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1.0 Introduction

As part of the Danish policy to reduce net CO; emission from electricity production,
biomass in the form of straw and wood is used as fuel on CHP grate boiler plants.
Compared to coal, straw is a troublesome fuel with a high potassium and chlorine content
that causes increased problems with ash deposit formation and corrosion of boiler tubes.
Since the late 80s straw has been used in CHP grate boilers in Denmark and a lot of
development has ensured that deposit and corrosion problems in such boilers in most
cases are manageable, and at the same time a reasonably high superheater temperature
can be used. However, even today many problems occur occasionally with boiler ash
deposits that are difficult to remove. The most troublesome deposits in straw-fired boilers
are often observed on two parts of the boilers, on the high temperature superheater tubes
and in the top of the second draught. The deposit on the superheaters in the boiler
chamber is removed mainly by deposit surface melting, while deposits removal in the
convective pass in the top of the second draught can be strongly sintered and difficult to
remove. Further downstream in the convective pass the heat transfer surfaces and the flue
gas temperatures are so low that the deposit is often loose and easy to remove. While the
deposit formation process has been the objective of several studies, only limited
knowledge is available on the biomass ash deposit removal process. The present project
was started to provide more detailed knowledge of the ash deposit removal process in
biomass-fired boilers with the following main objectives:

- To provide improved fundamental data on deposit formation and removal and
heat transfer in biomass-fired boilers

- To provide measuring data that can be used for verification of a model of deposit
formation and shedding as a function of local conditions

- To provide recommendations on how deposit formation in boilers using alkali rich
fuels can be minimized

The core part of the project work has been done by using an advanced deposit probe to
perform measurements in straw-fired boilers, so that information on the deposit removal
process was obtained near the high temperature part of the superheaters and in the
convective pass in the top of the second draught.

The work in this project has been coordinated with the Eltra PSO 3144 project run by
Elsam A/S (now Dong Energy): ‘Optimering af belegningsdannelse i biobrandselsfyrede
kedler’ (Reference 1). The PSO project 3144 has mainly dealt with collection of practical
experiences from literature and boiler operators, while this project has dealt with boiler
probe measurements, fundamental ash deposit properties and model development.



The project work was divided into seven work tasks as follows:

Task 1. Shedding of ash deposits — literature review

Task 2. Construction of an advanced deposit probe

Task 3. Ash deposit shedding on superheaters in a straw-fired boiler
Task 4. Dynamic model of superheater deposit growth and shedding
Task 5. Biomass ash sintering

Task 6. Sootblowing experiments in the convective pass of a straw boiler
Task 7. Deposit measurements at Herningvaerket

A summary of the work carried out under each of the individual tasks will be presented
below. Complete details are found in the reports and articles presented in the appendices.
Some parts of the project work were conducted by Master of Science students doing their
final project (see references 2 to 3). Thus Alfonso Modrego Marco, Ana Zbogar and
Birgitte Madsen obtained their Master of Science degrees in chemical engineering.

2.0 Task 1. Shedding of ash deposits — literature review

The objective of the literature review was three-fold: 1) to review the present knowledge
of deposit removal and shedding mechanisms, 2) to outline the different approaches to
model these mechanism, and 3) to provide descriptions of the chemical, mechanical, and
thermal properties of ash deposits. The review focused attention on biomass combustion
conditions, but also the experiences from the coal-firing systems and kraft recovery
boilers were taken into account.

Boiler ash deposits formed on heat transfer surfaces can increase the boiler operation
costs, reduce the boiler thermal performance and in severe cases, completely plug the flue
gas passages and lead to unscheduled costly boiler shutdowns. Effective deposit removal
is therefore critically important in order to ensure efficient boiler operation. Deposit
shedding can be defined as the process of deposit removal from the heat transfer surfaces.
Mechanical devices for deposit removal such as sootblowers can be implemented into the
boiler, which is often then referred to as artificial shedding. Soot-blowers use a
pressurized fluid (often steam or air) to cause a mechanical and/or thermal shock that
causes a failure in the deposit. On the other hand, shedding can be caused without any
operational or mechanical influence by erosion, gravity shedding (including surface
melting), or simply by a thermal shock.

As presented in Table 1 the locations where the removal of deposit material takes place
and the type of removal mechanism may differ depending on the position in the boiler,
the boiler operation, the local temperature and the deposit ash properties. The deposit
removal may takes place on the deposit surface, the deposit tube interface and inside the
deposit. (A) Deposit removal by erosion may take place when non-sticky fly ash particles
(mainly quartz) collide with non-sticky areas on a deposit surface. (B) Gravity shedding
is caused by the gravity force (deposit weight), which acts on the deposit. When the
gravity force exceeds the tube adhesion strength or the deposit tensile strength the deposit
will fall off the boiler tubes. (C) Another form of gravity shedding is deposit removal by



surface melting. If the temperature is high and the deposit melts at a low temperature the
deposit can be removed by melt that runs down on boiler walls or superheaters. (D)
Thermally induced shedding is caused by temperature changes and differences in the
thermal expansion coefficients of tube and deposit or different thermal expansion
coefficients of adjacent deposit layers. This may cause an uneven expansion that leads to
deposit fracture. Local temperature changes can be caused by load changes or
sootblowing. (E) Mechanically induced tension in the deposit may be caused by
vibrations, rapping gears or sootblowers. A sootblower jet impact can cause high internal
stresses in the deposit, which may lead to internal deposit break-up or debonding from the
boiler surface.

Table 1. Different deposit shedding mechanisms

Where the deposit sheds
Deposit removal mechanism Tube deposit | Within the Surface
interface deposit removal
(debonding)

A [ Erosion X
B | Gravimetric (solid deposit) X X
C | Gravimetric, surface melting X
D | Thermally induced tension

a) by combustion fluctuations X X

b) by load changes
c) by sootblowing

E | Mechanically induced tensions
a) (Natural) mechanical X X

fluctuations
b) Sootblowing

The experimental straw boiler investigations of shedding were conducted near the high
temperature part of the superheaters (task 3) and in the convective pass in the top of the
second draught (task 6). Near the superheaters the shedding was caused by surface
melting (C), and deposit removal in the convective pass was caused by sootblowing and
both deposit fractures and debonding were observed (E).

The main focus of the literature study (task 1) was on the process of ash deposition and
shedding in biomass boilers, but also deposit formation and physical properties of
biomass ash deposits were reviewed. The general conclusion is that the fundamental
knowledge of deposit shedding in biomass boilers is limited. Some data exist for
shedding of coal deposits, while the shedding of deposits in kraft recovery boilers was
systematically studied. Due to the kraft boiler specific deposit composition (consisting
solely of alkali salts), the data from the kraft recovery boilers cannot be straightforwardly
used, but they can be used as a starting point for future studies. The knowledge of the
deposit properties, relevant to the deposition and shedding processes, and their modeling
is limited. In many cases material data and models for ceramic materials have to be
applied.



3.0 Task 2. Construction of an advanced deposit probe

An advanced shedding probe consisting of a horizontal cooled tube was constructed to
make it possible to perform well controlled deposit formation and shedding
measurements in full-size power plant boilers. The complete probe system made it
possible to conduct simultaneous measurements of deposit weight, probe heat uptake, and
local flue gas temperature, as well as register the deposit development by a video camera.
In some experiments a sootblowing probe was also used that could expose the deposit
probe to a jet of pressurized air with a known PIP (Peak Impact Pressure). In some cases
the deposit probe measurements were supplemented with suction pyrometer, particle
sampling and velocity measurements.
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Figure 1. Sketch of the deposit probe system.

The scheme of the typical experimental probe set-up is shown in Figure 1. The probe is
constructed as a double annular tube, made of stainless steel, which is cooled with
counter-current flows of water and compressed air. This cooling arrangement ensures a
reasonable uniform surface temperature along the whole length of the probe. Thermo-
elements are placed in the outer steel tube to measure the probe metal surface
temperature. The heat transfer to the probe is calculated by using measurements of the
flows and the inlet and outlet temperatures of cooling water and air respectively. The
mass change due to the deposit is measured by use of a load cell on which the probe
hangs. The probe is fixed in position by a hinge placed adjacently to the boiler wall and
the load cell as seen in Figure 1.

The probe system was applied to measurements at the Avedgre straw-fired grate boiler
both near the superheaters and in the convective pass. The probe system was also applied
to measurements on the Herning wood- and oil-fired grate boiler. Further details on the
probe design are found in appendices B and G.



4.0 Task 3. Ash deposit shedding on superheaters in a straw-fired boiler

The deposit probe was applied to shedding measurements in the boiler chamber of the
straw-fired Avedgre grate boiler, in the top of the furnace, close to the pendant
superheater. An example of a video image of the probe with deposit is shown in Figure 2.
The shedding probe 55 minutes after it had been fully inserted into the boiler is seen. An
approximately 40 mm large straw particle can be observed, which was the largest particle
observed to impact on the probe. Also two ash droplets can be seen and this was the first
time that a visually observable melt appeared.

Flue gas
flow

Figure 2. Image of the shedding probe 55 minutes after insertion into the boiler
(T=980°C).

The aim of the conducted probe study was to investigate the process of natural ash
deposit shedding in the superheater area of a straw-fired boiler. Heat uptake, mass change
measurements and video recording of the ash deposit build-up process were conducted.
The probe metal surface temperature was fixed at 500°C. The probe was placed for 18
days in the Avedgre straw-fired boiler, and the local flue gas temperature of 800°-1100°C
caused melting to be the main deposit shedding mechanism. The probe deposit mass
increased steadily for the first six days, while after day 7 the mass fluctuated up and down
with a mean value of 4.5 kg (equal to 20 kg/m2). The flue gas temperature governs the
state of the deposit, i.e. the fraction of the deposit that is melted, and consequently
controls the shedding. The melting and partial solidification of the deposit happen
periodically, following the changes in the flue gas temperature. The deposit behavior
after day 7 can be divided into different regimes, depending on the flue gas temperature:
1) When the temperature is approximately 1100°C or above, the deposit surface layer is
completely melted and the melt runs down the probe and a fast reduction in the amount of
deposit on the probe is observed. 2) Around 1000°C the deposit contains both melt and
solid particles and the deposit formation rate and the deposit shedding rates are



approximately at a similar level. 3) At 900°C and below a solid porous particle rich
deposit is present on the probe and the deposit formation rate exceeds the deposit
shedding.

The present investigation shows that if superheaters in straw-fired boilers are constructed
so that a thick layer of deposit can be accepted, a stable deposit removal process by ash
surface melting can be established. With the knowledge that at flue gas temperatures
exceeding 900°C shedding by ash surface melting takes place, it is clear that sootblowing
is not needed at a flue gas temperature above 900°C. Further details on the experimental
study of deposit surface melting induced shedding are found in appendix B.

5.0 Task 4. Dynamic model of superheater deposit growth and shedding

A dynamic mathematical model of ash deposit growth and shedding on a horizontal
cooled probe in a straw-fired boiler was developed and validated. The model includes
sub-models of deposition (impaction, thermophoresis, Brownian and eddy diffusion, and
condensation) and shedding by deposit surface melting. Three new sub-models describing
deposit formation on the downstream side of the probe, ash droplet formation and
detachment, and a correlation of ash melt fraction as functions of temperature and ash
chemical composition have also been developed.
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Figure 3. Evolution of the deposit weight and the heat uptake as a function of time.
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The model was validated by using the measuring data obtained at Avedgrevarket (see
Chapter 4). Measured flue gas temperature, ash particle size distribution as well as
chemical composition of the fly ash were used as input parameters to the model
calculations. Figure 3 shows the measured and the calculated deposit weight and the heat
uptake as a function of time, as well as the measured and the applied input temperature.
Generally, the predictions are in reasonable agreement with the measurements. Three
periods can be distinguished in Figure 3, i.e. a fast increase of the deposit weight and a
correspondingly quick decrease of the heat uptake at an early stage (up to 10 h), then a
slow increase of the deposit weight and a decrease of the heat uptake up to 285 h, and
finally constant values of the deposit weight and the heat uptake appear. A sharp decrease
of the deposit weight and an increase of the heat uptake can be observed when peak flue
gas temperatures events at 1423 K were used (at 160 and 220h).

In general, the mechanistic model predicted reasonably well the measured probe deposit
weight, the heat uptake, as well as the shape of the deposit. The simulated elliptical
deposit shape on the upstream side and the very small amount of the downstream deposit
after 3.5 h are in agreement with the measurements. Both the simulations and the
measurements indicated that under stable boiler operation conditions, the deposit weight
increases until a steady state condition is obtained where similar shedding and deposit
formation rates are reached. The evolution of the deposit formation on the probe has three
distinct stages: a fast increase of the deposit weight and correspondingly a quick decrease
of the heat uptake at an early stage, then a slow increase of the deposit weight and
decrease of the heat uptake, and finally stable values of the deposit weight and the heat
uptake. KCl condensation is the main contribution to the ash deposit initiation and
particle impaction is the main contribution to the deposit growth after the initial
innermost layer formation. The ash deposition by large eddy dispersion on the
downstream side of the probe contributes to a slow increase of the deposit weight after
the shedding starts. High peak flue gas temperature events lead to a sharp decrease of the
deposit weight and an increase of the heat uptake.

A detailed parametric study quantified the influence of changed local conditions on the
deposit formation process. The calculation showed that the particle size, the melt fraction
of ash, and the flue gas temperature have significant impact on the dynamic deposition
formation process, the deposit weight, and the heat uptake. A higher flue gas temperature
gave less deposit weight and a higher heat uptake. A smaller particle size made less
particles impact the probe, which reduced the initial deposition rate. Further details on the
model development and the parameter study are found in Appendix D.

6.0 Task 5. Biomass ash sintering

The strength of deposits is influenced by sintering that can be defined as a process in
which particles grow together to a denser body. Because of the high salt content of
biomass ashes deposit sintering is mainly caused by melting of the salt fraction of the ash.
The deposit strength is an important parameter when deposits are be removed by
sootblowing. In this study the strength development of biomass ash as a function of
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temperature was investigated in the laboratory. Fly ash from a straw-fired grate boiler and
fly ash from suspension firing of straw were pelletized and the compression and the bend
strength were measured. The results were compared with literature data, and the strength
measurements were supplemented with other investigations such as SEM images of the
heated pellets. Figure 4 shows an example of some of the compression strength
measurements. The compression strength of fly ash from suspension firing of straw (D) is
compared to the strength of grate boiler fly ash (A). It is seen that the compression
strength of fly ash (D) is largest, and also that the initial sintering starts at a higher
temperature for the suspension firing ash. The suspension firing fly ash (D) contains
much more silicon and calcium and less chlorine and potassium. The compression
strength decreases at high temperatures, where the pellets experience a mass loss and an

increased porosity that lowers the strength. The increased porosity is caused by KCI
evaporation.
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Figure 4. Compression strength of sintered fly ash from suspension firing of straw

(D) and of sintered fly ash from a straw-fired grate boiler (A).

The main conclusions of the sintering study are summarized here. It is often observed that
at a given temperature a steep increase in the strength of the lab ash pellets appears, and
then at a higher temperature a large decrease of the strength takes place. The strength
increase is related to melt formation in the sample, however, some strength increase
seems to appear before initial melting of the sample. The strength decrease at higher
temperatures is caused by volatilization of some ash components. A sintering temperature
Tsim is defined as the temperature where the compression strength increases above 2
N/mm?2 and the strength further increases with increased temperature. The sintering and
the strength development of an ash are influenced by chemical composition, ash particle
size, sintering time and probably also the flue gas composition. The measured sintering
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temperatures (Tsin) of the investigated ashes and literature data make it possible to
observe the following general trends:
- For very alkali rich ashes dominated by K, Na, S and Cl with only a low content
of Si and Ca, such as some straw fly ash or ash from kraft recovery boilers, T
values from 370° to 470°C are observed. However, real biomass boiler deposits
nearly always contain some Ca and Si.
- Straw and grass rich deposit ashes rich in Si and K have T, values between 610°
and 710°C.
- For wood and other types of biomass ashes rich in both Si, K and Ca, Ty, values
from 780°C and above are observed.
- Coal (bituminous) and coal straw co-firing ashes (maximum 20% straw share on
an energy basis) have Ty values of 920° to 1010°C.

Both the present sintering study as well as the ones found in the literature are based on
laboratory measurements, and this complicates the transfer of data to boiler conditions.
Long-time sintering as in boilers may be different from short-time sintering in the
laboratory for several reasons. The long residence time may increase the amount of
crystalline particles and decrease the amount of amorphous material. The very large pores
seen in some of the laboratory samples may to some degree collapse or be filled with
condensed phase ash.

