result in locally increased Ty values.
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The initial melting behaviour of synthetic ash deposits, with a focus on how the amount of melt formed, affects
the final deposit morphology, was studied. Binary and ternary reciprocal deposits were exposed to a temperature
gradient with varying exposure time, steel temperature, and furnace temperature. Two different archetype de-
posit morphologies emerged. The final deposit morphology was identified to depend on the amount of melt
formed during the experiment. A skeletal deposit morphology developed in systems with less than 30 wt-% melt.
Short-term experiments proved that the formation of the skeletal structure is accelerated by the presence of melt,
accumulating at contact points of distinct particles. If melt fractions exceeded 30 wt-%, a molten morphology
developed, as the amount of melt present was sufficient to fill the pores within the deposit. For molten deposits of
ternary reciprocal systems, enrichment of K in the formed melt and concurrent movement toward the steel was
observed. The results confirmed a deposit ageing mechanism that has been proposed earlier, based on full-scale
superheater deposit samples. The experiments showed that deposit melting and ageing behaviour are strongly
connected, as the two identified morphologies differed in their ageing behaviour. The presented results improve
the understanding of the initial melting behaviour of deposits and illustrate the connection between deposit
morphology and deposit ageing. The results can be utilised as input data for deposition models and help in
predicting the final deposit morphology and its associated ageing behaviour, aiding boiler operators and man-
ufacturers dealing with deposit-related issues.

1. Introduction

Worldwide, the governing process used in the pulp and paper in-
dustry is kraft pulping. The black liquor recovery boiler is an essential
part of the kraft pulp mill. Through the combustion of black liquor, the
spent pulping chemicals are recovered to be reused. At the same time,
heat and power, sufficient to cover the demand of the whole mill [1], are
produced. An inevitable part of the combustion process is the release of
inorganics in different physical states, which are subsequently entrained
in the flue gas and form deposits on heat transfer surfaces via several
pathways [2]. Such deposits reduce the electrical efficiency of the pro-
cess [3] and can also cause corrosion of the heat transfer surfaces they
form on [2].

The formation of ash deposits has been studied extensively over the
last decades [4-7]. Several deposit formation mechanisms have been
identified and studies on different aspects of deposit formation can be
found in the literature [3,4,6-8]. The main components of kraft recovery

boiler deposits are Na, K, Cl, SO4, and CO3 [9]. Of these compounds,
alkali chlorides are mainly responsible for superheater corrosion. For
solid deposits, the dominating corrosion mechanism is active oxidation
[10,11]. If the deposit adjacent to the steel surface is (partially) molten,
the corrosion rate increases significantly [6,11,12]. Therefore, a good
understanding of the melting behaviour of ash deposits is essential to
avoid the presence of melt in the direct vicinity of the steel surface.
The first melting temperature (Ty) of an ash deposit depends on its
chemical composition. For kraft recovery boiler deposits, Ty can be as
low as 501 °C when only considering its main components [13]. In
addition, smaller amounts of various inorganics originating either from
the raw wood [14] or introduced into the liquor during various process
steps [14] can be found in the deposits, further affecting Ty. In addition,
corrosion products originally formed at the steel surface [15] can be
found within deposits, which can form low melting eutectics and in-
crease the risk of melt getting in direct contact with the steel. For kraft
recovery boiler deposits, the melting behaviour is mainly influenced by
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the deposit K and Cl content. An increase in the deposit’s K content
causes a decrease in T [16]. An increase in the deposit’s Cl content
results in an increase in the amount of melt present within the deposit
[17].

Several studies have reported local differences in the chemical
composition and morphology of superheater deposits from kraft recov-
ery boilers [17,18], and other biomass boilers [19-21]. Such differences
in the local chemical composition of a deposit can also affect the local Ty
[18,22]. A commonly found explanation for why deposits form layered
structures of varying chemical composition is a change in the deposition
behaviour [21,23]. In literature, a generally accepted pathway of de-
posit formation is the initial formation of a sticky layer on the blank steel
surface via condensation of inorganic vapours [23]. The sticky layer
then enables further deposition of larger fly-ash particles which differ in
their composition from the initially formed sticky layer [23]. Thus,
distinct layers of varying compositions and T can be found within a
deposit’s cross-section.

Recent studies carried out at Abo Akademi University have shown
that temperature gradient-induced processes can also cause changes in
the local chemical composition and morphology of deposits [15,24,25].
Due to the temperature difference between the hotter flue gas and the
cooler steel surface, deposits are exposed to a temperature gradient. In
laboratory experiments utilising synthetic ash deposits, several tem-
perature gradient-induced mechanisms affecting the local deposit
chemistry and morphology have been identified [15,24,25]. Such
mechanisms are commonly referred to as deposit ageing, as they take
place after the deposit has formed. These mechanisms were later also
confirmed to take place in actual kraft recovery boiler superheater de-
posits [26-28]. In addition, new observations were made within the full-
scale deposits. Melt enriching in K and Cl was identified to result in a
decrease in the local Ty of deposits toward the steel [26]. The results are
believed to have provided a reasonable explanation for the heavy
corrosion, that has earlier been reported for the same boiler [18].

Besides differences in the local chemical composition, significant
morphological differences have been observed among deposits from
different recovery boilers. Deposits of a generally higher Cl content
formed a dense morphology that appeared to have been completely
molten. In these dense deposits, K and Cl-enriched melt had moved to-
ward the steel locally lowering Ty [26]. Deposits of lower Cl content
formed a different morphology. The deposits were porous and particles
formed a sintered skeletal structure. The porous morphology enabled
the diffusion of flue-gas compounds into the deposit, altering the local
chemical composition of the inner deposit region [27,28]. The observed
differences in the final deposit morphology and therewith connected
differences in the ageing behaviour were due to differences in the
melting behaviour of the deposits. However, the exact parameters
determining the final deposit morphology are not known. Based on the
observations made in these earlier studies, the melting behaviour of
deposits is believed to affect the final deposit morphology strongly.

The objective of this work was to get a better understanding of the
initial melting behaviour of kraft recovery boiler deposits. The main goal
was to identify the parameter determining whether the final
morphology of a mature deposit is molten or skeletal. Therefore, the
initial melting behaviour of synthetic ash deposits was studied in a
laboratory setup. Various deposit compositions were exposed to a tem-
perature gradient for short periods, to better understand the initial melt
formation and further propagation of the melting processes. The melt
fraction present during the experiment was determined by measuring
the temperature right above the outer deposit surface. The maximum
amount of melt formed during an experiment was identified as the
decisive parameter for the final deposit morphology. A threshold value
at which the morphology changes from skeletal to molten is proposed.

2. Material and methods

A laboratory setup was used to study the initial steps of the melting
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behaviour of synthetic ash deposits exposed to a temperature gradient.
Varying compositions of deposits containing Na, K, Cl and SO4 were
used. The setup consists of an air-cooled probe which is placed inside a
tube furnace. The synthetic deposits were placed on two removable steel
rings at the probe tip. Due to the temperature difference between the
cooled probe surface and the hotter furnace, a temperature gradient
builds up over the synthetic deposit. The synthetic deposits were placed
in a mould of fire sealant paste to prevent the molten deposit from
flowing off the probe during the experiment. The temperature of the
probe was measured and controlled by a thermocouple placed inside one
of the sampling rings. A PID regulator adjusted the flow of cooling air
within the probe, maintaining a constant steel temperature during the
experiment. During the experiment, a second thermocouple was placed
inside the tube furnace, measuring and logging the temperature right
above the outer deposit surface. The setup has been used earlier, to study
the effect of a temperature gradient on synthetic deposits. A more
detailed description of the experimental setup can be found in these
earlier studies [24,25].

The compositions of the synthetic ash deposits and their corre-
sponding calculated first melting temperatures (Tp) are summarised in
Table 1.

The first three synthetic deposits in Table 1 contain only one alkali
metal each (binary salt system). The 86-NaySO4 and 77-K2SO4 compo-
sitions, which have also been used in earlier deposit ageing studies [25],
form 20 wt-% melt at T and were chosen to identify possible differences
between K and Na-containing deposits. The 69-K2S04 mixture forms 30
wt-% melt at the same T as the 77-K2S04 mixture. The three binary salt
mixtures are eutectic systems, in which the local Ty is not affected by
local temperature gradient-induced element enrichment. The four other
synthetic deposits are more complex. They contain Na and K salts
simultaneously (ternary reciprocal salt system), hence more represen-
tative of actual black liquor kraft recovery boiler superheater deposits.
The ternary reciprocal salt mixtures vary in their K and Cl content. The
compositions were chosen to achieve variation in Tp, T1g0, and the
amount of melt formed at Ty. The ternary reciprocal mixtures aim to
cover a variety of melting behaviours possibly occurring in actual re-
covery boiler deposits.

The salt mixtures were prepared by weighing the single compounds
which were subsequently mixed, melted, and ground. This procedure
provided a homogeneous distribution of all compounds in the mixture.
By this, all local differences in the chemical composition of the deposits
can be attributed to being temperature gradient-induced and do not
originate from an initially inhomogeneous deposit. The ground particles
were sieved to a particle size fraction ranging between 53 and 250 pm,
which was used in the experiments. In one experiment, particles smaller
than 53 pm were used to study the impact of smaller particles on the
deposit melting behaviour. After sieving, the salt compositions were
analysed using SEM/EDXA to take into account minor deviations of the
used salts from the compositions shown in Table 1. The compositions
determined using SEM/EDXA were then used to calculate the respective
melting behaviour of the salts.

