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In recent years, the trend has been to reduce the shutdown time of the pulp mills by extending
the operation periods and by shortening the duration of planned shutdowns. With this, it has
become necessary to find more ways to shorten the duration of shutdown activities.

The purpose of this Master’s thesis is to find actions to speed up the cooling procedure of
the modern kraft recovery boiler. The target of the study was achieved and needed actions
to enable an efficient cooling rate of the recovery boiler are given in this Thesis. The cooling
time can be shortened remarkably, and this enables earlier initiation of water washing of the
boiler in the economizer area. Slow cooling of the smelt on the bottom of the furnace may
delay the starting of the water washing of the furnace, superheaters, and boiler bank due to
the risk of smelt water explosion.

The main principle of efficient cooling of the boiler is to utilize the ability of water vapori-
zation to bind heat. Formed steam is then led out from the boiler to be utilized further in the
mill processes. The cooling rate can be speeded up by increasing the mass flow of the main
steam out from the boiler through the pressure reduction valves.

The impact of the air blown into the furnace has a much minor effect on the cooling process.
The air blown into the furnace is first heated by convective heat transfer in the furnace,
superheaters, and boiler bank area but in the economizers, part of the heat is captured back
to the water circulation of the boiler. For this reason, the amount of outgoing heat bound to
air is quite small.
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SYMBOLS AND ABBREVIATIONS

Roman characters

Om

pressure [bar, Pa]
mass flow [ka/s]
gas constant [J/kg K]
temperature [°C, K]

heat transfer coefficient  [W/m?K]
thermal conductivity [W/m*K]
heat flux [W/m?]
specific volume [m3/kg]
specific heat capacity [kJ/kg]

enthalpy [kJ/kg]

Abbreviations

MCR

CBD

DCS

SRS

NDT

VT

PT

uT

MT

RT

Maximum continuous rating
Continuous blow down
Distributed control system
Safety related system
Non-destructive testing
Visual testing

Dye penetrant testing
Ultrasonic testing

Magnetic particle testing

Radiography testing
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1 Introduction

Availability is an essential factor in ensuring high profitability of pulp production. In single-
line pulp production, high level of availability is easily lost if some of the main equipment,
such as the recovery boiler, has major problems during operation. Planned maintenance shut-
downs of the mill cause enormous loss of pulp production, and this has an impact either on
the availability and economy of the mill. In many mills, the recovery boiler is the key com-
ponent when determining the schedule of the outage period, thus outage activities of the
recovery boiler must be considered carefully to ensure efficient shutdown time. The trend
during the years has been to prolong the operation periods of the mills between planned
shutdowns, and at the same time, there has been a willingness to shorten the time used for
outages. This challenge raises a need the find more means the reduce the time of shutdown

activities

Cooling and water washing of the recovery boiler are vital preparative actions of the suc-
cessful maintenance shutdown. Efficient cooling enables starting the washing of the boiler
safely on time. Preliminary study of the recovery boiler cooling has researched roughly the
principle of cooling and how much heat is transferred out from the system during the cooling
period. In research was found out methods how heat is transferred out from the boiler during
the cooling period. Main finding of preliminary study is that most of heat is transferred out
bound to steam. Other means to transfer heat out from the system are continuous blow down
from the drum and air blowed inside the furnace and removed with flue gas fans. According
to preliminary study, the impact of air is quite low. Heat losses has impact for cooling as
well, but effect is much minor. Some of the initial values of research were roughly estimated
and this caused inaccuracy in results. For better understanding, test cooling period was rec-
ommended to renew to verify these results. Previous study has not focused on needed actions
how to achieve the desired duration of the cooling period. The target of this study is to find
out actions to enable shorter depressurizing and cooling time of recovery boiler for water
washing in accordance the manufacturer’s restrictions. In addition, this work gives also gen-

eral view of pulp mill operation and shutdown activities of the recovery boiler.
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2  Pulping process

Pulp is usually understood as fibres separated from the wood. This separation of fibres from
the wood can be done in two ways, mechanically or chemically. This chapter focuses on
chemical pulping. There are several different techniques for chemical pulping, but his work
focuses only to kraft chemical pulping, which is the most used technic for pulp production.
(Ek et al. 2009.)

2.1 Chemical pulping

The chemical pulping process consist of different stages. Production starts from debarking
of wood and ends usually to drying machine. Between these stages there can be found cook-
ing, oxygen delignification, and bleaching. In addition, chemical process includes recovering

of cooking chemicals. Principle of chemical process is shown in Figure 1. (Ek et al. 2009.)

chips

cooking black liquor
white
liquor
¢ ‘,
pulp
evapo-
r ration
reen liquor .
causticising |== g q burning

Figure 1. Principle of chemical process (Ek et al. 2009.)

Figure 2 below shows the principle of modern pulp production initiated from forest and

ending to drying machine. Chemical recovery line is demonstrated in figure as well.
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Figure 2. Principle of pulp production (Valmet, 2022)

2.1.1 'Wood handling

The whole pulping process is based on the utilization of wood and each day, thousands of
tons of wood are needed for the process. Before wood is useful for chemical process, logs
must be debarked and chipped to suitable size. Figure 3 demonstrates the wood handling
process which start from receiving of wood and continues through several stages to the cook-

ing process. (Ek et al. 2009.)

Log receiving De-icin _ _
Slashing v Barking \ghmg Metal
‘\ T detector
N L, =
-~ = | | = | [—>
N
Stone, sand, Bark, Bark, sand Purchased
water water water chips
Overthick Open-air storage

weament | x| Sereenig A

Digester

or ' k}
refiner infeed| Pin chips,
fines

Silo storage

Figure 3. Principle of wood handling in pulp mill (Ek et al. 2009).
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2.1.2 Cooking

The purpose of chemical pulping is to remove the desired amount of lignin and separate
fibres to further processing. This “glue” called lignin, joints the fibres in wood. The target
of cooking is to dissolve the lignin with a cooking chemical and heat and remove it by wash-
ing. The chemicals used for cooking in kraft technic is white liquor, consist of sodium hy-
droxide NaOH and sodium sulphide Na,S. For cooking purpose, there is two optional tech-
niques, continuous and batch cooking.

Rough principle of batch cooking is that certain type of pressure vessel called digester, usu-
ally size of 150-400 m3, is filled with wood chips and cooking chemicals. The heat inside
the vessel is increased, for example by steam, high enough to dissolve lignin. After the suit-
able degree of delignification is achieved, the cooking liquor and fibres are discharged, and
anew cooking period is initiated. Discharged mixture of fibres and remaining lignin continue
to the next process stage and washing liquor is pumped to evaporation plant located in chem-
ical recovery process. In continuous cooking, the process is continuous without any inter-
ruptions instead of repeated filling and discharging of chips and liquor as in batch cooking
process. (Ek et al 2009.)

2.1.3 Oxygen delignification

Purpose of oxygen delignification is to continue removal of lignin after the cooking before
ordinary bleaching stage. By oxygen delignification is able to remove approximately half of
remaining lignin from pulp after the cooking and it is cost effective method as well due to

low price of oxygen compared to actual oxidising bleaching chemicals. (Popa. 2013.)

2.1.4 Bleaching

One quality target of the pulp is usually to reach suitable level of brightness and cleanliness.
Without any special treatment, the colour of the pulp is brown due the remaining lignin. To
achieve these desired properties, the pulp is handled in bleaching process. Remaining lignin
in fibres is eliminated by oxidation and decomposing in bleaching process. Nowadays, chlo-

rine dioxide-based bleaching is the most common technology in pulp mills. (Ek et al 2009.)
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Bleaching of pulp is usually done in several reactors including washer for removal of dis-
solved lignin and other impurities after each stage. Size of reactors are dependent the needed
reaction time in each stage. Several stage technologies are used due to objective of certain
bleaching phase. Both, alkaline and acidic stages are needed to achieve sufficient quality of

pulp. In Figure 4 is shown examples of bleaching reactors. (Popa. 2013.)

pUIp hydrogen
peroxide

Figure 4. Bleaching reactors (Ek et al. 2009)

2.1.5 Pulp drying

For transportation and quality reasons, pulp is usually dried after the bleaching. Pulp is rea-
sonable to dry because, wet pulp is sensitive for mould growths, and transportation of water
included in pulp is not cost effective. In the drying process, the pulp is generally dried up to
90% dry solids content to minimize the transportation costs and quality problems. If distance
between paper or board mill and pulp production is very short, pulp can be pumped straight

to paper or board mill through the pipe without any drying process.

Generally, in the drying process, the pulp is first fed onto rotating wire and some of water
contained in the pulp is sucked out through the wire by means of a vacuum. In the next
drying step, pulp continues to the felt pressing stage, where the pulp is pressed between
rollers rotating with felts. Some of remaining water is transferred to the blankets by hydrau-
lically pressing the rollers towards others. In the last step, pulp strip is driven through the
drying cabinet where final dry solids content is obtained by transferring the humidity to hot
air blown through the cabinet. After the pulp strip is driven out from the drying cabinet, thin
pulp strip is cut to suitable size of pulp sheets, piled, and tied together for waiting transpor-

tation to pulp inventory and further to the paper or board mill. (Kilpeldinen. 2000.)
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2.2 Recovery of cooking chemicals

Recovery line of pulp mill has few main purposes, recover the cooking chemicals, and pro-
duce heat by combustion the organic compounds consisted in the washing liquid from pulp
production called weak black liquor. Recovery system is divided into different stages: evap-
oration of black liquor, firing of black liquor, preparation of white liquor, and reburning of
lime mud. (Ek et al. 2009.)

2.2.1 Evaporation of black liquor

Purpose of black liquor evaporation is to concentrate the black liquor by evaporating the
washing liquor from cooking to increase the heating value of black liquor for combustion.
Dry solid content of incoming weak black liquor is usually 15-20%. By evaporating water
out from liquor, dry solids content is increased up to 70-80%. This means that heating value

is increased remarkably in evaporation process when such a low water content is achieved.

Evaporation plant consists of several heat transfer stages, and dry solids content of black
liquor is increased step by step in each stage. Main principle of process is that weak black
liquor is usually fed into the process and liquor is pumped into next stage after the circulation
in certain evaporator. In the end, final dry solids content is achieved in the last stage, and
black liquor is pumped into the firing liquor tank and further into the recovery boiler to be
combusted. Figure 5 below demonstrates a typical black liquor evaporation process. (Ek et
al. 2009.)