Sintering of ash is still an area with many unknowns. Some important areas are the
relation between compression and tensile strength, the influence of long sintering time on
the strength development and the influence of the temperature at which the strength is
measured. Further details on the sintering study are found in appendix E.

7.0 Task 6. Sootblowing experiments in the convective pass of a straw boiler

The main objective of this experimental investigation was to determine the needed PIP
values to remove deposits. A sootblower jet of steam or pressurized air is often
characterized by the locally obtained Peak Impact Pressure (PIP). The peak impact
pressure is the local stagnation pressure at the center of the sootblower jet at a given
distance. The stresses in a deposit are related to the force on the deposit that is induced by
the jet and the magnitude is related to the PIP value. A more sintered deposit with a high
strength needs a higher PIP value to be removed.

In this study a series of well controlled sootblowing experiments was performed in the
year 2005 at the Avedgre straw-fired grate power plant using an advanced deposit probe
and a probe sootblower. The probe system was placed in the top of the second draught
near superheater 1 where the flue gas temperature was approximately 750°C, and most of
the experiments were conducted in the autumn of 2005. The ash deposit was allowed to
accumulate on the deposit probe and a separate sootblower probe was used to expose the
deposit to jets of pressurized air with known PIP. The influence of deposit probe
residence time and surface temperature on the needed PIP values was quantified. Besides
information on the removability of the deposits it was also possible to obtain information
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on deposit chemistry, deposit formation rate and heat transfer to the probe. To obtain a
consistent set of measuring data many supplementary investigations were conducted,
such as fuel and ash sampling, flue gas velocity measurements etc.

Measuring campaigns with deposit probe temperatures from 400° to 550°C were
conducted, and the total exposure time of the deposit probe in the boiler was more than
2100 h. Most of the probe equipment worked well during the measuring campaigns.
However, it was not possible to use the deposit weight measurements to quantify the
amount of deposit removed by sootblowing. The sootblowing events caused a change in
the zero point value of the weight measurements that made it impossible to determine
accurately the weight change caused by sootblowing. The influence of the sootblower jets
on the deposits was mainly quantified by looking on the video recordings of the front
deposits.

The probe rear outer layer deposit was always removed easily and a portion of or no front
outer layer deposit could be removed by sootblowing in the experiments. The
removability of the deposit is therefore defined as the ratio (area, %) of the outer layer
front deposit that was removed by the sootblowing. The removal of the rear and front
deposits happens mainly as a powder cloud and in large ‘chunks’, respectively, denoting
the deposit removal mechanisms by fracture and debonding.

Table 2. Removable fraction of probe deposit by plant sootblowing and the PIP
values needed to remove the deposits.
Probe General comments Plant sootblowing Probe sootblowing
::re;: Percent of Percent of PIP"" needed to PIP needed to
“C) deposit deposit removed remove deposit remove deposits
removed just before the after 100 h (kPa) just befare the
after 100 h | probe was taken probe was taken
(%) out (%) out (kPa)
<25% | »715% | <25% | >75%
400 A7 Deposits (outer layer) 100 100 No controlled sootblowing
removed easily
400 B Deposits (outer layer) 100 100 <0.5" <0.5 <0.5 <0.5
removed easily
450 The removable fraction 0 Some 0.5 15 1.2 30
decreases with increasing
probe exposure time
500 A The removable fraction 100 0 5 35 25 li6
decreases with increasing
probe exposure time
500B The removable fraction The probe was in the boiler for | The probe was in the boiler for only 72 h
decreases with increasing only 72 h and no controlled sootblowing was done
probe exposure time
550 No deposit can be 0 0 No deposits can be removed by
removed 24 h after the sootblowing 24 h after the probe has been
probe has been exposed in in the boiler
the boiler

*1 The PIP is the measured value at room temperature.
*2 The supplying air pressure is less than 0.2 bar.
*3 This campaign was conducted in the year 2004.
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In Table 2 the results regarding the removability of deposits at different probe
temperatures are summarized. The table shows the removed fraction of the front outer
layer probe deposit by plant sootblowing, and the sootblowing probe PIP needed to
remove a small (< 25 %) or a large (> 75 %) fraction of the probe deposits. A larger
fraction of the deposit could be removed after a boiler stop, but the measurements
indicated that the later boiler shutdowns were less beneficial.

It was generally observed that increased residence time or probe temperature meant that
less front outer layer probe deposit could be removed. At a probe temperature of 400°C
all deposit could be removed, even at moderate PIP values. At 450°C and 500°C the
needed PIP increased with time, and at 550°C, even with the maximum available peak
impact pressure of 190 kPa, no deposit could be removed.

Besides the quantification of the PIP pressures needed to remove deposits a lot of other
valuable information was obtained. Examples of some results are listed here:

- By use of the probe weight measurements the deposit formation rate between
sootblowing events could be determined. The mean deposition rate seems to be
reasonablg independent of the probe temperature and was measured to be from 30
to 45 g/m~h in the year 2005.

- The influence of the sootblowing on the heat uptake depends on the probe
temperature. At probe temperatures of 500 °C and 550 °C the heat uptake initially
decreases, but levels off around 6 and 4 days after the probe has been placed in
the boiler, while the heat uptake capability keeps constant at a probe temperature
of 400 °C. The heat transfer level to the probe right after sootblowing is
reasonabl;; independent of probe temperature (2005 measurements, mainly 30 to
40 kW/m") except in the cases of high probe temperature and long residence time,
where lower values are observed.

- The probe temperature significantly affects the deposit porosity, such that porosity
is high at 400°C but significantly lower at higher temperatures.

- As compared with the concentrations of the elements in the fly ash, the front
deposits are rich in the nonvolatile elements Ca and Si. A tendency to less
chlorine in the high temperature probe deposits is observed.

Further details on the sootblowing experiments are found in appendices C, F and G.

8.0 Task 7. Deposit measurements at Herningvarket

Probe measurements on the formation and removal of probe deposit have been performed
at the Herning wood- and oil-fired grate boiler. Only limited information was obtained
due to several problems with the experimental equipment. Problems appeared both with
the video equipment, the heat transfer measurements and the weight cell. The reason
seems to be that the probe was placed near a sootblower that impacted the probe with a
very high force during sootblowing events. Of the few data obtained the following should
be mentioned:



14

- The deposits were dominated by Ca, K and Si and only low concentrations of CL.
Ca, Si and Mg were enriched compared to the fly ash in the front deposit.

- A relatively low deposit formation rate of 1.45 g/(mzh) was measured on the
probe.

9.0 Conclusion, technical implications and further work

This Energinet.dk funded project has provided a broad range of information on ash
deposit removal in straw boilers as well as knowledge of deposit formation and sintering.
The project work has included a literature study, development of a model of shedding of
high temperature deposits by surface melting and deposit probe measurements in
biomass-fired boilers. The probe measurements were conducted both in the boiler
chamber and in the convective pass of the Avedgre power station straw-fired grate boiler
as well as in the Herning wood- and oil-fired grate CHP boiler. The main project results
have been summarized in chapters 2 to 8 in this report.

The practical technical implications of the large amount of scientific data can be difficult
to overview. We recommend that power plant and boiler engineers who want to utilize
the results contact some of the authors. However, two short examples of the implications
of the project results shall be discussed here.

The deposit on pendant superheaters in straw-fired boilers is removed by deposit surface
melting. If the superheaters are designed with a sufficient tube or plate distance so that a
layer of deposit up to 10-15 cm thick can be present, then it can work well. The
conducted measurements indicate that if this method shall work the flue gas temperature
shall be in the range of 900° to 1100°C. If the flue gas temperature is below 900°C the
deposit cannot be completely removed by surface melting, and other deposit removal
methods should be used. If the flue gas temperature is above 1100°C only a thin layer of
deposit will be present on the superheaters, and this will cause a very high heat transfer to
the tubes. The high heat transfer may be a problem if the size of the superheater is
designed on the assumption that a thick deposit layer is present. The dynamics of the
complete boiler operation conditions on the deposit formation may be complicated. The
boiler load, the fuel composition and the operation of the grate combustion strongly
influence the fly ash formation process and thus the fly ash concentration. The fly ash
concentration has a large influence on the time (several days) it takes before a steady state
amount of deposit has accumulated on the superheater surfaces.

Sintered difficult-to-remove deposit seems to appear in the convective pass where the
flue gas temperature is between 600° and 900°C. At temperatures above 900°C surface
melt deposit removal can take place, and the laboratory study on sintering indicates that
typical straw deposits are not strongly sintered at temperatures below 600°C. If the boiler
tube temperature is maximum 450°C such convective pass deposits on horizontal tubes
can be removed by regular sootblowing (one time daily ore more), if a sootblower jet
with a Peak Impact Pressure of 30 kpa or above is available. If higher tube surface
temperatures are used or the available Peak Impact Pressure is lower than 30 kpa other
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methods may be needed to remove the deposits. This can be water sootblowing or regular
boiler shutdowns and manual deposit removal. Large load changes can also assist the
deposit removal process, however, when three boiler shutdowns have happened the last
seems only to improve the sootblowing for a few days.

The study of biomass deposit removal processes has even on a global scale only been the
scope of relatively few scientific investigations. Thus there are still many important
subjects that have not been studied in detail, and some important unresolved questions are
as follows:

- Sintering of ash is still an area with many unknown variables. Some important
areas are the relation between the compression and the tensile strength, the
influence of gas composition, the influence of long time sintering on the strength
development, and the influence of temperature at which the strength is measured.

- Most shedding studies have been based on measurements in grate boilers while
only limited data are available from biomass suspension firing. Also subjects like
the characteristics of water sootblowing and the influence by fuel changes have
not previously been studied. Moreover only limited work has been done on boiler
wall deposits.

- Detailed models of deposit removal by sootblowing and water sootblowing are
not available, and in many cases the availability of important physical material
properties is limited.

10.0 Danish summary

Mens belegningsopbygning i biomassefyrede kedler har vzret undersggt i en raekke
forskellige projekter er viden om fjernelse og nedbrydning af belegninger kun i
begraznset omfang undersggt. I n@rverende projekt er udfgrt en detaljeret grundlzggende
undersggelse af biomassebelegningers fjernelse med henblik pa at opfylde fglgende
projektformal:

- At tilvejebringe forbedrede grundl®ggende data for opbygning og nedbrydning af
belegninger og varmetransmission i bel@gninger i biomassefyrede anleg.

- At tilvejebringe data som kan anvendes til udvikling af en model, som beskriver
dannelse og nedbrydning af alkalirige belegninger som funktion af den lokale askeflux,
gastemperatur og probeoverfladetemperatur.,

- At udarbejde anbefalinger for hvorledes belegningsdannelse i kedelanlzg, der anvender
alkali rige brandsler, kan minimeres

En stor del af projektet er gennemfort via malinger med en avanceret bel@egningsprobe pa
biomassefyrede kedler. Projektet er gennemfgrt via udfgrelse af syv arbejdspakker som er
kort beskrevet i det fglgende.

Arbejdspakke 1. Litteratur undersggelse om belagningsfjernelse. Den nuvarende
viden om belzgningsfjernelse og vasentlig viden ngdvendig for modeludvikling er
tilvejebragt.

Arbejdspakke 2. Design og fremstilling af avanceret belzgningsprobe. Den
avancerede belzgningsprobe giver mulighed for en rekke samtidige malinger af probe-
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og gas-temperatur, probens varmeoptag, belegningsvaegt samt video monitorering af
belzgningsopbygningen.

Arbejdspakke 3. Undersggelse af belegningsdannelse og fjernelse pa overhederne
i en halmfyret kedel. Der er udfgrt probemalinger ved de hzngende overhedere pa
Avedgrevarkets halmfyrede ristekedel. Bel®gnings fjernelse ved overfladesmeltning er
undersggt og kvantitative mélinger udfgrt

Arbejdspakke 4. Udvikling af dynamisk model for opbygning og fjernelse af
belzgninger pd overhederne i en halmfyret kedel. Modellen er verificeret med malinger
fra arbejdspakke 3 og indflydelsen af ®ndringer i de lokale forhold er undersggt via et
parameter studie.

Arbejdspakke 5. Laboratorie undersggelse af sintring af bioasker. Sintring
egenskaberne af bioasker er undersggt i laboratoriet. Askernes sintring har stor
indflydelse pa fjernelsen via sodblzsning,

Arbejdspakke 6. Sodblesningsunderspgelse i det konvektive tr&k pé halmfyret
kedel. Ved mdlingerne er tilvejebragt information om det sodblesningstryk som er
ngdvendigt for at fjerne belegninger opbygget ved forskellige rgrtemperaturer,
Herudover er tilvejebragt en stor ma&ngde informationer om belegningsegenskaber og
belegningsopbygning.

Arbejdspakke 7. Belazgningsmalinger pd Herningsverkets tre og olie fyrede
kedel. Relativt fa resultater var tilvejebragt her pa grund af problemer med udstyret.

De i projektbeskrivelsen opstillede mal er blevet opfyldt ved projektets gennemfarelse.
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Abstract

Ash deposits, formed during fuel thermal conversion, and located on furnace walls and
on convective pass tubes, may seriously inhibit the transfer of heat to the working fluid, and
hence reduce the overall process efficiency. Combustion of biomass causes formation of large
quantities of troublesome ash deposits, which contain significant concentrations of alkali, and
earth-alkali metals. The specific composition of biomass deposits gives them different
characteristics as when compared to coal ash deposits, i.e. different physical significance of the
deposition mechanisms, lower melting temperatures, etc. Low melting temperatures make
straw ashes especially troublesome, since their stickiness is increased at lower temperatures,
compared to coal ashes. Increased stickiness will eventually lead to a higher collection
efficiency of in-coming ash particles, meaning that the deposit may grow even faster.

Deposit shedding can be defined as the process of deposit removal from the heat
transfer surfaces. Mechanical devices for deposit removal can be implemented into the boiler,
which can be then referred to as artificial shedding. Soot-blowing is one such process, where a
pressurized fluid is used to cause a mechanical and/or thermal shock that would cause a failure
or fissure in the deposit. On the other hand, shedding can be caused without any operational or
mechanical influence by erosion, gravity shedding, or simply by a thermal shock. Which
mechanism that will be dominant, depends on the ash characteristics and the boiler operation.

Different deposit characteristics will govern the ash deposit behavior, and thus the
mechanism of deposit shedding. The deposit strength will influence the erosion and gravity
shedding mechanisms. The ash viscosity and the melting behavior will govern the gravity
shedding mechanism, while the thermal expansion coefficient will influence the thermal
behavior of the deposit.

Introduction

The objective of this paper is three-fold: 1) to review the present knowledge on deposit
removal, and shedding mechanisms, 2) to outline the different approaches to model these
mechanisms, and, 3) to provide a simple description of the mechanical, and thermal properties
of ash deposits. The review focuses attention on biomass combustion conditions, but also the
experiences from the coal-firing systems and the craft recovery boilers has been taken into
account. The goal of this review is to provide appropriate background information for the
direction of deposit removal. Also deposit formation mechanisms are being reviewed.

One of the major operational problems in solid fuel boilers is the formation of
troublesome deposits, from ash species in fuel. Ash formed during fuel thermal conversion and
deposited on furnace walls and convective pass heat transfer surfaces, act as a heat transfer
resistance, and may thereby inhibit heat transfer to the steam cycle. If not removed, deposits
may reduce the boiler thermal performance and, in severe cases, completely plug flue gas
channels and therefore subsequently cause unscheduled boiler shutdowns. Ash deposits may
also cause severe corrosion of heat transfer surfaces.

Power suppliers today use biomass fuels {mainly straw and wood chips), in addition to
the more traditional fossil fuels (oil, coal, and natural gas). Due to the difference in composition
between straw and coal, mainly in quantities of sulfur (higher in coal), and potassium and



chlorine (higher in straw), the use of straw in combustion units is a serious technical challenge
[1,2]. Danish experience shows that straw-firing causes the formation of large quantities of
troublesome deposits, consisting mainly of potassium, chloride and silicates, and to a lesser
extent also of calcium and phosphorus [1,3,4]. The specific composition of biomass-derived
deposits gives them different characteristics, compared to coal-derived deposits, i.e. different
physical and chemical structure, etc. Melt formation at low temperatures makes straw ashes
especially troublesome, since it causes an increase in the stickiness of the deposit surface [3].
The appearance of a melt, and thus an increased stickiness, lead to a higher collection
efficiency of the deposit toward incoming fly ash particles, meaning that the deposit may
growth faster.