The melting behaviour of the used deposits was calculated using
FactSage 8.1 [29] and the FTPulp database, optimized for compositions
representing kraft recovery boiler deposits [13]. The used database
contains data relevant to salt mixtures comprising NaCl, KCl, NapSOy4,

Table 1

Composition and first melting temperature of synthetic ash deposits.
Synthetic ash Na [wt-%] K [wt-%] Cl [wt-%] S04 [wt-%] To [°C]
86-NaySO,4 33 - 4 63 626
77-K2804 - 46 5 49 690
69-K2S04 - 46 8 46 690
1K1Cl 32 1 1 66 615
10K 1Cl 25 10 1 64 556
10K 10C1 26 10 10 54 557
1K 10Cl 33 1 10 56 613
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K2504, NayCO3, K2CO3, NayS, and KS. In the calculations the following
phases were considered: FTpulp-MELTA (liquid phase), FTpulp-Hexa
(hexagonal alkali sulfate-carbonate solution), FTpulp-KCO, FTpulp-
NKCB, FTpulp-NKCA, FTpulp-OrtA, FTpulp.OrtB (all low-temperature
alkali sulfate-carbonate solid solutions), FTpulpACL (alkali chloride
solid solution), FTpulp-NAKS (alkali sulfide solid solution), and FTpulp-
Gsrt (K3Nax(SO4),- based solid solution). In all calculated cases, FTpulp-
Hexa and FTpulp-ACL were the solid stable phases at T. The deposits’
melting behaviour as a function of temperature is shown in Fig. 1.

The initial melting behaviour of deposits was studied using short-
term experiments. The O-minute experiment had the shortest exposure
time, where the probe was removed from the furnace as soon as the
furnace reached the temperature set point (see Fig. 2). However, for
these short-term experiments, the outer deposit surface was exposed to
temperatures higher than the probe set temperature for 30 — 50 min,
depending on the chosen temperatures. A typical heating curve for the
probe and tube furnace of a 0-minute experiment is shown in Fig. 2.

At point 1 in Fig. 2, the probe reached its set temperature of 450 °C.
At this point, cooling of the probe was initiated, maintaining a stable
steel temperature. Between points 1 and 2, the furnace temperature
increased continuously, while the steel temperature remained at 450 °C.
During this time interval, the temperature gradient over the deposit
cross-section developed and the outer region of the deposit reached
temperatures above its To. At point 2, the furnace reached the target
temperature of 980 °C. The furnace temperature shown in Fig. 2 rep-
resents the temperature right above the outer surface of the synthetic
deposit, measured by a thermocouple. This temperature is assumed to
correspond to the temperature of the outer deposit surface. The tem-
perature measured by the thermocouple was then used to calculate the
amount of melt formed during the experiment. The maximum temper-
ature at the outer deposit surface depended on the chosen steel tem-
perature. The lower the steel temperature, the stronger the cooling effect
of the steel and the lower the maximum temperature at the outer deposit
surface. A table summarising all experiments and their respective steel
temperature, deposit surface temperature, and experimental duration is
given in Appendix.

After the experiment, the probe was removed from the furnace and
the flow of cooling air was increased to quench the synthetic deposit
samples to room temperature. For analysis, the cooled steel rings with
the deposits were cast in epoxy resin. The samples were then cut to
obtain a cross-section, which was subsequently polished and carbon
coated. The samples’ morphology and chemical composition were
analysed using scanning electron microscopy (SEM) and energy-
dispersive X-ray analysis (EDXA).
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Fig. 2. Profiles of probe and furnace temperature of a 0-minute temperature
gradient experiment with the horizontal line indicating the furnace target
temperature.

3. Results and discussion
3.1. Differences in deposit morphology

After exposing the synthetic ash deposits to a temperature gradient,
differences in their final morphology were observed. Two archetype
deposit morphologies developed depending on the initial salt composi-
tion and chosen steel and furnace temperatures. Cross-sectional SEM
images of the two deposit archetypes are shown in Fig. 3. The figure
contains images of synthetic laboratory deposits as well as full-scale
superheater deposits, presented in more detail elsewhere [26,27].

In Fig. 3, the steel surface is at the bottom of the images, corre-
sponding to the lowest local temperature within the cross-section.
During the exposure, the local deposit temperature increased with the
distance from the steel toward the hotter furnace air (flue gas in the case
of the superheater deposits). Thus, the local deposit temperature
reached its maximum at the top of the image. All SEM images of deposit
cross-sections in the present report are oriented the same way as those in
Fig. 3. For greyscale SEM images, black represents voids within the
deposit. Shades of dark grey correspond to alkali sulfate (and carbonate
in the case of actual superheater deposits). Brighter shades of grey
correspond to alkali chlorides.
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Fig. 1. Melting behaviour of synthetic ash deposits used in present study: binary salt system mixtures (left) and ternary reciprocal salt system mixtures (right).



R. Balint et al.

Full-scale deposit

Laboratory deposit

9.7 mm
6.3 mm

Fuel 359 (2024) 130386

Full-scale
Laboratory deposit deposit
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1
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Fig. 3. Examples of laboratory and full-scale deposits for two morphological archetypes: Skeletal full-scale [27] and laboratory deposits on the left and molten full-

scale [26] and laboratory deposits on the right.

All deposits in Fig. 3 have a porous region closest to the steel. Only
for the low-Cl boiler deposit, sintering is observed throughout the whole
cross-section even closest to the steel. The original distinct particles can
still be identified in the innermost layer of the low-Cl boiler deposit. The
local temperature within the deposit cross-section was the lowest closest
to the steel. To avoid direct contact of molten deposit fractions with the
steel, material/steam temperatures are typically kept well below the
deposit’s To. Under such conditions, sintering processes are slow, due to
the lack of melt. The presence of melt is known to accelerate sintering
processes significantly [30]. Thus, no extensive sintering was observed
in the low-Cl boiler deposit. However, the smaller particle size of the
superheater deposit compared to the laboratory deposits shown in Fig. 3
has been reported to favour sintering [31]. Hence, the low-Cl boiler
deposit formed a skeletal morphology throughout the cross-section,
despite local temperatures having been below Ty. In addition, single
sub-micrometer-sized fume particles tend to agglomerate already in
flight, before depositing on the heat transfer surface. Therefore, deposits
consisting predominantly of fume particles can form a morphology
similar to a sintered deposit. It should be mentioned here that material
loss during boiler deposit sampling cannot be ruled out. For porous
deposits, especially if unsintered as the local deposit temperature
remained below Ty [32,33], there is an increased risk for particles
closest to the steel surface to get lost or destroyed during sampling.

The deposits have apparent morphological differences in the region
further away from the steel surface (Fig. 3). The deposits on the left-hand
side consist of a network of sintered particles, and the original individual
particles can no longer be identified. For all deposits, the measured
temperature at the outer surface was above their respective bulk To.
Thus, the outer deposit regions were partially molten during the expo-
sure. Already small amounts of melt accelerate sintering processes
significantly [30]; hence, the deposit morphology changes when local
temperatures reach To. This morphology will be referred to as “skeletal”
and is characterised by a porous network of sintered particles, as seen in
the outer region of the deposits on the left of Fig. 3. Depending on the
degree of sintering, the original individual particles can no longer be
identified, as in the laboratory deposits on the left of Fig. 3.

The local temperature at the outer surface of the deposits on the right

in Fig. 3 exceeded Ty as well. However, the morphology suggests that the
temperature was high enough for extensive melt formation. Thus, suf-
ficient melt was present for pore filling, forming the dense morphology
seen in Fig. 3. This kind of deposit is referred to as “molten” in further
discussion. A molten deposit is characterised by a dense morphology
where the original pores of the deposit have been filled by melt. Molten
morphologies can still contain inclusions of air, as seen in the molten
full-scale deposit in Fig. 3. The amount of melt formed within kraft re-
covery boiler deposits and the synthetic deposits used in this study de-
pends mainly on their Cl content [17].

In this work, the shortest exposure time was zero minutes, calculated
from when the furnace reached the set temperature. Already at such
short exposure times, morphological changes in the deposit cross-
sections were observed. The temperature logs showed that the outer
deposit surface reached temperatures above T, already during the
heating phase. The formed melt subsequently accelerated morphological
changes and a skeletal or molten morphology could already be observed
after 0-minute experiments.

A detailed analysis of the elemental composition of molten deposits
of ternary reciprocal salts revealed local enrichment in K and Cl toward
the steel. Similar observations have also been made in molten, high-Cl
boiler deposits [26]. A cross-sectional SEM image of a synthetic depo-
sit enriched in K and Cl toward the steel and the corresponding molar K/
(Na + K) and Cl/(Na + K) ratios are given in Fig. 4. The figure also shows
an SEM image and elemental molar ratios of a high-Cl deposit obtained
directly from a superheater tube of a kraft recovery boiler [26].

