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Halu vähentää hiilidioksidipäästöjä ja käyttää halvempia polttoaineita on kasvattanut
tarvetta polttaa vaikeampia jäte- ja biomassapohjaisia polttoaineita. Nämä polttoaineet
vaikuttavat kattilan toimintaan ja voivat aiheuttaa vakavia ongelmia. Poltossa
muodostuvat pienhiukkaset ja kondensoituvat höyryt voivat reagoida kattilapintojen
kanssa, etenkin lämmönsiirtopinnat ovat alttiita likaantumiselle ja korroosiolle. Näiden
ongelmien takana on usein alkalimetalleja sisältävät yhdisteet, jotka muodostavat
matalassa lämpötilassa sulavia kerrostumia tulistimille.

Polttoaineen kloorin, rikin ja alkalimetallien pitoisuudet vaikuttavat merkittävästi
tulistimilta löytyvien kerrostumien klooripitoisuuteen. Kloorin aiheuttaman
tulistinkorroosion yksityiskohtia ei vielä tunneta tarkasti mutta sen tiedetään aiheutuvan
pääasiassa tulistimille kondensoituvan kaliumkloridihöyryn vaikutuksesta. Jotkin bio- ja
jätepolttoaineet voivat sisältää myös merkittäviä määriä bromia ja raskasmetalleja,
kuten sinkki ja lyijy. Myös näillä yhdisteillä voi olla samankaltaisia vaikutuksia kuin
alkalimetalleilla. Savukaasun ja lentotuhkan koostumuksen parempi tunteminen auttaa
ymmärtämään ja estämään kloorikorroosion mekanismeja.

Tämän diplomityön tarkoituksena on kehittää ja testata näytteenottoperiaatetta
alkalikloridien mittaamiseksi. Tietoa korroosioriskistä voidaan käyttää
polttoainesuhteiden optimointiin, lisäaineiden syöttöön ja materiaalilämpötilojen
säätöön. Työssä testatulla näytteenottimella on tarkoitus mitata kloori, kalium ja natrium
pitoisuuksia ja sen tulisi kyetä erottamaan yhdisteitä niiden fysikaalisten
ominaisuuksien perusteella. Korkea lämpötila, kiintoaine sekä kaasun ja lentotuhkan
monimutkainen koostumus tekevät leijukattilan tulipesästä mittaamisen haastavaksi.
Näytteen jäähtyessä tapahtuvien fysikaalisten ja kemiallisten muutosten ymmärtäminen
ja kontrolloiminen on tärkeää edustavan näytteen saamiseksi.

Sekundaaritulistimet ovat herkimpiä alkalikloridien aiheuttamalle korroosiolle sillä
siellä kuuma noin 850 C kaasu kohtaa kylmiä lämmönsiirtopintoja. Alkalikloridihöyry
pitoisuuksia halutaan mitata tulistinten läheisyydestä sillä niiden määrä muuttuu
kokoajan kemiallisten reaktioden sekä kondensoitumisen ja nukleoitumisen kautta.
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Merkittävin alkaliklorideja vähentävä reaktio on sulfatoituminen, jota tapahtuu
pääasiassa kapealla lämpötila-alueella sekundaaritulistinten läheisyydessä. Loput
alkaliklorideista jää matkan varrelle kerrostumiin tai poistuu lentotuhkan mukana,
alkaleista jopa kymmeniä prosentteja voi jäädä kerrostumiin ja poistua kattilatuhkan
mukana.

Diplomityön ensimmäisessä osassa käydään läpi työn taustoja, miksi, mistä ja miten
alkaliklorideja halutaan mitata. Kattilassa ja näytteessä tapahtuvat muutokset ja kattilan
olosuhteet vaikuttavat mertkittävästi näytteenottimen toimintaan. Teoriaosuudessa
käydään läpi kattilan ja näytteenottimen kannalta merkittävimpiä fysikaalisia ilmiöitä.
Pienhiukkasten muodostumista ja kerrostumien muodostumista tapahtuu sekä kattilassa
että näytteenottimessa.

Näytteenottimen toimintaa ja soveltuvuutta haastaviin olosuhteisiin kokeiltiin sekä
laboratorio- että todellisissa kattilaolosuhteissa. Laboratoriotesteillä selvitettiin
virtausnopeuden ja sondin kärjen muotoilun vaikutusta virtuaali-impaktorin
erotustehokkuuteen. Todellisissa olosuhteissa selvitettiin etenkin näytteenottimen
herkkyyttä likaantumiselle ja soveltuvuutta osaksi jatkuvatoimista mittalaitetta.
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The combustion of challenging fuels has become more important in recent years. This
development with other recent interests has increased the importance of superheater
high temperature corrosion. The aim of this thesis is to test and develop furnace alkali
chloride sampling device including coarse particle pre-separator operating as virtual
impactor. This sampling device can be used to take fine particles, vapours and gas
containing samples from furnace.

In this thesis is presented the background of alkali chloride sampling and flue gas
processes. The analysis method, difficult conditions and sample processes gives
limitations for sampling. Fine particle formation, deposition mechanisms and particle
classification are reviewed in theory part. The sampling device under development and
sampling environment are described in this thesis. At the measurements part of the
thesis the pre-separator measurements and full scale tests are presented.

The sampling device and virtual impactor were tested in laboratory conditions at
Tampere University of technology aerosol physics laboratory. The main focus of
laboratory tests was to measure the collection efficiency of virtual impactor with
different flow velocities and different probe constructions. The availability and
operation of sampling device in field conditions was tested at full scale fluidized bed
boilers.

The pre-separator is able to cut the coarse particles from the sample flow.  Though, the
sampling line and some parts of the sampling device before the pre-separator can
exposure to fouling. The flow velocity has the strongest influence on the cut point
diameter especially with lower velocities. However, the flow velocity and the viscosity
have only a small effect on the collection efficiency at field conditions. The vapour
sampling is a very sensitive to losses? and the consumption of pressurized air causes
expenses.
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TERMS AND DEFINITIONS

Aerosol Collection of solid or liquid particles suspended in a gas
APS Aerodynamic particle counter
BFB Bubbling fluidized bed
CFB Circulating fluidized bed
DLPI Dekati low pressure impactor
DOS Dioctyl sebacate
ELPI Electrical low pressure impactor
Fouling Deposition formation in convectional parts of boiler
FTIR Fourier transform infrared spectroscopy
High temperature Chloride induced corrosion at high temperatures

corrosion
ISE Ion selective electrode
Isokinetic sampling The flow velocity in sampling equals the flow
RBDA Recovery boiler dust analyzer
SMPS Scanning mobility particle sizer
Superheater Converts saturated or wet steam to dry steam
Supersaturation Vapour pressure larger than saturation pressure
Vapour Gas phase substance at temperature lower than critical point
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SYMBOLS