Intermediate
LP-steam — liquor tank
Surface
condenser

Heavy liquor to 1—

Recovery boiler Weak liquor 15-20% DS
<85% DS

Foul condensate

» Treated cond

Figure 5. Typical scheme of evaporation process (Valmet, 2014)
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Although water is the main component of weak black liquor, it is not the only volatile com-
pound in black liquor. The liquor contains also other volatile compounds, mainly methanol,
which are recovered in a condensate treatment system. Condensates initiated in evaporation
process are utilized in white liquor production and partly in pulp washing process. These
organic compounds, such as methanol are removed to keep contain of organic compounds
in acceptable level in white liquor. Compounds such as sulphides are removed due to features
of poisonous and malodorous. General organic compounds in the condensate of black liquor
evaporation are given in Table 1 (Ek et al. 2009).

Table 1. Organic compounds in condensate of black liquor evaporation (Ek et al. 2009).

Compound Methanol Ethanol Hydrogen  Methyl- Dimethyl Dimethyl
sulphide mercaptan sulphide disulphide
Conc. (mg/l) 5000-6000 100-200 100-150 400-700 100-200 50-150

2.2.2 Combustion of black liquor

Instead of dumping the black liquor, the more economical and environmentally friendly way
is to combust it in the recovery boiler. The recovery boiler has a few main purposes. The
recovery boiler produces high-pressure steam by combusting the organic compounds of the
black liquor. The produced high-pressure steam is utilized for electricity production in a
steam turbine and a part of the steam extracted from the turbine is used as low-pressure steam
in pulp mill processes. Various reusable chemicals contained in black liquor, mainly sulphur

and sodium compounds, are recovered in the boiler process.

In the recovery boiler furnace, the mixture of the black liquor and combustion air burns, and
the results of combustion are released heat, flue gases containing ash, and molten inorganic
compounds called smelt. The heat released during the combustion is transferred in the water
and steam inside the heat transfer surfaces of the boiler. Flue gases are removed from the
boiler via dust removal in the electrostatic precipitators into the atmosphere by means of
suction produced by the flue gas fans. The molten inorganic compound, smelt, is led out of
the boiler for further processing in the recovery line process. In a modern pulp mill, a recov-
ery boiler has also one additional purpose. Several by-product streams, such as non-conden-
sable gases, are processed in a recovery boiler. The boiler proper and function of a recovery

boiler are explained in more detail in Chapter 3.
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W HHH

Figure 6. A modern kraft recovery boiler (Valmet, 2017)

2.2.3 White liquor preparation plant

The purpose of the white liquor preparation plant is to process smelt from the recovery boiler
in the recausticizing plant to form white liquor to be reused in the pulp cooking process.
Figure 7 illustrates the function of white liquor preparation process. Smelt removed from the
recovery boiler is led into dissolving tank through the smelt spouts located on the lower
furnace. Smelt is dissolved into weak white liquor, which is the washing liquid from lime
mud washing, resulting green liquor. Before recaustisizing, impurities such as dregs are fil-
tered. Filtered green liquor continues to slaker where green liquor is mixed with calcium
oxide resulting calcium carbonate and hydroxide. In the causticizing process forms also lime
mud which is separated from white liquor with filters and further heated above 850 C in lime
kiln to convert calcium carbonate to calcium oxide to be reused in the causticizing process.
(Ek et al. 2009.)

CaC0O, <= Ca0 + CO,

. lime mud water condensate
pre R S o %

s

smelt WSIh lilme kiln ;
Ca0 =]

causticization "
. vessles white liquor
green liquor i

filter 1 - NaOH
L |:7 filter
slaker

Na,CO.
e Ca(OH), ) !
Ca(OH),+C03 <= CaCO,
Ca0 + H,0 = Ca(OH),

green liquor <> CaCO;+20H"
sludge

Figure 7. White liquor production process (Ek at al. 2009.)
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3 A modern kraft recovery boiler

In the following sections are described principles of boiler proper and function of the modern
kraft recovery boiler. The main purposes of recovery boiler are to combust organic com-
pounds, recover heat and chemicals released from the black liquor and side streams. Figure

8. illustrates the location of recovery boiler in the pulp pulping process.

Sales

Makeup . Black liquor
chemicals Ll Reewery boiler = Electricity
Green liguor I
Lime kiln | Causticizing Bark boiler ludges
,J_LWh“B liquor Bark
Wieak ligquor . |
Evaporator Cooking Wood handling Roundwood
Chips
. Pulp
Soa 4
A |
] + Chemical plant iy Bleaching
Taloil prod. Bleaching chemicals
Sales -
Pulp ea——— Drying

Figure 8. Location of recovery boiler in pulping process (Vakkilainen, 2005)

3.1 Boiler proper and function of a modern recovery boiler

The recovery boiler process consists of several subprocesses such as water and steam circu-
lation in boiler pressure parts, feed water system, ash handling, green liquor handling, high-
and low-pressure steam network, black liquor handling, combustion air system, flue gas sys-

tem, smelt handling, and non-condensable gas handling.

The water and steam circulation process consist of several heat transfer surfaces, connection
pipes and valves. These parts form the pressure part of the boiler which is called boiler
proper. The main idea of steam production of the boiler is that water from the feed water
tank is first fed into first heat transfer surfaces and heated up close to boiling point. In the
next step, heated feed water is distributed to other heat transfer surfaces to be boiled. Boiling

of water produces saturated steam and this steam continues into the last heat transfer stage,
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where the temperature of the steam is raised. Superheated steam is fed into the steam turbine
to produce electricity and part of produced steam is utilized in the pulp mill process.

The black liquor is combusted in the furnace and the formed smelt is collected on the bottom
of the furnace and led to the smelt dissolving tank. Combustion air is fed into the furnace
and flue gases flow from the furnace to the superheater area and further to economizers.
From economizers, flue gases continue through the flue gas channel to dust removal in elec-
trostatic precipitators. After this, flue gases are led to the atmosphere through the stack. Fi-
gure 9 shows the main parts of the modern kraft recovery boiler. The construction and func-
tion of the parts are described in the following sections. (Vakkilainen, 2005.)

13 20A
|
8
a |
5
6 { : 9
3
(== 8 Part Name Part Name
1 Lower furnace |8 Combustion air fans
2 2 Furnace 9 Combustion air heaters
14 ® 3 Screen tubes |10 Smelt dissolving tank
12 - 8 4 Superheaters |11 Ash mix tank
™y PSS 1 5 Boiler bank 12 Black liquor heater
q
1 L 10 [b Economizers (13 Dolezal
TR AR LY AR R 7 Drum 14 Feed water tank

Figure 9. Main parts of a modern kraft recovery boiler. (Vakkilainen, 2005)
3.1.1 Furnace
The furnace walls of the modern kraft recovery boiler are manufactured by utilizing mem-

brane construction. In membrane construction, boiler tubes are joint together by welding a

fin between the tubes. Figure 10 illustrates the membrane construction.
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Furnace side

Cold side
Fin Tube Fin Tube Fin Tube Fin Tube Fin

Figure 10. Membrane construction (Vakkilainen, 2016)

All needed openings on boiler tube walls, such as air, smelt, and access openings are manu-
factured by bending boiler wall tubes sideways. Air tightness of formed opening construc-
tion is ensured by installing around the opening a steel box filled with refractory. (Vakki-
lainen, 2016.)

Figure 11. Opening with refractory box (Vakkilainen, 2016)

The material and thickness of the pressure part tubes are defined based on regulations and
strength calculations made according to required standard. There can be found certain stand-
ard for boiler tubes in each region. In Europe is used EN- standard. The operation circum-
stances of the materials of the recovery boiler are very challenging due to high temperature
and chloride, potassium, and sulphur content in the firing black liquor. These harmful com-
pounds can be found in gas, solid, or liquid phase and have tendency to enrich on the surfaces

of the boiler tubes and increase corrosion rate of tube material.
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Each part of the recovery boiler has a certain temperature level, and the damage mechanism
varies in different boiler parts. The higher the pressure and temperature required the better
is the required quality of the material. Different materials have different price and selection
of the boiler proper material is balancing between the needed features and costs. Typical
features considered in the material selection are chemical composition, strength, manufac-
turability, corrosion resistance, and price. Due to corrosive circumstances inside the recovery
boiler, the wall thickness of the tubes is chosen to achieve as wide a corrosion allowance as
possible. Typically used material in the modern kraft recovery boiler furnace is as called
compound tube. Compound tube is a combination of two materials where the pressure re-
sistant inner part is a carbon steel and outer layer is corrosion resistant, either stainless steel
or Nickel- based material. Due to circumstances in upper part of the furnace, used tube ma-
terial of walls of the upper furnace is usually carbon steel without any corrosion resistant

layer. (Suomen soodakattilayhdistys, 2016.)

3.1.2 Furnace screen

The furnace screen consists of several parallel screen tube elements located in the furnace in
front of the superheaters. Boiler water circulates in the furnace screen and the screen is one
of the evaporating heat transfer surfaces of the boiler. The purpose of the screen is to protect
superheaters by lowering the temperature of the superheater material by blocking part of the
heat radiation from the lower furnace. This reduces the corrosion rate of superheater mate-
rial. Screen tubes have a tendency to block part of carryover of flue gas and this also miti-
gates the corrosion of the superheater materials. Furnace screens have some negative features
as well. Falling ash deposits from the upper furnace may cause severe damage to screen
tubes. As a result of damage in screen tube, there may occur a water leakage into the furnace
and further a smelt water explosion. There can be found recovery boilers with the furnace
screen and without. Figure 12 illustrates boilers with and without a furnace screen. (Vakki-
lainen, 2005).
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Figure 12. In left side figure illustrated typical location of furnace screen tubes in front of

the superheaters. In right side figure illustrated a boiler without furnace screen.

3.1.3 Superheaters

The purpose of superheater is to increase the temperature of the main steam of the boiler.
Increased temperature of steam improves the efficiency of electricity production by enabling
a bigger drop of enthalpy in a steam turbine. Temperature of the steam is raised step by step
usually in several stages. Each superheater stage consists of several parallel platen super-

heater elements hanging in a vertical position. (Vakkilainen, 2016.)

The material of the superheaters is dependent on the temperature of the steam and properties
of the flue gases. Especially, potassium and chlorine content of the flue gases have a negative
impact on the corrosion of the material. The higher the temperature, and K and CI content

are, the more corrosion resistance material must be selected.