Effective deposit removal is important, in order to ensure a maximum boiler thermal
efficiency. Deposit shedding is the process of deposit removal from a boiler surface, which can
be caused artificially as a part of the boiler operation, e.g. by soot blowing, or naturally,
without any operational or mechanical influence. Mechanisms of natural shedding in
combustion systems are: 1) erosion, 2) gravity shedding, and, 3) thermal shock. Erosion is the
process of removal of a sintered deposit by hard impacting fly ash particles, mainly silicates.
Gravity shedding will occur when the gravity force on the deposit is strong enough to cause 1)
break inside the deposit, or, 2) flow of molten deposit. Break inside the deposit will occur when
the gravity effect on the deposit piece becomes larger compare to: 1) the force holding the
deposit together (deposit strength), or 2) the force holding the deposit and the tube together
(adhesion). Melting can be considered as a type of gravity shedding, where the gravity force
acts on a molten deposit, forcing it to flow down the heat transfer surfaces. Thermal shock
induced shedding is caused by temperature changes, due to the difference in the thermal
expansion coefficients of tubes and deposits. A sudden temperature gradient (due to
fluctuations of the flue gas- or steam temperature), may cause an uneven expansion of 1)
deposit and tube, or, 2) distinct, adjacent, deposit layers, leading to deposit fractures.

Which mechanism that will be the dominant one, depends on the ash characteristics and
the conditions inside the thermal fuel conversion system. The deposit composition will directly
influence the deposit strength, the melting temperature, and the thermal expansion, i.e. the
deposit properties which will affect the above mentioned mechanisms of shedding. The flue gas
temperature will influence the deposit surface temperature, and thereby the temperature
distribution inside the deposit. This will again influence the above mentioned deposit properties
as well as the physical state of the deposit, i.e. if it is molten or solid.

Artificially, ash deposits can be removed from the heat transfer surfaces by inducing
mechanical or thermal stresses inside them. This can be done using the impact of the high
pressure steam, air, or water {sootblowing), by changing the thermal load, etc. Techniques for
tube cleaning, implemented in the boiler operation, are practical as long as the deposits are not
highly sintered or strongly attached to the surface.

Some deposits are removed immediately by soot-blowing, leaving an almost clean tube
surface behind. Other deposits are difficult to remove and may leave a thin coverage of
deposits, on the top of which subsequent deposition takes place [5]). Thus, an understanding of
the relationship between the nature of a deposit, the thermal and mechanical properties relevant
to the shedding, may improve the current — somewhat - subjective approach to the selection,
location, and operation of soot-blowers, increasing thereby both the cost effectiveness, and, the
availability of the unit.

The deposit formation processes has been studied thoroughly through several years, but
the knowledge about deposit shedding is relatively limited. Most of the studies available in the
open literature are dealing with the removal of deposits in the kraft recovery boilers [6,7,8],



which composition is somewhat different compared to biomass deposits, as will be discussed
later.

1. Formation and Development of Fireside Ash Deposits

During combustion of a solid fuel, incombustible, inorganic material in the fuel is being
transformed into intermediate ash species, i.e. gases, liquids and solids. The fate of the
individual, inorganic element depends upon its mode of occurrence, the fuel composition, and
the physical conditions within the boiler. Accumulation of ash species on heat transfer surfaces
causes formation of fireside deposits.

Fire side deposits are complex, heterogeneous and porous materials which are formed
on furnace walls and convective pass heat transfer surfaces, during the fuel thermal conversion
process. The ash deposits may seriously inhibit heat transfer to the steam cycle.

1.1. Ash Transport Mechanisms influence on Deposit Formation

Fly ash formed during thermal fuel conversion, is carried by the flue gas down through
the plant. The fly ash can be deposited on the furnace walls, and heat transfer surfaces.
According to Laursen et el. {9], typical transport processes from the flue gas to the heat transfer
surfaces include diffusion, thermophoresis, and inertial impaction. Possible transport
mechanisms of gaseous and solid ash components to a cylinder in cross-flow are shown in
Figure 1.

Diffusion is the mechanism of transport of vapors and small particles toward a solid
surface, caused by a local concentration gradient. In case of Fick’s diffusion molecules will
move toward a solid surface due to a concentration gradient. Brownian diffusion represents the
random movement of small particles, while eddy diffusion represents diffusion in turbulent
systems. Once transported to the surface by diffusion of vapors can condense on or adhere to it.
Condensation is a phase transformation by which vapors condense on a surface which is cooler
than the local flue gas. Condensed material may increase the contact area between an otherwise
particulate deposit and a surface. This may increase the difficulty of removing the deposit from
the surface of the tubes [10].

Thermophoresis is a transport mechanism of small particles due to the presence of a
temperature gradient. A particle suspended in a fluid within a steep temperature gradient
interacts with the fluid molecules. The fluid molecules have higher average kinetic energies on
the hot side compared to the molecules on the colder side. The collision of high energy
molecules on the hot side of the particle has more momentum than those on the cold side,
which gives rise to a net force on the particle. This force will act in the direction opposite to the
temperature gradient.

Inertial impaction is the process by which the bulk of the fly ash is transported to a
single tube. Due to their mass, large particles (10 pm and larger) have sufficient inertia to
traverse the gas stream lines, and impact on the surface [4,11] Inertial impaction generally
results in a coarse-grained deposit. The rate of inertial impaction depends on the target
geometry, the particle size distribution, the particle density, the angle of impaction, as well as
on the gas flow properties.

Deposits formed by diffusion and thermophoresis are evenly distributed around the
tube, while the deposit formed due to inertial impaction will be formed only on the upstream
tube side, and will cause an elliptic- or mountain-like-shaped upstream deposit, as shown in
Figure 2 [11].



1.1.1. Overall Model for Ash Deposit Growth

The overall ash deposition process on a tube in a cross flow is illustrated in Figure 3.
This figure shows the mass coming into the system by inertial impaction (diffusion and
thermophoresis can also occur), and the mass leaving the system by erosion (other shedding
mechanisms may also be controlling). The particles represented by open symbols are sticky; the
shaded particles were sticky on arrival, but solidified in the deposit; the cross-hatched smooth
particles were fused in the furnace but not sticky on arrival at the region of interest; the jagged
cross-hatched particles were never completely fused and are expected to posses the highest
erosivity.

A clean tube collects condensing material and sticky fly ash particles, which will
solidify on the surface as long as the deposit is thin. As the deposit surface temperature
increases, some particles could remain sticky on the surface even after cooling to the
instantaneous surface temperature, causing an increase in the collection efficiency [12].
Deposits may be removed by erosion of a solid surface (dry deposit) by solid particles, by
melting, by thermal shock, etc. Under favourable conditions the mass of deposit per unit area of
tube eventually reaches a steady value at which the addition of new material is just balanced by
the loss due to shedding.

Superimposed on the mass accumulation of deposit, due to diffusion, thermophoresis
and inertial impaction, is the mass loss due to deposit shedding. Mass accumulation depends on
the flow conditions inside the boiler, the temperature-profile in the gas film outside the deposit,
and the concentration of vapours and fly ash particles, etc. Shedding is here assumed to be a
function of the deposit loading on the tube (mass of deposit per unit area, mgep/A,), and occurs
at a rate which may be characterised by a rate coefficient kg.eq. As stated in Walsh et al. [12],
deposit growth is the difference between the deposition and the shedding rates:
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where A, is the projected area of tube in a plane perpendicular to the undisturbed flow
direction, Fimp [kg/m“s] is the mass of ash particles impacting on the tube per unit time and unit
projected area, fgp is the net mass fraction of impacting particles that form the deposit, o is the
order of the shedding process with respect to deposit mass per unit area, and kg.qg [Hz] is the
deposit shedding frequency when ¢=1. The order o of the shedding process with respect to
deposit loading, depends on whether the shedding is due to external influences such as
temperature fluctuations, sootblowing, and load changes; or to tensile and shear stresses arising
from the weight of the deposit itself. In the study [12], where the deposition of the bitominous
caol ash was investigated, o was set equal to 1.

In most real situations it will not be possible to solve equ. (1) explicitly, since the
collection efficiency, fup and Kgneq is a complicated function of the deposit loading, due to the
increase in surface temperature with the increasing deposit thickness. According to equ.(1), the
deposit growth was approximated by accumulating deposit in small increments, beginning with
a clean tube. Under a fixed set of conditions, a steady deposit loading is approached when
deposition is balanced by shedding. The loading is then found from equ. (1) by setting the net
rate of deposit growth equal to zero:
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This expression only applies when the deposit strength does not change, e.g. by sintering.

The net mass fraction of impacting particles which form deposited, fuep, is the net result
of the processes of sticking and erosion, which may occur on collision of incoming particles
with particles on the deposit surface. It can be calculated using the evaluated mass-based
sticking probabilities, as [12]:

fdfP = P(T:g)*'[l— p(Ts)] psur(rs)_ke llh p(Tg)J[I_ psur(T;)] (3)

where p(T) is the sticking probability of incoming particles at temperature T, T, and T; are the
gas and surface temperatures, respectively, k. is erosivity of dry ash toward towards its
deposits, and ps,, is the sticking probability for the particles exposed on the surface. This
approach applies only to a deposit consisting of discrete particles and not to a deposit covered
by slag which forms a more or less homogeneous melt.

When the fraction of impacting particles that are being deposited, fu.,, has been
evaluated, the shedding frequency can be found from equ. (2), using an estimate of the
asymptotic deposit loading from the long term measurements.

1.2. Development of Ash Deposits

The physical and chemical characteristics of the deposit are changing during the process
of deposit initiation, growth and maturation, due to retention of different ash material and due
to deposit consolidation. Deposit development occurs through the process of deposit sintering.

1.2.1. Sintering of Ash Deposits

During the deposit consolidation, a process known as sintering occurs. Sintering is the
term commonly used for describing particle-to-particle attachment during heating, which
causes increased contact between the ash particles. The driving force for sintering is the surface
energy of the involved particles, i.e. densification by sintering leads to a decrease in surface
area between the condensed phase and gas, and thereby the surface energy, as solid-vapor
interphases are replaced by solid-solid (or liquid) interphases with lower energy [13].

Sintering may occur by several mechanisms [14). Liquid state sintering causes sintering
through the appearance of melt. The amount of melt formed controls the rate of neck formation
between the particles. Liquid state sintering may involve a viscous liquid (e.g. melted silicates),
and is typically referred to as viscous flow sintering. The essentials of liquid-phase sintering in
multi-component aluminosilicates can be deduced from phenomenological observations of
densification and shrinkage [15]. Chemical reaction sintering occurs when a reaction between
the particles leads to the formation of a third component, which forms the necks between the
particles. In solid state sintering, where densification is achieved through changes in particle
shape, may occur through several mechanisms. Material may be transported to the neck area
by: 1) diffusion along the particle surface, 2) diffusion through the interior of particles, or 3)
diffusion through the surrounding gas phase by vaporization and subsequent condensation.

Sintering leads to the increased contact between the ash particles in a deposit.
Unsintered deposits consist of distinct particles that appear isolated from their neighbors, or



with only weak particle-to-particle contact. When the deposit is sintered, the solid phase is
interconnected and forms a large plate-like feature near the outside surface of the deposit.

Scanning Electron Microscopy (SEM) analyses indicate that biomass ash deposits have
a layered structure with a relatively unsintered, innermost layer [16]. The initial layer, adjacent
to the heat transfer surface (colder comparing to the surrounding flue gas), usually has
particulate structure, consisting of a continuous gas phase and discrete solid particles. Due to its
structure, thermal conductivity of this layer is low, causing poor heat transfer and thereby
increasing the deposit outer layer temperature. According to Robinson et al. [16], this inner
layer largely determines the overall deposit thermal conductivity. On the other hand, due to
higher surface temperatures, the outermost layer can be completely fused with gas pockets
embedded in the solid continuous phase.

Concerning the deposit removal process, the major importance of sintering is its
influence on the deposit strength build-up. Deposit strength is often more important for
successful boiler operation than the rate of deposit build-up, due to its direct effect on the ash
removability by sootblowing [15].

1.2.1.1. Densification

Densification of deposits occurs through filling of a large fraction of the deposit pores
by liquid [15]. Figure 4 shows the dependency between the apparent density of a Beulah coal
ash sample (composition for different coal ashes used in this study are given in Appendix A)
and the corresponding deposit sintering temperature. Three zones can be here distinguished:
Zone 1, assigned to the formation of closed pores, and Zones 2 and 3, corresponding to pore-
shrinkage and pore-filling by melt re-location, respectively. The minimum apparent density,
which corresponds to the maximum volume of a sample (expressed by the volume of both ash
particles and closed pores), occurs at the characteristic temperature of sintering, Tes.

The characteristic temperature of sintering is here defined as the temperature at which
the sintering mechanism changes from the formation of necks and pores into pore-shrinkage
and pore-filling by melt. The T, gives information about the temperature until which the
degree of sintering process is not pronounced; above this temperature a significant increase in
both the sintering rate and the strength of the deposit will occur.

The characteristic temperatures of sintering for different coal ashes can be determined
from the curves shown in Figure 5. Beulah coal ash has the lowest content of SiO;, while
Illinois No.6 and Pittsburgh No.8 coal ashes have approximately twice as much SiO;. Beulah
coal ash also has the highest content of CaO, MgO and Na;O compared to the rest of the
samples. These composition differences cause the low T of Beulah and Montana
subbituminous coal ash (700-800°C), and the high T, of Iilionis No.6 and Pittsburgh No.8 coal
ashes.

1.2.1.2. Shrinkage

Shrinkage results from the change of shape of the samples: neck-shrinkage occurs
mainly in the early stage of sintering, while shrinkage of closed pores and pore-filling (in the
case of large excess of liquid phase) occurs at the later stages of sintering [15]. These processes
depend on the liquid dynamics in capillary-like media, which may be deducted from physical
properties of ash and ash species, such as viscosity, surface tension, and diffusivity.

Figure 6 shows the linear dependency of the compressive strength on the shrinkage. The
shrinkage strain (I; - lp) / lp, where the Iy is the original diameter of the specimen, and lp > ;. The
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compressive strength of the sintered ash pellets was measured at room temperature. Two
regions can be distinguished here: 1) the relatively low sample strength, when the sintering
occurs in zone 1 (small amount of melt); and 2) significant increase in the sample strength,
when the sintering takes place in zones 2 and (mostly) in zone 3. When a small amount of melt
is present in a coal ash, the melt provides adhesion to substrates by the formation of necks,
which correspond to zone 1 of the sintering. This leads to a local densification of a limited
number of particles, which gives the deposit low deposit strength, and makes it suitable for
removal by sootblowing (e.g. the sootblowing operation pressure for coal deposits: 9.0-14.0
MPa) [15]. In the case of a larger volume fraction of the liquid phase (zones 2 and 3), the
sintering may result from shrinkage of the pores and viscous flow of the melt, which lead to a
significant increase in strength.

1.2.1.3. Sintering Rates in Different Parts of a Boiler

Tran et al. [8] investigated the sintering characteristics of deposits in a kraft recovery
boiler. In the kraft recovery boilers, schematically shown in Figure 7, black liquor is combusted
in order to: 1) to regenerate sodium sulphide from sodium sulphate, contained in black liquor,
2) to generate steam, and 3) to eliminate undesired by-products, formed during cellulose
production process. Black liquor is a recycled by-product of pulping of wood in the paper-
making industry. According to Bernath et al. [17] the deposit formed during the combustion of
black liquor almost entirely consists of salts Na,CO3; and Na,SO,. Unlike straw and coal ash
deposits, the deposits from the kraft recovery boilers contain no silica and calcium.

According to Tran et al. [8], the deposits in the superheater region and partially in the
boiler bank (colder regions of the boiler, where the combustion heat is transferred to the
working fluid by convection) are dense and hard, so they can not be removed by brittle break-
up. They showed that sintering, as a process of increasing the deposit density and strength, is
particularly important in the boiler bank of the kraft recovery boiler, because here the flue gas
temperature is in the range in which maximal sintering occurs.

This study provides the information about the deposit behaviour in different parts of the
kraft recovery boiler:

o The flue gas temperature at the superheater inlet and outlet are typically 850-
900°C, and 550-650°C, respectively. These temperatures enable considerable
melting, sintering and grain growth within a kraft recovery ash deposit. The
metal temperature in the lower superheater region (closer to the furnace region)
is about 500°, providing the conditions for the attached deposit layer to be
rapidly sintered. The metal temperature in the higher superheater region (further
from the furnace region) is usually lower than 450°C, so the sintering of the
attached deposit layer will be less pronounced, making the deposits easier to
remove.

e The flue gas temperature at the entrance of the boiler bank is app. 600°C, and
app. 400°C at its exit. The typical temperature of the tube surface is app. 320 °C,
leading to slow sintering of the attached deposit layer. As the deposit thickens is
increasing during the boiler operation, the deposit outer surface temperature
increases. Sintering becomes more rapid, leading to increased hardness of the
outer deposit layer. Such deposits can be removed from tubes by sootblowing,
by breaking the weak bonding between the friable inner deposit layer and the
tubes. Hard deposits may be formed in the boiler bank, if the local deposit
temperature is at least 500°C.
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¢ The flue gas temperature at the entrance of the economizer section is typically
350-400°C, and app. 250-300°C at its outlet. These conditions usually do not
lead to serious sintering or sootblowing problems.