[m] Free mean path
[N/m] Surface tension
[kg/(m s)] Viscosity
[m3] Molecular volume

p [kg/m3] Particle density
g [kg/m3] Gas density

Cc [-] Slip correction factor
D [m] Characteristic diameter
Dj [m] Jet diameter
dp [m] Particle diameter
Dp [m] Particle diameter
d50 [m] Diameter with 50% collection efficiency
g [m/s2] Gravitational acceleration
k [J/K] Boltzmann constant
KR [-] Kelvin ratio
M [kg/mol] Molar mass
N [-] Number of particles
p [Pa] Pressure
pd [Pa] Saturation pressure on particle surface
ps [Pa] Saturation pressure
rc [m] Critical radius
R [J/(mol K)] Molar gas constant
Re [-] Reynolds number
S [-] Saturation ratio
Stk [-] Stokes number
Stk50 [-] Stokes number for d50

T [K] Temperature
T [K/m] Temperature gradient

U [m/s] Flow velocity
Vts [m/s] Settling velocity
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1. INTRODUCTION

Attempts to decrease greenhouse gas emissions have increased the importance of the
utilization of biomasses and waste fuels in boilers for energy production. However,
these fuels can influence the boiler operation and cause problems. Fine particles and
condensable vapours released from the fuel interact with the heat exchange surfaces of
the boiler. In power-producing boilers the main problems are usually superheater
fouling and corrosion, because the great temperature difference between the heat
exchanger surface and the flue gas. These problems are usually related to alkali metal-
containing particles and vapours that can condense on surfaces and are responsible for
the creation of low-melting point sticky deposit on the heat exchanger surfaces (Sippula
2010).

Alkali metals act as a conduit for chlorine and transport it to the heat exchange surfaces.
The  destructive  effect  of  alkali  metals  and  chlorine  is  associated  with  bio  and  waste
fuels that usually contain only small amounts of sulfur. Currently the high corrosion rate
is assumed to be caused by gaseous KCl that condenses or sublimates on the heat
transfer surface. Some bio and waste fuels may also contain high levels of heavy metals,
like Zn and Pb, which have a similar effect on the ash behavior as the alkali metals
(Enestam et al. 2003, Blomberg 2006).

The determination of the flue gas composition in full scale furnaces is important for
understanding and preventing the high temperature corrosion. When measuring in the
furnace area, the main challenges are the high temperatures, the high concentrations of
particles in the flue gas and the complexity of the gas composition. In fouling and
corrosion studies fly-ash particle measurements have played an important role. In order
to collect representative sample for analysis it is important to control the sample cooling
and chemical and physical evolution (Vainio et al. 2009, Skrifvars et al. 2004).

The aim of this thesis is to develop and test sampling device to measure concentrations
of alkali chlorides from the power boiler furnace. The information of corrosion risk can
be used to control furnace atmosphere and material temperatures. The analyzer under
development can measure chloride, potassium and sodium concentrations. The sampling
device should be able to separate the flue gas species and the fine particle fractions by
their physical properties. Understanding and controlling the flue gas transformation
during sampling is important to collect representative sample.
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This thesis consists of literature preview and measurements. The theoretical background
of virtual impactor, possible losses and sample processes are presented in literature
preview. The measurements are accomplished in laboratory conditions at Tampere
University of technology and in field conditions in two full scale power boilers. The
operation and collection efficiency measurements of virtual impactor are completed in
TUT aerosol physics laboratory. At full scale, the availability on long time on-line
sampling of sampling system is estimated.
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2. BACKGROUND

2.1. Fluidized bed boiler

In fluidized bed boilers the combustion takes place in a bed of inert particles fluidized
by primary air. This technology has been used since 1970s. The main success factors of
the fluidized bed combustion technology have been the capability of handling a wide
variety  of  solid  fuels  with  low emissions.  The  properties  of  the  difficult  fuels  and  the
behavior of fuel ash may limit the use of such fuels due to the increased risk of bed
agglomeration, fouling and corrosion (Salmenoja 2000, Silvennoinen 2004).

2.1.1. Bubbling fluidized bed boiler

The bubbling fluidized bed (BFB) was the first version of the Fluidized bed technology
and past decades has confirmed that it can be well suited to the use of difficult fuels
such as high-moisture, high-ash and low volatile fuels. BFB combustor also allows over
100 mm fuel particles and fuels with lower caloric value. Despite the growing
competition from the circulating fluidized bed in recent years, BFB has maintained an
importance especially in smaller industrial applications and combustion of waste. Future
technology development of BFB is likely to be improving fuel flexibility to increase the
use of biomass and waste (Koornneef et al. 2007).

The fluidized bed is a 40–70 cm high layer of sand or other inert material that is being
fluidized by primary air. In the BFB combustion, the NOx emissions are low due to the
air staging and the CO emissions can be kept at a low level by controlling the
combustion in the furnace. In BFB boiler practically all ash-forming matter in the fuel
turns to fly ash and leaves the furnace with the flue gas. However, fuels also contain
coarser impurities that drop to the bottom of the bed. Dense particles over 2 mm in size
do not fluidize and they must be removed from the furnace (Hulkkonen et al. 2003,
Silvennoinen 2004).



12

Figure 2-1: Bubbling fluidized bed boiler, Metso HYBEX boiler

In Metso HYBEX boiler (figure 2-1) the volatilized gases and fine fuel particles are
combusted above the bed by secondary air after the hot sand has dried and volatized the
fuel. The residual char and larger fuel particles are combusted inside the sand bed. The
superheaters are located in upper part of the furnace and in the second pass. These
boilers achieve a combustion efficiency of over 99% and the boiler efficiency can be
over  90%  depending  on  the  fuel  properties.  The  thermal  capacity  of  HYBEX  boilers
varies from 10 to 300 MWth (Metso 2010a).

2.1.2. Circulating fluidized bed boiler

The basic difference between BFB and circulating fluidized bed (CFB) is the
fluidization velocity compared to the terminal velocity, which is higher for CFB. In
CFB boilers the average size of bed material is also smaller. Additionally the sulphur
removal is more efficient in circulating fluidized bed boilers. In the CFB boilers higher
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steam parameters are also possible. In CFB, the solid material is entrained in the air
flow more equally along the combustor height, mixing is better and the temperature
more equal (Koornneef et al. 2007)

In CFB combustion fuel and limestone are injected into the furnace or combustor. The
particles are suspended in a stream of upwardly flowing primary air, 50–60% of the
total air. While combustion takes place at 840–900 C,  particles  under  450  m  are
ejected out of the furnace with flue gas velocity of 4–6 m/s. Coarse particles are then
collected by cyclone and circulated back into the furnace, the cut point of these
industrial cyclones are usually about 50 m. The sections of superheaters can be located
after the cyclone, in the furnace and in the loop seal (Kavidass et al. 2000, Rönkkömäki
2008).

Figure 2-2: Circulating fluidized bed boiler, Metso CYMIC boiler
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The foremost advantage of Metso CYMIC boilers (figure 2-2) is the high fuel
flexibility, from 100% coal to 100% biomass and any combination in between. The
CFB process provides excellent emission control achieved through a constant and
relatively low combustion temperature. Excellent mixing and long solids retention time
of solids advance efficient burning. The CYMIC boiler cyclone design is based on
standard  cyclone  and  loop  seal  components  which  enable  smaller  heat  losses.  The
thermal capacity of these boilers varies from 50 to 600 MWth (Metso 2010b).