3.1.4 Boiler bank

The boiler bank of the recovery boiler is usually located in flue gas flow after the superheat-
ers and is generally vertical design in a modern kraft recovery boiler. A boiler bank is an
evaporative heat transfer surface. Water is fed inside the finned tube elements of the boiler
bank from the drum via a distributing header under the boiler bank elements. A heated mix-
ture of water and steam is then collected to the collecting header above the elements and

further back to the drum. In the boiler bank, flue gases coming from the superheater area,
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flow downwards between finned tube elements towards the ash hopper below the boiler bank
elements. After the boiler bank heat transfer surface, flue gas flow turns upwards towards
the economizer inlet located in the upper part of the economizer. Boiler bank design of the
modern kraft recovery boiler is illustrated in Figure 13 below. The arrows in the figure illus-

trate the flue gas flow in the boiler bank.

Figure 13. Vertical design boiler bank (Vakkilainen, 2005).

3.1.5 Economizers

In economizer stage, water is heated up close to boiling point by utilizing remaining heat of
flue gases. Heat transfer surfaces of the economizers consist of several parallel tube elements
hanging also in vertical position. Water flows upwards inside the tubes and flue gases flow
between the elements to opposite direction than water. In modern kraft recovery boiler, the
feed water inlet locates in the lower part of the elements and water raises up to collecting
header where water is distributed into next eco stage. Figure 14 illustrates construction of

the vertical economizer. (Vakkilainen, 2005.)



25

Figure 14. Vertical economizer (Vakkilainen, 2005)

3.1.6 Drum

The modern kraft recovery boiler is a single drum design, and no two drum design is installed
anymore in new recovery boilers. The difference between the single and two drum designs

is shown in Figure 15.

Figure 15. Single drum design on the left side and two drum design on the right side

The drum is one of the key components of the water and steam circulation of the boiler.
Heated feed water from economizers is fed into the drum. The water exits from the drum to
the downcomers and continues to heat transfer surfaces to be boiled. The mixture of water

and steam bubbles return to the drum from heat transfer surfaces forced by natural
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circulation. Steam bubbles are separated from water in cyclones located inside the drum. The
steam leaves the drum through an additional drying stage, demister, on the top of the drum.
Principle of a drum is shown in Figure 16. (Vakkilainen, 2005, 2016.)
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Figure 16. Principle of a drum (Vakkilainen, 2005)

Circulation of water in boiling loop is based on natural circulation and therefore no addi-
tional circulation pump is needed. Natural circulation is based on density differences be-
tween saturated water and water steam mixture inside the boiling loop. Figure 17 illustrates

the principle of natural circulation. (Vakkilainen, 2005.)
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Figure 17. Principle of natural circulation (Vakkilainen, 2005)
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3.1.7 Combustion air fans

The purpose of the combustion air fans is to feed air into the furnace for the combustion
process. The fans suck the air either from the boiler house or from outside the boiler house
through the air preheaters. Air is then blown by fans into the furnace through the air openings
on the furnace walls. The combustion air fans are typically radial design and driven by elec-
tric motor (Figure 18). There can be usually found separate fan for each air level. The pri-
mary air openings are located on each wall in the lower furnace close to char bed. Secondary
air openings of the modern recovery boiler are installed only on two walls, usually on front
and rear walls, below the liquor sprayers. The third level, tertiary air locates also on front
and rear walls above the liquor feeding level and the last one, quaternary air openings can
be found above the tertiary level. Purpose of this type of air distribution is to achieve reduc-
ing atmosphere in the lower furnace to ensure high reduction rate and enable oxidizing at-
mosphere in upper part of the furnace. An illustration of air the distribution levels in the

furnace is given in Figure 19 below.

Figure 18. Radial design combustion air fan (Vakkilainen, 2005)
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Figure 19. Distribution of combustion air and interlacing of secondary, tertiary, and quater-
nary air openings on furnace walls (Vakkilainen, 2005)

3.1.8 Combustion air preheaters

The temperature of the combustion air introduced into the furnace is increased in the air
preheaters located in air ducts. Steam is used as heat source in the recovery boiler applica-
tions. Air preheaters are typically finned tube heat exchangers, and condensing steam flows
inside the tubes and heated air outside the tubes. The principal of the air preheater can be
seen in Figure 20. (Vakkilainen, 2005.)

Figure 20. Air heater (Vakkilainen, 2005)
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3.1.9 Smelt dissolving tank

The molten inorganic compound, smelt, flows from the furnace through the smelt spouts to
the dissolving tank filled with weak white liquor. In the dissolving tank, the smelt is dis-
solved into weak white liquor forming green liquor which is pumped from the dissolving
tank to the recausticizing plant to be processed. Figure 21 illustrates the dissolving tank.
(Vakkilainen, 2005.)

Figure 21. Smelt dissolving tank (Vakkilainen, 2005)

3.1.10 Ash mix tank

The ash of the recovery boiler is reusable containing mostly sodium sulphate. The ash in
flue gases is collected both in the hoppers of boiler bank and economizers, and in electro-
static precipitators. From the hoppers and ESPs, ash is transferred into mixing tank by con-
veyors to be mixed with black liquor. In modern mills, a mixture of ash and black liquor is
pumped back to the evaporation plant for final concentration. In older mills, ash can be
mixed with firing liquor and mixture is pumped from the mixing tank to the recovery boiler

to be combusted.

The ash from conveyors is dropped into the tank through the dropping pipes on the roof of
the tank. The mixing tank is equipped with a mixer which intensifies the mixing of ash and
liquor. Black liquor is fed into the tank through a sprayer and a mixture of ash and liquor
leaves the tank through a screen and pipe to the transfer pump and further to evaporation

plant. The principle of ash recovery system in shown in Figure 22 . (Vakkilainen, 2005.)
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Figure 22. Ash recovery system (Vakkilainen, 2005)

3.1.11 Black liquor heater

The purpose of the black liquor heater is to control the temperature of the black liquor. The
temperature of the black liquor is an important factor because size of the black liquor droplets
after the liquor sprayer is highly dependent on the temperature of the black liquor. The drop-
lets size of the black liquor has a significant impact on successful combustion. In the heater,
black liquor is heated up usually by low pressure steam. The black liquor heater design can

be either direct or indirect.

3.1.12 Dolezal

The purpose of the dolezal is to improve the quality of the desuperheating water by condens-
ing the saturated steam from the drum with the feed water coming from the economizers to
the drum. Dolezal is a heat exchanger where the heat of the saturated steam is transferred to
the feed water. From dolezal, the formed condensate is sprayed into desuperheaters by means

of pressure difference between drum and superheaters. (Vakkilainen, 2016.)
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3.1.13 Feed water tank

Purpose of the feed water tank is to be a feed water storage for the recovery boiler. Dimen-
sioning of the feed water tank is based on Maximum Continuous Rating (MCR) of the boiler.
In case of disturbances, feed water reserve is designed to be sufficient for 20 min to 1 hour
in MCR feed water consumption situation. Incoming demineralized water and returning con-
densate from mill processes are preheated in deaerator to remove oxygen from the feed water
and to increase the efficiency of the boiler. Oxygen must be removed from feed water due
to its extremely corrosive feature in hot water. Figure 23 illustrates the construction of the
feed water tank. (Vakkilainen, 2016.)
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Figure 23. Feed water tank (Vakkilainen, 2016)

3.1.14 Supportive construction

Pressure parts of a recovery boiler are fastened together with supportive construction. Fur-
nace walls are joint and supported with buckstays rounding the furnace outside (Figure 25).
Whole furnace is then hanging from massive support beams with hanging rods (Figure 24).
Superheaters, boiler bank and economizers elements are hanging from supporting beams on

the top of the boiler house as well. (Vakkilainen, 2016.)
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Figure 25. Buckstays of furnace walls (Vakkilainen, 2016)

3.2 Function

Function of recovery boiler consist of combustion of black liquor and steam production.

Combustion of the black liquor is described in the following section.
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3.2.1 Combustion

Combustion of black liquor is challenging. Heating value of fuel is low due to big inorganic
portion, big water, and ash content. Target of combustion of black liquor is to combust the
organic compound of the black liquor in the furnace of the recovery boiler meanwhile inor-
ganic compounds are recovered as smelt. Feeding of the black liquor into the furnace is done
by spraying liquor droplets with liquor sprayers, as Figure 26 illustrates. The design of the
liquor sprayer forces the black liquor to small droplets, diameter approximately 1-2 mm.

Tertiary air

Black liquor

Secondary air

Figure 26. Principle of combustion of black liquor in the recovery boiler furnace (Vakki-
lainen, 2005)

On the way to the char bed on the bottom of the furnace, there can be found different stages
during the combustion of the black liquor droplet. Drying of the droplet starts right after the
droplet enter the furnace. The heat inside the furnace transfers into black liquor droplet and
evaporation of water content begins. Density of the droplet starts to decrease due to removal
of water. Approximately 95% of total water content can be evaporated. At the end of the
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drying stage, release of volatile compounds, such as hydrogen, and gases containing carbon
and sulphur starts. During this devolatilization stage, the volume of the droplet increases due
to swelling. The diameter of the droplet grows approximately 1.5 times compared to initial
situation. At this point, droplet tends to move upwards forced by drag of the flue gases. When
the release of volatiles is ending, the char contain of the black liquor starts to burn. Due to
the char combustion, density of the droplet increases, and droplet starts to fall to the char
bed on the bottom of the furnace. The higher the dry solid content of the black liquor is, the
higher in the furnace the droplet tends to burn due to the faster initiation of the swelling.
Figure 27 below illustrates different stages of the droplet during the combustion. (Vakki-
lainen, 2005.)
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Figure 27. Combustion stages of the black liquor droplet

In addition to organic compounds, carbon and hydrogen, char contains also inorganic com-
pounds, such as sodium sulphide NazS, sodium sulphate Na>SOa, and sodium carbonate
Na>,COs. While the combustion of the char continues, the inorganic compounds of the char
melt and the carbon content of the char reacts with sodium sulphate while burning in the
char bed. This reduction reaction forms sodium sulphide. The combustion and furnace reac-

tions are illustrated in Figure 28. Efficiency of chemical process in lower furnace is defined



35

as reduction rate. Reduction rate is molar ratio of Na>S and Na,SOs. A high reduction rate
ensures low amount of unusable form of sodium compounds in the cooking process. Usually,
good level of the reduction rate is 95%. Values over that are uncommon and difficult to
achieve. Reduction rate can be measured from green liquor of the dissolving tank or directly
from the smelt before entering the dissolving tank. (Vakkilainen, 2005.)