The synthetic and boiler deposit has a maximum in the average K/
(Na + K) ratio in the molten layer at the interface with the porous region
closest to the steel. Each point in the graph gives the average molar ratio
value over a horizontal line of pixels. The analysed maximum values
were due to the local enrichment in K within the melt. This enrichment
enabled the melt to move closer to the steel with time. The main con-
stituent in kraft recovery boiler deposits is NazSO4. In such deposits, the
increase in K content decreases the local first melting temperature. The
enrichment in K within the melt enables movement of melt toward the
steel, to regions where local temperatures are below Ty of the initially
deposited material. A detailed explanation of the mechanism resulting in
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Fig. 4. Greyscale SEM images of molten deposits and corresponding molar K/(Na + K) and Cl/(Na + K) ratios showing local enrichment in K toward the steel;

laboratory 10 K 10Cl deposit (left); full-scale superheater deposit (right).

melt movement is given elsewhere [26].

For the laboratory sample shown in Fig. 4, the steel temperature and
initial bulk T¢ were 450 °C and 557 °C, respectively. Based on experi-
ments using binary salts, the first estimate of the porous layer thickness
for the laboratory sample was approximately 1 mm. However, due to the
enrichment in K and the resulting local decrease in Ty, the melt moved
closer to the steel before solidifying. Hence the final porous layer
thickness of 0.3 mm was significantly thinner than initially estimated.
Thus, the experience from earlier experiments utilising binary systems
was no longer applicable to more complex ternary reciprocal salt sys-
tems. The experiments using ternary reciprocal salts confirmed the ob-
servations made earlier in the actual boiler deposits.

For binary salts, a local change in deposit composition due to
element enrichment does not affect Tg due to their eutectic nature.
Nevertheless, local element enrichment within the molten phase has also
been reported for binary systems [15,24,25]. The composition of the

Melt surrounding

Accumulation of larger
amounts of melt

Round eges on
partialy molten particles

molten phase approaches the eutectic composition toward the interface
between the molten and porous layer [15,24,25]. However, this does not
change the local first melting temperature and no significant decrease in
the thickness of the porous layer has been reported when using binary
salts.

A molten phase moving closer toward the steel can significantly in-
crease the risk for corrosion [34], as melt getting in direct contact with
the steel surface causes severe melt-induced corrosion. Furthermore,
due to the deposit melting, the location of To within the deposit cross-
section moves closer toward the steel and the steepness of the temper-
ature gradient over the porous region underneath increases. The steeper
temperature gradient over the porous deposit region subsequently ac-
celerates deposit ageing via diffusional transport of alkali chloride va-
pours toward the steel [35].

No local element enrichment in K or Cl toward the steel took place in
the skeletal deposit regions. The amount of melt present was insufficient

particle

layer

Fig. 5. Detailed view on skeletal region of a 0-minute experiment highlighting its main features.
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for pore filling and movement of melt toward the steel. However, the
outer part of skeletal deposits experienced temperatures above Ty, and
the formed melt accelerated sintering, hence the formation of the skel-
etal region. The impact of melt on the formation of the skeletal deposit
morphology is highlighted in Fig. 5.

The sintering of salt systems proceeds predominantly via two main
mechanisms. In the first, volatile compounds in the deposit evaporate
and condense at contact points or close contact areas between distinct
particles within the deposit [36]. The second mechanism involves solid-
state diffusion within the deposit particles [36]. Both mechanisms result
in the formation of necks between the single deposit particles. These
necks then grow further, up to a point at which the original particles can
no longer be identified. The presence of melt greatly accelerates the
sintering process [30], as it accumulates at contact points and supports
neck formation. In this case, the mechanism is referred to as liquid phase
sintering. For the skeletal region, seen in the short-term deposits in this
work, the sintering process and formation of the skeletal morphology
were accelerated by the presence of melt. Thus, as explained above, a
skeletal layer formed already during the O0-minute experiment.

In the deposit shown in Fig. 5, locally high concentrations of alkali

69-K,S0, 30 min
Molten (33 wt-%melt)

Molten r
t
F

Morphology
i

AB C
l ‘ / ¢ Laboratory deposit
Skeletal pe o & anees © Boiler deposit

0 10 20 30 40 SO 60 70 8 90 100

Maximum amount of melt formed [wt-%]

77-K,S0, Omin
Skeletal (24 wt-% melt)

86-Na,SO, 30 min
Molten (36 wt-% melt)

1K 1Cl (Particles <53um) Omin
Skeletal (29 wt-% melt)
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chloride were observed in the skeletal region. These Cl-rich regions are
an indicator for partial melting of the deposit to have taken place. For all
synthetic deposit compositions used in this work, and recovery boiler
deposits in general, all Cl present in the deposit is incorporated in the
molten phase as soon as Ty is reached. For the skeletal deposit in Fig. 5,
the amount of melt formed was insufficient to fill the pores. Thus no
molten morphology formed. Instead, the formed melt accumulated at
contact points of distinct particles, where it accelerated the sintering
process. In some cases, Cl-rich melt seemed to surround deposit parti-
cles. The round edges of these melt-surrounded particles were an addi-
tional indicator of partial melting of the deposit.

With increasing exposure time, alkali chlorides within the melt are
prone to evaporate. Alkali chloride vapours diffuse either into the
furnace/flue gases or toward the colder region in the deposit, closer to
the steel. Diffusion toward the steel is driven by the gas-phase concen-
tration gradient [24,25]. At lower local temperatures, the alkali chlo-
rides form typical layers on the furnace-facing sides of particles via
condensation [24,25]. Thin layers of alkali chloride were identified after
the 0-minute experiments, as shown in Fig. 5. With increasing exposure
time, the alkali chloride layers grew in thickness and the skeletal deposit

10K 10Cl 1d
Molten (88 wt-% melt)

86-Na,S0, 0 min
Intermediate (32 wt-% melt)

1K 1CI 0 min
Skeletal (33 wt-% melt)

Fig. 6. Summary of available data on final deposit morphology as a function of the amount of melt. Selected SEM images depicting skeletal (A, B, and C); inter-
mediate (D); molten deposits (E, F, and G). The orange dots are for kraft recovery boiler deposits.



R. Balint et al.

was depleted in Cl.

The differences in morphology and ageing behaviour of the two
deposit archetypes have a significant impact on the corrosivity and
removability of the deposits. Therefore, being able to predict the final
deposit morphology can help significantly in predicting and preventing
operational issues caused by deposits. In the following, the decisive
parameter causing a change in deposit morphology, as well as a
threshold for when the change in deposit morphology takes place will be
identified.

3.2. Transition from skeletal to molten morphology

The results presented above imply that the final deposit morphology
depends on the amount of melt formed within the deposit. SEM images
of 33 deposit cross-sections were analysed to identify the threshold for
the melt fractions, at which a molten deposit morphology forms. The
samples comprise short- and long-term temperature gradient laboratory
experiments, using binary and ternary reciprocal salt systems. In addi-
tion, actual superheater deposits from two kraft recovery boilers were
analysed. Based on the deposit morphology, the results were classified
into three categories: skeletal, molten, and intermediate. The graph
showing the morphology as a function of the maximum amount of melt
in Fig. 6 summarises the deposit classification. The figure also shows
SEM images of selected deposit cross-sections illustrating the changes in
deposit morphology with changing melt fractions. SEM images of all
studied laboratory deposit cross-sections are given in the supplementary
material.

The maximum amount of melt in the deposits was calculated based
on the highest temperature measured by the thermocouple at the outer
deposit surface. For deposits with an initial low Cl content (1 wt-%),
SEM analysis revealed evaporation of a significant share of Cl into the
furnace during the heating phase which affects the deposit’s melting
behaviour. Hence, for deposits of a low initial Cl content, the maximum
amount of melt was determined based on SEM analysis data instead of its
initial composition. For deposits of a higher initial Cl content, evapo-
ration of Cl did not have a similar impact on the melting behaviour.

The parameters varied in the laboratory deposits summarised in the
graph in Fig. 6 were exposure time, set temperatures of probe and
furnace, and deposit composition. Furthermore, the impact of different
initial particle sizes on the final deposit morphology was studied. Fig. 6
also contains data from boiler deposits. The superheater deposits are
marked with orange circles in the graph. All skeletal superheater de-
posits were obtained from a Finnish kraft recovery boiler [27], while all
superheater deposits of a molten morphology were obtained from a
Brazilian kraft recovery boiler [26]. The Brazilian deposits formed a
molten morphology due to a significantly higher Cl content compared to
the Finnish deposits.

The amount of melt formed in the skeletal deposits increased from A
to C (Fig. 6). No molten layer formed in these deposits. The deposit in
Image A had the lowest melt fraction of the selected deposits. Only a thin
skeletal layer formed at its outer surface and most of the deposit
remained porous. The results imply that the thickness of the skeletal
layer did not depend on the amount of melt but on the differences in
Tsteel, deposit To, and Touter surface- Only the region of the deposit where
the local temperature exceeded T, formed a skeletal morphology. For
the deposit in image A, the maximum temperature during the experi-
ment was only 50 °C above Ty; thus, only a thin layer on the outer de-
posit surface experienced temperatures above Ty.

Image B in Fig. 6 shows a deposit consisting of a smaller particle size
fraction. Niemi et al. [35] reported a decrease in particle size to have
resulted in the formation of a molten deposit morphology, with all other
parameters unchanged. Reducing the particle size decreases the pore
size of void areas but does not affect the deposit’s overall porosity.
Further, liquid phase sintering eliminates smaller pores more efficiently
due to higher capillary forces [30,37]. As a reduction of the particle size
affects the sintering process, the formation of a molten morphology does
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not exclusively depend on the amount of melt in the deposit. The
threshold amount of melt required to form a molten morphology can
vary. Deposit melting is a highly complex process and is affected by
several parameters simultaneously. Furthermore, deposit densification
can take place via pathways other than pore filling by melt [38], which
can eventually result in a morphology similar to molten deposits.
However, these mechanisms are typically much slower and of no rele-
vance for the short-term experiments presented here.