2.2. High temperature superheater corrosion

The material loss in superheaters is one of the biggest threats in commercial boilers
resulting in an increase in the operating costs and being a common reason for boiler
shutdown. The factors that cause high temperature corrosion are not fully understood
but it is known to be strongly related to the potassium chloride vapour concentration.
Metal loss can also occur due to oxidation, sulphidation and erosion-corrosion.
Chlorine-induced corrosion (figure 2-3) is a common in waste and biomass combustions
where corrosion can cause very rapid metal loss.  Corrosion rate can increase
dramatically if molten deposits are formed (Makkonen 1999).

2-3: High temperature superheater corrosion

High temperature corrosion of superheaters is strongly connected to ash-deposition on
the tubes. The mechanisms of fouling on boiler surfaces include condensation of
vapours, inertial impaction of coarse particles, thermophoresis and diffusion of fine
particles with chemical reactions. The order in which these phenomena occur, and the
relative rates, affect to the morphology and mechanical properties of the deposits. The
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deposit formation also depends on the boiler design and operation. During the
combustion of biomass, large amounts of Cl and S together with volatile alkali metals,
mainly potassium, are released as vapours to the flue gas (Riedl et al. 1999, Baxter et al.
1998).

In general the superheater high temperature corrosion (figure 2-4) during combustion of
fuels containing biomass is depended on chlorine and alkali metals, especially
potassium chloride vapours. Alkali chloride induced superheater corrosion is possible at
material temperatures higher than 450 C, depending on tube materials. Chlorine
deposition in the form of alkali chlorides, especially in the form of the potassium
chloride, dominates strongly over the deposition of chloride in other compounds (Aho et
al. 2007).

Figure 2-4: Alkali chloride induced corrosion

Attempts have been made to prevent the chloride deposition by mixing sulphur-rich
fuels, for example peat, with corrosive fuels. Co-combustion of peat transfers the alkali
from the vapours and fine particles to the coarser ones by sorption and/or reaction with
the increased amount of residual ash particles. Potassium can also be captured by
additives containing compounds like sulphur or aluminum silicate. However, more
effective way to apply sulphation is to add chemicals directly forming SO3 (Aho et al.
2007, Kassman et al. 2011).
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2.3. Flue gas of fluidized bed combustion

The fly ash mass size distribution from large-scale combustion of biomass consists of
two modes that have different chemical compositions due to different mechanism of
formation.  The  fine  mode  particles  in  the  submicron  size  range  (<  1  m)  are  formed
mainly from vaporized constituents (K, Na, S, Cl and heavy metals). These aerosols are
dominated by potassium compounds (K2SO4, KCl and K2CO3) in biomass combustion,
while aerosols from waste combustion contain also relevant amounts of sodium and
heavy metals. The supermicron particles (> 1 m) are formed mainly from ash particles
entrained from the fuel bed, and they consequently have a higher concentration of
refractory ash components such as Ca, P, Si, Al and Mn (Strand et al. 2004, Jöller et al.
2007).

2.3.1. Release of vapours

Several factors are known to influence the release fractions of ash forming species. As
can be expected, the combustion temperature affects which species can volatile, also the
oxidizing/reducing  conditions  affects  the  release  of  ash.  The  fuel  particle  size  and
structure influence to the burning condition and vaporization. The fuel composition
affects the release via complex, and not well understood, chemical and physical
mechanism. For example the presence of chloride affects the formation of alkali
vapours (Strand et al. 2004, Sippula 2010).

Equilibrium calculations have shown that in high temperatures before boiler inlet
(> 900 C), potassium primarily exists as KCl(g) and as KOH(g), while sulphur and
excess chlorine are present as SO2(g) and HCl(g) respectively. With temperatures
relevant to biomass and waste combustion, lead and other heavy metal oxides can be the
first significant vapour-phase compounds forming condensed species in the flue gas
(figure 6). In chlorine-rich systems significant fractions of heavy metal chlorides
(ZnCl2, PbCl2) may be formed. These compounds can also cause corrosion (Riedl et al.
1999, Sippula 2010).

The chlorine concentration has a considerable role in the behavior of alkali metals.
Chlorine contributes to the volatilization of alkali metals, thus increasing the amount of
alkali compounds in the gas phase, and formed alkali chlorides are quite stable and gas-
to-particle conversion occurs by homogeneous nucleation or condensation rather than
by chemical reaction. When burning fuels with low chlorine concentrations the chlorine
is the limiting factor for formation of KCl and alkali metals form initially alkali
hydroxides which later form sulphates and carbonates (Jokiniemi et al. 2009,
Miettinen Westberg et al. 2003).
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2.3.2. Aerosol particle formation

The behavior of ash-forming species is significantly influenced by the chemical and
physical properties of released species, combustion environment and cooling conditions.
The saturation of fine particle forming species can raise true chemical reactions and flue
gas cooling leading to gas-to-particle conversion at high temperatures. The rate of
nucleation and condensation reactions determines the chemical composition of the
particles as well as the deposits and relative amounts of the gas pollutants HCl and SO2

(Strand et al. 2004, Christensen et al. 2000).

Aerosol formation during the combustion process takes place because some volatile
compounds are released from the fuel bed to the gas phase. The main gas-to-particle
species in fluidized bed boiler flue gas are alkali sulphates and chlorides, potassium
carbonate and heavy metal oxides and chlorides. During biomass combustion the main
constituents of the submicron particle fraction are usually potassium sulfate and
chloride. A theoretical analysis has shown that gas-to-particle conversion occurs by
homogeneous nucleation of K2SO4 and heavy metal oxide (ZnO and PbO) particles,
which act as condensation nuclei for KCl (Strand et al. 2004, Jöller et al. 2007).

2.3.3. Potassium

When flue gas cools the first processes affecting potassium containing substances are
KOH(g) conversion to KCl(g) and there sulphation to potassium sulphate (figure 2-5).
According to chemical equilibrium all sulphur should be bound as solid K2SO4 at
temperatures below 900 C. However, the reactions (presented below) are very slow at
temperatures below 800 C and the sulphation is limited to a temperature interval 800–
900 C. Sulphation of solid potassium chloride is very slow compared to the gas phase
sulphation reaction. The main sulphur containing species in biomass combustion at
temperatures below 800 C  are  K2SO4(s), SO2(g)  and  smaller  amounts  of  Na2SO4(s)
(Riedl et al. 1999, Zeuthen et al. 2007).

) + ) + )

) + )

) + ) + ) + 2 )
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Figure 2-5: Possible pathways to particles for evaporated potassium species.

Since the sulphation reaction together with the cooling itself causes the supersaturation
of K2SO4 the homogeneous nucleation is possible at temperatures around 860–760 C.
While cooling proceeds to the temperature of 650 C these formed nanometer-sized
particles can act as condensation nuclei for the subsequent condensation of chloride
vapours. When temperature decreases to less than 500 C  all  potassium  should  be  in
particle phase (figure 2-6). Currently the question whether alkali metal condensation
occurs on seed particles or with homogeneous nucleation is not answered (Christensen
et al. 1998, Livbjerg 2001, Sippula 2010).