Figure 28. Illustration of combustion stages and reactions in the furnace (Vakkilainen,
2016)
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4 Shutdown operations of a recovery boiler

Recovery boiler shutdown operations are carried out simultaneously with other shutdown
activities of the pulp mill and no separate maintenance shutdowns are arranged for the re-
covery boilers. In most of the mills, recovery boiler must be running as far as rest of the mill
requires. Generally, in pulp mills can be found auxiliary steam boiler for additional steam
production but in many cases, the capacity is not enough to cover all need of heat for shut-
down and start-up of the mill. Other issue is chemical circulation of the pulp mill. The re-
covery boiler is part of this circulation, and its operation is needed almost as long as rest of
the mill is running. These circumstances make the scheduling of the recovery boiler shut-
down challenging. Sometimes, recovery boiler is the last equipment which stops and first
which needs to be started in outage. Figure 29 illustrates an example procedure of the recov-
ery boiler outage in 7 days mill shutdown.

« Reducing the black liquor load of recovery boiler after
chip feeding into digester is stopped

- Inspections and maintenance Qutage works.

—

»  Preparative works for hydrotest

»  Hvdrotest of pressure part

»  Dismantling of scaffolding - Preparative works
«  Preparative works of start-up :}_ of start-up.
«  Start-up

*  Pressurizing

+  In-service inspection Start-up.

» Connection to steam network

= Liguor burning start
= Increasina recovery boiler load and starting chip feeding to digester

Figure 29. An illustrative procedure of the recovery boiler outage

The operation of a pressure equipment may cause a risk to personal or environment. A re-
covery boiler is a pressure equipment, and the use of pressure equipment is strictly regulated
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in national legislation. In the following sections are described shortly the principle of the
followed legislation and different stages of the recovery boiler shutdown.

4.1 Legislation

In Finland, there is laid down the Pressure equipment Act 16.12.2016/1144 which purpose
IS to ensure that pressure equipment is safe to use. The Pressure Equipment Directive (PED)
uniforms the design and manufacture of a pressure equipment in the European Union level.
Finnish Safety and Chemical Agency (Tukes) is the surveillance authority which supervises
the pressure equipment regulations in Finland. Tukes announces the standards by which fol-
lowing the pressure equipment is supposed to meet the legal requirements. (Tukes, 2022.)

The Pressure Equipment Act determines that the manufacturer of the pressure vessel must
demonstrate the conformity of pressure equipment, which means that equipment must meet
the requirements of design and manufacturing. Conformity assessments of pressure equip-
ment is carried out by inspection bodies. This act also determines responsibilities for the
owner of the pressure equipment to inspect the pressure equipment regularly. There can be
found different types of periodic inspections performed for steam boilers such as in-service
inspection, internal inspection, and periodic pressure test. Periodic inspections are carried
out by inspection body. (L 16.12.2016/1144.)

4.2  Preparative works

Before planned maintenance works are possible to begin, circumstances inside the boiler
must be done safe. This means that boiler must be stopped, cooled, and washed to enable
safe working. (Wahlman, 2022.)

4.2.1 Decreasing of the boiler load

Decreasing of the boiler load is done by reducing the amount of fed firing liquor into the
boiler furnace. Auxiliary fuel is needed to support combustion of black liquor when black
liquor load is low enough. Combustion of auxiliary fuel ensures adequate amount of heat for

liquor burning in the furnace.
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4.2.2 Smelt extraction

Part of the smelt on the bottom of the furnace is removed by extracting it with certain types
of smelt ejectors to the dissolving tank. Removal of smelt reduces needed cooling time of
the smelt during the depressurizing of the boiler pressure parts. Figure 30 shows the principle

of smelt extraction.
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Figure 30. Principle of smelt extraction (Valmet, 2022)

4.2.3 Cooling and depressurizing

According to previous study of recovery boiler cooling (Wahlman, 2021), the cooling is
performed by removing the remaining heat from the boiler mainly with air, water, and steam.
After the combustion in the furnace is stopped, air and flue gas fans are kept running. At the
same time, high pressure steam route out from the boiler is kept open to enable steam flow
from the boiler through the start-up valve to the atmosphere. The heat bounded to boiler
proper is transferred into the water inside boiler tubes and this causes evaporation of the
boiler water. Heat transferred into the water is then led out as steam. The target of the cooling

is to achieve safe circumstances for boiler water washing and further for maintenance.

4.2.4 Water washing of fireside of the boiler

Heat transfer surfaces are water washed with sootblowers by feeding feed water instead of
steam through the sootblower nozzles on the fireside surfaces of the boiler. Water washing
is allowed to start if circumstances are safe. General restrictions are the temperature of the
smelt, pressure and temperature of the saturated steam in the drum, and temperature differ-

ences between material and washing water.
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Water contacting hot smelt causes risk of smelt water explosion. Even small amount of water
may cause serious damages. In smelt water explosion, water evaporates rapidly when con-
tacting too hot smelt causing pressure wave which can damage pressure parts of the boiler
Temperature of the smelt must be considered carefully before washing is allowed to start.
The temperature of the smelt is approximately 800 -850 °C in boiler operation. (Vakkilainen,
2005).

Boiler washing is usually performed step by step starting with sootblowers located in econ-
omizer area. Water washing procedure continues after economizers to the boiler bank and
superheater area. Blind spots are washed with targeted washing with sootblowers or certain

types of washing equipment.

4.2.5 Safety procedure

There can be found several potential risks of injury and therefore safe working conditions
must be ensured before anybody is allowed to enter inside the boiler. Unexpected operation
of any equipment which can cause a risk for safety working or release of energy must be
avoided by preventing the possibility of realization of hazardous situation. In practise this
means that all rotating equipment, such as pumps, and fans are stopped, and electricity mo-
tors are disconnected from electricity network. Also, all possible fluids, such as black liquor,
and feed water must be prevented to flow into to boiler by closing valves and by draining

the pipes.

4.3 Outage works

Recovery boiler outage works consist of inspections and maintenance. Maintenance of boiler
is based mainly on inspections of the boiler. Purpose of the inspections are to reveal weak
points in the boiler proper and target of the maintenance is to ensure safe and reliable oper-

ation of the boiler.

4.3.1 Periodic tests

According to Finnish national Pressure Vessel Act 858, internal inspection of steam boiler
must be carried out after four-year periods. In the internal inspection of the boiler must be

inspected that pressure vessel doesn’t have features which could cause a risk for safety of
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the boiler operation. Generally, if condition of the boiler, circumstances of operation, or
other reasons demand, period of the periodic tests can be shortened. (L 16.12.2016/1144)

An internal inspection is carried out by means of NDT, non-destructive testing. NDT consist
of several different types of testing methods. Most used testing methods in recovery boiler
outages are visual (VT), dye penetrant (PT), ultrasonic (UT), magnetic particle (MT), and
radiography testing (RT). A method of visual inspection is usable for figuring out the general
condition of the boiler. The visual inspection is supported with means of other NDT-inspec-
tions to reveal damages which bare human eye is not able to observe. Figure 31 illustrates

internal inspection of lower furnace of a recovery boiler.
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Figure 31. Inspection of lower furnace ongoing (Valmet, 2022)

Periodic hydro test is also statutory after 8 years operation periods (L 16.12.2016/1144).
Purpose of hydrotest is to ensure tightness of the pressure parts of the boiler, and it is im-
portant especially for recovery boilers, due to risk of smelt water explosion. Water leakage
into furnace must be avoided during the boiler operation and hydro test is one part of ensur-

ing safe operation.
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During the hydro test procedure, the water and steam side of the boiler, including superheat-
ers, are filled with warm water. Pressure inside the tubes is increased over the operation
pressure. Each boiler has maximum operating pressure and desired hydro test pressure is
defined separately in each case. The manufacturer of the boiler has given certain instructions
for hydro test procedure and these instructions must be followed carefully to avoid damages
to boiler pressure parts and ensure safety for persons operating the boiler during the hydro
test.

Tightness of the boiler is inspected visually after the desired test pressure is achieved. In-
spection body participates this inspection and approves the test if no water leakage is ob-
served. The hydro test of the recovery boiler is usually required after maintenance works
also if any tube replacements or major repairs have been done for the boiler.

In Finland, in-service inspection of the steam boiler is statutory and must be carried out after
every two-year period. In Finland, Pressure Vessel Act 857 defines the issues should be
inspected. Main principle is to inspect that the boiler is safe to operate, safety equipment are
working properly, risk assessments are up to date, and personnel are qualified to operate the
boiler. (L 16.12.2016/1144).

4.3.2 Scaffoldings

Inspections and maintenance of the boiler proper on heights are enabled by installing scaf-
foldings in places where needed. In the lower furnace, scaffoldings are usually built from
the bottom up to the required level along the furnace walls. On the level of the furnace arch,
there can be found a tight safety platform built on the top screen tubes or separate beams
which are installed through openings on the furnace side walls. Scaffoldings in the upper
furnace are supported from a safety platform and in the superheater area, scaffoldings are
mainly installed in sootblower cavities between the superheater stages. Boiler bank and
economizer area scaffoldings are generally installed from ash hoppers up to the required
level. In large recovery boilers, installing and dismantling scaffoldings may take a huge part,
even one day or more, of the scheduled shutdown time. Due to this, the scope of scaffolding
has an impact on the remaining shutdown time for inspections and maintenance. Figure 32

illustrates the scaffoldings installed in the lower furnace.
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Figure 32. Scaffolding installed in the lower furnace along the walls (Valmet, 2022)

4.3.3 Maintenance works

Maintenance of the pressure parts consist usually of in advance planned works and works
based on inspections made in the ongoing outage. Designed works can be either based on
previous inspections or need, for example, capacity increase of the boiler or some other rea-

son which needs modifying of the boiler parts.

Water and steam circulation parts of the boiler are called as pressure equipment and require-
ments for design, manufacturing and use of pressure equipment are based on national Pres-
sure Equipment Act. All modifications to pressure equipment must be done by the regula-

tions and inspection body assess the conformity of the pressure equipment. (Tukes, 2022).

Maintenance of the boiler includes not only the pressure part maintenance but auxiliary
equipment, such as burners, fans, etc., also need maintenance to ensure proper function for

the coming operating period.
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4.4  Start-up preparative works

Usually, readiness of boiler start-up means that the boiler is ready for ignition of auxiliary
fuel, such as natural gas, heavy fuel oil or similar. All inspections and maintenance inside
the boiler must be completed, scaffoldings are removed out from the boiler and access doors
are closed. Also, all subprocesses which are needed for combustion of auxiliary fuel must
be available in this stage. Principally, in this step are needed the following processes: feed
water handling, combustion air system, flue gas system, auxiliary fuel handling. Other sub-
processes are needed after the boiler is pressurized close to normal operation pressure.