In this work, only reducing the particle size did not change the de-
posit morphology. The increase in capillary forces due to smaller par-
ticles has a lesser impact on the final deposit morphology than the
amount of melt [37]. Therefore, no change in the final deposit
morphology was observed for deposit B.

Image C in Fig. 6 shows sporadically distributed, larger agglomerates
of particles throughout the outer region of the cross-section. The anal-
ysis suggests that these agglomerates consist of several particles sintered
together by a small amount of melt, rather than formed by a larger
amount of melt in the outer deposit.

Significant differences were identified between deposits C and D in
Fig. 6. Larger accumulations of melt were observed in the middle of
deposit D. Within these melt accumulations, phase separation and
enrichment in Cl toward the steel was identified, a mechanism that was
earlier associated with the formation of larger amounts of melt. A similar
phase separation was not seen for the agglomerates in deposit C.
Therefore, the areas of molten morphology in deposit D were assumed to
have formed due to the accumulation of melt. However, the amount of
melt was not sufficient to form a molten morphology, covering the
whole cross-section of the deposit. The outer region still resembled a
skeletal structure. As the deposit showed properties of both morpho-
logical archetypes it was classified as an intermediate morphology be-
tween skeletal and molten.

Images E, F, and G in Fig. 6 are examples of molten deposit mor-
phologies. Image E shows the deposit with the lowest calculated melt
fraction of all molten deposits. Only a thin molten layer formed on the
outer deposit surface, and most of the deposit underneath the molten
layer remained porous. The relatively thin molten layer indicates that
the amount of melt formed during the experiment was just above the
threshold to form a molten deposit morphology. Phase separation and
Cl-enrichment in the melt toward the steel surface were identified. As
deposit E was a binary salt, no decrease in Ty due to local element
enrichment and subsequent movement of melt toward the steel took
place. Hence only a thin molten layer formed on the outer deposit
surface.

The molten layer of deposit F is significantly thicker compared to
deposit E. Furthermore, a skeletal region above the molten layer sug-
gests that melt, initially formed at the outer part of the deposit, moved
toward the steel where it accumulated and formed a molten
morphology. Two conditions must be met for the melt to move toward
the steel. First, the amount of melt formed must be sufficient to move
toward the steel due to capillary and gravitational forces. Second, the
temperature closer to the steel must be above the melt’s solidification
temperature. A temperature profile develops over the cross-section with
prolonged exposure. Accordingly, T in the deposit moves closer toward
the steel. Furthermore, the sintering and melting of the deposit increase
the thermal conductivity [39] in the outer deposit region, additionally
moving Ty closer to the steel.

The experimental conditions for deposits D and F were identical,
except for the longer exposure time for deposit F. The experimental
setup did not allow a precise temperature adjustment at the outer de-
posit surface. Therefore a slightly higher temperature was recorded for
deposit F than D. The melt fraction in the molten deposit F was 4 wt-%
higher than in deposit D. The slight increase in melt fraction resulted in a
significant change in the deposit morphology. The morphology of de-
posit F supports the classification of deposit D as intermediate since the
small increase in the melt fraction from D to F caused a molten
morphology to form. Deposits D and F gave additional proof of the
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amount of melt to be the decisive parameter affecting the final deposit
morphology. Already a small increase in the melt fraction, under the
same experimental conditions, resulted in a significant change in the
deposit morphology.

In deposit G in Fig. 6, a significantly larger amount of melt (88 wt-%)
formed during the experiment. The synthetic salt used in this experiment
was of a ternary reciprocal system. Temperature gradient-induced local
enrichment in K enabled the melt to move closer toward the steel before
solidifying. Therefore, melt was present in regions where local temper-
atures were well below the initial bulk T¢. The pores in the deposit closer
to the steel were filled by melt and eliminated. The gap between the steel
and the molten region seen in deposit G is due to the sample preparation
after the exposure. The epoxy resin used to fix the deposit detached and
separated it from the steel surface. This issue was observed for several of
the laboratory experiments. However, a loss of the porous layer during
sample preparation, especially cutting the deposit to obtain a cross-
section, cannot be ruled out to have resulted in the formation of the
gap between the molten deposit and the steel.

The data summarized in the graph in Fig. 6 indicates that the
morphology changed from skeletal to molten when approximately 30
wt-% melt had formed within the deposit. A melt fraction of 30 wt-%
was sufficient for the liquid to fill the void areas within the deposit,
resulting in a molten morphology. This melt fraction agrees with the
general understanding of liquid phase sintering: approximately 30 vol-%
liquid is typically required to fill all voids of a porous structure [30].
Furthermore, when considering various packing models of spheres, the
identified melt fraction of about 30 wt-% lies within the void area range
of ordered close packings (26 vol-%) and random close packings (36 vol-
%) [40]. The packing models are based on spheres of equal size, whereas
the deposit particle size ranged between 53 and 250 pm, and the par-
ticles were of non-uniform shape. However, the suggested amount of
approximately 30 wt-% melt for a molten deposit to form is still in good
agreement with the packing models of spheres and the liquid phase
sintering theory.

As mentioned in the discussion above, several other parameters such
as deposit particle size, deposit porosity, the viscosity of the molten
phase, or morphological changes affecting the deposit temperature
profile influence the melting behaviour of deposits. However, based on
the observations made in the present study, all these other parameters
were identified as having only a minor impact on the final deposit
morphology. Thus, the maximum amount of melt formed in a deposit is
identified as the decisive parameter determining its final morphology.

As a continuation of this work, the influence of other parameters on
the melting behaviour and thus the final deposit morphology can be
studied in more detail. A possible next step can be the extension of the
experimental matrix into utilising deposits of compositions other than
those relevant to kraft recovery boilers. Furthermore, the impact of the
presence of SO, or H0 in the gas phase can be studied to identify to
which extent interactions of the deposit and compounds present in the
gas phase affect the final deposit morphology.

The results presented above can help in predicting the ageing
behaviour of deposits more accurately. The identified threshold amount
of melt can be utilised as an additional input for deposition models, that
also take subsequent deposit ageing into account. By distinguishing
between a skeletal and molten deposit morphology, the ageing behav-
iour and changes in the local chemical composition of deposits and
therewith associated operational problems can be modelled more
accurately. This is valuable data for both boiler operators and manu-
facturers and can help in preventing severe melt-induced corrosion.
Furthermore, information on the evolution of the deposit morphology
can be utilised when scheduling sootblowing. The better the knowledge
of deposits and how they change in their local chemistry and
morphology during boiler operation, the more efficiently sootblowing
cycles can be scheduled.
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4. Conclusions

In short-term laboratory experiments, synthetic ash deposits of
compositions characteristic for kraft recovery boilers were exposed to a
temperature gradient to study the initial melting behaviour of deposits.
Two archetype deposit morphologies with differences in their ageing
behaviour emerged. The main findings can be summarised as follows.

The governing parameter determining the final deposit morphology
was identified to be the maximum amount of melt formed within the
deposit, with other parameters investigated having only a minor
impact on the final deposit morphology. The threshold for a change
in the final deposit morphology is at about 30 wt-% melt formed in
the deposit.

A skeletal morphology forms if the amount of melt remains below 30
wt-%. Skeletal deposits are characterized by a sintered, but still
porous morphology. If small amounts of melt are formed in the de-
posit, a skeletal morphology can already form after very short
exposure times as the sintering process is accelerated significantly by
the presence of melt.

A molten morphology forms when the maximum amount of melt
exceeds 30 wt-%. Molten deposits are characterized by a dense, non-
porous layer that forms due to melt filling the voids of the initially
porous deposit.

Differences in the ageing behaviour of the two morphological ar-
chetypes were identified. The governing ageing mechanism for
skeletal deposits is the diffusional transport of vapours toward the
steel, induced by a temperature gradient. In molten deposits,
movement of melt toward the steel coupled with element enrichment
was seen, causing a decrease in the local first melting temperature.
The presented results provide new information on deposit ageing
mechanisms and their impact on superheater corrosion and deposit
removability. The new insights aim to help in identifying the gov-
erning deposit ageing mechanisms based on deposit morphology,
which facilitates the identification of regions in a boiler at an
increased risk for deposit-induced problems to occur. This in turn
helps to better predict and avoid deposit-induced issues in boilers.

CRediT authorship contribution statement

Roland Balint: Writing - original draft, Investigation, Data curation,
Conceptualization. Markus Engblom: Writing — review & editing,
Validation, Supervision, Project administration, Investigation, Funding
acquisition, Conceptualization. Jonne Niemi: Writing — review & edit-
ing, Validation, Supervision, Conceptualization. Mikko Hupa: Writing —
review & editing, Validation, Funding acquisition. Leena Hupa: Writing
- review & editing, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

SEM images of the analysed deposits are provided as supplementary
material and were uploaded at the attach file step

Acknowledgements

This work was financed by a research grant awarded by the Fortum
Foundation, Finland [Application number 20190123] and the Abo
Akademi University Graduate School in Chemical Engineering. This
work has been partly carried out within the Abo Akademi CLUE2
Research Consortium (2017-2022). Support from ANDRITZ Oy, Valmet



R. Badlint et al.

Technologies Oy, UPM-Kymmene Oyj, Metsa Fibre Oy, and Interna-
tional Paper Inc. is gratefully acknowledged. Additional support from
the Research Council of Finland project “New insights on the effects of

Appendix

Fuel 359 (2024) 130386

temperature gradients on high temperature corrosion” [Decision num-
ber 338322] is highly appreciated. We want to thank Linus Silvander for
carrying out SEM/EDXA analyses.