1.2.2. Types of Deposit

The deposit characteristics depend on composition, the local environment (temperature,
gas flow pattern, velocity) and the temperature of the heat transfer surface on which the deposit
is formed. Miles et al. [18] show that alkalis in annual biomass fuels create serious fouling and
slagging problems in conventional boilers.

Deposits, formed e.g. in PF-boilers can be divided into two major types:

¢ Slagging deposits, usually located in the radiant section of the boiler (high temperature
region, directly exposure to radiation from the flame), are non-particulate, as a result of
assimilation of particles into a liquid phase.

* Fouling deposits, formed in the convective pass of the boiler, usually contain a low
level of molten phases.

1.2.2.1. Slagging

Slagging usually refers to deposits within the furnace, on areas that are directly exposed
to the flame radiation, i.e. the hottest parts of the boiler, such as furnace walls, and in some
cases widely spaced pendant superheaters. Miles et al. [18] investigated deposit formation
during biomass combustion in grate fired units. They reported the presence of hard, fuse, glassy
deposits in the furnace area and on the grate.

The surface temperature of the water walls in a coal fired pf-boiler are typically too low
(200 - 400°C) to cause melting of the initial deposit layer, which consists primarily of small,
lightly sintered particles and few larger adhered and impacted particles [14,19]. As the deposit
grows, its surface temperature increases, and eventually passes the melting temperature of the
low temperature melting deposit material. The increase in the deposit surface temperature
causes the softening and even melting of the deposit. In extreme cases deposit slag may run
down the water walls. Due to the existence of melt, most of the fly ash particles that reach the
surface tend to stick to it, causing the outer deposit layer to have a composition similar to the
bulk fly ash composition.

Some boilers, so-called slag-trap furnaces, are designed to have ash removal by
slagging. In other cases slagging deposits affect the over-all boiler efficiency, by reducing the
heat transfer due to changes in the radiative properties and the thermal conductivity of the
system. In these cases, for the satisfactory boiler operation long term build-up of slag deposits
should be avoided.

1.2.2.2. Fouling

Fouling process refers to deposits in the areas that are not directly exposed to thermal
radiation, such as more closely spaced tubes in the convection sections of a boiler. They consist
of fly ash particles and condensed volatile species and are loosely bonded. For coal, fouling is
divided into two regimes: high temperature fouling and low temperature fouling [20,21]. The
particle-to-particle bonding mechanism in these two types of fouling differs. High temperature
fouling occurs in regions where temperatures exceed the stability of the sulphate phases, i.e.
above approximately 1050°C in coal fired boilers [21], and consists of fly ash particles which
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are primarily bonded together by silicate phases. In the low-temperature fouling bonding is
obtained through formation of sulphate phases [13,21].

1.3. Deposit Composition and Structure in Straw-fired Boilers

Due to the difference in composition, ashes formed during coal and biomass combustion
behave differently. The composition of biomass-derived ashes also differs significantly because
of the wide range of biomasses used.

The difference in the typical composition between a bituminous coal ash and a cereal
straw ash is provided in Table 1. The table shows that the major constituents in the straw ash
are silica, potassium, chlorine, calcium and magnesium. Compared to coal ashes, biomass ashes
contain larger amounts of chlorine, but smaller amounts of sulphur, aluminium and iron. The
significance of the high content of inorganic volatiles, i.e. chlorine and potassium, in biomass
ashes is very important for both fly ash formation and ash transport mechanisms.

According to Nielsen [20], the large quantities of volatile inorganic species imply that
the condensation of vapours, both as submicron particles (homogeneous condensation) and on
the surface of ash particles, are more pronounced in biomass-fired boilers than in coal boilers.

According to Andersen [13], alkali sulphates dominate the composition of the inner
layers of hotter deposits, while sulphates and chlorides are major components in deposits
collected at colder sampling points. Chlorine salts, present in biomass ashes, are the major
cause for severe corrosion of the superheater tubes.

The presence of alkali elements also influences the deposit characteristics, e.g. melting
behaviour, which is important for the ash deposit build-up and shedding. Potassium forms low
melting compounds with silicon, meaning that the overall melting range of a biomass ash is
significantly lowered [3]. This is why biomass ash partly melts during thermal conversion and
increases the sticking tendency to heat transfer surfaces.

Jensen et al. [3] reported deposition probe studies from two grate-fired boilers (Haslev
and Slagelse CHPs, Denmark), burning eight types of cereal straw. The superheater deposits
had a composition very similar to the fly ash, whereas the furnace deposits were enriched in
silicon and calcium. The chemical analysis of mature deposits from a grate-fired boiler
(Masnedg, Denmark} burning straw, done by Hansen et al. [22], showed that the inner part of
the deposit contains high amounts of chlorine and potassium, and only small amount of silicon;
the middle part is highly dominated by potassium and chlorine, but increasing amounts silicon
and calcium is observed; the outer part contains almost no chlorine, but consists mainly of
potassium, calcium and silicon. All the deposits had a characteristics layered structure, with a
dense K>SO, layer present next to the metal surface, as shown in Figure 8. The sulphation was
noticed mainly in the Masnedg boiler [22], in contrast to the other straw-fired boilers examined
(Haslev, Slagelse [1]), probably due to the relatively high steam temperatures at this plant
(~560°C). A physical description of the layers is given in Table 2.

The presence of a K;SO4-layer was explained [22] by initial deposition of KCl on the
superheaters, and its subsequent sulphation. This is supported by the thermodynamic
equilibrium calculations, shown in Figure 9, and by the fact that deposition probes, which were
inserted in the boiler for some hours, did not contain K>SO, Based on the calculations
presented in Figure 9, done by Nielsen [20], solid phase K,SO4 and KCl are predicted to be
thermodynamically stable at the metal surface temperature (~560°C), i.e. around this
temperature they are likely to be present in the condensed phase. In the matching flue gas, with
the higher prevailing temperature (1000-1150°C), the thermodynamically stable species are
gaseous KCIl, and small fractions of gaseous KOH and K»SO,. Since the condensed K;80; is

14



more stable at higher temperatures than condensed KCI, this indicates that KCl would not
condense on top of the K,S0, layer (since the surface temperature of the subsequent layer is
higher), as might be indicated from the deposit structure. The conclusion is that KCl is the
initially deposited species, which later reacts with a sulphur-containing species (most likely
SO, or SO4) to form the inner layer of K380,

2. Shedding of Ash Deposits

Fireside deposits, formed on heat transfer surfaces, can drastically reduce the boiler
thermal performance and, in severe cases, completely plug the flue gas passages and lead to
unscheduled and often very costly boiler shutdowns. Effective deposit removal is therefore
critically important in order to ensure maximum boiler thermal efficiency.

Shedding is a process of deposit removal, when pieces of the deposit separate from the
tube, and drop off. Deposits can be removed, i.e. shedded, naturally without any operational
influence, or shedding can be artificially initiated using, e.g. sootblowing or load changes. In
industrial boilers, devices for ash deposit removal are usually implemented into the boiler
construction. Techniques for tube cleaning, implemented in the boiler operation, are practical
as long as ash deposits are not highly sintered or strongly attached to the surface. The
knowledge about deposit growth and development is thus very important, and can be used for
optimising the shedding process.

Shedding is directly affected by the strength development in the deposit. Principally,
deposits gain strength by two processes: 1) solidification of molten or partially molten material,
and 2) sintering of solid particles. Solidification is dominant in the regions with the high flue
gas temperature, such as the superheater region. Sintering is dominant in the lower temperature
regions, such as boiler bank and economizer inlet [7].

2.1. Mechanisms of Deposit Removal

Ash deposits can be removed from boiler heat transfer surfaces using artificially caused
methods, e.g. by sootblowers, but deposit can also be removed without any external influence.
Spontaneous shedding can be caused by: erosion, gravity force and thermal tensions. Artificial
shedding is caused by operationally induced erosion, and mechanically and thermally induced
stresses in the deposit. In this case, following mechanisms can be involved: break up due to
high internal stresses, debonding from the tube surface, removal due to tube bending or
vibration and thermal shock.

The shedding mechanisms can be classified in two ways:
¢ Based on the part of the deposit where shedding takes place, as given in Table 3.
¢ Based on the deposit type, as given in Table 4 (modified from [23])

As presented in Table 3, it is assumed that the locations where the removal of deposit material
occurs are the deposit surface, the deposit tube-interface, and inside the deposit mass. Erosion
and melting are causing the removal of the deposit mass from the deposit surface. On the other
hand, gravity force, mechanically and thermally induced stresses cause removal of the deposit
mass from the tube surface or they cause break inside the deposit itself.

Table 4 shows how different shedding mechanisms influence different deposit types.
While erosion and gravity force can cause shedding of powdery deposits, they do not influence
heavily sintered deposits and running slags. Running slags are removed from the heat transfer
surfaces by melting. Heavily sintered deposits are shedded mainly due to thermal stress, and, to

15



a lesser extent, due to mechanical stresses [23]. Mechanical stresses mainly influence shedding
of powdery and lightly sintered deposits.

2.1.1. Nature of an Ash Deposit

Which mechanism that will be dominant in different parts of the boiler depends among
other properties on the characteristics of the deposited material. Two main types of deposits can
be distinct: 1) ductile (plastic) deposits, and 2) brittle deposits. The difference between the
ductile and the brittle deposits and their failure is shown in Figure 10.

Piroozmand et al. [7] investigated behaviour of deposits in the kraft recovery boilers, by
using precipitator dusts, consisting mainly of sulphate and carbonate salts (compositions of
investigated precipitator dusts are given in Appendix A). The investigation showed that the
chloride content will influence the transition temperature between brittle and ductile deposits.
For deposits that contain no chloride, the brittle-to-plastic transition occurs at high temperatures
(around 7000C), that are correlated (but usually lower), than their first melting temperature
(FMT). The FMT is defined as the temperature at which the first melt appears in the deposit.
When deposits contain chloride, they are brittle at temperatures up to 500 - 550°C, and become
ductile at higher temperatures. The transition temperature is close to the deposit FMT. The
ductile-to-plastic transition is shown in Figure 11, as a sudden decrease of the deposit bend
strength above a certain temperature. It should be noted that samples A, B, C and D contain
chloride, and E sample does not.

For deposits which contain some chloride, as are deposits from the kraft recovery
boilers, it can be expected that they will be brittle at temperatures up to their FMT. For a typical
recovery boiler deposits, FMT usually varies from 510°C to 600°C, depending up on the
potassium and carbonate content. Thus, these deposits are brittle in the colder boiler regions
(e.g. downstream of the boiler bank inlet); in the superheater region (the flue gas temperature in
the range 600°C to 850°C) deposits are plastic (or fluid) on the outer surface, but are brittle near
the tube, where the temperature is lower than FMT [7].

The properties of brittle deposits from kraft recovery boilers, such as compressive,
bending, and tensile strength were studied by Ebrahimi-Sabet [24]. In the experiments, gypsum
was used to simulate brittle deposits. Its physical properties, such as fracture strength (the
normal stress at the beginning of fracture) and porosity, were varied by changing the plaster-to-
water ratio before casting.

2.1.2. Erosion (A)

Deposits are eroded away as non-sticky fly ash particles (mainly quartz) collide with
non-sticky areas on the deposit surface, as shown in Figure 12. Erosion damage may be
described as the gradual removal of material caused by repeated deformation (resulting from
the normal component of the incoming particle impact velocity) and cutting actions (related to
the tangential component of impact velocity) [25]. The deformation wear is more prominent for
the brittle materials, whereas ductile materials are eroded mainly by the cutting mechanism.

Sootblowing can also causes erosion of the deposit, especially when saturated stream is
used as the sootblowing medium. Water may condense out of saturated stream, creating small
water droplets in the sootblowing jet. These droplets can impact the deposit and erode it.

In the case of pulverized-coal fired boilers, erosion wear damage usually occurs in the
low-temperature regions, e.g. (primary) superheaters and reheaters, and in the water preheaters
(economizers) [26].
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2.1.2.1. Influence of the Deposit Characteristics

The study of Latella et al. [27], which deals with the erosive wear susceptibility of
porous and nearly-fully-dense liquid-phase-sintered alumina ceramics, showed that the sample
porosity influences both its mechanical properties and the erosion performance. Experiments
showed that in a low porosity sample (2.5 %), the erosion removal occurred mainly by
intergranular cracking and chipping. Mass removal due to erosion was higher when the sample
of higher porosity (17.8 %) was tested, for all the impact angles. This is due to a plastic cutting
mechanism, particularly at low impact angles, in association with a brittle fracture. A relatively
low material hardness of the highly porous structure (17.8 %) is likely to contribute to a
significant enhancement in inelastic deformability, due to highly localized stresses from
impacts, which will contribute to extensive material loss. Thus, the material of higher porosity
is more susceptible not only to inelastic deformation, but also to exaggerated erosive wear.

According to Oka et el. [28], it is generally considered that the material hardness is one
of the main mechanical property associated with erosion damage. Beside hardness, the elastic
modulus and the yield strength are thought to affect erosion damage, sometimes with the mixed
effects of these properties. Brittleness seems to be useful in characterizing erosion of ceramic
materials. An erosion-wear-resistant material has a hardness value higher than that of the
impaciing-particle material. Results presented by Raask [26] indicate that a wear resistant
material should have a hardness value about 500 kg/mm’ higher than that of the impacting
particles. The hardest mineral species in coal and biomass fly ash is quartz [26], having the
hardness value of about 1100 kglmmz. For the tube erosion [27], the usual indication for an
abrasive ash is high silicate content, and a high ratic of silicate to alumina.

Heat treatment has different effects on hardness of different minerals [26]: for soft
minerals (e.g. kaolin, illite, muscovite) the hardness is increased (T = 1500 - 1700 K, H = 100 -
500 kg/mm®); for hard minerals (e.g. pyrite and quartz) the hardness is reduced on heating,
either completely (pyrite), or partially (quariz).

The impact angle, o, which is defined as the angle between the material which is to be
eroded, and the trajectory of the erodent particles, has an important role for erosion [29]. It
depends on the nature of the impacted surface. The maximum erosion rate of ductile materials
(e.g. metals and alloys) is at the intermediate impact angles (e.g. 150, 300). The maximum
erosion rate of brittle materials (e.g. glass) is usually at the normal impact angle (90%.

2.1.2.2. Influence of the Incoming Particle Characteristics

According to Raask [25], erosion rate is influenced by the shape of the incoming
particles. Highly abrasive, hard, and angular quartz grains cause erosion by cutting, whereas
glass spheres produce a surface deformation first, leading subsequently to a brittle failure. The
non-abrasive aluminosilicate particles vitrify and agglomerate in the boiler flame. The ash
emerging from a high-temperature flame largely consists of spherical particles. Surface
characteristics of typical aluminosilicate and quartz particles are shown in Figure 13.

A study of Sundararajan and Roy [30] showed that the erosion rate is independent of the
particle hardness if the erodent particles are at least twice as hard as the target material. When
the hardness of impacting particles, H, is less than that of the eroded material, Hy, the wear rate
is inversely proportional to the hardness difference (Hy,-Hp). The erosion rate is significantly
lower if the hardness of the erodent particles is comparable to that of the target material.

Erosion wear is also influenced by the particle size of the impacting material. For the
quartz sand as an erodent, the rate of erosion is insignificant when the diameter of the
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impacting particles is below 5 um [26]. Small particles have a small amount of the inertial
momentum, and they are carried around the object by the gas flow. For the fly ash particles
larger than 45 pm the erosion rate is found to be constant.

2.1.2.3. Influence of Impact Velocity

The impact velocity influences the erosion wear of a material by increasing the amount
of eroded mass. The erosion wear, E [mm3/kg], which is defined as the rate of material loss
from the eroded target per unit weight of impacting material, is expected to follow a power low
[25]:

E=a-v" (4)
where a is the erosion wear coefficient, influenced by the properties of the impacting particles,
the target material and the impaction angle, and »r is the velocity power index. This equation
suggests that erosion damage is basically proportional to the impact energy [31].

According to Oka et al. [32] , the equation for the erosion wear at a normal impact
angle, Eyp can be expanded as:

Ey = K-(HJ"-(v)*-(a)" ®)
where k|, k, and k3 are the exponent factors, K is the particle property factor, which includes
the particle shape (angularity) and the particle hardness, and d is the particle diameter.