4.5 Boiler start-up

The heating of the recovery boiler can be started after the boiler is ready for auxiliary fuel
ignition. The main requirements for operation are based on risk assessments and regulations.
The purpose of these requirements is the ensure safe actions in case of disturbance in boiler
operation. In addition to the distributed control system, DCS, there has to be installed a fully
separate safety-related system, SRS, which forces the boiler into safe mode if operation cir-
cumstances are not fulfilling the permitted limits. Safe limits of interlockings are defined in
advance and the operator of the boiler does not have any possibilities to change or bypass

these.

The main requirements for safe firing are adequate water level inside the boiler to avoid
overheating of boiler tubes due to lack of cooling water. Other important issues are the open
flue gas route to stack and suitable pressure inside the furnace. The purpose of these require-
ments is to avoid flue gas flowing from the boiler into the boiler house. On the other hand,
pressure in the furnace is not allowed to exceed the design pressure of furnace construction.
Firing in the boiler also requires an adequate amount of combustion air and oxygen, and this
is ensured with interlockings of air volume flow and adequate content of oxygen in the flue

gas.

After requirements of previous interlockings are fulfilled, the furnace must be purged to
ensure non-flammable condition inside the boiler before ignition of auxiliary fuel to avoid

gas explosion in the furnace. This is done by blowing certain volume flow of air by
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combustion fans into the furnace. First start-up burner can be ignited after purging has com-

pleted successfully.

4.5.1 Heating and pressurizing

Boiler water evaporation process is started by heating the boiler with auxiliary fuel. The
target of the heating is to achieve as called normal operation pressure and temperature of
saturated steam in the drum. The temperature and pressure of saturated steam must be in-
creased according to manufacturer’s instructions by increasing the load of auxiliary fuel
gradually by igniting more start-up burners. Continuous steam flow through the superheaters
is ensured by opening start-up steam valves and by leading produced steam out from the
boiler. Manufacturer of the boiler has given instructions how fast the temperature and pres-
sure of saturated steam is allowed to rise. The temperature gradient across the drum wall
thickness is the most critical point in temperature changes in the boiler. Big temperature
differences over the material cause stresses and further possible damage to the construction.
After the desired pressure and temperature have achieved, steam production of the boiler is

turned to flow into steam network of the mill.

4.5.2 Liquor combustion

At this point, liquor combustion in the recovery boiler can be initiated if all needed subpro-
cesses are in operation. Needed subprocesses for liquor combustion are flue gas handling
including electrostatic precipitators and ash handling. Black liquor circulations must be run-
ning in liquor ring and in mixing tank. All ash conveyors should be rotating and ready to
transfer ash from ash hoppers and electrostatic precipitators to mixing tank. Dissolving tank
needs to be ready to receive smelt from furnace and green liquor system ready to remove

green liquor to recausticizing plant.

Black liquor combustion is started by installing a liquor sprayer on the liquor opening. Then
valves in liquor piping is opened and black liquor starts to flow into the hot furnace through
the liquor sprayer. Formed liquor droplets start to burn and chemical content of black liquor
flows on the bottom of the furnace. Smelt pool on the bottom fills with molten smelt and at
the point when smelt level is on the level of smelt spouts, smelt starts to overflow to the

dissolving tank through the smelt spouts. Liquor load is increased slowly taking the need of
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steam production in the mill, and liquor levels in different storage tanks before and after the
recovery boiler into account. The black liquor load of the recovery boiler is usually increased
by following the chip feeding load of the digester.

4.5.3 Mill start-up

The start-up of the pulp mill means the starting of production of the pulp. However, this does
not mean that pulp sheets start to run out from drying machine immediately, but the whole
production process is started step by step. Chip feeding to digester can usually be started
after the recovery boiler has started black liqguor combustion. The moment of the liquor
combustion start is considered carefully due to liquor balance in storage tanks both in evap-
oration and in recausticizing plant. In many cases, all these storage tanks in the recovery line
might be fulfilled with liquor in shutdown due to, for example, planned inspections and
maintenance of certain equipment of pulp production. If liquor combustion is started too
early, may for example green liquor storage tanks overflow if recausticizing plant is not in
operation. Sometimes, white liquor filling to cooking plant must be started before recausti-
cizing can start, because of the fullfilled white liquor storage tank prevent the start-up of
recausticizing plant. On the other hand, if liquor combustion is started too late, there will be
lack of steam for the pulp production and storage tanks of black liquor in evaporation plant
may overflow. As seen, pulp mill start-up is a challenging process and needs to be planned
carefully. Successful start-up of the mill requires that start-up is considered in advance when

planning the mill shutdown.
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5 Speeding of the cooling procedure

The time the recovery boiler is not in operation compared to the time boiler is required the
be in operation is called availability. The unavailability of the recovery boiler is extremely
expensive for the mill because this usually also means unavailability of the whole pulp pro-
duction. By shortening the shutdown period of the recovery boiler may availability and econ-
omy of the pulp mill be improved. The example calculation below shows how much 1 mil-
lion tons of pulp per year producing mill can create more turnover if the outage is shortened
even a few hours. In the calculation, the average price of the pulp is assumed to be 800

USD/ton. Figure 33 shows the price development of soft and hardwood pulp.
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5.1 Description of observed phenomenon in the cooling period

Depressurizing the pressure parts of the boiler and cooling the remaining smelt on the bottom
of the boiler are actions to enable safe circumstances for boiler washing, Manufacturer of
the boiler gives certain instructions for depressurizing rate over the cooling period. In the
previous study was observed that cooling period was much longer than instruction allows
(Wahlman, 2022). Depressurizing of the boiler doesn’t proceed evenly although actions are
quite similar over the cooling period as Figure 34 shows. Cooling rate slows down as the
target pressure approaches. The target of this study is to find a reason for the prolonged
cooling period and figure out actions how to speed up the cooling rate.

["C/min]

Time [h]

Figure 34. Variating cooling rate (Wahlman, 2022)

5.2 Research method

This study approaches the research question by data-analysis and literature research. Field
test plan is created based on data-analysis of the previous cooling periods of the same recov-
ery boiler and different theories found in literature. Created test plan is then tested in field

test.

5.3 Theory of heat transfer in boiler cooling

In the boiler operation, heat from combustion transfers three different ways. In the furnace
and in superheaters, where temperatures are higher, heat transfers by radiation and convec-

tion from visible flame and hot flue gases into the boiler proper. In the boiler proper, heat
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transfers by conduction through the material into the boundary between inner surface of the
tube walls and fluid where convection takes the place and transfers the heat into the water or
steam inside the tubes. Behind the furnace arch, where flame is not seen anymore and flue
gas temperatures are lower, convection transfers the remaining heat of the flue gases into the

heat transfer surfaces.

In the cooling process, the radiation has minor impact on heat transfer because no firing
occurs anymore, and temperatures are lower. Only temperature of smelt on the bottom of the
furnace is quite high right after the combustion is stopped. According to Stefan-Boltzmann
law (2), the radiating heat flux from a surface is proportional on the fourth power of the
temperature of the surface (Lienhard, 2013). This means that in case of boiler cooling, the
share of radiation in heat transfer decreases rapidly during the cooling period. Figure 35

below illustrates the impact of Stefan-Boltzmann law on radiant heat transfer.

e(T) =oT* (2)
Where

e(T) heat flux radiating from a body [W/m?]

o Stefan-Boltzmann constant [5.670400*108 W/m?]

T temperature of a body [K]
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Figure 35. Illustration of Stefan-Boltzmann law

In case of boiler cooling, temperature of water, steam and boiler proper are usually up to 300
— 500 °C due to properties of water and steam. Temperature of 800 °C is not possible in
boiler proper but in the smelt this high temperature can occur at the beginning of the cooling
right after the combustion in boiler has stopped.

Convection and conduction are assumed to be the main methods to transfer heat in the cool-
ing process of the boiler. Figure 36 illustrates difference of convection and conduction. Re-
maining heat of the boiler is bounded in the water inside the heat transfer surfaces, boiler

proper, ash on the heat transfer surfaces, and smelt on the bottom of the furnace.

Heat transport by conduction
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Figure 36. Heat transfer by convection and conduction (Gaskell, 2012)

Heat can transfer through the boiler proper by conduction and further by convection into the

water or steam inside the boiler tubes. Heat in the water causes flash evaporation when
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pressure of the boiler water decreases. This decreases the saturated temperature of the water
as well, as seen in Figure 37. Figure shows also how much heat the phase change from sat-
urated water to saturated steam requires. Temperature of the tube material is close to tem-
perature of fluid inside the tube (Vakkilainen, 2005). After the vaporization, steam bubbles
are led into the drum forced by natural circulation and further out from the boiler through
the superheaters where temperature of the steam is raised by heat convection from super-

heater material.
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Figure 37. Evaporation enthalpy and temperature of saturated steam as function of pressure

The remaining heat in the boiler proper can transfer also by convection into the air flowing
inside the boiler. Usually, there can be found ash or smelt deposits on the top of the heat
transfer surfaces. These deposits have a tendency to resist the heat transfer due to low ther-
mal conductivity. The heat transfer from the boiler proper into the air is most probably minor
compared to transfer of the heat into the water inside the tubes. Figure 38 illustrates the
cooling of the fouled boiler tube. Red arrows describe optional directions of heat flux de-

pending on the temperature differences between water, steam, and air.
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Figure 38. Heat transfer in a fouled boiler tube

According to second law of thermodynamics, heat can also flow from cooling air into the
boiler proper if the temperature of the air is higher than temperature of heat transfer surface.
Heat can never transfer from lower to higher temperature. Newton’s law of cooling (3) states
that heat flux in convection is proportional to temperature difference between solid and fluid,
and area of the heat transfer surface (Gaskell, 2012). Heat transfer coefficient has also impact
for convective heat transfer. Heat transfer coefficient is a physical feature which is dependent

of several factors and properties of the surface and fluid.

q= h(Tsurface - Tfluid) (3)
Where

q heat flux [W/m?]

h heat transfer coefficient [W/m?K]

Tsurface temperature of heat transfer surface [K]

Triuia temperature of fluid [K]

Conduction of heat occurs both in the boiler proper, smelt, and ash deposits. Heat flux in

conductive heat transfer is described by Fourier’s law (4):
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q= kATT (4)
Where

q heat flux [W/m?]