A) Summary of laboratory temperature gradient experiments containing deposit name, steel temperature, maximum temperature at outer deposit

surface, and exposure time

Salt name Steel temperature Maximum deposit temperature [°C] Exposure time
[°C] [h]
1K1cl 450 753 72
1K1Cl 450 685 120
77-K2S04 450 726 0.5
77-K2804 450 737 0
1K1cCl 500 767 0
1K 10Cl 400 618 24
10K 1Cl 450 731 120
10K 1Cl 450 732 168
1K 1Cl (<53 pm) 500 767 0
77-K2804 500 796 24
86-NazS04 450 712 0
69-K2S04 450 731 0.5
1K1cl 550 780 0
69-K2S04 450 749 0
86-NazS04 450 725 0.5
10 K 10C1 400 593 336
10 K 10C1 400 611 120
10K 10Cl 400 617 168
1K 10Cl 400 666 240
10K 10Cl 400 631 4
10K 10Cl 400 643 120
10K 10Cl 400 666 24
10 K 10CL 400 677 4
1K 10Cl 450 735 72
1K10Cl 450 737 168
10K 10Cl 450 747 0
10 K 10CL 450 757 72

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.fuel.2023.130386.
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ABSTRACT: The aging of alkali-bromide-containing ash deposits was studied by applying premixed alkali bromide—alkali
sulfate mixtures on a laboratory-scale temperature gradient probe. The probe temperature was kept at 500 °C, while the furnace
air temperature was measured to be 800 °C, simulating a heat exchanger ash deposit temperature profile. Deposits of ~5 mm
thick were aged in the furnace for 2—8 h and subsequently rapidly cooled to room temperature. The deposit cross-sections were
analyzed and characterized using SEM/EDX. The deposits were observed to form multilayered structures, where the furnace-
facing region was dense and sintered, while the steel-facing region was porous. Within the porous region, a gas phase migration
of alkali bromides toward the colder temperature was observed. The alkali bromide migration toward the colder steel
temperature observed in the experiments was quantified and compared to modeling results. The modeling results were
calculated by modifying an existing temperature-gradient-driven alkali chloride intradeposit migration model for alkali bromides.
The model is in agreement with the experimental results, validating an enrichment mechanism for alkali bromides. Because of
their relatively high saturation pressures, alkali bromide migration was observed to be significantly faster than the earlier
reported migration of alkali chlorides. Enrichment of alkali bromides in colder temperatures in boiler deposits could lead to
significant changes in the local composition of the deposit, possibly leading to an enhanced corrosion rate of the tube material
and/or densification of the deposit structure.

1. INTRODUCTION

Waste-derived fuels and cheap biomass fuels have become
increasingly interesting for energy conversion applications.

to those with alkali chlorides. While high-temperature
corrosion of alkali bromides has been considered in the
literature,®” the research on the topic is still scarce. To the best

Waste-derived fuels are cheap compared to pristine biomass,
and firing waste is a good alternative to landfilling." Although
waste firing is a lucrative alternative from the economic and
environmental point of view, there exist a number of technical
challenges associated with waste-derived fuels. Especially when
trying to attain higher electrical efficiency by raising the final
steam temperature, and as a result, the superheater material
temperature, corrosion-related challenges in the boiler
increase.

One major challenge is the heterogeneity of the waste-
derived fuels. Different waste fractions have different chemical
compositions, particle sizes, etc., and the estimation of the ash
chemistry and its effects on boiler design and operation is
challenging. Waste fractions can include high amounts of alkali
metals (Na, K), heavy metals (Pb, Zn), and halides (Cl, Br), all
of which are often connected to rapid corrosion of boiler
materials.>™® Alkali-chloride-induced high-temperature corro-
sion has been studied extensively, and it is recognized as one of
the prominent reasons for corrosion in biomass-fired boilers.
However, the detailed corrosion mechanisms are still being
discussed.” Heavy metals in combination with Cl have also
been studied to some extent, and several studies discussing the
corrosion effects and mechanisms have been published.>**~!!
The existing corrosion results with alkali bromides are similar

v ACS Publications © XXXX American Chemical Society

of our knowledge, alkali bromide corrosion has not been
studied in the presence of a temperature gradient across the
ash deposit.

One of the main sources of Br in waste-derived fuels is
brominated flame-retardants, which can be found, e.g, in
municipal solid waste and solid recovered fuel. Plastics treated
with brominated flame-retardants can contain several mass
percent Br. Brominated biocides are another important source
of Br in waste-derived fuels.'? In addition to waste, even some
biomass fractions can include high amounts of Br. Naturally
occurring Br mainly originates from seawater; therefore, the
biomass fractions containing the most amounts of Br are some
selected marine algae and coastal peat.'®

The amount of Br in the fuel is often relatively low, e.g, in
comparison to the amount of ClL In spite of the low
concentrations in the fuel, Br has been observed in the
corrosion front of waterwall tubes in a BFB boiler firing a

Special Issue: 27th International Conference on Impact of Fuel
Quality on Power Production and Environment

Received: December 3, 2018
Revised: ~ February 21, 2019
Published: March 11, 2019

DOI: 10.1021/acs.energyfuels.8b04199
Energy Fuels XXXX, XXX, XXX—XXX


pubs.acs.org/EF
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.energyfuels.8b04199
http://dx.doi.org/10.1021/acs.energyfuels.8b04199
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html

Energy & Fuels

mixture of bark, solid recovered fuel, and wastewater sludge
from a paper mill'* In addition, Br has been observed to
enrich in waterwall deposits. Vainikka et al."* observed several
mass percent of Br locally in waterwall deposits, while the fuel
fed into the boiler contained only tens of mg kg™ of Br.

Ash deposits and heat exchanger tubes experience temper-
ature gradients during boiler operation. The temperature
difference from the flue gas to the process steam/water is
several hundreds of °C. Temperature gradients are known to
affect the deposition behavior.'® In addition, temperature
gradients have been shown to affect corrosion of steel and the
chemistry and morphology of ash deposits. Corrosion rates of
the heat exchanger tube have been shown to increase with
higher flue gas temperature even if the tube temperature is kept
constant.'”™® Temperature gradients have been shown to
induce diffusion within oxide layers'® and to induce
penetration of corrosive chloride species through unstable
oxide layers to the unaffected steel surface.>’

The effects of temperature gradients on ash deposit
chemistry and morphology have been studied mainly in
laboratory scale. The main observations have so far been the
formation of distinct regions within the deposit, distinguishable
by either composition or structure, and migration of species
due to temperature gradients.'®*'™** Depending on the
deposit composition, temperature gradients have been
observed to affect the adhesion of deposits to the tube
material.”® The effect on adhesion was concluded to be mainly
due to the formation of a melt, subsequent liquid phase
sintering, and melt movement toward the steel surface, where
it glues the deposit to the tube surface.

The temperature-gradient-induced gas phase migration of
alkali chlorides has been reported and modeled earlier.”*** As
a result of the migration, an enrichment of alkali chlorides is
observed in the lower temperatures within the deposit. The
alkali chlorides form pure cubical structures within the deposits
and even enrich on the steel surface as pure alkali chloride
crystals. Similar results have been observed in biomass-fired
boilers,*~>® and the effect has been suggested to be due to the
intradeposit gas phase migration of alkali chlorides.”

Alkali chlorides and bromides are similar in their molecular
structure, melting characteristics, and chemistry. The sim-
ilarities make bromides interesting from another point of view;
ie, alkali bromides can be used to test vaporization—
condensation mechanisms observed with alkali chlorides.
Alkali bromides can be utilized to find out whether the
phenomena, e.g., the temperature-gradient-induced alkali
chloride migration, are alkali-chloride-specific or more general
in nature. This paper focuses on studying the effects of
temperature gradient on alkali bromide and alkali sulfate
mixtures. The aim of this paper is to recognize fundamental
phenomena prevailing in synthetic ash deposits, and to test the
hypothesis that alkali bromide—alkali sulfate mixtures behave
in a similar fashion as alkali chloride—alkali sulfate mixtures
when exposed to temperature gradients. In addition, the aim is
to modify and test the applicability of an existing alkali chloride
migration model for alkali bromides, to further validate the
understanding of the enrichment phenomena and its
implications for boiler applications.