Figure 2-6: A typical equilibrium calculation result with wood fuel (Sippula 2010).

KOH(g)

KCl(g)

K2SO4(g,s)

K2CO3(s)

KCl(l,s)KCl(g)
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2.3.4. Supermicron particles

The supermicron particles are formed from ash particles, bed material and additives
entrained from the fuel bed. These particles contain high amounts of calcium, silicon
and other nonvolatile compounds. The amount of supermicron particles entrained from
the bed increases with the boiler load because of the higher flue gas velocities. The
amount is strongly dependent on the combustion technology. The average particle size
of the count distribution of fly ash fraction is usually larger than 5 m. The biggest
particles in the flue gas channel might be few hundred micro meters in size (Brunner et
al. 1998).

Abd-Elhady et al [2004] has noted in laboratory tests that most of the particles in the
first fouling layer deposited on the heat exchangers tube have diameter less than 40 m
and the average diameter of those particles is about 15 m. The coarse over 10 m fly
ash particles are mainly found on the windward side of the probe transported by the
inertial impaction. The deposition on the leeward side of the probe is formed by
turbulence and higher concentration of fine particles are found there. Fine particles are
also collected by diffusion and thermophoresis (Peltola et al. 1999).

Figure 2-7: Calcium pathways in the flue gas

There are indications that the calcium-rich mineral grains consist of calcium oxalate
(CaC2O4) and are released from the fuel as mineral particles roughly 2–10 m. These
calcium oxalates form CaO particles at higher temperatures (> 800 C) and CaCO3 at
lower temperatures      (< 800 C). Figure 2-7 illustrates the reactions and effect of other
flue gas compounds for calcium compounds. The calculations imply that, depending on
the operating conditions, some HCl may be absorbed by CaO at relatively high
temperatures (Skrifvars et al. 2004, Partanen 2004).

CaO(s)

CaCl2(s,l)

CaCO3(s)

H2O

HCl

CO2
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2.4. Alkali chloride analyzer

2.4.1. RBDA

The analyzing method used with developed sampling device is based on the Recovery
Boiler Dust analyzer (RBDA) technology presented in figure 2-8. The RBDA operates
by dissolving the flue-gas fly ash sample in ion- exchanged water and analyzing the ion
concentration of the sample solution potentiometrically by means of Ion-Selective
Electrodes (ISEs). ISEs, which in this case are able to measure chloride, potassium and
sodium ions on-line, are sensors that convert the activity of a specific ion dissolved in a
solution into an electrical potential (Dekati 2002).

Figure 2-8: Flow chart of the RBDA with inboard measurement points

In a recovery boiler, the sample consists mainly of particles less than 1 m in size, while
in a fluidized bed boiler; the sample contains much wider size distribution of particles.
Flue gas contains also other disturbing compounds, mainly hydrogen chloride and alkali
sulphates. In the used method the total chloride and gas phase chloride (HCl) are
measured. The amount of alkali chlorides (condensed chloride) can be calculated by
subtracting  the  gas  phase  Cl  from  total  Cl.  The  sampling  probe  should  be  able  to
separate gas phase and condensed chloride on-line from furnace.

(2-1)
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2.4.2. Power boiler analyzer

In a power boiler application the sample is analyzed after a short concentrating period in
a bubbling container. Concentrating sampling allows to measure greater concentrations
from  the  container  and  to  use  same  analyzer  for  both  the  gas  and  total  samples.  The
concentrating time is about 10 minutes which is enough for corrosion monitoring of the
boiler. The concentrating sampling makes possible to take and analyze several samples
with one analyzer. Measured species hydrogen chloride and alkali chlorides are very
soluble to water and only a few percent of these compounds can passes through the
bubbling container.

2.5. High temperature sampling

There are certain properties that must be considered when sampling aerosols at high
temperatures, since a number of dynamic physical and chemical processes are in
progress in the aerosol system. The use of sampling and cooling devices can affect the
dynamics of processes while sampling, especially when sample contains alkali or heavy
metal vapours. In this case, the most interesting processes are the formation of alkali
sulphates and nucleation/condensation of alkali chlorides, also reactions of hydrogen
chloride  must  be  considered.  These  and  other  processes  will  change  the  original  size
distribution and particle and gas composition during sampling (Strand et al. 2004).

Dynamic flue gas processes, especially condensation of saturated vapours, can raise the
risk of losses when sampling these species. Thermophoresis must also be considered if
cold surfaces are present. Condensation and thermophoresis with other particle
deposition mechanisms can expose the sampling or cooling devices for fouling
especially when sampling from fluidized bed boilers where high suspension atmosphere
and vapours are present. Fouling can disturb sampling device operation, cause shutdown
and in worst case break the device.

A high temperature also limits available materials and devices. Most of the analyzers
and sample handling devices operate only at room temperature or near it. This affects
the possible measurement set ups. High temperatures and fouling conditions can
additionally limit the live time of the sampling devices. Because of the heat expansion
the construction of sampling probe and devices must be very simple and the expansion
must be considered when designing sampling device for high temperatures.
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3. AEROSOL PROCESSES

3.1. Fine particle formation

The formation and growth of aerosol particles by condensation is the most important
mass-transfer process between the gas phase and the particulate phase in flue gas. These
processes commonly require a supersaturated vapour or condensation nuclei. The
supersaturation can be produced by chemical reactions and/or cooling. The reverse of
the growth by condensation is evaporation that is involved in the production of nuclei.
Condensation-evaporation process is an equilibrium process and it is strongly related to
the saturation ratio S, the ratio of the partial pressure to the saturation pressure. When
the saturation ratio is greater than one, the gas-vapour mixture is supersaturated
(Hinds 1999).

3.1.1. Nucleation

The process where gaseous vapour molecules combine to form clusters large enough to
remain stable is called homogeneous nucleation. The smallest radius of stable clusters is
called critical radius (rc) and a smaller cluster can either grow or evaporate. The critical
radius is strongly depended at surface tension ( ), temperature (T) and saturation ratio
(S). The other symbols in the equation are molecular volume ( ) and Boltzmann
constant k.

=

(3-1)

 The rate of homogeneous nucleation is very sensitive to the saturation ratio and surface
tension of the nucleating species (Baxter 2008, Christensen et al. 1996).

Once nucleation clusters are available in the condensed phase the effect progresses very
rapidly given the increased available surface area. Increased area increases the rate of
nuclei growth because molecular kinetic energy is more easily dissipated on a large
surface. Nucleation is rare process in nature because it usually requires supersaturation
and usually there is presented surfaces where condensation can occur before nucleation
is possible. In flue gas supersaturation and nucleation can be possible due cooling and
chemical reactions (Baxter 2008).
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3.1.2. Particle growth

Condensation occurs more readily than nucleation because the formation of stable
clusters usually requires supersaturation. Condensation occurs due to a pressure gradient
between the partial pressure of a species in the gas and the pressure of the species at the
surface  of  a  particle.  Particle  growth  rate  is  therefore  limited  by  the  diffusion  of
particles through the gas for particles larger than the mean free path. For particles
smaller  than  the  mean  free  path,  growth  is  limited  by  the  surface  area  of  the  particle
(Baxter 2008, Hinds 1999).