Kk thermal conductivity [W/m*K]

AT temperature difference [°C]

L thickness in the direction of heat flow [m]

When considering the cooling of the boiler and thermal conductivities of the smelt and iron,
it can be concluded that cooling of the smelt is challenging. Thermal conductivity of the
solid smelt is only 0.882 W/m°C and liquid smelt has even lower value, 0.450 W/m°C (Vak-
kilainen, 2005). In Figure 39 is given thermal conductivities for different substances. As

seen, thermal conductivity of smelt is very low compared the thermal conductivity of iron.
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Figure 39. Thermal conductivities of different substances (Lienhard, 2011)
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5.4 Target of the study

Target of the study is to find actions to enable efficient cooling procedure. Field test plan for
the test cooling period is defined by comparing actions carried out in cooling periods of two
previous shutdowns and by considering needed changes to actions. Found actions are given
after the data-analysis of the field test. The main factors studied in cooling periods are all
fluid streams flowing through the boiler. Streams are illustrated in Figure 40. The target is
to define the heat powers of each heat stream during the cooling periods and find also other
influencing factors to perform cooling of the recovery boiler efficient way. Explanations for
the phenomenon observed in studied shutdowns are figured out as well. Heat losses are not

considered due to their minor impact on the cooling.

— Steam out

Airin ——» — Water out

Boiler L5 Airout

Water in —
—> Heat losses through the insulation

Figure 40. Studied factors in boiler cooling (Wahlman, 2022)

5.5 Calculations

Some of the factors used in the data-analyses are calculated. In the following sections are

given the equations used in calculations of data-analyses.

5.5.1 Heat power

Heat power is calculated with equation:

P =m=x*C, x At 5)



Where

P power [kW]

m mass flow [kg/s]

Gy specific heat capacity [kJ/kg]
At temperature ['C]

Heat power of steam is calculated with equation:

P=m=xh

Where

P power [KW]

m mass flow [kg/s]
h enthalpy [kJ/kg]

5.5.2 Total heat content

Total heat content is calculated with equation:

Q =(Px*t)*3600/1000

Where
Q heat content [GJ]
P power [MW]

(6)

(")
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time [h]

5.5.3 Air density

Air density is calculated according to ideal gas law:

P=%r

where

p density [kg/mq]

p pressure [Pa]

R gas constant [287 J/kg K]
T temperature [K]

5.5.4 Volume flow of air

Qv = Qun * P:\;l

where

qv volume flow [m3/s]
qun volume flow [Nm?/s]
O density NTP [kg/m?]

Preal density of outgoing air [kg/m®]

(8)

(9)
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5.6 Data-analyses

The following sections contain the data-analyses performed in this study. Field test plan
based on data-analyses is also described.

5.6.1 Data-analysis of the first cooling

Cooling time and cooling rate

According to Figure 41, the cooling and depressurizing of the boiler took 8.7 hours to
achieve the target pressure and temperature when the average cooling rate was approxi-
mately -0.3 *C/min (Figure 42). Heating curve of the boiler can be used as an instruction for
cooling as well and it is important not to exceed the allowed temperature change rate. Ac-
cording to this heating curve cooling rate is much slower than allowed. Decelerating cooling
rate phenomenon was observed also in this case as found in the preliminary study. At the

beginning of the cooling, the rate is much faster and approaches zero over the period.
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Figure 41. Drum pressure and temperature during the first cooling period
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Figure 42. The cooling rate during the first cooling period

Incoming and outgoing air

All combustion air fans, and two flue gas fans were running in the first cooling period. Av-
erage volume flow of incoming air was 131 Nm?/s and average temperature 115 °C (Figure
43). Average temperature of outgoing air after economizer 1 was 176 °C (Figure 43). Vol-
ume flow measurement of the flue gas is considered unreliable in this situation thus, this is

no utilized in this study.
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Figure 43. Temperature of incoming and outgoing air, and volume flow of incoming air
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According to design curve of flue gas fan in Figure 44, the average volume flow of outgoing
air was approximately 100 m%/s, when average rotating speed of flue gas fans was 409 rpm,
and average shaft power 177 kW. Pressure difference over both fans was approximately
1100 Pa. Converting to normal circumstances, the volume flow of outgoing air through two
flue gas fans is then approximately 130 Nm3/s. The incoming mass flow of air can then be
considered equal to the mass flow of outgoing air. Most probably there might be found some
leakage air coming into the boiler through different openings, but due to inaccuracy of these
results, the amount of the leakage air cannot be estimated.
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Figure 44. Flue gas fan curve

Heat power of air flows can be calculated after incoming and outgoing mass flows and tem-
peratures are known. In Figure 49 are given the heat power of incoming and outgoing air
streams during the studied period. As seen in Figure 50, the difference between total heat

content of the incoming and outgoing air flow is remarkably low.

Water and steam streams

Mass flows of incoming feed water and outgoing continuous blow down, CBD, were meas-

ured (Figure 45). Large fluctuation of feed water mass flow can be observed. For some
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reason, water level inside the drum is changing simultaneously (Figure 46). Usually, water
level inside the drum is kept stable over the cooling period. Stable level of the drum can be
seen at the beginning of the period, but fluctuation begins after three hours and increases
towards the end of the period. The drum is equipped with draining valve which opens auto-
matically if water level inside the drum rises too high. Purpose of this is to prevent water
entering superheaters. It is possible to open this draining valve also manually before high
level is reached. This has obviously done after, approximately 4.5 hours. Valve is kept open
almost one hour and closed after that. This has repeated three time during the cooling period.
Feed water valve and pump try to keep water level in the drum stable. If water level start to
decrease, more feed water is pumped in the drum. So, those large peaks in feed water mass

flow are caused by low water level in the drum.

Figure 45. Mass flow of feed water and continuous blow down (CBD)
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Figure 46. Fluctuation of drum level and feed water mass flow

There cannot be found a measurement for mass flow of the outgoing steam through start-up
steam valves. For this reason, the mass flow of the outgoing steam is defined by deducting
both, outgoing mass flow of the continuous blow down water, and filling water of the boiler

water from mass flow of the incoming feed water as equation (5) shows.

(10)

qmmain steam queed water quBD o quilling water

Remaining mass flow of the feed water is assumed to exit as steam from the boiler and no
other routes, such as draining from the boiler are opened. Need of the filling water is reason
of change of the specific volume of the boiler water during the cooling period. As Figure 47
shows, specific volume of water inside the boiler tubes changes over the cooling period.
Change of specific volume causes that part of the boiler water removes from the boiler drum
through a draining valve during the heating of the boiler and after re-cooling the boiler,
amount of remaining water is minor, and it must be replaced in case that water level inside

the drum is kept stable. Figure 48 illustrates this phenomenon.
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Figure 47. Specific volume of boiler water changes over the cooling period
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Figure 48. Impact of density and specific volume change of water in boiler operation

Heat power and total heat content

Figure 49 shows all incoming and outgoing heat powers as a function of time. Impact of air
and continuous blow down seems to be much minor than impact of outgoing steam. It is
noteworthy that cooling rate is fastest when outgoing power of steam and feed water are at
the highest level at the beginning of the cooling period. Due to defining method of steam
mass flow, the variation of the feed water mass flow causes fluctuation also in the heat power
of the outgoing steam.
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Figure 49. Incoming and outgoing heat powers and the cooling rate

By comparing total heat contents of different streams, can be noticed that main steam has
the biggest total heat content. Though outgoing air has quite big total heat content, the benefit
of air for cooling seems to be minor due to such a big heat content of the incoming air. Only
difference of incoming and outgoing heat contents is removed from the boiler.
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Figure 50. Total heat content of incoming and outgoing streams

When considering the temperature of air after the superheaters, boiler bank, economizer 2,
and economizer 1 in Figure 51, can be concluded that heat of air coming from superheaters
and boiler bank, is captured into the economizers. The approach temperature difference be-

tween outgoing air after economizer 1 and feed water remains remarkably stable during the



63

period, especially at the end of the period. It seems that the temperature of the outgoing air
might be dependent on the temperature of the incoming feed water.
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Figure 51. Temperature of air after superheaters (SH), boiler bank (BB), economizer 2 (eco

2), and economizer 1 (eco 1). Temperature of the feed water and drum is given as well.

Cooling of the smelt

Smelt extraction was completed successfully before firing auxiliary fuel was stopped. Ac-
cording to Figure 52, cooling of the smelt from approximately 800 °C to desired 500° C took
almost 12 hours. Average cooling rate of the smelt was -0.37 “C/min. Water washing of the
furnace area was not allowed to begin before the safe temperature limit was reached. Smelt
cooling has also decelerating cooling rate as observed in depressurizing of the boiler. Pur-
pose of the smelt extraction is to reduce the amount of the smelt on the bottom of the furnace
to enable faster cooling. The bigger the boiler, the deeper and wider is the smelt pool of the
furnace. Bigger amount of remaining smelt requires longer cooling time. Heat of the smelt
is removed by convection into air blowed on the top of the bed, and by transferring the heat

into the boiler water through the floor tube walls.
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Figure 52. Temperature and cooling rate of the smelt during the first cooling period

5.6.2 Data-analysis of the second cooling

Cooling time and cooling rate

According to Figure 53, depressurizing of the boiler took a longer time compared to the first
cooling period despite the initial pressure of the drum being lower in this case. The cooling
rate over the period was slower compared to the first cooling period. A wide range of fluc-
tuation can be observed in the cooling rate, being occasionally on positive side. At point
approximately 5.5 hours after the cooling has started, there can be seen a change in pressure
and cooling rate curves (Figure 53, Figure 54). For some reason, cooling rate seems to speed

up a bit, and fluctuation decreases.
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Figure 53. Drum pressure during the second cooling period
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Figure 54. Cooling rate in second cooling period

Incoming and outgoing air

Volume flow of the incoming air was approximately 160-170 Nm3/s and average tempera-
ture 100 °C. Incoming temperature and volume flow remain quite stable but outgoing tem-

perature starts to decrease after 5.5 hours.
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Figure 55. Temperature of incoming and outgoing air, and volume flow of incoming air

Two of the flue gas fans were in operation and rotation speed of both fans were quite stable
until approximately 5.5 hours when rotating speed of both fans increased rapidly. Combus-
tion air flow was stable at this moment, as Figure 55 shows. Explanation for speeding of flue
gas fans could be the opened access doors on boiler walls. Flue gas fans control the pressure
in furnace and when measured pressure in the furnace increases, flue gas fans try to maintain

the target pressure by increasing the rotating speed. This also increases air flow through the
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fans. In case that rotating speed increases without extra air through the combustion fans, heat
calculations of outgoing air are not valid anymore. Outgoing amount of air is then much
more than defined in first cooling period. Simultaneously when rotating speed of fans in-
creases, the temperature of outgoing air starts to decrease. Explanation for this is that colder
air from boiler house flows into the boiler through opened access doors by means of a suc-

tion.