Data presented in [26] show that n for fly ash (d = 75-105 pm), when impacting
austenitic steel with velocity 90-300 m/s, is 1.2 - 1.4. The same source gives an equation for the
erosion wear of soft materials, (aluminium and copper), where the impact velocity is raised to
the power of 2.4.

2.1.2.4. Erosion Modeling

Modeling of the deposit erosion phenomenon is not widely discussed in the open
literature, although a similar phenomenon, i.e. erosion of boiler tubes by impacting particles,
has been studied more thoroughly [25,26]. The main problem with the existing tube-erosion
models is their inability to account for the formation of an ash deposit on the tube surface.
Also, important parameters in these models are the hardness of both the particle and the surface
materials, which are difficult to estimate for ash particles and an existing deposit surface.

Walsh et al. [12] developed a model, formulated in equ. (3), for calculating the net mass
fraction of impacting particles that form a deposit, fy,, i.. the result of the simultaneous
processes of sticking and erosion, occurring by collision of incoming particles with the particles
on the deposit surface. The rate of erosion used in this model is assumed to be proportional to
the flux of impacting particles, the mass fraction of incoming non-sticky particles, and the
fraction of deposit surface area that is not sticky. The non-stickiness is important because the
erosion is performed by the solid-solid material collision. The draw-back of this approach is the
fact that the parameter k. and the probabilities distribution have to be determined empirically.

Oka et al. [29,31,32] developed an erosion model, based on the idea that the erosion
wear 15 the product of two factors; the first factor is related to the vertical component of the
impact energy and approximates repeated plastic deformation, and the second factor indicates
the approximately horizontal component related to the cutting action. It was assumed that the
effective parameters for erosion damage are the impact velocity, the angle, the particle
characteristics (size, shape, etc.), and the hardness of the target material. The erosion wear at
arbitrary impact angles, E{a) [mm3!kg] is expressed as:
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Ela)=gla) E, (6)
where Eqgy is the erosion wear at normal impact angle, and g(a) is the ratio of erosion damage at
arbitrary angles, to that at normal angle, Egp. The impact angle dependence of normalized
erosion, g(a) can be expressed by the two trigonometric functions and by the initial material
hardness number, H, [GPa] as:

gla)=(sina)" (1+H,-(1-sina))? (7
where n| and n; are exponents determined by the material hardness and the particle properties,
including the particle shape. They are indicators of the deformation and the cutting actions,
respectively. The first term in equ. (7} is associated with repeated plastic deformation, while the
second term shows cutting action, which is relative and more effective at shallower impact
angles. Function g(a), as a function of the two erosion mechanisms, i.e. deformation and
cutting, is shown in Figure 14.

2.1.3. Gravity Shedding and Flow of Liquid Slag (B, C)

Gravity shedding is caused by the gravity force (deposit weight), which acts on the
deposit and tends to break it down. The force balance is established between the gravity force
and the forces which keep the deposit on the (tube) surface: 1) the adhesion strength (between
the deposit and the tube), or 2) the deposit tensile strength (between/inside the deposit layers).
When the gravity force is greater than the strength of the bond within the deposit (break-up of
weak deposits) or between the deposit and the tube (detachment of deposit pieces), the deposit
will fall off, as shown in Figure 15. Gravity shedding of ash deposits depends on the gas
temperature distribution within the boiler (influencing the ductility of material), deposit
composition and deposit sintering.

Another form of gravity shedding is deposit removal by melting. If the combustion
conditions are suitable for the development of the low-viscosity slag deposits (e.g. due to a high
flue gas temperature), molten deposit may run down the boiler walls. The temperature gradient
through such a deposit will cause the slag layers close to the wall surface to be solid, while the
outer deposit layer will be molten. With a relatively constant flue gas temperature, an
equilibrium deposit thickness should be reached, where the mass flow of running slag balances
the mass flow of depositing particles. Experimental investigation of ash deposition and removal
in a biomass fired boiler [33], showed that melting is an important deposit shedding
mechanism.

Provided that the composition of the deposit is known, the fraction of melt in a deposit
can be found using experimentally determined melting curves [14]. Melting curves depend
strongly on the deposit composition, like the ratio of potassium salts to silicates. A larger
fraction of silicates would reduce the melt fraction correspondingly, which is observed from the
melting curves of the furnace deposit and the bottom ash.

A simple mathematical description of a thick film flow down a plane, vertical surface,
with uniaxially varying composition and temperature, was developed by Vargas [34]. A melt
layer of constant thickness, D is divided into N sub-layers (1=n<N) of constant composition
and temperature, i.e. constant viscosity, p, and density, p,. As is the case for most condensed
phases, the densities of silicate melts of constant composition are almost independent of the
temperature, in which case the model simplifies to:
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where x is the distance from the deposit surface, v is the linear flow velocity, and g is the
gravitational acceleration. Model is schematically presented in Figure 16.

Kaer [35] numerically modeled heat transfer through an annular deposit formed on a
superheater tube, taking into account the variation of heat transfer properties during deposit
growth. Using this model, the flow of a slag down a vertical section of a superheater tube was
further predicted. In the steady state, the mass flow rate of depositing particles is balanced by
the removal caused by the flow of a running slag. Figure 17 shows the mass fluxes considered
by the model. The running slag is assumed to start at the upper end of the tube,

Conservation of mass. Considering the solid deposit layer, which consists of
cylindrical shells of fixed inner radius and a moving outer boundary, the change of mass due to
solidification at the inner boundary is zero. The mass flux across the outer boundary may either
be due to particles deposition, or due to liquefaction/solidification of the succeeding layer. The
time rate of change of the sclid deposit outer radius is calculated as {35,36]:

(‘ 1
m:lep =O
p--p)"
dR m,"
£ = — T RS0 and m"
i TN oy R0 and mae ©
G R >0 and m,">
P,
.

where R, [m] is the outer radius of the solid deposit, R [m] is the outer radius of the liquid
deposit, mdep [kgfm s] is the deposmon flux of partlcles Ps [kglm ] is the density of the solid
phase, p is the deposit porosity, and mg, [kg/m?s] is the liquefaction/solidification flux.

When no liquid phase is present, i.e. Ry = 0, the rate of change of the solid radius equais
to the ratio of the deposit mass flux and the bulk gas density, (ps -(1-p)). When the melting
temperature is reached, a liquid layer is formed, and the rate of change of the solid radius is
given by the mass flux of material melting or solidifying.

For a liquid slag layer, the inlet and the outlet mass flux, due to the slag flow, has to be
accounted for, in order to obtain the time change of the liquid outer radius:

dR,l — (mdep + m.wl )+ mﬂmr.iﬂ - mﬂmr,nur (10)

dr P

where mnow,in" [kglmzs] is the mass flux of liquid flowing into the control volume, mﬂow‘om"
[kg/mzs] is the mass flux of liquid flowing out of the control volume, and p, [kg/mS] is the
liquid density.



Conservation of momentum. Assuming that the flow of the liquid layer is laminar, the
one-dimensional momentum equation for a Newtonian fluid is:

1d du
- — == 11
- rr[l“‘ 'r} PE (1

where |, [Pas] is the liquid viscosity, and g [m/s?] is the gravitational acceleration. The velocity
profile is then expressed as [35]:

u(r)=§.%[ 2'szln[Er“]+(Rjz“l’2):| (12)

5

The mass flux of the running slag can be found by integration of the velocity profile:
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Conservation of energy. Assuming that the axial temperature gradient is small
compared to the radial temperature gradient, the heat transfer can be modeled using the one-
dimensional energy equation, in cylindrical coordinates:

i(I‘cr-£]=5 (14)
dr dr

where k [W/mK] is the deposit thermal conductivity, and S [W!mz] is a source term. The source
term is zero everywhere except at the nodes, where liquefaction or solidification occurs.

The obtained thicknesses of the solid and the liquid layers in the steady state are shown
in Figure 18. The location of the interface between the solid and the liquid layers is governed
by several factors. As the deposit is evolving in time, the existence of a liquid layer on top of
the solid layer reduces the local temperature inside the deposit, due to insulating effect. As the
thickness of the liquid layer increases, part of the liquid layer, attached to the solid surface,
solidifies, due to the temperature decrease below the deposit melting temperature (my in
Figure 17). Solidification of the liquid material is the most pronounced during the initial
formation of the liquid layer, i.e. when the vertical location tends to zero. This is caused by the
rapid increase of the liquid layer thickness, and a correspondingly strong insulating effect,
which is presented in Figure 18 by the steep increase of the surface temperature. If the heat flux
between the flue gases and the surface of the running slag is much higher compared to the heat
flux between the deposit and the working fluid, melting of the solid deposit may occur (myq in
Figure 17).

The model results are influenced by the deposition flux and the slag viscosity. Thus the
heat transfer prediction and the flow of the running slag should be considered as a qualitative
indication of the potential effects of a deposit on heat transfer rates.

3

2.1.4. Thermal Shock (D)

Thermal stress occurs due to an uneven thermal expansion (thermal mismatch) between
the deposit and the tube metal, or between different deposit layers. The thermal expansion is
directly influenced by the thermal expansion coefficient, o« [m/mK], which is defined as the
increase in the length of a sample, per unit increase in temperature. The thermal expansion
coefficient determines if the materials are thermally compatible. Also, sudden heating/cooling
may cause thermal shock of the material. The sudden shrinking of a deposit caused e.g. by a
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sudden cooling, decreases the adhesion force between a deposit and a tube. Thermal stresses
may lead to deposit crack, as shown in Figure 19.

Different sootblowing mediums are used for deposit removal. Water is the most
effective medium for removing heavily sintered or slagged deposits. Sootblowing can also
cause thermal shock, if the temperature difference between the sootblowing medium and the
deposit is large enough to cause significant deposit shrinking. Additionally, the use of water
creates a pressure wave, due to a quick expansion of liquid water to steam.

2.1.4.1. Thermal Compatibility of Ash Deposits and Boiler-Tube Surfaces

Thermal compatibility between materials can be obtained by comparing their thermal
expansion coefficients. The experience from the fabrication of glass/metal seals and
manufacturing of enamel-coated products [25,37] show that for strong seals or adhering
coatings, it is necessary to have compatible coefficients of the thermal expansion for metal, o,
and coating material, o, For an enamel coating on steel [25,38] it is appropriate to have o, =
0.9 a. This is because steel is strong in compression as well as in tension, whereas glass is
strong in compression, but weak in tension. On cooling, the glass phase of a metal/glass seal
will remain in compression, and a failure would not take place as long as the residual
unbalanced stress does not exceed the interface bond strength. In case of adherence of ash
deposits on boiler tubes, a certain difference between the thermal properties is important, and it
will influence the adhesive bond on thermal cycling.

The thermal expansion coefficients of steels and deposit constituents are shown in Table
5. In the case of mild-steel, there is no gross incompatibility in the thermal expansion
characteristics (11-12-1[)'6 K" for mild-steel, and 5-9-10° K" for deposit constituents), and
when strongly bonded ash deposit is once formed on a tube, it is not easily removed by thermal
cycling. The thermal expansion of austenitic steel (16-18-10°° K™') is significantly higher than
that of oxides and deposit materials. In the absence of a boiler deposit, the metal oxide material
(8-10-10° K"y in the form of a thin film is able to absorb thermal stresses, and the adhesive
film remains intact on cooling. But it appears that the oxide layer is unable to absorb thermal
stresses in a similar manner when contaminated and constrained by bonded ash deposits. It is
therefore common that ash deposits peel-off austenitic tubes upon cooling, whereas the deposit
formed on ferric steels under the same conditions, remain firmly attached to the tubes [25].

2.1.5. Brittle Break-up

A sootblower jet impact can cause high internal stresses in the deposit. For weak, brittle
deposits this leads to a deposit break-up, as shown in Figure 20 (a). Brittle failure originates
from the deposit surface, which is directly affected by the jet pressure. The jet penetrates into
the flaws on the deposit surface and opens them, causing the deposit to break. According to
[24], when a jet hits a brittle deposit, it shatters the deposit into pieces.

The analysis [24,39] showed that for a broad range of deposit geometries, deposit
break-up depends only on the peak impact pressure, PIP (local stagnation pressure in a
sootblower jet; further discussed in 2.1.6.1.), and the deposit tensile strength. The deposit
tensile strength varies from location to location within a boiler, due to variations in the deposit
composition, the formation mechanism and the flue gas temperature.

The criterion for deposit removal by brittle break-up was calculated in terms of PIP, by
Jameel et al. [40] as:
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pip> 29

15
cos 8 (1>)
where o, [MPa] is the tensile strength of the deposit, and 8 is the angle between the jet axis and
the axis perpendicular to the tube axis. This criterion will be further discussed in Chapter 4.1.3.

2.1.6. Debonding

Investigation of deposition in kraft recovery boilers [39] showed that the flue gas
temperature in the superheater region is usually high enough to rise conditions for development
of deposits that are hard, and cannot be broken and removed by the brittle break-up mechanism.
They are usually dense and may have a melted surface, due to the high temperatures of the
deposit surface and the flue gas. Since deposits in the superheater region can be at least
partially removed by sootblowing, it implies that some other removal mechanism than brittle
break-up is present.

Dense, hard deposits can be removed by debonding from the tube surface, as shown in
Figure 20 (b). A deposit is removed by debonding when the generated stress (e.g. by
sootblowing} exceeds the adhesion strength at the tube-deposit interface. If a strong deposit is
weakly attached to a tube surface, it might be removed by debonding even with a weak jet.

Debonding mechanism is influenced by the adhesion strength of the deposit-tube
interface [6]. Adhesive bonding between the deposit and the tube surface is decreased when a
powdery fume or porous layer exists as the deposit layer closest to the tube. The chemical
composition and the thermal characteristics of the oxide layer, formed on the boiler tubes,
influences the strength of the adhesive bond between an oxide surface and an ash deposit.
Apart from the thermal shock, caused by the thermal mismatch, vibrations can also promote
debonding, by decreasing the tube-deposit adhesive bond.

Several types of deposit-sootblower jet interactions can cause debonding [6,24]: 1) jet
impact direction induces a shear stress on the deposit-tube interface, 2) jet impact induces high
frequency vibration in the deposit-tube system, and 3) large scale tube banding and flexure,
caused by the impingement of the high velocity jet, may induce strains in the brittle deposits,
leading to failure and debonding.

The ability of a sootblower jet to debond a deposit from a tube surface depends on many
factors, including the jet characteristics, the bond strength at the deposit-tube interface, the size
and the shape of the deposit, and the tube area, covered by the deposit [6,24]. The adhesion
strengths of molten precipitator dusts (from a kraft recovery boiler) dripped onto a steel plate
and heated to various temperatures characteristic for tube surfaces were experimentally
obtained. Using the measured adhesion strength, and conclusions drawn from these
experiments, the criterion for deposit removal by debonding was calculated as [6]:

PIP > ! -o;,d,,-i (16)

max H
where Wi 1S the maximum dimensionless tensile stress at the tube-deposit interface (it will be
further discussed in Chapter 2.2.1.), o, [MPa] is the adhesion strength of the deposit, d [m] is
the tube diameter, and H [m] is the deposit thickness.

Figure 21 shows the modeled PIP required for a deposit removal, as a function of a
deposit thickness and the adhesion strengths, for two mechanisms of deposit removal, i.e.
brittle break-up (equ. (15)) and debonding (equ. {16)). The rapid decline of required PIP with
the increasing deposit thickness indicates that debonding is likely to be much more effective
than brittle break-up for thick deposits.
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2.1.6.1. Deposit Blow-off Experiments

Ebrahimi-Sabet [24] investigated the process of deposit debonding by a fluid jet impact.
Wood was used to represent a deposit, since the tested material should not be fractured by the
fluid jet. Gypsum was used as interfacial bonding material, because its strength can be
measured and it could be altered easily by changing the water-to-plaster ratto. Two deposit
shapes, were examined, as showed in Figure 22: flat and elongated - type A, and short and
rounded - type B. To ensure that the model deposit would be debonded from the tube, at the
bonding interface in the gypsum layer, a layer of carpenter glue was placed between the tube
and gypsum, and gypsumn and wood. Since the glue is a stronger bonding material than gypsum,
debonding would occur in the gypsum layer.

Figure 23 shows the results obtained for the deposit type A. It can be noticed that a
higher PIP is required to debond the deposit from the tube surface when the adhesion strength
of the interface is higher. Similar results were obtained for both investigated deposit types, thus
it was concluded that the deposit shape does not influence the debonding process.

2.1.6.2. Debonding Due to Vibrations

The sootblower jets and the flow of the flue gases may cause vibrations of boiler tubes
and deposits. While excessive vibrations may lead to metal fatigue and ultimately to tube
failure, moderate vibrations may break the bond between a tube and a deposit, thus being useful
in deposit removal.