The curvature of the surface modifies the attractive forces and decreases the effect of
partial pressure for small particles; this effect is called the Kelvin ratio KR. The KR is
defined by the rate of saturation pressure on the surface (pd) and saturation pressure far
from the surface (ps). The M in the equation is molar mass, R the molar constant,  the
density and dp the particle diameter (Baxter 2008, Hinds 1999).

=

(3-2)

After nucleation and condensation particles can grow further by coagulation.
Coagulation of aerosol is a process where aerosol particles collide with one another, due
to a relative motion between them and adhere to form larger particles. Because the rate
of coagulation is proportional to N2, it is rapid at high concentrations but slows as
coagulation proceeds. In the case of solid particles, the process is called agglomeration,
and the resulting particles are known as agglomerates. Particle size, chemical
composition and process conditions determine the properties of agglomerates (Hinds
1999, Jokiniemi et al. 2009).

3.2. Deposition mechanisms

In combustion devices the main mechanisms which cause particle deposition are
gravitational settling, inertial impaction, thermophoresis and particle diffusion.
Gravitational settling and inertial impaction are the main deposition mechanism for
large particles while thermophoresis and particle diffusion are more important with fine
particles. In addition to particle formation and deposition processes, during combustion
and flue gas cooling direct condensation of aerosol forming species on furnace and
boiler walls occurs (Jöller et al. 2007).
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3.2.1. Coarse particles

The gravitational field exerts a force pulling the particle down. As the particle begins to
move, the gas surrounding the particle exerts an opposing drag force. After a short
period of acceleration the drag force equals the gravitational force and the particle
reaches its terminal settling velocity Vts (equation 3-3). At higher Reynolds numbers
(Re), the observed settling velocity is lower than predicted by the next equation where
Cc is the slip correction factor and  is  the  viscosity.  For  spherical  particles  the
gravitational settling velocity can be expressed as in equation 3-4, where the Cd is the
drag coefficient (Baron et al. 2005)

= 18 < 0.1

(3-3)

=

(3-4)

Impaction is a special case of curvilinear motion where particles whose inertia exceeds
a certain value are unable to follow the streamlines. The importance of this inertial
impaction mechanism increases with increasing particle size (dp) and increasing flow
velocity (U). The inertial impaction can be studied by the use of the dimensionless
Stokes  number  (Stk), which is the ratio of the particle stopping distance to the
characteristic dimension (D)  of  the  obstacle.  Impaction  finds  many applications  in  the
collection, separation and measurement of aerosol particles (Hinds 1999, Baron et al.
2005).

= 18
(3-5)

3.2.2. Fine particles

When a temperature gradient ( T) is established in a gas an aerosol particle experiences
a force in the direction of decreasing temperature. The movement of the particle that
results from this force is called thermophoresis. When a cold surface is proximate to a
warm gas, thermophoresis causes particles in the gas to be deposited onto the surface.
For particles smaller than the free mean path (d < ) the force and the velocity (Vth) of
thermophoresis are results of a greater transfer of momentum from the gas molecules on
the hot side of the particles and are independent of particle size (Hind 1999).
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0,55

(3-6)

Brownian motion is the irregular motion of a particle in still air caused by random
variations in the relentless bombardment of gas molecules against the particle. Diffusion
of particles J (equation 3-7) is the net transport of these particles in a concentration

gradient ( ) and it’s always from higher concentration to lower concentration. Because

of  this,  diffusion  always  generates  a  net  transport  of  particles  to  the  walls  where  they
deposit. Diffusion is the primary transport and deposition mechanism of particles less
than 0.1 m in diameter (Hinds 1999, von der Weiden et al. 2009).

(3-7)

=

(3-8)

When a superheater wall exposed to a vapour is cooled below the saturation
temperature, condensation will occur on the surface. Film condensation is a mode where
condensate covers the wall by very thin film. The film thickness will grow as more
condensate is diffused on the wall. Condensate flow rate depends on the temperature
difference. If the condensate does not wet the wall, because either it is dirty or it has
been treated with a nonwetting agent, the mode is called dropwise condensation.
Droplets of condensate nucleate at small pits on the surface and grow rapidly by direct
vapour condensation (Mills 1999).

3.3. Particle classification

3.3.1. Filtration

Filtration  is  one  of  the  most  widely  used  techniques  for  aerosol  measurement  and
particle separation. When aerosol passes through a filter particles deviate from the
streamlines due to several mechanisms. As a result, particles may collide with the filter
surface and become deposited on it. Particle penetration is dependent on several
parameters including the particle size, filtration velocity and filter thickness, fiber
diameter and fiber packing density. The three primary collection mechanisms are
illustrated in figure 3-1 (Baron et al. 2005, Richardson et al. 2006).
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Figure 3-1: Filter particle caption mechanisms (Richardson et al 2006)

Diffusion, interception and impaction are effective over different particle sizes (figure
3-2).  Small  particles  generally  do  not  follow  the  streamlines  but  continuously  diffuse
away from them. Particles with a finite mass and moving with the flow may not follow
the streamlines exactly due to their inertia. This collision is called inertial impaction and
it depends on the particle size and the flow velocity. Even if the trajectory of a particle
does not depart from the streamline, a particle may still be collected (interception) if the
streamline brings the particle center to within one particle radius from the fiber surface.
Once the particle is collected on a surface, it would adhere to it due to the van der Waals
force (Baron et al. 2005, Richardson et al. 2006).

Figure 3-2: Filter efficiency versus particle size (Richardson et al 2006)
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3.3.2. Impactors

All inertial impactors operate on the same principle. As shown below an aerosol is
passed through a nozzle and the output stream directed against a flat plate. The
impaction  plate  deflects  the  flow  to  form  an  abrupt  90  bend  in  the  streamlines  and
collide on the flat plate. Smaller particles can follow the streamlines and avoid hitting
the impaction plate. Thus, an impactor separates aerosol particles into two size ranges;
particles larger than a certain aerodynamic size are removed from the airstream and
those smaller than that size remain airborne and pass through the impactor
(Hinds 1999).

Figure 3-3: Cross-sectional view of a cascade impactor

In virtual impactor the impaction plate is replaced by a collection probe as shown in
figure 3-4. Particles with inertia sufficient to cause them to impact on an impaction plate
of a convectional impactor are thrown into the collection probe. Smaller particles can
follow the streamlines radially away from the jet axis by the major flow. The cutoff
diameter (d50) of impactor or virtual impactor can be calculated by equation 3-9, where
Dj is the jet diameter. For conventional impactor with circular jet the Stk50 is 0.24, for
virtual impactor Stokes number depends on ratio of minor and major flows (Hinds
1999).