2. EXPERIMENTAL SECTION

The main experimental setup consists of a laboratory-scale air-cooled
probe, which is inserted into a tube furnace. Synthetic ash deposits are
applied on top of the probe. The furnace temperature is higher than

the probe temperature, creating a temperature gradient over the
deposit. The temperature gradient simulates a real boiler situation
where a temperature gradient is present over the deposit, from the
flue gas to the steam. A detailed descri;)tion of the setup can be found
in Lindberg et al.”* and Niemi et al.>

Binary mixtures of NaBr—Na,SO, and KBr—K,SO, were studied in
this paper. The compositions were chosen so that the melt formed at
the first melting temperature is ~60 wt % of the total mass and that
the remaining solid phase is either Na,SO, or K,SO,. The
compositions of the deposit materials are shown in Table 1, together

Table 1. Deposit Compositions and Their Calculated and
Measured (in Parentheses) Characteristic Melting
Temperatures, as Well as Premelt Temperatures

deposit composition [wt %] temperature [°C]

NaBr Na,SO, KBr K,SO, solidus liquidus premelt
315 685 622 (617) 719 (naf) 850
406 594 670 (668) 845 (na) 950

“n.a.: not available.

with their calculated and measured characteristic melting temper-
atures. Factsage thermodynamics software®® was used to calculate the
melting behavior and vapor pressure of the volatile species. The
FTsalt database is one of the largest thermodynamic databases for
higher-order nonideal salt systems, and contains the nonideal
interaction parameters for binary (e.g, NaCl-KCl), common-ion
ternary (e.g,, NaCl—-KCl-ZnCl,), and reciprocal ternary salt systems
(e.g, NaCl-KCl-Na,S0,—K,S0,). However, the thermodynamic
interaction parameters for the NaBr—Na,SO, and KBr—K,SO,
systems have not been published previously and are not included in
the FTSalt database. However, the phase equilibria of NaBr—Na,SO,,
and KBr—K,SO, have been studied experimentally by Rea,*" Palkin et
al,* Gromakov,*® Flood et al,** and Nyankovskaya.35 The two
binary systems are simple eutectic systems, similar to the
corresponding NaCl—-Na,SO, and KCI-K,SO, systems. On the
basis of the experimental studies, the nonideal binary interaction
parameters for the liquid phase were optimized using the same liquid
phase solution model, the modified quasichemical model in the
quadruplet approximation,®® as Lindberg et al.¥” used for the
multicomponent NaCl—Na,SO,—Na,CO;—~KCI-K,S0,~K,CO; sys-
tem. The details of the assessed thermodynamic parameters will be
published in a separate publication. The calculated binary phase
diagrams together with experimental data are shown in Figure 1.

In addition, the melting behavior of the mixtures was studied with
DSC/TGA (differential scanning calorimetry/thermogravimetric
analysis), conducted with a TA Instruments SDT Q600 device. The
mixtures were heated above the solidus temperature and cooled down
in multiple cycles. Heating and cooling rates of 20 °C min™" and a gas
flow of 100 mL min~" of N, were applied. The solidus temperatures
for the mixtures were extracted from the data. The liquidus
temperatures were not extracted as the vaporization of alkali bromides
was kept at a minimum.

For the deposit preparation, the salt components were mixed,
melted together for 20 min, quenched to room temperature, ground,
and sieved to the desired size fraction (53—250 pm). The mixture
preparation was conducted to obtain homogeneous salt mixtures.

The deposits were applied on the probe. The applied deposit
thickness was approximately S mm, postexposure. The probe was
inserted into a furnace where it was heated up. Once the probe
reached the designated steel temperature (500 °C), cooling was
initiated, and the experiment was considered to start. The furnace
temperature was raised to the target temperature, which was set to
980 °C and measured ~800 °C above the deposit. The deposits were
aged in the furnace for 2, 4 or 8 h, and subsequently rapidly cooled to
room temperature. The solidified deposits, together with the steel
sample rings, were cast in epoxy resin, cut for a cross-section, and
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Calculated phase diagrams of NaBr—Na,SO, and KBr—K,SO, on mass basis together with the experimental data of the systems.

Table 2. Standard Chemical Compositions of EN10216-2, 10CrM09-10, and P235GH Steels in wt %: The Rest Is Fe

C

0.08—-0.14
<0.16

Si
<0.5
<0.35

Mn

0.4-0.8
<1.20

P

<0.02
<0.025

S

<0.01
<0.010

steel

10CrMo9-10
P235GH

Cr
2.0-2.5

Mo
0.9-1.1

N
<0.012

Cu
<0.3

Cr + Cu + Mo + Ni

<0.70

analyzed using SEM/EDX. All of the experiments were conducted in
ambient air.

The probe houses two steel sample rings, which were both covered
with the same deposit material in a given experiment, but two
different steel materials were used. A low-alloyed 10CrMo09-10 steel
was used as the temperature control ring (Ring 1), and a P235GH
carbon steel ring was used as the temperature measurement ring
(Ring 2). The standard steel compositions are shown in Table 2. The
temperature control and measurement were conducted using
thermocouples housed within the rings. Because of the nonuniform
temperature across the probe, the measured temperature was always
slightly higher than the controlled temperature. The experimental
matrix is shown in Table 3.

Table 3. Experimental Matrix Showing the Steel Ring
Temperatures during Experiments, with Distinct Deposit
Materials and Exposure Times

temperature [°C]

Ring 1, Ring 2,

10CrMo9-10 P235GH
500 507
500 505
500 506
500 523
500 504
500 506

exposure time
deposit material

NaBr—Na,SO,
NaBr—Na,SO,
NaBr—Na,SO,
KBr—K,SO,
KBr—K,SO,
KBr—K,SO,

oo-pNoo#NE

3. RESULTS

3.1. Above the First Melting Temperature. The SEM/
EDX results for all of the experiments show a multilayered
deposit morphology (Figure 2). The uppermost layer is dense
and enriched in alkali sulfates. The next layer consists mainly of
a mixture of alkali bromides and alkali sulfates in a ratio that is
close to the eutectic composition of a NaBr—Na,SO, or KBr—
K,SO, mixture, i.e., enriched in alkali bromides in comparison
to the original composition. The eutectic composition
surrounds alkali sulfate crystals (see Figure 3). Close to the
steel, there is a porous region, in which the particles display
similar structure to the original deposit particles; ie., the

particles do not show signs of melting during the experiment.
The deposit morphology is similar to the deposit morphologies
observed by Lindberg et al.>* and Niemi et al.>* with mixtures
of alkali chlorides and alkali sulfates.

The structure of the deposits was observed to evolve as a
function of time. The 2 h experiments showed, in general,
more alkali bromides in the uppermost region. The amount of
alkali bromides in the uppermost region decreased in 4 and 8 h
experiments (Figure 3). In general, already the 2 h experiments
displayed a dense upper layer, indicating that the densification
occurs within a short time span.

The overall deposit structure was concluded to be similar to
that observed in the alkali chloride—alkali sulfate systems,
suggesting that the mechanisms responsible for the deposit
structure are similar. Above the first melting temperature, the
deposit aging mechanism with binary eutectic systems has
been concluded to be mainly due to liquid phase sintering and
temperature gradient zone melting (TGZM) phenomena.****
The liquid phase sintering is supported by the fast sintering
and by the holes observed in the dense deposit structure. The
holes are characteristic for structures affected by liquid phase
sintering occurring by the pore filling mechanism.*®

TGZM?* was observed to occur in all of the experiments. A
distinctive feature for the mechanism is the sharp interphase
between the primary crystallizing phase (alkali sulfate) and the
eutectic region, mixed with alkali bromides and sulfates (see
Figures 2 and 3). The pockets containing a mixture of alkali
bromides and sulfates within the dense alkali sulfate structure
further indicate TGZM. The phenomenon is described
schematically in Figure 4. The liquid phase composition of a
binary mixture, with a eutectic melting behavior, e.g., NaBr—
Na,SO, or KBr—K,SO,, depends on the temperature. In the
case of NaBr—Na,SO, and KBr—K,SO,, when the temperature
of the system is between the solidus temperature and the
liquidus temperature, the system will form a two-phase system.
The two phases are the primary crystallizing phase, which in
this case is the alkali sulfate phase, and a melt phase, which has
a composition following the liquidus line of the phase diagram
according to the lever rule (see Figure 4, step 2). All of the
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Figure 2. SEM backscatter image of the overall deposit structure of the NaBr—Na,SO, deposit after 4 h of exposure. The image shows the porous,
eutectic, and sintered regions. The light, dark gray, and black shades represent NaBr, Na,SO,, and epoxy, respectively.

4h 8h

KBr-K,S0,
\

NaBr-Na,SO,

Figure 3. Evolution of the uppermost layer in the K system and in the
Na system. The light, dark gray, and black shades represent (Na/
K)Br, (Na/K),SO,, and epoxy, respectively.

alkali bromide in that temperature region will be included in
the melt phase.

When subjected to a temperature gradient, the melt
composition differs between temperatures, creating a concen-

tration gradient across the melt. The concentration gradient
induces diffusion within the melt to balance the concentration
difference. As a result, the alkali bromide migrates toward the
hotter temperature; subsequently, at the lower temperature,
the alkali sulfate crystallizes from the melt. The increased
concentration of the alkali bromide at the higher temperature
enables that more of the alkali sulfate is being incorporated
into the melt phase, resulting in a bulk movement of the melt,
and alkali bromide, toward the hotter temperature. At the top
of the deposit, the alkali bromides vaporize into the furnace
and leave behind a refined alkali sulfate structure.