2.2. Determination of Stresses in the Deposit

Mechanical and thermal stresses, which may cause deposit failure, will be outlined and
discussed in this section. Physical properties of the deposits that are relevant for the stress
analysis are described in Chapter 3.

2.2.1. Mechanical Stresses

Although the distribution of stresses at a tube-deposit interface, when the deposit exact
shape, material properties and the applied forces are known, can be calculated using the theory
of elasticity, this approach is not recommended because [6]:

¢ The deposit shape can be characterized only approximately.

¢ The deposit mechanical properties are not uniform throughout the bulk of the deposit,
because of the variations in the deposit porosity, temperature distribution and chemical
composition. The outer layers are exposed to higher temperatures than the inner layers,
and are more sintered and thereby harder.

* The aerodynamic impact of a turbulent sootblower jet on a deposit cannot be
determined precisely, in terms of exact pressure distribution on the deposit surface of an
arbitrary shape.

In order to estimate the stresses generated in the adhesion layer by a sootblower jet, a

simplified theoretical model of deposit mechanical structure was developed by Kaliazine et al.
[6]. The considered deposit-tube geometry is shown in Figure 24. The only input data needed
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are the tube area covered with a deposit, and the applied net force. The maximum stress, Gpax at
the tube-deposit interface, is a function of the two dimensionless parameters, o and M/FR:
F
O =T Vs (20 M | FR) (17)

where 20, is the angle of the tube covered with deposit, R is the tube radius, L is the deposit
length, F is the net force of the sootblower jet, applied to the deposit in the transverse direction,
M is the net moment of force around the axis of the tube, and Wm. is the maximum
dimensionless tensile stress at the tube-deposit interface, which is a function of the angle o,
and the factor M/FR.

If the lateral force, F is known, the momentum, M can be approximately estimated from
the deposit thickness, H as [6]:

M=F(R+H/2) (18)

Equs. (17) and (18) indicate that a greater momentum induces greater stresses at the
tube-deposit interface. The deposit removal becomes easier when the covered area of the tube
is reduced (proportional to o) or the deposit thickness is increased, which is taken into account
when parameter Yo was calculated. Value of the parameter W,y is in the range 0.7 to 1 [6], if
the deposit covers half or more of the tube circumference, as shown in Figure 25. The detail
formulation of interface stresses is presented in [41].

The parameter M/FR depends on the deposit thickness:

¢ For a thin deposit layer, the parameter M/FR ~ 1, since M = F-R. In this case, most

of the deposit is located at the distance R from the tube axis.
¢ For thicker deposits, the same force causes a larger moment of force, and this
parameter becomes larger, i.e. M/FR > 1.

Figure 25 shows the maximum dimensionless tensile stress at the tube-deposit interface as a
function of covered tube angle. Parameter M/FR equals 1 in the case of a thin deposit, and
M/FR equals 2 for a relatively thick deposit, i.e. with a thickness compatible to the tube
diameter.

2.2.2. Thermal Stresses

Sudden change in the surface temperature of a material causes thermal stress, which
may subsequently cause crack propagation. Thermal stress, caused by an instantaneous surface
temperature change, AT and subsequent expansion and/or contraction, and the local stress can
be calculated as:

o= E-a- AT (19)
(1-v)

where o [N/mZ] is the stress caused by the temperature change, E [Pa] is the elastic modulus, o
[1/K] is the thermal expansion coefficient, AT [K] is the temperature change, and v [-] is the
Poisson’s ratio.

In practice the heat transfer rate is not infinite and the heat transfer coefficient, h [W/K
mz] also controls the thermal stress development [42]. Therefore, the equation (19) can be
modified to include the conditions of heat transfer and conduction through the Biot's number,
= h-l/k:

E-a-AT

== . 2
i) 0
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where 1 [m] is the characteristic dimension, and k [W/mK] is the thermal conductivity.
According to [42], for slow cooling the Biot's number is less than one, and f( ) =

2.2.2.1. Thermal Shock Parameters

The thermal shock takes place when thermal stress reaches critical fracture stress, .
According to equ. (19), the only variable which can cause an increase of stress is the change of
surface temperature, T. So, the critical stress will be reached when T | T..

Hasselman [43-47] formulated five thermal shock resistance parameters in order to
describe the thermal shock behaviour of ceramics, in terms of their physical and mechanical
properties. The thermal shock parameter R [°] is obtained by rearranging equ. (19), and it
equals the critical temperature difference, AT imposed on the surface of a material under
infinite heat transfer conditions, at which the tensile stress, G, equals the fracture strength, Gg; :

R=O'd-% 1)

Under finite heat transfer conditions, the thermal shock parameter is defined rather as ~ T.= Ris
"=k Rrs, including thermal conductivity effect on thermal shock:

: a-v)
K=o, a E

k (22)

According to Wain et al. [5], low values of R and R’ indicate that a small temperature change
would cause high thermal stress in the deposit, thus making it easily removable by sootblowing.
High values of R and R’ indicate high AT requirement to initiate crack propagation, i.e. the
establishment of steep temperature gradients to produce critical thermal stress formation.

The thermal shock parameters R and R are determined by both the thermal and the
mechanical properties of the deposit. These properties depend on the deposit composition and
the porosity. The longer the deposit remains on the furnace, the porosity will be often lower in
the bulk deposit. As a result, the strength, and the thermal conductivity of the slag will increase,
leading to an increase in the resistance of the slag to fracture by thermal stress, e.g. caused by
the use of sootblowers. This suggests that frequent use of sootblowers is preferred, if deposits
are to be removed without too much difficulty [5].

The variation of the thermal shock parameters R and R for coal ash slags of different
composition with respect to porosity, shown in Figure 26, is calculated by Wain et al. [5]. The
calculation is based on the relationships that link thermal and mechanical properties of the
deposit with porosity. It was assumed that the coefficient of thermal expansion and the
Poisson’s ratio are independent of porosity. The composition and characteristics of the coal
slags, used in this study, is given in Appendix A.

The results in Figure 26 show that R-value decreases with the increasing porosity. For
some slags R-value decreases more rapid than for others, although no simple relationship
between the thermal shock coefficient and the composition of coal slags can be detected.
Results indicate that the elastic modulus decreases more rapidly than the compressive strength,
as the porosity increases. Practically, results presented in Figure 26 suggest that the resistance
to fracture of coal slags, caused by thermal stresses, increases when the porosity is less than 25
% (viv).
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The values of R and R’ should not be taken as absolute values, since the calculations
have been made using the compressive strength, rather than tensile strength. Brittle materials,
such as slags, are always stronger in compression than in tension, since surface flaws and
microcracks do not influence compressive strength measurements.

3. Physical Properties of the Deposit

Both ash deposit formation rate and deposit properties are important parameters for the
operation of a boiler. According to Salmenoya [10], important deposit properties for a
successful operation of the biofuel-fired boiler include: (1) the ease of removal from heat
transfer surfaces, (2) the effective thermal conductivity, (3} the physical strength, (4) the
elemental and chemical compeosition, (5) the morphology and the porosity, and (7) the deposit
melting behaviour.

Physical properties of solid deposits, relevant to the deposit build-up and removal
process, are: the mechanical strength, the elastic (Young) modulus, the Poisson’s ratio, the
viscosity, the thermal conductivity, the thermal expansion coefficient and the melting
behaviour. These properties are influenced by the deposit thickness, porosity and the deposit
chemical composition,

3.1. Deposit Strength

The deposit strength is one of the major factors influencing the process of deposit
removal, both naturally (spontaneously) and artificially (deliberately) induced. Studies [6,7,39]
showed that the strength of the kraft recovery deposits is strongly related to the deposit
porosity, its composition, and the temperature distribution inside it, as well as the temperature
of the boundary interfaces (interface between a tube surface and a deposit, and interface
between deposit layers). The dependency of the strength of different coal ash slags on porosity
was investigated in [5].

3.1.1. Deposit Tensile Strength

The mechanical strengths, which are important for deposit removal, are the tensile and
the bend strength, and the tube-deposit adhesion strength [7]. From a point-of-view of deposit
removal, the tensile strength is the most relevant property, because the material tends to break
at its weakest point.

The deposit properties, which influence the deposit tensile strength, vary from location
to location within the boiler, because they depend on the deposit chemistry, the formation
mechanism, the porosity and the flue gas temperature.

3.1.1.1. Influence of Porosity on Deposit Strength

Piroozmand et al. [7] experimentally investigated precipitator dusts from five recovery
boilers (composition provided in Appendix A). They showed that the samples sinter and harden
at different rates, depending on their particle size distribution, composition, and temperature.
Experiments also showed that as the porosity of a sample starts to decrease (due to the increase
in temperature), the bend strength of a deposit starts to increase, reaching the lowest value at
the minimum porosity (for sample A, maximal strength is 15 MPa at porosity 0.13, at about
500°C). The bend strength suddenly decreases at temperatures above the first melting
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temperature (530°C for this sample), almost reaching zero at 600°C. The low bend strengths of
the pellet are presumably due to the presence of a liquid phase. It acts as a ‘lubricant’ between
dust particles, causing the pellet to deform plastically rather than to break in a brittle manner.

In addition, the study of Kaliazine et al. [6] showed that the tensile strength of the
sintered kraft recovery dust depends only on the sample porosity, as is shown in Figure 27.

The compressive strength of ceramic materials can be related to the compressive
strength of a slag having zero porosity, using the relationship of Ryshkewitch [48]:

o=0, exp ¥ (23)

where p is the porosity, and n is a curve fitting parameter. The experiments, which lead to this
expression, were performed on sintered alumina.

According to Wain et al. [5], the data obtained for coal ash slags (composition and
characteristics given in Appendix A) were found to fit this relationship. The values for 6p and n
for a particular slag were obtained by plotting log ¢ against porosity, and by using a least-
squares-fit to extrapolate to zero porosity and obtain the slope, n. Values for n varied from 4 to
25, and oy was found to vary between 220 and 2780 MN/m’. The compressive strength
development for ten coal slags were calculated the using equ.(23), and the results are shown in
Figure 28. In comments to [48], it is concluded that for sintered ceramic materials, like Al,Os
and ZrOz, n is around 7. In study [7], dealing with the sintered precipitator dusts from the kraft
recovery boiler, oy is estimated to be 35 MPa, and n to be 6.2. It was also suggested that n can
have values between 4 and 7.

The coal ash slags tested by Wain et el. [5] have a wide range of compressive strengths
at zero porosity, with the greatest difference observed for the samples H and I. Sample H,
which has the highest compressive strength, have the least weight fraction of silica oxide
comparing to other samples, but the highest concentration of iron oxide. According to Figure
28, each coal slag sample shows a rapid decrease in strength as the porosity increases. The
change is most marked in the range from 0 to 25 % (v/v); thereafter all the slags show similar
low values for the compressive strength. For slags that have high initial porosity (as H in the
Figure 28), extrapolation to zero porosity may cause large errors.

3.1.1.2. Influence of Temperature on Deposit Strength

It can be expected that the strength of boiler deposits is lower when measured at high
temperatures, than at room temperature. Piroozmand et al. [7} measured bend strengths of
sintered precipitator dusts from a recovery boiler both at room and at sintering temperature.
Figure 29 shows the strength of the sample A, when measured at 400-550°C, are 50% to 80%
of the values measured at room temperature.

3.1.2. Deposit Adhesion Strength

Adhesion forces between two bodies may be characterized by the minimum shear or
tensile stress, at the contact surface, required to cause separation. The higher the adhesion
strength, the more difficult it is to detach a piece of the deposit from the tube surface. Adhesion
forces depend on the tube surface conditions (temperature and roughness), the deposit particle
size, and the deposit composition [6].
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Kaliazine et al. {6] measured the influence of temperature on the deposit adhesion
strength. Molten precipitator dust from the kraft recovery boiler was dripped onto a steel plate,
and heated to various temperatures, characteristic for tube surfaces. The force required to
remove the sample from the substrate was measured by a tensile strength machine, and the
adhesion strength was then calculated. The results are shown in Figure 30. Based on these
experimental results the following was concluded:

¢ The adhesion strength depends strongly on the substrate temperature. At low
temperatures, the adhesion strength is low. With an increase in temperature, it increases
to a maximum, and then decreases, probably due to the formation of a liquid phase.

¢ The adhesion strength depends on the sample size: it is greater for smaller samples,
which is probably due to greater effect of thermal shock in the solidification of larger
samples, or because larger samples have more and larger flaws, which may initiate
failure.

e At temperatures above 450°C the adhesion strength between a deposit and a tube
surface is much smaller compared to the tensile strength of a sintered dust. This implies
that debonding is probably the dominant mechanism of removal in locations where
sintering occurs.

Experiments [6] showed that the ratio between the adhesion strengths of the strongest
and the weakest samples of molten precipitator dusts, coming from the kraft recovery boiler,
was as large as 10. This indicates that even if the sootblower pressure is high enough to remove
a portion of a deposit having the average adhesion strength, it may not be powerful enough to
remove all pieces of the deposit from a given location. Removal of all pieces of deposit
typically requires a Peak Impact Pressure (PIP) two to three times higher than that required to
remove the bulk deposit.

The average deposit adhesion strength primarily depends on the surface temperature [6].
Figure 31 identifies the temperature zones within a typical recovery boiler, showing how the
average adhesion strength of the precipitator dusts would vary within each zone. Also, study [6]
shows that the contact area between a deposit and a surface is very important for the
removability of the deposit attached to the tube: the smaller this interface is, the easier it is to
remove the deposit.

Experimental study of ash deposition and shedding in a straw fired boiler [33] showed
that in a tube-deposit system two types of adhesive contacts can be distinguished:

1. Tube - deposit interface, between the tube and the inner deposit layer.

2. Interface between the layers inside the deposit, i.e. between the initial inner layer
(formed by condensation) and the thicker outer layers (formed by inertial impaction of
ash articles).

3.2. Elastic Properties

Elastic properties of a material determine how a material will behave under
compression forces and tension forces. These properties are the Elastic (Young’s) modulus and
the Possion’s ratio.
3.2.1. Elastic Modulus

The elastic (Young’s) modulus, E, of a material represents the relative stiffness within

the elastic range. It can be determined from a stress-strain curve by calculating the ratio of
stress to strain:
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F= strefs [ N/im* ] (24)
strain mim

The elastic modulus can be used to predict the elongation or compression of an object, as long
as the stress is less than the yield strength of the material. Britlle materials have higher values
of the Young’s modulus compared to ductile materials.

The elastic modulus of a porous material can be related to the elastic modulus of a non-
porous material, by the relationship of Mackenzie (developed for ceramic porous materials) [5]):

E=E,-(l—a-p+b-p*) (25)
where E, is the elastic modulus of the non-porous material, p is the porosity of the sample, and
a and b are the curve fitting parameters. Physically, the parameters a and b are the pore shape
factors of the porous matertals.

Wain et al. (5] determined the values for the elastic modulus of coal ash slags
(composition and characteristics given in Appendix A) by measuring the fracture stress and the
corresponding displacement. Figure 32 shows that the elastic modulus depends strongly on the
deposit porosity. The elastic modulus of each slag rapidly decreases with increased porosity,
the effect being most marked in the 0 — 25 % (v/v) porosity range. Although not all the samples
fit equally well to equation (25), it is possible to determine E for each coal ash slag at a given
porosity.

According to the experimental study [5], both the compressive strength and the elastic
modulus of a slag increase if the slag porosity is less than 25 %. This value may be considered
as a critical porosity level, since above 25 % the deposit mechanical properties can be predicted
with a fair degree of accuracy, regardless of its composition or microstructural details. Only if
the porosity falls below this value, the microstructural features of the slag will play a significant
role.

3.2.2. Poisson’s Ratio

Poisson’s ratio, v, is a measure of the simultaneous change in elongation, and in cross-

sectional area within the elastic range during a tensile or compressive test, i.e..
_lateral strain  _ (-adid)
longitudinal strain (= Al/l)

For most materials the Poisson’s ratio will fall in the range 0 < v £ 0.5. For a perfect
isotropic material, the Poisson’s ratio is 0.25, with most glasses and ceramics lying between
0.20 and 0.25 [5]. For materials like wall slags, the value 0.25 can be accepted, independently
of microstructure details. Young’s modulus Eg and Poisson’s ratio of various dense ceramic
materials are shown in Table 6 [49]. The draw back of these data is that the material porosity is
not specified. A numerical approach to calculating the Young’s modulus and the Poisson’s ratio
can be found in study [50].

(26)

3.3. Ash Viscosity

Viscosity is the primary physical property that influences the deposit strength, as shown
in Figure 33. For deposit 1, with the high liquid phase viscosity, the adhesive strength is not
sufficient enough to hold the deposit in place, resulting in shedding by its own weight. Deposit
2 exhibits a rapid growth and a significant deposit strength development. The viscosity is low
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enough to cause significant bonding of ash particles, but not to complete melt of the deposit.
The temperature of the deposit 3 is high enough to cause melting of the deposit, and shedding
through flow. The viscosity of the liquid phase in this case is very low.