(3-9)
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Figure 3-4: The principle of a virtual impactor
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4. SAMPLING DEVICE

The sampling device (figure 4-1) consists of the probe inside the boiler and the
circulating part outside the boiler wall. The sampling probe containing the pre-separator
and the filter is located inside the circulating part of the sampling device. The flow is
made by an ejector and it is controlled by the venturi. The operation of the venturi is
based  on  the  reduction  of  the  fluid  pressure  in  a  constricted  section  of  pipe.  The
temperature inside the boiler is around 850 C and  the  sample  has  been  cooled  to  less
than 500 C before the filter.

4-1: Measurement setup for the full scale boiler
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4.1. Sampling environment

The sampling location in the furnace is close to secondary and tertiary superheaters at
temperature about 850 C in normal boiler condition. In the sample intake area the flue
gas contains a lot of coarse particles which have escaped from the fuel and bed and
condensable vapours. The location is selected because secondary and tertiary
superheaters are the most sensitive to the high temperature corrosion. In the flue gas at
high temperatures, chlorides are mainly in HCl and alkali chlorides while volatilized
potassium and sodium are mainly in chlorides and sulphates.

Figure 4-2: Physical and chemical changes in the fluidized bed boiler flue gas.

Figure 4-2 presents the temperature areas of physical and chemical changes with
sampling area. The boiler temperature range presented is at typical boiler condition and
with partial boiler load the temperatures can be lower in flue gas channel. The sample
intake is located close to the secondary superheaters temperatures and chloride gas-
particle separation in such temperatures where alkali chlorides are in condensed phase
and hydrogen chloride in gas phase. Between these temperatures is the area where alkali
chloride vapours condense. This is also the area where condensation losses occur.
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4.2. Sampling probe

The operation of the pre-separator is based on high circulating flow velocity which
prevents fouling; only a small part of circulating flow is lead to the analyzer. The
operation of coarse particle pre-separator is also based on high flow velocity. The
circulating flow is created by an ejector and the flow is dimensioned to keep the
sampling probe and filter clean. The sampling probe (figure 4-3) is designed to take gas
phase chloride trough ceramic filter and total chloride sample through a virtual impactor
which removes coarse particles out of sample. In the figure 4-4, the sampling device
without heat insulation is presented. The sampling probe is located through the T-
corner, in the lower side of the figure.

Figure 4-3: Sampling probe

Figure 4-4: Sampling device without the heat insulation
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4.2.1. Coarse particle pre-separator

The U-turn particle pre-separator is shown in the figure 4-5. It is designed to decrease
water insoluble species in analyzed sample, to prevent fouling in fast cooling region and
to decrease disturbing particle components. The pre-separator operates as a virtual
impactor; coarse particles can’t follow streamlines to sampling by their inertia.  With
800 l/min volumetric floe, the flow velocity in the tube before virtual impactor is around
20 m/s and about 40 m/s in the slot. The sample flow is 10 l/min which means the
velocity of 6 m/s in the sampling inlet.

Figure 4-5: U-turn coarse particle pre-separator

4.2.2. High temperature filtering

The filter is used to separate gas phase chloride (HCl) from condensed chloride. The
ceramic surface filter used is made of aluminum oxide and silicon carbide membrane.
The filter is designed to operate at high temperatures, maximum temperature resistance
is up to 1000 C.  In  this  use  the  operation  temperature  is  lower  than  alkali  chlorides
condensation temperature 500 C. Filter is located in the head of the sampling probe,
where the flow velocity is 40 m/s, to prevent fouling by high flow velocity in slot
(figure 4-5).
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5. MEASUREMENTS

5.1. Virtual impactor measurements

The pre-separator was tested in laboratory. The aim of these tests were to determine the
cut point of virtual impactor, the effect of flow velocity and the effect of sampling
probes head shape. The virtual impactor principle was scaled on smaller size for these
cut point measurements. These tests were also carried out at room temperature. In
section 5.1.3 the measured values are compared with the theoretical calculations and the
cut points in the real conditions are calculated based on measurements.

5.1.1. Measurement set up

Figure 5-1: The cut point measurements set up
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The laboratory pre-separator was dimensioned for 280 l/min flow and 5 l/min sample
flow by keeping the flow velocities same as in full scale conditions. The inner diameter
of the bend was 24 mm and the diameter of sampling probe was 17 mm. Other flow
velocities were also tested in range of the isokinetic sampling. The flow velocities were
varying around 20 m/s in location 1 and 40 m/s in the slot between bend and sampling
probe (location 2 in the figure 5-1). Samples were taken at three locations; from the pre-
separator sampling line and before and after the bend. Before and after virtual impactor
the flow velocities were slowed down by widening sampling tube, slower velocity
makes isokinetic sampling possible. At the beginning of the sampling system were
located barriers to mix sample uniformly.

The particle size distribution was measured by TSI 3321 aerodynamic particle sizer
(APS) which provides high-resolution, real-time aerodynamic measurements of
particles from 0,5  to 20 m. APS determines the aerodynamic size of particles by
acceleration, with larger particles accelerating more slowly due to increased inertia. As
particles exit the acceleration orifice they cross through overlapping laser beams in the
detection area. Light scattered from each particle is converted to the electrical pulses by
an avalanche photodetector. The APS spectrometer uses douple-crest optical system
operating at 4-nanosecond resolution (TSI 2004).

The operation and stability of particle generators were tested with the Dekati electrical
low pressure impactor (ELPI). ELPI is a real-time particle size analyzer designed for the
range of 0,007–10 m. ELPI consists of an aerosol charger and a cascade impactor. The
electrical detection is made by multichannel electrometer. The flow velocities were set
based on the pressure difference on a laminar flow element (Keskinen et al. 1992,
Marjamäki et al. 2000).

For  the  first  test  series  the  particles  were  generated  with  the  Palas  RBG  1000  brush
generator with test dust and fly ash. The generator setups were about 20 mm/h feed
rates, 4 bar pressure and 1000 rpm. The flow trough RBG 1000 was 40 l/min and the
total flow was varied around 280 l/min. Because of small particle size of the test dust
and  unstable  distribution  of  fly  ash  the  flow  velocity.  The  next  tests  were  carried  out
with sodium chloride particles generated by nebulizer.