In addition to the movement of alkali bromides, TGZM was
observed to affect also the corrosion products. In the 8 h
experiments, the upper part of the deposit cross-section and
the top of the deposit were observed to have a red hue. The
SEM/EDX results showed a presence of Fe within the upper
part of the deposit and on the outer edge (facing the furnace
air). The results from the outer edge of the 8 h experiment
with 10CrMo9-10 exposed to the Na mixture are shown in
Figure S. In addition, some Fe was observed in the lower part

Step 2 Step 3

e e

Temperature

N AN

N/ N

Cxpea< Cxpen

Vaporization of XBr

Melting of X,S0,

Diffusion of XBr from B to A

Crystallization of X,S0,

NaBr - Na;S0,

Solidus

Solidus

O xabtvamedisoy 08!

N\ J

Figure 4. Schematic image explaining the deposit morphology and chemistry evolution due to liquid phase sintering and temperature gradient zone
melting (TGZM) phenomena. Step 1 shows the initial deposit densification by liquid phase sintering. Step 2 shows how the TGZM induces alkali
bromide migration toward the outer surface of the deposit. Step 3 shows a refined alkali sulfate structure and the sharp interface between the

eutectic layer and the refined alkali sulfate.
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Figure 5. SEM backscatter image showing the corrosion products in the upper part of the deposit in an 8 h experiment with 10CrMo9-10 steel
exposed to the NaBr—Na,SO, mixture. The oxygen and carbon results are excluded from the data, because these elements are present in the epoxy.

of the eutectic layer in the 4 h experiments with P235GH steel
exposed to the NaBr—Na,SO, deposit. A similar behavior has
been observed with alkali chloride and alkali sulfate
mixtures.”"** However, the behavior has not been observed
with alkali bromide—alkali sulfate mixtures before.

The migration of corrosion products due to TGZM is more
complicated compared to the relatively simple binary mixtures
(NaBr—Na,SO, and KBr—K,SO,). With binary mixtures, the
roles of the liquid phase and the primary crystallizing phase are
clear, and the concentration gradient within the liquid phase is
easy to concern from the phase diagram. With the inclusion of
corrosion products (e.g, FeBr,, FeBry CrBr; and metal
oxides), the melting properties and, consequently, the
prediction of the TGMZ phenomenon become more
complicated. In addition, the corrosion products are prone
to oxidation with high enough O, partial pressures, which
alters the composition and makes the system even more
complicated.

Although detailed predictions of migration of corrosion
products due to TGZM remain an unresolved issue and lie
outside of the scope of this study, the mechanism is a plausible
cause for the Fe presence at the top of the deposits exposed to
temperature gradients.

3.2. Below the First Melting Temperature. Below the
first melting temperature, pure alkali bromide layers were
observed on the furnace-facing side of particles and on the
oxide layer. In addition, on the steel-facing side of the particles,
alkali-bromide-depleted areas were observed. An example of a
pure alkali bromide layer and an alkali-bromide-depleted area
is shown in Figure 6.

The phenomenon has been studied earlier with alkali
chlorides, and it is caused by Fickian diffusion that occurs
because of a temperature-gradient-induced concentration
gradient in the gas phase.”>>> Alkali bromides vaporize from
the steel-facing side of the particle, leaving behind an alkali
sulfate scaffold. The vaporized alkali bromides migrate toward
the colder temperature, ie., toward the steel surface.
Subsequently, the alkali bromides condense on a colder
surface because of supersaturation in the gas phase. The colder
surface can be either the furnace-facing side of an ash particle
below the particle of origin, or the steel surface. The
vaporization—condensation mechanism results in a bulk
migration of alkali bromides toward the colder temperature,
i.e., toward the steel surface.

The alkali bromide migration layer thicknesses were
quantified as described by Lindberg et al,”” and the results,

Figure 6. SEM backscatter image showing NaBr enrichment on the
top of a NaBr—Na,SO, particle and NaBr depletion at the bottom of
the particle.

as a function of temperature, are shown in Figure 7. An existing
migration model for alkali chlorides® was modified to predict
the alkali bromide migration. The species-specific values were
modified (see Table 4), and the differences in the densities of
the alkali bromides and sulfates were taken into account. The
values shown in Table 4 are utilized for partial pressure
calculations and for diffusion coefficient estimation, according
to the kinetic theory of gases.

The model describes the Fickian diffusion of volatile species
due to the temperature-gradient-induced concentration gra-
dient. The concentration gradient, and therefore the diffusion
flux, is directly proportional to the temperature gradient across
the gas phase. The temperature gradient across the gas phase
was estimated from the bulk temperature gradient across the
porous layer, and from the estimated porosity of the deposit.
The temperature gradients across the porous layers in
individual experiments were estimated from the SEM images.
The temperature gradient (dT/dx) values were estimated to be
65—90 °C mm™" for the KBr—K,SO, mixtures and 70—115 °C
mm™" for the NaBr—Na,SO, mixtures, and they are shown in
Figure 7. In the model calculations, the bulk temperature
gradient was multiplied by a correction factor of 3.7 to account
for the steeper temperature gradient across the gas phase than
across the solid phase (for additional information, see Niemi et
al?®). In addition, the logarithm of the alkali bromide
saturation pressure is linearly proportional to the inverse
absolute temperature, ergo the logarithm of the concentration
gradient is linearly proportional to the inverse absolute
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Figure 7. Average measured alkali bromide layer thicknesses (dots) together with modeled results (continuous line) as a function of temperature in
individual experiments. The error bars show the maximum and minimum thickness values measured in the temperature interval (20 °C) in

question.

Table 4. Molecule-Dependent Constants for Determining the Saturation Pressures (4; and B;) of Alkali Bromides, Effective
Molecular Diameters in the N, Atmosphere (d, ¢), Effective Mass in the N, Atmosphere (#;), and Density at Room

Temperature (p;)>**"*>
component, i A; [K] B [-]
KBr —24298 16.07
(KBr), —27388 18.08
NaBr —24 850 16.19
(NaBr), ~26308 1725

dyr [m] Hi [kg] pi [kg m™]
3.68 x 1071° 3.77 X 107 2750
474 x 1071° 4.16 X 107 2750
341 x 107 3.66 X 107 3210
4.54 x 10710 4.10 X 107 3210

temperature, which results in an exponential increase in the
diffusion flux as a function of the absolute temperature.

The model estimates a decrease in the diffusion flux as a
function of time. The effective diffusion coefficient decreases,
as the gaseous species need to travel longer within the particle
of origin as it is depleted of the alkali bromides as a function of
time. A similar decrease in the migration rate was observed also
in the experimental results. The initial particle-to-particle
distance in the model was chosen to be 50 ym, corresponding
to the experimental observations and to the solids fraction of

close-packing structures (0.74) in one dimension when a
particle size of 150 ym is applied. The initial particle-to-particle
distance was also used as a boundary condition for the model;
i.e., the maximum alkali bromide layer thickness was limited to
S0 pm. The modeled values are plotted together with the
corresponding experimental results in Figure 7.

The model values agree reasonably well with the
experimental values in lower temperatures and with short
exposure times. The deviations in the higher temperatures and
with longer exposure times are understandable as the predicted
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layer thicknesses are unreasonably thick for the experimental
setup, which results in pronounced deviations with longer
experiments and in higher temperatures. In the experiment
with KBr—K,SO, on the P235GH steel with 4 h of exposure,
where no layer data is reported for low temperatures, the lower
temperature part of the porous layer was missing. The loss of
deposit material is due to the deposit preparation in the cutting
stage. The loss of deposit material after the cutting phase of the
sample preparation was observed as a lack of deposit material
and epoxy resin. The 2 h exposure of 10CrMo9-10, and the 4
and 8 h exposures of P235GH to NaBr—Na,SO,, showed a
missing porous layer, which is why no layer growth data is
available for those experiments.

Regardless of the deviation of the modeled values from the
experimental values in the higher temperatures, the results
imply that the underlying phenomenon, i.e., the temperature-
gradient-induced gas phase migration, is successfully recog-
nized for the alkali bromides. The model results are in
reasonably good agreement with the experimental values,
which indicates that the model can be utilized for deposit aging
calculations if some limitations are considered. The limitations
include space limitations for the layer growth, lower activity for
the gaseous species due to solid or liquid solutions, and mass
balance limitations. The results of this paper confirm the
hypothesis that the temperature-gradient-induced diffusion
mechanism observed with alkali chlorides also applies for other
volatile compounds found in ash deposits.

Compared to alkali chlorides, the alkali bromide migration
was observed to occur at a higher rate in the same temperature
range and with the same temperature gradient. The calculated
saturation pressure of alkali halides at a set temperature
increases when the size of either the cation or the anion
increases (KCl > NaCl > LiCl, NaBr > NaCl > NaF). The
saturation pressure of alkali halides increases exponentially as a
function of temperature. In a set temperature and temperature
gradient, the partial pressure gradient is steeper for the species
with the higher saturation pressure (KCI > NaCl > LiCl, NaBr
> NaCl > NaF), resulting in a higher diffusion flux.

3.3. Corrosion. Significant corrosion was observed in all of
the experiments. With P235GH, the corrosion layer consisted
typically of alkali bromides, iron oxide, iron bromides, and a
combination of all of the aforementioned. 10CrMo9-10
produced a similar oxide layer but included also Cr species.
Already the 2 h experiments resulted in oxide layer thicknesses
of ~10 pm, but the oxide layer growth rate seemed to slow
down rapidly after the initial oxide layer formation.