The viscosity depends on the chemical composition and the temperature [34]. The
viscosity of a melt decreases as the temperature increases. The melt fraction in the deposit is
also very important, since it influences the flow type of the deposit, i.e. if it is Newtonian or
non-Newtonian flow.,

According to Vargas [34], all available mathematical models for predicting the viscosity
of silicates, which are categorized as Newtonian fluids, are intended for completely molten
samples. Comparison of modelling and the experimental results [34], showed that the Urban
model gives the best results for coal ash, but it was concluded that a general ranking of
viscosity models could not be given. The valid way to select a model is to choose a model
which is based on a composition interval that covers the mixture in question. For mixtures of
510, Al20; and Na,O, the Urban model gives predictions with £ 20 % error.

If a given mixture is not completely molten it will most likely not exhibit Newtonian
behaviour. If the crystal fraction and their shape are known, simple models can give an
indication of the overall viscosity of mixture [34].

3.4. Melting Behavior

In some cases the deposit surface temperature reaches a critical value where a running
slag is formed. This may be due to either a large fraction of molten potassium salts at the
surface or due to the silicates reaching a critical viscosity at which a flow initiates [12,20,35].

The melting behavior of an ash deposit will influence its rate of build-up (the sticking
propensity may increase), but also the design, and the operation of the actual boiler (e.g. due to
the appearance of a running slag) [10,14]. Typically, ashes and deposits do not have one
specific melting point as pure compounds do, but they melt within a temperature range. Ash
deposits, as most other mixtures, have two distinct melting temperatures. The first melting
temperature (FMT) [10] is defined as the temperature at which the first melt appears in the
deposit. As the temperature increases, the percentage of molten phase in the deposit also
increases. At the complete melting point the last solid particles are dissolved into the liquid
phase, and the mixture becomes completely molten.

The temperature gradient inside the deposit is determined by the heat flux, and the heat
conductivity of the deposit. The steady state thickness of a deposit, d [mm], can be estimated
using the following expression [10]:

Jo 1000-k (T, -T,,)
a: (T‘, _Tf )
where k [W/mK] is the thermal conductivity of a deposit, o [W/m?K] is the heat transfer

coefficient, T [OC] is the flow temperature of a deposit, Twm [OC] is the metal temperature, and
T, [OC] is the flue gas temperature.

27)

3.4.1. Deposit Melting in Biomass-Fired Boilers
The main elements governing the melting behavior of the deposits in biofuel-fired

boilers are chlorine and potassium. Figure 34 shows the calculated dependency [10] of the melt
fraction on temperature, of biomass deposit samples containing different amounts of K and CL.
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The curves in the left-side figure are calculated with 5 % (w/w) of potassium, and on the right-
side figure with 3 % (w/w) of chlorine. Using the MELTEST method, Salmenoya {10] found
that the content of chlorine influences the increase of melt fraction at FMT, but not the FMT.
On the other hand, potassium affects FMT, but not the amount of melt at that temperature.

The deposits in biofuel-fired boilers are usually not completely molten. Figure 34 shows
that the amount of melt increases with an increase in the temperature. Molten phase present in
the deposit, is usually not in a direct contact with the metal surface, but the outermost deposit
layer may be molten. A molten layer on the top of the deposit may effectively block the inner
layer, and retard the diffusion of gases through the deposit.

3.5. Coefficient of Thermal Expansion

The coefficient of thermal expansion,d., represents expansion of material per unit length
when the temperature of the material is increased by one degree. It is usually expressed in the
unit of pm/(m-K). This coefficient depends on the actual temperature, with low values at low
temperatures.

The thermal and the chemical compatibility between the steel surface and the deposit,
influences the deposit ability to stick and remain on the surface during thermal cycling in the
boiler. If the thermal characteristics, like the thermal expansion coefficient of the heat transfer
surface and the deposit material are similar, the deposit will not be removed easily during the
thermal cycles. Wain et al. [34] investigated coal ash slags and cbserved the thermal expansion
coefficients in the range 5.10 to 7.12-10° C"'. The expansion coefficient of slags is not
dependent on the porosity, but it should be related to the NayO and K;O content of the slag,
since the expansion of a silicate glass is controlled by the degree of continuity of the silica
matrix [34]. Both NayO and K;O are very effective glass network modifiers and a small
addition to SiO, may raise the coefficient of thermal expansion significantly. The lack of any
simple correlation suggests that this particular property is a complex function of both the
composition and the cristallinity. The thermal expansion coefficients for some ceramic
materials are given in Table 5.

3.6. Thermal Properties of Deposits

Deposit thermal properties, i.e. the thermal conductivity and the surface emissivity,
characterize the heat transfer process between the flue gas and the steam inside the heat
exchanger tubes. Thus, these properties indirectly influence the process of ash deposit removal.
Thermal properties are strongly influenced by the deposit physical structure, i.e. the particle
size distribution, the porosity and the sintering conditions. While radiative properties will
depend on the surface conditions, conductive properties will depend on properties inside the
deposit.

The effective thermal conductivity of porous ash deposits, which is in detailed
discussed by Zbogar et al. [52], depends on the thermal conductivity of solid phase, k,, the
thermal conductivity of gas phase, k;, the porosity, the size distribution of pores or particles,
and the deposit sintering state. The properties ks and k, are dependent on the temperature and
the chemical composition. Since the thermal conductivity of a typical deposit solid-phase is
two- to three orders of magnitude greater than the one of the deposit gas-phase, heat conduction
through the deposit will primarily occur through the solid phase [16]. The overall thermal
conductivity is thus strongly influenced by the material porosity. The emissivity is affected by
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the deposit surface conditions (i.e. weather it is fused, or particulate), the particle size and the
chemical composition (i.e. the color of the deposit) [52,53].

The thermal conductivity of deposits generally increases, when the temperature
increases. Figure 35 shows experimental data on the temperature dependency of a coal ash
deposit thermal conductivities, as obtained by Rezaei et al. [54] (composition of the ash is
given in Appendix A). It can be noticed that below the sintering point the thermal conductivity
is weakly influenced by the temperature change. Here, the thermal conductivity changes
primarily due to the change of the thermal conductivity of the gas phase. Figure 35 also shows
that the thermal conductivity of an ash deposit during cooling is higher and not following the
same trend as during heating. This is due to the irreversible changes in the physical structure
and the porosity of the samples. The emissivity is affected by the temperature increase by
means of surface structural changes i.e. through a particle size increase due to sintering. As
Wall et al. [53] showed, below sintering temperature the emissivity of coal ash decreases when
the temperature increase, and then increases sharply at higher temperatures, as sintering and
fusion of the ash occur.

The effective thermal conductivity varies significantly with the deposit type [52,54].
The thermal conductivity of a fused deposit (consisting of a continuous solid phase, with
discontinuous gas voids) is considerably higher than for particulate structured deposit
(consisting of a continuous gas phase, with discontinuous solid particles). The initial stages of
sintering are accompanied by an increase in the deposit thermal conductivity. Subsequent
sintering continues to densify the deposit, but has little effect on the deposit thermal
conductivity. The thermal conductivity of a slag structure is considerably higher than of a
particulate structure, especially in the porosity range 0.2-0.8 [54].

3.6.1. Calculation of Thermal Conductivity of Ash Deposits

From the modeling point-of-view, since an ash deposit is a porous structure, it can be
approximated with a packed bed. Thus, the thermal conductivity of an ash deposit can be
roughly determined using the models for the thermal conductivity of packed beds. Unsintered
(particulate) deposits should be considered as systems with a continuous gas phase and a
discontinuous solid phase. Fused deposits (slags) should be considered as systems with a
discontinuous gas phase (voids), and a continuous solid phase. Sintered deposits can be treated
as complex systems, where both phases are continuous. The solid phase of the ash deposits can
be considered as a mixture of different oxides. Most of the models are formulated as functions
of the thermal conductivities of gas and solid phase, and the porosity. Literature study
performed in [52] showed that the adequate model for the thermal conductivity of solid
mixtures is not available.

3.7. Influence of Chemical Composition on the Deposit Shedding

Chemical composition of a deposit influences the deposit properties connected to the
deposit removal, e.g. the deposit strength. Mao et al. [55] experimentally investigated
removability of synthetic deposits (addressing the deposits from the kraft recovery boiler).
They concluded that key-role of chemical composition is in the liquid content of fly ash
particles in the flue gas, before they hit the heat transfer/deposit surface. Chemical composition
also influences the liquid content of the deposit on the heat transfer surface. At higher liquid
content, the deposit becomes denser and more tenacious. One of the conditions for the
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formation of a strong deposit is the formation of a liquid phase, which can bind solid ash
particles.
Mao et al. [55] investigated influence of chloride, potassium and carbonate on
removability of deposits from kraft recovery:
® Chloride not only has a significant effect on the rate of deposit formation, but also
makes the deposit much more difficult to remove. Increasing the chloride content
results in a larger amount of molten phase in ash particles, which consequently forms
deposits that are denser, tenacious and more difficult to remove. Among other
constituents of a deposit, chloride has the most significant effect on deposit removal.
¢ The influence from potassium is based on its ability to drastically lower the first melting
temperature of ash particles, so they will contain liquid phase at lower temperatures.
The potassium effect is decreased, if the deposit does not contain chloride.
¢ Carbonate has only a small effect on the deposit removal.
In the study of Baxter [56] influence of some chemical species on removability of biomass and
coal deposits:
¢ Free silica particles are slow to fuse or sinter in the deposit, so they contribute to both a
deposit granular/porous nature, and to the lack of deposit strength.
¢ Calcium, which originates mainly from calcite, has an effect similar to free silica with
respect to granularity and deposit strength, although less pronounced.

4. Industrial Shedding Techniques

Shedding is the process of deposit removal, where pieces of deposit are separated from
the heat transfer surfaces. The frequency of naturally caused shedding may be increased by
different techniques incorporated in the boiler operation, like sootblowing, cleaning by
ultrasound, detonation waves, shot cleaning, and rapping gears. The asymptotic growth of a
deposit can be changed to a periodic process, due to the use of these active methods for the
deposit removal. The heat transfer between the flue gas and the working fluid is a dyramic
process affected by the increase of deposit layers and by the intensity and the frequency of
cleaning of heat transfer surfaces.

4.1. Sootblowing

Ash deposits, formed on convective heat transfer surfaces, are generally removed
mechanically by sootblowers. Sootblowers use high-pressure water, air or steam, which
impacts a deposit, and causes its failure. Deposit removal occurs due to mechanical and thermal
stresses, induced in the deposit. Characteristic parameter for sootblowing is the Peak Impact
Pressure, PIP, as was previously explained. The major drawback of this cleaning method is that
it causes abrasion and erosion of the boiler tubes, and consumes large amounts of high-pressure
steam [39,40].

Cleaning of heat transfer surfaces, which is implemented in a boiler operation, is
practical as long as the ash deposits are not highly sintered or strongly attached to the surface
[5,39]. Some deposits are removed almost immediately by sootblowing, leaving an almost
clean tube surface. In other cases, deposits are difficult to remove, and may leave a thin
coverage of deposits on which subsequent deposition takes place [5]. Thus, an understanding of
the relationship between the nature of a deposit and its thermal and mechanical properties,
relevant to the process of removal, may improve the current subjective approach to the



selection and location of sootblowers, increasing both the cost effectiveness and the availability
of the unit.

Different sootblowing mediums are used for removing different deposits. Water is the
most effective medium for removing heavily sintered or slagged deposits. The use of water
creates a pressure wave, due to the liquid water that is quickly expanding to steam [24,39].

4.1.1. Sootblowing Principles

During sootblowing a high pressure steam from the sootblower hits the ash deposit, as
is schematically presented in Figure 36. Sootblowing induces significant mechanical stresses in
the deposit, which can lead to its failure. Sootblowing can also cause thermal shock, if there is a
significantly large temperature difference between the sootblowing medium and the deposit,
which would cause deposit shrinking. When a sootblower jet hits a deposit, the two major
forces are induced in it [6,24], as shown in Figure 37:
¢ alongitudinal (drag) force, in the axial direction of the jet, and,

o a lateral (lift) force, perpendicular to the jet axis (caused by asymmetry of the deposit shape,
non-uniformity of the velocity of the jet, and turbulent pulsation in the jet).

Ebrahimi-Sabet [24] discussed in details the forces acting on a deposit during
sootblowing. Due to their turbulent nature, each of these forces consists of a mean component
and a fluctuation component. The deposit removal is not only influenced by the magnitude of
the aerodynamic forces, but also by their direction. A jet pushing the deposit onto the tube
surface primarily produces compressive stresses, which rarely alone cause the deposit removal.
If the force is applied from aside, substantial tensile stresses may be generated in order to cause
the deposit removal. If the jet hits a deposit from the front, the lift force is much more effective
in removing the deposit than the drag force, which pushes the deposit onto the surface of the
tube.

4.1.2. Properties Influencing Sootblowing

The ability of a sootblower to remove deposits depends on two main factors: the Peak
Impact Pressure (PIP) of the sootblower stream jet, and the deposit strength [39]. In order to
remove the deposit, the PIP must be greater than the deposit mechanical strength, or the
adhesion strength at the deposit-tube interface.

Shedding is directly affected by the strength development in the deposit. A non-
sintered, porous deposit does not posses much strength, and it is easily swept off the surface.
Sintering causes the deposit to consolidate and to build-up strength [14], which makes it more
difficult to remove mechanically. Sintering is strongly influenced by the deposit particle size,
the porosity and the viscosity, all of the properties being dependent on temperature. Deposit
removal by sootblowing occurs rapidly for a deposit consisting of fine particles at high
temperatures, and proceeds slowly for a deposit consisting of large particles at low
temperatures. Considering viscosity, dry particles will not sinter together, whereas sticky
particles will [34].

4.1.2.1. Effect of Tube Surface Temperature on Deposit Removability
The tube surface temperature has a significant effect on the process of deposit removal.

Increasing the tube surface temperature makes deposits more difficult to remove. The PIP
required for a deposit removal reaches its maximum value at a certain temperature, but when
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this temperature is passed, the needed PIP value typically starts to decrease sharply, as it is
shown in Figure 38. This can be explained by: 1) a high amount of melt phase decrease the
deposit strength, and 2) some ash species may evaporate, and cause evaporate and cause
development of large pores.

4.1.3. Stress Removability Criterion

Kaliazine et al. [6] identified the adhesion bond between the deposit and the tube
surface as the breaking point during sootblowing, for deposits in the superheater region of kraft
recovery boilers. A deposit is expected to be removed when the stresses at the tube-deposit
interface exceeds the deposit strength. The debonding will occur when the condition expressed
in equ. (16). The criterion for the brittle break-up in terms of PIP is given in equ. (15). Whereas
the brittle break-up is independent of the deposit geometry, removal by debonding requires a
smaller PIP as the deposit thickness increases. Experimental results on deposits in kraft
recovery boilers [6] show that the deposit tensile strength is much higher than the adhesion
strength between the deposit and the tube surface, i.e. 6, >>G,q,. Hence, the removal by
debonding is more probable than the brittle break-up (in kraft recovery boilers).

Equation (15) was derived using the assumption that the pressure distribution over the
deposit surface is similar to that produced by a uniform flow. It may therefore not be applicable
if the jet diameter is small comparing to the deposit size, because than the jet would only hit a
small spot on the deposit surface. As stated by Kaliazine et al. [39], if deposit removal includes
other mechanisms than brittle break-up, then equ. (15) may overestimate the minimum PIP
required to remove the deposit. For instance, if a strong deposit is weakly attached to the tube
surface, it might be removed even if the PIP is less than required according to equ. (15). If the
PIP satisfies equ. (15), the deposit would be removed despite any additional mechanism
involved. Equ. (15) therefore provides a conservative estimate of the cleaning distance, i.e. an
upper limit for the PIP required to remove a brittle deposit.

4.1.4. Analysis of Forces during Sootblowing

The sootblower jet produces both steady (mean) and fluctuating forces on the deposit
[24,39]. The mean aerodynamic forces can be decomposed into a drag component, Fp (acting in
the direction of flow), and a lift component, F. (acting perpendicular to flow direction, see
Figure 37. These forces are usually expressed as lift coefficients for cylindrical bodies (as is the
case of a tube with a deposit):

F,/LH F,/LH
= 2 CL = 2

pU 12 pU 2
where Cp and Cy [-] are the drag and the lift coefficients, U [m/s] is the velocity of the flow, L
fm] is the body length, H [m] is the characteristic body width (for a clean tube, without a
deposit, and H is the tube diameter).