During these measurements the flow varied from 70 to 330 l/min which means 10,2 and
48,3 m/s velocities in the slot respectively. In the end of test period liquid DOS (dioctyl
sebacate) particles were also tested. The scaled laboratory pre-separator is presented in
the figure 5-2. The changeable head is in the right in the figure. The virtual impactor is
designed the way that the head can be changed without turning the flow down. Tested
heads, 6 mm, 8 mm, sharp, hat and low hat are presented respectively in the figure 5-3.
The 6 mm head is dimensioned based on the full scale probe were the filter is located in
the head of the probe.
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Figure 5-2: Tested virtual impactor

Figure 5-3: Sampling probes heads

5.1.2. Measurement results

In the figure 5-4 the particle size distributions from different locations generated by the
brush generator are shown. The x-axis represents the aerodynamic diameter of the
particle. The lower particle concentration of the sample is clearly seen in the figure at
diameters between 1 and 10 m. The fly ash contained also particles over 10 m but
those  were  lost  in  sampling  system  before  the  measurements.  In  the  figure  5-5  the
collection efficiencies calculated from the figure 5-4 data are shown. The virtual
impactor cut point is around 2,5 m with room temperature and 40 m/s in the slot. The
calculated cut point of bend in sampling probe is about 10 m which can be seen in the
outlet collection efficiency.
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Figure 5-4: Brush generator particle size distributions

Figure 5-5: Collection efficiencies of the virtual impactor and the bend

The  aerosol  particle  size  distribution,  generated  by  brush  generator  from  fly  ash,  was
unstable because of very rough composition of fly ash and generator properties. In the
figure 5-6 the results of five measurement series at same conditions are presented. In
some  cases  the  collection  efficiencies  over  1  was  detected.  In  this  case  that  might  be
caused by the unstable particle distribution. The figure 5-7 presents the calculated
standard error and average from figure 5-6 data. Despite unstable particle generation the
measured series are close each other and the standard error is small.
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Figure 5-6: Five measurement series at same condition

Figure 5-7: Standard error from the figure 5-7 measurement series

In the figure 5-8 the fixed collection efficiencies measured at same condition with low
hat- head are shown. Different sampling probe heads were also tested with brush
generator and 40 m/s flow, the fixed collection efficiencies are illustrated in figure 5-9.
All collection efficiencies go one on the other when efficiencies are scaled to one.
Differences in the raw data are possibly caused by unstable particle generation. There
were not great differences with the structures of the head and no significant difference
on the collection efficiency between the head was detected.
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Figure 5-8: Fixed collection efficiencies of four measured series at same condition

Figure 5-9: Fixed collection efficiencies with different sampling probe heads

In the figure 5-10 it is presented the results of the flow velocity effect measurements
carried out with sodium chloride particles at room temperature. As was suspected, the
cut point decreases when flow velocity increases. With higher velocities (40 and 50 m/s)
the collection efficiency for fine particles is also decreased but the collection efficiency
of larger particles is not changed significantly. The cut points of pre-separator are about
2,6 m with 40 m/s in the slot and 3,25 m with 20 m/s at laboratory conditions.
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Figure 5-10: Effect of the flow velocity on collection efficiency

During these measurements no risk of blocking or serious fouling was detected but the
missing coarse particles and condensable vapours affect fouling properties in field
conditions. With liquid particles the pre-separator was fully coated by DOS. This
indicates that part of the aerosol particles are collected on the sampling devices walls.
When solid particles collide and stuck on the wall they probably form larger lumps or
layers which breakaway as one. Inlet tube and outlet tube were fully coated by the fine
dust  and  particles.  Larger  than  10  m  particles,  were  effectively  lost  in  the  sampling
line.

5.1.3. Stokes numbers

In the figure 5-11 the Stokes numbers calculated by equation 3-5 from measured
collection efficiencies with different Reynolds numbers in the slot  are shown. The cut
point diameter and the square root of the cut point Stokes numbers as a function of
Reynolds numbers are presented in the figure 5-12. The dot line represents the Stokes
number and black line is the cut point diameter. The change of the Stokes number
indicates that the turbulence and the flow properties have a strong influence on the
virtual impactor operation and the collection efficiency. In the field conditions, the
Reynolds numbers are about 8 000 with 40 m/s flow because of much higher
temperature. Strongly turbulent flow probably also makes the collection efficiency
curve less steep and decreases the effect of flow velocity on cut point.
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Figure 5-11: Collection efficiencies at different Stokes and Reynolds numbers

Figure 5-12: The effect of Reynolds number on d50 (left axis) and Stk50 (right axis) in
laboratory conditions
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=
18

1,2524 10 ( ) + 0,34613

(5-3)

In the table 1 the measured and calculated cut points with velocities in the slot,
Reynolds numbers and square root of Stokes numbers are presented. The Calc. d50

values are calculated by equation 5-3 where the jet diameter is 3 mm, Do is 17 mm and
Di is 12 mm in laboratory. At field conditions the Reynolds numbers are around 3000–
8000 and the equation 5-1 is determined from the lowest measured Reynolds numbers
(3265, 6535 and 9800). The collection efficiency curve is also clearly different at higher
Reynolds numbers. Measured and calculated cut points are close to each other at small
Reynolds numbers because the equations 5-1 and 5-3 are determined at small Reynolds
numbers.

Table 1: Measured and calculated d50 values

U (m/s) Retube Reslot Meas. d50 ( m) Stk50 Calc d50 ( m)
10,2 5570 3265 3,88 0,3870 3,92
20,5 11150 6535 3,23 0,4576 3,06
30,7 16720 9800 2,69 0,4688 2,72
39,5 21490 12600 2,61 0,5162 2,53
48,3 26270 15400 2,49 0,5453 2,42

Figure 5-13: The effect of the flow velocity to the cut point diameter at laboratory conditions
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5.1.4. Collection efficiencies in field conditions

The Reynolds numbers in the slot are at same level as in the tube and in field conditions.
The flow in the slot is approaching laminar region when velocity is lower than 20 m/s.
The collection efficiencies in field conditions in figure 5-14 are defined by
approximating Stokes numbers with correct velocities and calculating Stokes numbers
back to aerodynamic diameters by equation 5-1. In field the tube diameter is 4,35 mm,
temperature 750 K and dynamic viscosity 3,48*10-5 kg/m/s. In table 2 the calculated cut
points with Reynolds numbers and square roots of Stokes numbers are presented.  The
difference in the cut points compared to the laboratory conditions is mainly caused by
the change of dimensions.

Figure 5-14: Calculated collection efficiencies for the real sampling device and the temperature
of 750 K

=
18

(5-4)

Table 2: Calculated d50 in the field conditions at 750 K (Stk a function of Re)

Uslot (m/s) Retube Reslot Stk50 d50 ( m)
20,0 4020 2350 0,376 4,62
29,9 5990 3525 0,390 3,90
39,9 8030 4700 0,405 3,49
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In the figure 5-15 the calculated cut points at 1000 K temperature are shown. The cut
points (table 3) are at same level as at 750 K because the temperature has reverse affect
on Stokes numbers and viscosity. With the high temperatures the Reynolds numbers are
relatively low and the flow properties might be different compared to the turbulent flow.
When the temperature decreases the Stokes and Reynolds numbers also decreases.