Figure 8 shows a typical corrosion layer of P235GH from
the 4 h experiment, with the KBr—K,SO, mixture. Just above
the steel surface, Br was observed, but little to no alkali metals
were observed, indicating a formation of metal bromides. A
similar distribution of elements was observed also with the
other experiments. With P23SGH, Br was observed together
with Fe, while with 10CrMo9-10, Br was observed together
with Fe and Cr. FeBr,, FeBr;, NiBr,, and CrBr; have been
observed to form at steel surfaces exposed to Br, and high
temperatures.43

Above the metal bromides, a dense oxide layer was observed.
For P235GH, the oxide layer contained mainly iron oxides.
With 10CrMo9-10, the oxide layer consisted of a mixture of
iron and chromium oxides. The dense oxide layer did not
contain Br with either of the tested steels and regardless of the
exposure time.

[KBr + iron oxide

Figure 8. Corrosion layer of P235GH steel after 4 h of exposure to
KBr—K,SO,.

On top of the dense oxide layer, pure crystals of alkali
bromides were detected for all of the experiments. The crystals
are a result of the vaporization—condensation of alkali
bromides within the deposit. The mechanism can be clearly
seen to enrich alkali bromides at the oxide layer.

In the experiment with P235GH exposed to NaBr—Na,SO,
for 4 h, in addition to the dense oxide layer, a more porous
oxide layer was observed to grow on top of and around the salt
particles near the steel surface. In addition, indications of iron
bromides were observed above the dense oxide layer, close to
salt particles (Figure 9). In the same experiment and in the 8 h
experiment with 10CrMo9-10 steel exposed to the NaBr—
Na,SO, mixture, corrosion products were found in the upper
parts of deposits, which indicates vaporization of corrosion
products and condensation within the deposit. This occurs due
to an oxygen potential gradient from the metal surface, where
it is buffered by the metal—metal oxide equilibrium, to the air
in the furnace. With low oxygen potential, volatile metal halide
species (e.g., FeCl,, FeCly, FeBr,, FeBr;) can vaporize close to
the metal—metal oxide interface and subsequently react to
metal oxides when they reach a location within the deposit
with higher oxygen potential.

Similar corrosion behavior, where the oxide layer grows
around the deposit salt particles, has been observed with
10CrMo9-10 steel exposed to KBr® and to NaCl or KCI** at
high temperatures in isothermal conditions. Enestam et al*
proposed that the porous oxide layer formation in NaCl and
KCl deposits is due to the formation and subsequent
vaporization of metal halides, which then react to metal oxides
and condense on the salt particles above the steel surface. Wu
et al.% reported analogous behavior with KBr. To the best our
knowledge this is the first study showing similar corrosion
behavior of steel exposed to NaBr.

4. IMPLICATIONS

Deposit aging has direct effects on the deposit removability
and chemistry. The results of Laxminarayan et al.>> show that
liquid phase sintering of deposits and liquid movement toward
the steel surface increase the adhesion strength of deposits to
the heat exchanger surfaces. They also note that gas phase
migration of alkali chlorides plays a role in the evolution of the
deposit adhesion strength. The results of this study show that
even alkali bromides migrate within ash deposits and can
potentially enrich on heat exchanger surfaces, affecting both
corrosion and deposit adhesion strength. Already low Br
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Figure 9. SEM image showing the porous oxide layer of P235GH steel after 4 h of exposure to NaBr—Na,SO,.

concentrations in the fuel have been shown to result in
enrichment of Br in waterwall deposits."®

The results of Costa and Paoliello*® show that the deposit
composition in a black liquor recovery boiler can vary greatly
from the inner to the outer part of the deposit. They observed
high concentrations of K and Cl close to the steel surface,
which could be due to the enrichment of K and Cl in the melt
phase, which has migrated to the steel surface. Similar results
have been reported by Reeve et al.*® Although alkali bromides
are not commonly found in recovery boilers, the results of this
study further indicate which mechanisms are responsible for
the enrichment of alkali chlorides in cold temperatures, i.e., gas
phase migration and liquid phase sintering.

In the present work, migration of gaseous alkali bromides
toward the colder temperatures was shown to occur due to
temperature gradients. The migration rate increases as a
function of both the local temperature and the temperature
gradient. This implies that, in boiler design, in addition to the
absolute temperature of the heat exchanger material, the
temperature gradient from the flue gas to the steel also affects
the corrosion risk. Others have reported results, which support
this view.'7®

The temperature-gradient-induced gas phase migration
model has been shown to qualitatively work with alkali
chlorides and alkali bromides. The model relies on Fick’s first
law of diffusion and on the kinetic theory of gases, which
makes it also easily applicable for other volatile species within
deposits and for other applications where temperature
gradients are present. For technically relevant detailed results,
the migration model would probably need to be used in
combination with thermodynamic modeling, as the partial
pressures of volatile species are connected to the solid and
liquid phases locally present in the deposit. In turn, the gas
phase migration affects the local compositions within the
deposit, resulting in a highly dynamic system, where the phase
composition would need to be re-evaluated continuously.

The synthetic deposits used in this study differ from actual
boiler deposits in a number of ways. The compositions of the
deposits used in this study are simple binary eutectics, with
relatively high alkali bromide concentration compared to boiler
environments. The boiler deposit contains many different
components, depending on the fuel. For biomass fuels, the
main ash-forming elements are Ca, K, Si, and Mg.47 With
waste-derived fuels, the ash composition is even more
complicated, and the deposit can in addition contain, e.g.,
high amounts of Pb and Zn.*

Boiler ash deposits are often heterogeneous in nature, with
different compositions and structures across the deposit,
mainly due to the way of the deposit formation. The deposit
formation in a boiler occurs by several different mechanisms
that occur simultaneously, condensation, thermophoresis, eddy
impaction, and inertial impaction being the most common
deposit formation mechanisms.** The deposit formation
mechanisms, as well as the ash composition, affect the deposit
structure. Deposits vary greatly in nature between boilers and
locations within the boiler. Contrary to boiler deposits, the
deposits used in this study are homogeneous both in
composition and in structure at the beginning of the
experiments. However, the synthetic deposits were observed
to become increasingly heterogeneous because of the exposure
to temperature gradients. This indicates that even deposit
aging can contribute to the deposit structure and composition.
There are indications that deposit aging also affects the local
composition and structure of ash deposits.”**

The vaporization—condensation mechanism of volatile
species can only occur if there are volatile species present
within the deposit, and the deposit structure is porous; i.e.,
there are void spaces available for the volatile species to
condense to. Several studies have shown that boiler deposits
are indeed porous;zg'w‘50 however, parameters, such as the
fuel, the location in the boiler, and the temperature profile,
affect the porosity and the pore size. The pore size will most
likely limit the migration rate of the volatile species within the
deposits. The vaporization—condensation mechanism is
expected to occur at a slower pace in boiler deposits than in
the synthetic deposits in question. There are additional
limiting factors that are present in boiler deposits; e.g., the
volatile species might be part of a solid or liquid solution,
which results in their lower partial pressure. In addition, the
amount of the volatile species is likely to be fairly low within
the deposits, which also limits the potential for enrichment in
lower temperatures. However, alkali bromides have been
observed to enrich at lower temperatures within deposits, i.e.,
close to the steel surface.'® The enrichment is likely to be
caused by both the deposit build-up mechanisms (i.e., alkali
bromide condensation from the flue gas) and the deposit aging
mechanisms (i.e., intradeposit vaporization—condensation and
liquid phase sintering).

The liquid phase sintering and TGZM both require a melt
phase present to occur. In addition, liquid phase sintering can
only occur in a porous deposit, while TGZM requires a
continuous solid phase in order to occur. Liquid phase
sintering is likely to occur in boiler deposits, but the extent of it
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is still unclear. The sintering tendency has been shown to be
connected to the amount of melt present.”® The amount of
melt in a boiler deposit is likely to be significantly lower than in
the synthetic ash deposits studied in this paper, which will
result in lesser deposit densification. In addition, boiler
deposits may contain molten phases with high viscosity, with
which the sintering effects are expected to be slower. However,
in boilers the deposits have a longer time to mature.

The industrial relevance of TGZM in boiler deposits
remains unclear. TGZM could potentially alter the corrosion
rate of heat exchanger tubes. On one hand, with optimal
conditions, TGZM can induce migration of corrosive halide
species toward the fuel gas, i.e., away from the steel surface. On
the other hand, TGZM can induce migration of corrosion
products or parts of the protective oxide layer toward the
hotter temperature, resulting in an exposed steel surface and
rapid corrosion.

5. CONCLUSIONS

Steel samples were covered with mixtures of alkali bromides
and alkali sulfates and exposed to industrially relevant
temperature gradients to study the corrosion of steel and
aging mechanisms occurring in ash deposits. The results show
similar behavior to alkali chloride and alkali sulfate mixtures.
Both display liquid phase sintering and temperature gradient
zone melting in supersolidus temperatures. In subsolidus
temperatures, gas phase migration toward the colder temper-
atures was observed to occur for alkali bromides. An existing
one-dimensional alkali chloride migration model was modified
to predict the alkali bromide migration. The predicted amount
of alkali bromides (layer thickness) is correctly predicted for
short exposure times in low temperatures (<600 °C). The
predictions deviate for longer exposure times and in locations
of the deposit where the migration rate is the fastest. The most
likely reason for the deviation is that the alkali bromide
migration is limited in the experimental deposit by the limited
void space available for layer growth. The corrosion results
show the formation of metal bromides at the steel surface.
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