The fluctuating component of the drag force is usually small in comparison to its mean
value, therefore the drag force may be considered as a steady force. The lift force has a mean
value usually much lower than the drag force, and for a symmetrical body, the mean lift force is
zero. But, the fluctuating lift force is usually quite big, and it is comparable in magnitude to the
mean drag force. The fluctuating force is expressed by its mean-squared value:

(28)

D
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For fluctuating forces, the aerodynamic coefficients are also used:
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Experimental data for Cp and C_ [24] are available mainly for bodies immersed in a subsonic,
uniform, parallel flow. For a single tube, Cp is 0.5 — 2, while C,’ varies from 0.12 to 4
(typically, high values of the lift coefficient have been observed in narrow passages and tube
banks).

The total drag force coefficient of a long single circular tube reaches a constant value
Cp=1.2, for a Re number from 1000 to 2-10° [24]. At Re, = 2:10° the locus of the boundary
layer separation is shifted downstream for a cylinder with a smooth surface, as the boundary
layer changes from laminar to turbulent. The occurrence of turbulence in the boundary layer on
a cylinder causes a decrease in the drag coefficient, Cp to approximately 0.32. With a further
increase in the Reynolds number to supercritical values, the locus of the transition to a turbulent
boundary layer shifts upstream. Therefore, the value of Cp at the supercritical Re is slightly
higher than at the critical Re, and it increases to an average value of 0.42. However, this stands
only for cylinders with very smooth surfaces and for turbulence-free flow. If a cylinder has a
rough surface, the roughness disturbs the flow near the surface, the transition to turbulence
occurs at smaller Re, and the corresponding decrease in the drag coefficient shifts accordingly.
The larger is the equivalent roughness, ks, the greater is the shift. If the relative roughness, ks-d,
is greater than 0.01, the drag force coefficient varies within the limits 0.9 — 1.2 for all Re>1000.
For operating conditions where Re numbers are very large (as in boilers) the mean drag
coefficient is independent of Re number variations [40].

The amplitude of the mean lift coefficient C. depends strongly on the deposit geometry
and orientation. It equals zero for symmetrical deposits with respect to the jet axis [24]. When
the tubes are arranged in a bundle, the drag and the lift coefficients changes, and they depend
on the position of the tube in the bundle and on the bundle geometry.

4.2, Other Industrial Cleaning Techniques

Surface areas in a utility boiler can be cleaned using sound waves, i.e. acoustic cleaning.
Sonic waves induce fluctuations in a flowing gas, forcing the particles within the gas to
oscillate. This motion loosens an ash deposit. Sound waves are highly reflective, eliminating
the possibility of particulate accumulation in blind spots, which is sometimes the case with the
mechanical methods, such as sootblowing and rapping gears. The gentle nature of acoustic
cleaning methods does not cause harm to heat transfer surfaces, as does high pressure-, high
velocity fluid (steam or air). The use of acoustics significantly decreases down-time, reduces
the boiler wear, and minimizes steam- and compressed air consumption. The most common
type of horn works at frequencies between 125 to 250 Hz [57]. The number of horns needed in
any installation is based on the size and the configuration of the boiler, and the ash build-up
rate.

Detonation wave techniques can be efficiently applied for removing various types of
industrial equipment exposed to heavy fouling [58]. The basic principal of the detonation wave
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cleaning technique relies on the utilization of shock waves, generated by the detonation of the
fuel-oxidant mixture in a special chamber, i.e. detonation chamber, placed outside the
equipment to be cleaned. After reaching the position beyond which there is no energy supply,
i.e. at the end of the fuel-oxidant mixture zone, or at the most at the entry of the boiler interior,
the detonation wave transforms into a shock wave, which propagates into the non-reactive
environment and impacts on the exposed surface. This impact action and associated effects
produce the desired breakage and removal of the deposit from the impacted surface. Side effect
of deposit removal by a detonation wave is the potential damage caused by vibration.

Heat transfer surfaces in a boiler can also be cleaned using the small particles (available
in different geometries), by so called shot cleaning {59]. The shot is held in a hopper above the
boiler, and is dropped down onto a distributor, that re-directs the particles throughout the top of
the boiler. Shot cleaning may result in tube erosion, if the shot hits bare tubes.

Rapping gears [59] are mainly employed for horizontal boiler sections, in waste
incineration plants. Rapping is done mechanically on the strengthened back of horizontally
arranged headers. The beating energy sets the upright suspended heating surfaces into vibration
and thus cleans the dirt off them.

5. Conclusion

Formation of ash deposit is a significant problem which occurs during combustion of
different solid fuels. Ash deposits decrease the boiler thermal efficiency, since they act as a
heat resistance for heat transfer between flue gases and a working fluid. They may also cause
serious operational problems, like decreasing or completely blocking the paths of the flue gas
through the boiler. Thus, it is of great interest for boiler operators to know more about deposit
formation and removal mechanisms, which could be used for optimizing the boiler operation in
terms of better controlled deposition process.

The aim of this literature study was to make an overview of the present knowledge
about the shedding of fireside ash deposits, and the properties which affect it. Shedding is a
process of ash deposit removal from the heat transfer surfaces, which can be caused naturally or
artificially. The following mechanisms were identified as naturally caused shedding: erosion,
gravity force (including melting), and thermal stresses. Artificially caused shedding is based on
deliberately induced erosion, thermal and mechanical stresses, which is done by implementing
different techniques into the boiler operation. Usually, artificial shedding occurs in parallel to
natural shedding, in order to make the deposit removal more efficient. Relevant physical
properties, which influence the process of deposit shedding, are: tensile and adhesion strength,
elastic properties, viscosity, thermal expansion coefficient, melting behavior, thermal
properties.

The special interest of this study was the process of ash deposition and shedding in
biomass boilers. The general conclusion is that the fundamental knowledge about deposit
shedding in biomass boilers is limited. Some data exists for shedding of coal deposits, while the
shedding of deposits in kraft recovery boilers was systematically studied. Due to specific
composition (they consist solely of alkali salts), the data from the kraft recovery boilers cannot
be strait-forwardly used, but they can be used as a starting point for future studies.

The knowledge about the deposit properties, relevant in the deposition and shedding
processes, and their modeling is limited. In many cases data and models for the ceramic
materials has to be applied.
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Bituminous Cereal straw
Component coal ash ash
Wit % Wt %

Ash content in fuel 5-20 2-7
Si0; 40-60 38
Al O, 20-35 0,2
Fe, O, 2-15 0,3
Ca0 0-10 12
MgO 0-4 3

K,0 0-4 30
Na,O 0-1 1

Cl <0,5 9

Table 1. Typical ash composition for bituminous coal and cereal straw [34].

Description Thickness
1 a thin layer of Fe/Cr-oxide 40 - 80 um
2 a thin dense layer of K,50, with ‘threads’ of Fe,O, in it 40 — 100 pm
3 a thickner porous layer of KCl 0.2-2.0mm
4 a quite thick massive layer of KCl 0.3-1.5mm
5 a quite thick massive layer of KCI with inclusions of ash particles 04-2.0mm
6 a porous layer consisting of sintered fly ash particles 0.2 -5.0mm
Table 2. Layered structure of mature deposits, sintering with the innermost layer just next to the base metal
[22].
Where the deposit sheds
Deposit removal mechanism Tube-deposit Within the Surface
interface deposit removal
A | Erosion X
B | Gravimetric X X
C | Melting X
D | Thermally induced tension
a) by combustion fluctuations X X
b} by load changes
<) by soot blowing
E | Mechanically induced tensions
a) (Natural} mechanical fluctuations X X
b) Soot blowing
Table 3. Deposit removal mechanisms
Deposit type
Mechanism Powdery Lightly sintered | Heavily sintered | Running slag
Erosicn Primary Some - -
Gravimetric Primary Some - -
Melting - - Primary
Thermal shock - Some Primary -
Mechanical shock Primary Primary Sorme -

Table 4. Deposit removal mechanisms (according to [23])
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Material Thermal expansion, o [10°/K]
Steels

Mild and ferritic steels 11-12
Austenitic steels 16-18

Oxides

Tube metal oxides (Fe 04, Cry Oy, NiQ) 8-10

Deposit constituents

Glassy material 6-9

Quartt (crystalline} 5-8

Silicates in fired brick 7-8

Table 5. Thermal expansion coefficient of boiler-tube steels, oxides, and silicate constituents of ash deposits [6 0].

Cordierite Mullite Alumina SiC
Young’s modulus (dense), Ey [Gpal 139 220 400 408
Bending strength (dense), 6ro [Mpal 130 220 420 409
Poisson ratio, v 0.31 0.27 0.25 0.138

Table 6. Thermal and mechanical properties of various dense and porous ceramic material [49].

43




thernmophor esis
e ched

eddy ileposition

eddy deposition

inertial impaction

COII('QIISEITIOI!

b.l. . boundary layer

Figure 1. Mechanisms controlling deposition and maturation of ash deposits [9]

—_
Diffusion and
thermosphoresis Flue gas ﬂow
(a) (b)

Figure 2. Formation of ash deposit on the superheater tube.

INERTIAL
ORY ASH
FARTICLES IMPACTION
° [+]
é’ ® & o
8 & STIEKING TusE
» - — -

[=] a 'y EROSION
o o
@
STICKY SLAG
DROPLETS

SHE DOING

SOLICIFIED
DAGPLETS
STILL STICKY

ORY ASH

Figure 3. Processes contributing to ash deposit growth and removal [12]




Apparent Densily, g o2
»
LN

2744

2,70 ittty LA S Eest A S P
) AW 400 S00 GO0 10OG 1200 A

Temeperature, C

Figure 4. Variation of apparent density with sintering temperature for amorphous Beulah coal
ash [15].

2854 Beulah

2,75 -
4 Montana Subbit. n
(]

Apparent Density, g cm—3

265 4. Hinois No.

1 PHishurgh No. 8
2.55
2.45

0 200 400 60D 800 1000 1200 1400
Temperature, °C

Figure 5. Relationship between apparent density and sintering temperature for various coal ashes. Ashes were
sintered for 5 hours [15]

80
& _ | AdllinoisNo.6
E_ 50 B. Pitisburgh No. 8
s C. Beulah
2 40 *
2
[77]
g 301
2
2 20
[~}
g
o 10
1 3 5 7 -] 11 13 15 17 18
Shrinkage, -Alf,, {x 10”)

Figure 6. Compressive strength versus shrinkage for three coal ashes sintered at temperature higher than the
characteristic temperature T, [15]



Super
heaters

Generating bank

(

High temperature region

Low temperature
region

cof

RIAESER o

1l

Figure 8.

SEM-micrograph showing
typical deposit structure for
mature deposits [22].

% of tatal K
00 -
1
” ]
1
80
0.
80 | HOH ()
o <
KClis) KCl it 2}
© 2608 ene" cmvemmacocfranann.,
L *
Lt 4
w
-’ \'.
K20'SK02(5) KA
S \H20's1024)
-

.-
- -
igital

¥
B o pasos,

Figure 9.
Thermodynamically stable
species in wheat straw
combustion. S = solid phase, ]
= liquid phase, g = gas phase
(14]

500 800 700 8O0 WO

1000
Temperature IC)

1100 1200 1300 1400

1500

46



Figure 10.
Difference between brittle and
ductile materials

Figure 11.
Bend strength of dust pellets
sintered for 4 hours at
different temperatures, and
tested at the sintering
temperature [7]

Figure 12,

Deposit erosion mechanism: 1.

Deposit on tube

2. Deposit erosion process

{according to [23])
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Figure 13.

The surface characteristics of
spherodized and unfused particles
in pulverized ash.

(a) aluminosilicate particle. (b}
quartz particle
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Figure 15.

Gravity shedding mechanism: 1.
Deposit on the tube

2. Deposit sheds of the tube
because of gravity force
(according to [23])
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Figure 16.
Sub-layers of homogeneous composition and
temperature for melting modelling [34].

Figure 17.
fubs ~ Tmet  Mourface Schematic illustration of a tabe with the mass flux
balance solved by the numerical model [35].

Figure 18.

Steady state thickness of solid and
liquid (running slag) layers are shown
om the left hand wide axis and surface
temperature on the right [35]
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After sudden
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Figure 19,
Thermal shock mechanism:

1. Deposit on tube,
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—

Tube

a) Brittle break-up
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Figure 20.
Jet

Jet

2. Shrinkage of the deposit

Two mechanisms of deposit removal [39]
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Figure 23,
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Figure 26,

Variation in thermal shock
parameter R, calculated for
different coal slags at porosity
values from 0 to 50% [5]
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Figure 29.

Comparison between high temperature bend
strength of ash dust, sintered for four hours at
different temperatures and bend strength values
measured at room temperature [7]
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Figure 30.

Deposit adhesion strength and deposit
tensile sirength as a function of
temperature [6]

Figure 31.
Adhesion strength vs. tube temperature in the
different zones typical of recovery boilers [6]
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Elastic modulus of different
coal slags as a function of the
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Figure 35.
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Figure 37.
Sootblower jet-deposit interaction [39]
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Appendix A

Composition of different coal ash samples, investigated by Nowok [15]

Name Si0; | AlLO; | Fe;03 | TiO; | CaO | MgO | Na,O K,O P,0s
Itlionis No, 6
B/A* = 0.09 50.7 18.7 21.3 0.7 5.3 0.8 0.6 1.8 0.1
Pittsburgh No. 8
B/A =010 50.8 20.2 17.5 1.3 5.2 1.3 0 2.5 0.2
Montana
subbituminous 472 24.0 5.4 1.1 15.5 47 0.7 0.7 0.7
B/A =0.28
Beulah
B/A = 0.83 27.5 14.2 2.9 2.8 27.4 59 10.8 1.0 0.4

B Na,0+K,0+CaO+MgO
* _

A SiO, + ALO, + Fe,0, +TiO,

Composition of five precipitator dusts from the recovery boiler, investigated by Pircozmand et al. [7]

Name | Na, K, Cl, SQ,, CO,, Cl/(Na+K), | K/(Na+K),
wl% wt% wt% wt% wt% molc% mole%

A 28.8 6.5 2.0 58.2 2.5 2.6 11.7

B 30.8 6.4 3.3 46.3 11.3 4.0 10.9

C 324 4.1 11.9 43.4 4.3 13.6 6.9

D 31.6 3.7 10.4 50.7 0.6 12.2 6.4

E 24.7 11.2 0 62.5 0 12.2 21.1

Composition of coal ash slags, investigated by Wain et al. [5]
SlOz A1203 FeO | CaO MgO TIOZ NaQO Kzo MnO P205

A 54.0 24.2 11.1 2.4 25 0.9 1.0 37 0.1 0.1
B 57.6 28.2 5.8 2.2 1.4 1.9 0.7 1.3 - 0.4
C 528 24.2 12,6 3.2 1.8 1.1 0.6 36 0.2 -
D 53.1 25.6 8.6 4.9 2.1 0.7 1.6 2.9 0.2 0.2
E 51.7 27.5 10.8 3.9 1.3 1.0 0.8 2.9 0.2 0.1
F 51.8 27.3 11.2 1.8 1.3 1.0 3.5 1.2 - 0.5
G 51.7 24.1 11.6 5.0 1.9 1.2 1.1 3.1 - 0.4
H 43.5 18.2 22.6 9.3 24 0.9 0.9 2.0 - 0.2
1 52.3 25.4 10.7 2.0 1.7 1.0 1.8 5.0 - 0.2
J 49.2 25.1 13.9 4.7 2.2 1.0 1.1 2.6 0.1 0.1
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Selected physical properties and thermal shock parameters (R, R’) of boiler coal ash slags, investigated by Wain et

al. [5]
Porosity, Thermal expansion Go, n R,°C | R, W/m
voi% coefficient, 10°°°C MN/m’
A 10 6.0 - 560 880
B 2 6.5 - 850 1170
C 5 6.3 440 840 -
D 35 59 1300 210 1110
E 4 5.3 1280 25 990 1420
F 25 7.1 690 620 960
G 38 6.1 500 880 1100
H 45 6.5 2780 10 750 1180
I 40 0.6 220 390 300
J 20 6.2 355 1170 1630
* g, and n have been calculated from the equ. (23), using experimental data.
Composition and characteristics of coal ash deposits, invstigated by Rezaei et al. [54]
Sample SiOz A]203 F8203 Ca0O MgO KQO Nazo Ti02 SO3
C 25.51 17.8 6.76 27.32 5.92 0.35 2.24 1.20 8.64
Imtlal. Spherical Hemispherica Fusion ‘[mtl?l
deformation sintering
Sample { d,[pm] temperature, | | temperature, | temperature,
temperature, oC °oC °C temperature,
°C 2
<5-8
C (50-70%) 1220 1250 1270 1600 670
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