In this case, momentary volume flow of outgoing air is challenging to estimate because in-
coming volume flow of air through the combustion fans is known but volume flow through
the opened access doors is unknown. One option is to estimate average volume flow of the
outgoing air by using fan design curve and estimate average volume flow of incoming air
through openings. Operation point of flue gas fan can been in curve. Rotating speed, and
shaft power are shown in Figure 56. Average rotating speed was 617 RPM and average shaft
power 612 kW. Average pressure difference over the fan was 3550 Pa.
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Figure 56. Rotating speed and shaft power of flue gas fans in second cooling
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Figure 57. Flue gas fan curve

According to fan curve, estimated volume flow through each flue gas fan was approximately
150 md/s. Converted to normal circumstances, volume flow through fans was 211 Nm?®/s
when average incoming volume flow of air was 168 Nm?®/s. This means that estimated vol-
ume flow through openings was 43 Nm?¥/s. If temperature of incoming air is assumed to be
20 °C, average heat power of extra air is then 1103 kW if density of air is 1.270 kg/m? and
specific heat capacity of air is 1.01 kJ/kg.

Water and steam streams

Fluctuation of feed water mass flow and drum level was observed also in second cooling
period. Average mass flow of feed water was 28 kg/s. Mass flow of continuous blow down
decreases gradually over the period. Reason for this is most probably decreasing pressure

difference over the control valve.
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Figure 58. Water streams and drum level

Heat power and total heat content

As observed in the first cooling period, fluctuation of feed water mass flow causes inaccu-
racy in both to mass flow, and heat power of the outgoing steam. Figure 59 shows incoming

and outgoing heat powers.
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Figure 59. Heat power of incoming and outgoing streams

According to Figure 60, both the total heat content of outgoing steam and outgoing air was
bigger compared to first cooling period. Despite this, second cooling period was 1 hour
longer that, although total outgoing heat power was bigger. The reason might be that initial

heat content of the boiler was bigger in second case.

When considering total heat contents of different streams in Figure 60 , can be considered

that increasing the volume flow of air through the boiler and decreasing the temperature of
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incoming air, difference of heat content of incoming and outgoing air can be increased. In

principle, this could mean that more heat is removed from the boiler by air.
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Figure 60. Total heat content of different incoming and outgoing streams

Other observations

According to Figure 61, temperature of the main steam was initially higher in second than
in first cooling period. This probably means that the initial temperature of the superheater
material was higher and eventually contributed to higher total heat content of the outgoing
steam in the second cooling period. In addition, prolonged cooling period increased the total

heat content of outgoing steam as well.
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Figure 61. Main steam temperature in the first, and in the second cooling period
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Though the amount of heat transferred by outgoing air was higher in the second cooling
period, there can be observed similarities in air temperatures after the heat transfer stages
compared to the first cooling period. According to Figure 62, the temperature of air over the
boiler bank increases, but after each economizer stage, temperatures are much lower. This
means that; economizers likely capture a big part of the remaining heat of the outgoing air.
Some similarities can be also seen in the temperature of the feed water and air after eco 1.
This raises the question again if the temperature of the feed water has an impact on the tem-
perature of the outgoing air.
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Drum temperature Flue gas temperature after superheaters
Flue gas temperature after BB Flue gas temperature after Eco 2

Flue gas temperature after Eco 1 Feed water temperature

Figure 62. The temperature of the feed water and outgoing air after SH, BB, Eco2, and

Ecolduring the second cooling period

5.6.3 Field test plan for third cooling

Main principle of the following field test plan is to achieve as favorable circumstances for
cooling as possible before firing in the boiler is stopped and utilize the possibility of faster
cooling rate when pressure is higher at the beginning the cooling period. Main steam is as-

sumed to be the main route for heat extraction and impact of other methods are minor.

Initial pressure of drum will be decreased as low as possible before firing is stopped. This
decreases the saturated temperature of the steam and boiler water. The temperature of the
boiler tube material is assumed to be close to the temperature of the fluid inside. Lower

initial temperature of the material reduces the amount of the heat to be removed during the
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cooling. Pressure interlocking for liquor firing must be taken into account to avoid uninten-

tional interruptions in boiler operation.

Amount of incoming heat is decreased by lowering the temperature of the feed water and
air. To reduce the heat of the feed water, the pressure of the feed water tank will be decreased
as low as possible taking removal of oxygen into account. Feed water preheater will be by-
passed before firing is stopped as well.

The temperature of the main steam is decreased as low as possible in advance. Purpose is to
reduce the amount of remaining heat of the superheater material.

Smelt extraction must be carried out properly and temperature of smelt must be measured
over the cooling period. Purpose of the smelt extraction is to minimize the required cooling
time of the smelt. The minor the amount of smelt after extraction, the shorter the cooling
time of the smelt.

Continuous blow down control valve will be fully open to remove as much heat as possible
from boiler through CBD.

Steam flow from the boiler is controlled by opening the pressure reduction valves in the
steam distribution station. Purpose is to open these valves gradually more when cooling rate
is decelerating starting with one valve and later opening more valves if capacity of the first
valve is not enough. In the end of the period, when the pressure of the main steam is close
to the pressure of low-pressure steam in the distribution header, reduction valves must be
closed to avoid backward steam flow into the boiler. At this point, start-up steam valve must
be fully opened. Draining valve of the drum will be opened at this point to enable bigger
mass flow of feed water through the economizers and transport part of the heat out from the

boiler. Figure 63 below illustrates the principle of the steam distribution system.



72

Start-up

valve

Pressure Pressure
reduction reduction
valve 1 valve 2 Steam Generator

turbine

Recovery boiler

| Low pressure steam

T T T I

Low Low Low Low
pressure pressure pressure pressure
steam to steam to steam to steam to
fiber line evaporation drying auxiliary
plant machine condenser

Figure 63. Simplified principle of the steam distribution system

The volume flow of the combustion air will be kept same as in the second cooling period.
Steam valves of the air preheaters will be closed to reduce the temperature of the incoming

air.

5.6.4 Data-analysis of the third cooling

Cooling time and cooling rate

According to Figure 64, depressurizing of the boiler took only 5.15 hours from the point
when all combustion is stopped to the point when desired pressure was achieved. There can
be seen a noticeable change in the pressure curve approximately three hours after the start.

Cooling decelerates remarkably at this point.
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Figure 64. Pressure of the drum during the third cooling period
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The average cooling rate over the third period was 0.47 °C/min. There can be observed de-
celerating rate starting right after the start. Decelerating of the cooling rate can be mitigated
by opening more the pressure reduction valves. As seen at the point approximately 2.3 h,
when second valve was opened, the cooling rates returns to maximum value. The maximum
cooling rate was -0.8 “C/min. Cooling slows down strongly after approximately at the point
of three hours and continues to the end at a level of approximately 0.2 “C/min.
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Figure 65. Cooling rate over the third cooling period

Drum pressure was decreased before shutdown to 70 bar from normal operation pressure.
During the stopping of auxiliary fuel firing, needed steam production is changed from re-
covery boiler to power boiler. This change must be done smoothly to ensure adequate and
stable steam production for the mill. Before all the start-up burners were stopped, this chang-
ing time was utilized, and depressurizing of the boiler was started by opening the reduction
valve as Figure 66 and Figure 67 show. Red arrows show the time slot when decreasing the
pressure was ongoing although a few start-up burners were still in operation. At the moment

when all start-up burners were stopped, the pressure in the drum was approximately 61 bar.



74

80 6
70 > ' _
\ 2
60
4
50
= Q
8 40 3 @
= =
30 )
20
1
10 ]
0 0
0 1 2 3 4 5 6 7 8
Time[h]
= Drum pressure Auxliary fuel mass flow

Figure 66. Drum pressure and mass flow of auxiliary fuel into the boiler

Water and steam streams

Figure 67 shows the main principle of cooling. When the boiler is in operation after the
steam turbine is stopped, steam production of the recovery boiler is led through the reduction
valves into the low-pressure header in the steam distribution plant and further to the mill
usage. Steam production of the boiler continues after the combustion of the auxiliary fuel is
stopped due to heat storage in the boiler. The first reduction valve is opened continuously
more when the cooling rate slows down. The next reduction valve opening is started after
the first valve is opened approximately 60 %. Cooling continues by opening both reduction
valves step by step. At the point of 10 bar, start-up steam valve is started to open manually.
Simultaneously both reduction valves are started to close manually. Reduction valves must
be closed before the pressure of main steam is equal to low-pressure steam. Otherwise, low-
pressure steam could flow backward to the boiler. Also draining valve of the drum is opened
during the change to enable a flow of hot water from the boiler. Closing of the reduction
valves causes the rapid slowing of cooling at the point of three hours in Figure 64 and Figure
65. This proofs that the size of the start-up line is too small for the required volume flow for
boiler proper cooling procedure. Previous test cooling’s have shown that capacity of the
start-up line is bigger if the pressure of the steam is higher. This means that decreasing pres-

sure of the boiler has an impact on flow capacity through the valves.
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Figure 67. Drum pressure and valve positions in 8 hours timeline

At the beginning of the third cooling period, feed water mass flow was 40-50 kg/s but de-
creases during the period. For some reason, water level inside the drum first increased and
then decreased after 2.3 hours. This happens at the same time than reduction valves were
closing, and start-up valve was opening as Figure 68 and Figure 69 show. The reason for
this is unclear but this phenomenon doesn’t have an impact for cooling of the boiler. At this
point, more feed water was pumped into the drum to keep the water level in the drum. Strong
fluctuation in drum level can be observed after three hours when the pressure in the boiler is

low. According to feed water measurement, the average mass flow of feed water was 36 kg/s
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Figure 68. Feed water mass flow and drum level
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Figure 69. Drum pressure and valve positions in 6 hours timeline

Incoming and outgoing air

In third cooling period can be observed same phenomenon as in previous shutdowns that
heat transferred with air from furnace, superheaters and boiler bank is partly captured in
economizers as Figure 70 shows. This means that heat recovered in economizers returns to

the drum and further in the furnace and boiler bank tubes to be evaporated.
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Figure 70. Temperature of air after heat transfer stages

The boiler is equipped with flue gas coolers located in flue gas channels after economizers
Purpose is to recover part of the heat of the flue gases. Heat is recovered in water circulation

and transported to air preheaters to heat incoming combustion air. In the third test cooling
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period, water circulation from the coolers to the air preheaters was not totally stopped and
part of the heat of the outgoing air was recovered in flue gas coolers.