Figure 5-15: The calculated collection efficiencies at 1000K temperature

Table 3: Calculated d50 in 1000 K

Uslot (m/s) Retube Reslot Stk50 D50 ( m)
20,3 2550 1500 0,365 4,81
30,5 3850 2250 0,374 3,99
40,6 5100 3000 0,384 3,52

In the figure 5-16 the calculated temperature dependency of the cut point diameters in
the field condition and size are shown. The change of the Stokes number decreases the
effect of temperature and the flow velocity on the cut point. The theoretical effect of
Reynolds number on the cut point diameter is presented in figure 5-17. In the figure 5-
18 the calculated effect of flow velocity on d50 at temperatures 750 and 1000 K are
presented.
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Figure 5-16: The effect of temperature on the D50 in field conditions at 40 m/s flow velocity

Figure 5-17: The effect of Reynolds number on the cut point diameter in the field conditions
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Figure 5-18: The effect of flow velocity on the cut point diameter in the field conditions

5.2. Pori field measurements

The circulating axial virtual impactor was first time tested in full scale during the larger
measurement campaign in Pori Prosessivoima CFB boiler (figure 5-19). In the Pori
campaign the RBDA measurement set-up was used to measure total Cl and K
concentrations in the flue gas. The gas phase sample through the filter was not taken.
The previously tested sampling probes were used in this test campaign as a reference
method. Other references are from VTT fine particle measurements with the DLPI
(Dekati low pressure impactor) and ELPI, fly ash analysis, FTIR and theoretical values.
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5-19: Pori CFB boiler

5.2.1. Results

The chloride measurement results are at same level as the reference measurements but
the theoretical Cl total balance (figure 5-20) is much higher. The theoretical chloride
level is calculated based on the fuel analysis and 0,08% Cl on the fuel. There might be
great differences in the fuel quality especially for the recycled fuel. The measured levels
corresponds to about 0,05% chloride on the fuel mix. In the figure 5-20 the potassium
measurement results are shown. The K in KCl Total (K/Na WS relat) is calculated from
the chloride in the particles based on the RBDA total chloride and the FTIR HCl (gas
phase) chloride.
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5-20: Chloride levels from the RBDA and the reference measurements

Sampling was, as expected, the biggest challenge in the measurement system. The
sampling device had some problems with fouling (figure 5-21) and to up keep the
circulating flow constant with the ejector. In the fast cooling regions the fouling has also
caused losses especially for the alkalis due to the condensation and diffusion. The
chlorine losses are clearly lower, since the main part of chloride exists in the form of
HCl gas. The condensation losses can be reduced for example by bringing the KCl to
the analyzer as vapour or by the dilution and controlled particle formation.

5-21: Fouling on the head of the sampling probe
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5.3. KyVo field measurements

The  aim  of  the  Kymin  Voima  (figure  5-22)  tests  was  to  verify  the  sampling  systems
availability on long time on-line sampling and to test and develop the bubbling system.
The gas sampling through the filter was also tested in the first time at KyVo. These tests
were accomplished without the analyzer; instead the water samples were analyzed in the
laboratory. The boiler load and chloride levels were low during these tests.

5-22: KyVo BFB boiler

5.3.1. Results

The measured chloride levels (figure 5-23) are a bit low, 10 mg/Nm3 in the flue gas
means under 0,01% chloride in the fuel. The low boiler load might have also affected
the results. Because of the low chloride and higher sulphur levels the amount of alkali
chloride  should  be  low  and  the  most  of  the  chloride  in  the  form  of  HCl  gas.  The
measured gas phase chloride (HCl) levels are low compared to total chloride levels.
During these tests the gas samples chloride levels were couple time greater than the total
sample.
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5-23: Two test points from the sampling device tests at KyVo

There were some problems with the fouling at circulating parts of the sampling device
(figure 5-24) and with the leakages in the filters brackets. However, the sampling device
was tested continuously for three weeks. After the three weeks test there was noticeable
erosion  in  the  ejector,  which  can  be  a  problem  in  continuous  use.  No  fouling  at  the
sample lines after the pre-separator and the filter were detected. The sample can be
collected with the bubbling container.

5-24: Fouling from the sampling device before the pre-separator

0

2

4

6

8

10

12

14

16

Co
ns

en
tr

at
io

n 
(m

g/
N

m
3 )

Cl tot 1 Cl gas 1 Cl tot  2 Cl gas 2



50

6. CONCLUSIONS

The combustion of the challenging bio and waste fuels containing high amounts of
chloride and alkalis has become more important in the recent years. This development
with the interest to use higher steam parameters has increased the importance to
recognize the superheater high temperature corrosion. The aim of this thesis was to test
and develop furnace alkali chloride sampling device including coarse particle pre-
separator operating as a virtual impactor. The pre-separator operation and collection
efficiency  was  tested  in  laboratory  and  the  suitability  to  field  conditions  was  tested  in
several full scale boilers.

The tested virtual impactor is able to cut coarse particles from the sample and it can be
used to prevent the fouling. At the field conditions the cut point of the pre-separator is
around 4 m. The fine mode of the particle size distribution from the biomass
combustion is under 1 m. The better separation of this fine mode from total sample is
very difficult. The structure must be very simple because of the heat expansion and
fouling  conditions  limits  the  use  of  smaller  dimensions  in  the  coarse  particle  pre-
separator. The cut point can be decreased by increasing the flow velocity. The structure
of the sampling probes head does not significantly affect the cut point diameter or the
collection efficiency.

The cut point of the virtual impactor can be estimated by the Stokes equation, but the
effect of turbulence on Stokes number must be considered. The Stokes number
describes the ratio of the particles mechanical mobility to dimension of the obstacle and
is dependent of the fluid and flow properties. The flow properties can be taken into
account by the Reynolds number. The turbulent flow can cause losses. If fine particles
are collided on walls and separated as coarser particles some of measured species might
be lost in the pre-separator.

Temperature does not significantly affect the cut point diameter at the temperature range
from 500 to 1100 K. The cut point reaches the minimum at 600 K and grows slowly
when the temperature is decreased or increased. When the flow velocity increases to
over 20 m/s the effect of velocity on the cut point diameter decreases. In the laboratory
conditions the effect of the flow velocity almost disappears when the velocity is greater
than 30 m/s. These effects are caused by the opposed effect of the temperature
(viscosity) and the flow velocity on the Reynolds number and the Stokes number.



51

The challenging boiler conditions and especially the high suspension atmosphere with
the condensable vapours can cause problems for sampling device and/or sample
handling system in the analyzer. Fouling can choke lines, cause pressure losses or even
block the sampling device. Pressure losses can significantly affect on operation of the
ejector  and  on  the  sample  mass  flow.  The  parts  of  sampling  device  after  the  pre-
separator are protected from the fouling but some other parts of the sampling device can
exposure to the fouling. When the circulating flow is made by an ejector the
consumption of the pressurized air is a great source of expense. These expenses can be
decreased by using smaller tubes and slower flow velocities.

The  other  problem  to  be  solved  is  the  sampling  line  loss.  Between  the  sample  intake
(850 C)  and  filter  the  sample  needs  to  be  cooled  less  than  500 C. Between these
temperatures  the  alkali  chlorides  condense  and  at  same  time  the  condensation  on  the
sampling line or the cooler walls occurs. Also thermophoresis in the fast cooling regions
and  the  diffusion  causes  losses  especially  for  the  fine  particles.  When  the  gas
temperature decreases on the condensation region the alkali chlorides are also
condensed on the larger particles which can’t follow the streamlines to the total
sampling containing fine particles and gas. Losses can be decreased by keeping the
potassium chloride in the vapour phase as long as possible. The nucleation after the
dilution is one possibility to elude condensation losses.
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