Figure 71 illustrates the impact of the heat recovery from flue gases. The grey beam is the
total outgoing heat bound to air after the flue gas coolers and the orange beam shows the
heat content of air before the flue gas cooler. The difference between these values is the
recovered amount of heat returned to the cooling process with air. This has a reducing effect
on cooling but when comparing the effect of evaporation of the water on cooling, this has a

minor impact.
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Figure 71. Total heat content of air

Figure 72 shows the total heat content of different stream in third cooling. The main steam
has an overwhelming share of the transferred heat. In this case, the heat content of the out-
going air is determined after the flue gas coolers. This reduces the total amount of outgoing
air and increases the heat of the incoming air. The share of continuous blow down is low.
The heat content of the feed water cannot be reduced much anymore in order to ensure proper

removal of oxygen from the feed water.
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Figure 72. Total heat content of different streams in third cooling

Cooling of the smelt

Initial temperature of the smelt was 720 °C, which is almost 100 °C lower than in the first
studied shutdown. One reason could be the temperature measurement probe was closer to
start-up burner in first cooling period and this heated the smelt around the probe more. Tem-
perature measuring was stopped at the point of 520 °C. According to Figure 73, cooling of
the smelt from the initial point to 500 °C took approximately 9 hours. Average cooling rate

in third cooling period was -0.33 °C/min. This is lower value than in first studied shutdown.
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Figure 73. Temperature and cooling rate of the smelt (\Varo Teollisuuspalvelut Oy, 2022)

Figure 74 shows the view of the smelt top surface by using thermal camera at the point of

4.2 h from the starting point of the cooling. According to Figure 73 and Figure 74,
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temperature difference between smelt interior and top surface is approximately 445 °C. High
temperature gradient describes well the low thermal conductivity of the smelt. Even the de-
pressurizing of the boiler was much faster, the cooling rate of the smelt was slower compared
to first shutdown.

It can be concluded that depressurizing of the boiler doesn’t have impact for cooling of the
smelt interior. In the middle of the floor, surface temperature of the smelt seems to be even
higher. This raises a question what temperature of the smelt interior in the middle of the floor
is and what is the right moment to start the safe water washing of the boiler.

Cooling time of the smelt would be much longer without smelt extraction, in this case close
to 40 h. Cooling time can be even longer if ash dropping from superheaters covers the smelt
surface. Ash layer on the surface behave as insulation and slows the heat transfer from smelt
to air. For this reason, sootblowing is recommended to stop before smelt extraction in super-
heater area to prevent ash dropping on the bottom (Karjunen, interview 20.10.2022).

Figure 74. Temperature of the smelt top surface (Varo Teollisuuspalvelut Oy, 2022)
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6 Results

Heat transfer in cooling process and explanations for observed phenomenon in cooling of
the boiler are described in the following sections. Needed actions for efficient cooling pro-

cedure are given as well.

6.1 Heat transfer in a cooling process

In the cooling process, heat in a boiler was transported out bound in the water, steam, and
air. Part of the heat removes also as heat losses through the insulation of the boiler. Accord-
ing to this study, majority of the heat was transported out as steam and impact of other fluids
are minor. Evaporation of water is efficient way to transfer heat. Phase change from saturated

water to saturated steam requires much more heat than just heating up the water.

According to field test and comparable cooling periods, heat bound to air in the furnace,
superheater, and boiler bank area, is recovered in economizers. Only part of the heat bound
to air is transported out through flue gas route. It seems that temperature of feed water has
an impact for temperature of outgoing cooling air. On the other hand, cooling air introduced
close to smelt bed, has positive impact on convective heat transfer from smelt to air. It would
be interesting to see how the cooling proceed without blowing any cooling air into the boiler.
Better understanding of impact of air for cooling of the boiler needs more detailed study and
field tests.

As known before, cooling of the smelt on the bottom is challenging due to low thermal con-
ductivity of the smelt. Even if part of the smelt is extracted, cooling time was several hours
longer than depressurizing and cooling rate was even lower than in previous shutdowns. This
study showed that faster depressurizing of the boiler does not speed the cooling of the smelt
even the temperature difference between smelt and boiler water inside the floor tubes was

bigger.
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6.2 Decelerating cooling rate of the drum temperature

When considering the features of main steam of the boiler during the cooling period, can be
observed that while the pressure decreases, the specific volume of steam increases as Figure
75 shows. This phenomenon means that same mass flow of steam needs much more space
in the end of the cooling compared to situation at the beginning. Specific volume starts to
increase dramatically when pressure is approximately 10-15 bar. It is also noteworthy that
enthalpy of steam reduces when pressure and temperature of steam reduces as Figure 76

shows.

These properties together with continuously decreasing pressure difference over the steam
valve make the situation even more challenging. Bigger mass flow of steam is needed to
remove constant heat power out from the boiler. This decelerating cooling rate can be miti-
gated by enabling bigger volume flow of the steam by opening more the pressure reduction
valves. High cooling rate is able to achieve until the pressure of the boiler is close to pressure
of low-pressure steam of the mill. At this point, pressure reduction valves must be closed,
and steam is led to atmosphere through the start-up steam valve. At this pressure of boiler,
size of the start-up steam line is not big enough to enable same volume flow. This slows the

cooling rate strongly at the end of the cooling period.

Cooling time could be shortened remarkably more if desired pressure after the cooling is
increased just a few bars. Water washing of the boiler defines safe limits for boiler cooling

and earlier initiation point of water washing needs more consideration.
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Figure 75. Density and specific volume of main steam during the first cooling period.
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Figure 76. Enthalpy of the outgoing steam in the first cooling period

6.3 Actions to enable faster cooling rate of the boiler

82

Below are described actions to achieve efficient cooling rate of the recovery boiler for water

washing. This type of cooling principle is valid only for the mill where recovery boiler has

own separate pressure reduction station for main steam. If main steam pipes of the recovery
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boiler and power boiler are in connection, this cooling procedure can’t be utilized fully.
Maximum allowed cooling rate of the boiler must be followed carefully to avoid damages
of the boiler proper. Efficient cooling requires actions both before and after the combustion
is stopped in the boiler. In the following sections given recommended actions include many
similarities to field test plan given previously. Given actions don’t ensure fast cooling of the
smelt on the bottom of the furnace and starting point of water washing must be considered

carefully separately in each case.

6.3.1 Actions before the combustion in the boiler is stopped

Decrease the pressure of the drum as low as possible. This decreases the saturated tempera-
ture of the steam and boiler water. This decreases the temperature of boiler proper as well
because the temperature of the boiler tube material is close to the temperature of the fluid
inside. Lower initial temperature of the material reduces the amount of the heat to be re-
moved during the cooling. Pressure interlocking for liquor firing must be taken into account

to avoid unintentional interruptions in boiler operation.

Decrease the temperature of the main steam with attemperators as low as possible in ad-

vance. Purpose is to reduce the amount of remaining heat of the superheater material.

Decrease the pressure of the feed water tank as low as possible taking proper removal of
oxygen into account. Bypass the feed water preheaters to lower the temperature of the feed

water.

Smelt extraction must be carried out properly and temperature of the smelt must be measured
over the cooling period. Sootblowing in the superheater area should be stopped before smelt
extraction. Salt layer on the surface of the smelt decreases heat transfer from smelt to air

during the cooling period.

6.3.2 Actions after the combustion in the boiler is stopped

Control the cooling rate by opening the pressure reduction valves in the steam distribution
station and leading steam flow to the steam network of the mill. Purpose is to open these
valves gradually more when cooling rate is slowing. Depressurizing can be started with one
reduction valve and later using more valves if capacity of the valves is not enough. Depres-

surizing can be started immediately when the boiler is ready to be stopped even if some
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burners are still in operation. In the end of the cooling period, when the pressure of the main
steam is close to the pressure of low-pressure steam in the distribution header, reduction
valves must be closed to avoid backward steam flow into the boiler. At this point, start-up
steam valve must be fully opened. Draining valve of the drum is opened at this point to
enable bigger mass flow of feed water through the economizers and transport more heat out
from the boiler.

Continuous blow down control valve fully open to remove as much heat as possible from
boiler through CBD.

The volume flow of the combustion air is dependent on the capability of flue gas fans to
remove air from the boiler. Emphasize the amount of air at the level close to the smelt bed
to maximize convective heat transfer from the smelt to air. Close the steam valves of the
combustion air preheaters to reduce temperature of incoming cooling air. Bypass the flue
gas heat recovery, if possible, to prevent heat recovery from the flue gases to combustion air
preheating.
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7 Conclusions

The target of this Master’s thesis was to find actions to speed up the cooling of the recovery
boiler for shutdown. Cooling of the recovery boiler can be divided into depressurizing and
cooling of the boiler pressure part and cooling of the remaining smelt on the bottom of the
furnace. Usually, the temperature of the boiler proper defines the starting point of water
washing initiating from the economizers and addition to this, temperature of the smelt de-
fines the safe starting point of water washing in the boiler bank, superheater, and furnace
area due to high risk of smelt water explosion in case that water has a contact with too hot

smelt.

Main finding of this study was that by utilizing a great capability of water vaporization to
bound heat enables shorter depressurizing and cooling time of the boiler. A larger mass flow
of steam transports more heat out from the boiler and with this, cooling rate accelerates.
Phenomenon of decelerating cooling rate of the boiler is explained by expanding volume
property of the main steam according to the pressure of the steam decreases. Volume flow
of steam decreases due to decreasing pressure difference over the outlet valves as well. Im-
pact of these phenomenon can be mitigated by opening the outlet valves gradually more

according to pressure of steam decreases.

The impact of the combustion air for cooling process can be concluded much minor than
impact of steam as was found in previous study as well but no clear rules for utilizing the air
in the cooling procedure were found in this study. Especially, the impact of air for the cooling
of the smelt needs more researching. Interesting finding of this study was also that air trans-
fers heat from previous heat transfer surfaces to economizers where part of the heat is recov-
ered and returned to the boiling process. This is obvious when considering the thermody-
namic rules of heat transfer and purpose of the economizers. Heat transfers always from
higher towards lower temperature. Economizers include enormous amount of heat transfer

surface which enables efficient heat recovery from low temperature flue gases.

Faster depressurizing of the boiler pressure part allows earlier starting point of water wash-
ing in economizer area, but slow cooling rate of the smelt may set up delays for initiation of

water washing in boiler bank, superheater, and furnace area even if the desired pressure and
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the temperature of the boiler proper have been achieved. Top surface of the smelt bed seems
to cool down quickly, but heat transfer from inside the smelt bed is very slow due to low
thermal conductivity of the smelt.

According to the results, can be concluded that the target of this study was achieved. De-
pressurizing time of the boiler was decreased several hours compared to previous shutdowns
and actions to speed up the depressurizing and cooling of the recovery boiler are given in
this study.
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