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The aim of this thesis i® familiarize withthewatersteam circulation simulations. The main
target is to develop an Excel based calculation tool to handle and transfer heat fluxtuata to
Apros 6 simulation program. It is also important to make this as automated as pssible
makewater circulation calculations more simplomparable and precis€his is possible
with Excel macros andewfeature in Apros 6, SCL command filé$CL commandg&nable
smooth data transfer between Apros and Excel.

Data managementithin thewater circulationgalculationshas arlier been onerous artide
accuracy has depended on the modétethis thesismodern and more realistic CFD models
are used tareateheat flux values for heat transfer surfaad a recovery boiler. Thigs a
major improvement tthe reliability of the water circulation studies

In the experimental partnew Excel calculation tool anithe modified heat flux values are
tested in practie. Old Apros water circulatiomodelis updated with new heat fluxes and its
structure is modified to be moeecurateThe rew model is also tested with 115 % capacity

to study howther ecovery Dboil er 6 s wahigbar thecmakpowednéd t i o n

what changes it causeThese liree different caseare compared to each other, aihe
changesausedn watersteam flove are studied
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Tassa tyossd perehdytdadn soodakattiloiden vesikiertomallin rakentamiseen. Tyon
paatavoitteena on kehittda simulointimallia varten taulukkolaskentapohja, jonka avulla
soadakattilan lampdvuotietoja on yksinkertaiga nopeaakasitella ja siirtda Apros 6
simulointiohjelmaan. Liséksi tarkoituksena on pyrkid automatisoimaan tydvaiheet
mahdollisimman pitkalle, jolloin vesikiertolaskeaim tekeminen yksinkertaistujsi
yhtenaisyisi ja tarkentuisi TAm& on mahdollista Excemakrojen ja Apros @ uusien
toimintojen avulla Apros 6:ssaon nyt mahdollistahyddyntdd SCL- komentotiedostoja,
joiden avullasujuva tiedonsiirtd\proksen ja Excelin valill&odaan toteuttaa

Vesikiertolakentaan kaytettdvan datan kasittely on aikaisemmint diy6lastéa ja sen
tarkkuus on pitkalti riippunut mallintajasta Tassa diplmityossa paastaan hyddyntdma&an
uusimpia ja realistisempisoodakattiloiden CFPmalleja, joiden avulla pystytddn luomaan
aikaisempaa tarkemmat lampdévuojakaunsamodakattilan lAmpdpinnoileTama muutos
parantaavesikiertolaskennatarkkuutta

Tyon kokeellisessa osassa uutta Excel laskentaty6kalua ja uusia lampovuoarvoja testataan
kaytanndssaEras vanhapros vesikiertomallipdivitetddn uusilla lampoévuoarvoilla ja sen
rakenteeseen tehddaan muutokséakkuuden parantamiseksi. Uuden mallin toimivuutta
testataan myos 115 %:n kapasiteetilla ja tutkitaan kuiknkseinen vesikiertopiiri reagoi
suurempaan lampotehaohaitd kolmea ® tilannettavertaillaan toisiinsa ja tarkastellaan
eroavaisuuksia niiden veBbyrypiireissa.
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[ inside

Im logarithmic

m mean
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r radiative

S surface
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1. INTRODUCTION

The main target focomputationalvater circulation studs for recovery boiles is to ensure
proper water circulatioin the specific designThis is the way how boiler manufacturers
ensure that pipe dryouts, critical heat #gxunstable flows, todigh flow velocities and
excessivepressure losses do not occutthie pipelines. Water circulation studies can also be

used to test how different pipe sizasd other dimensiongenperatures and capacities affect

The mainweakneses in earlier water circulation calculations have been inacdaraeytain
areasand a large amount of worEspecially heat fluxes have been problematic and they
have been based on practical experiences and rough CFD nidoledaysmore accurate
CFD models can be used to calculate heat fluxeith small changes they araighly

workable for providing input data for water circulation studies.

A

This Masterodéds thesis has been done in the
improvethe wate circulation studies. The objective is to create an accurate way to solve and
feed heat flux data fothe Apros 6 simulation programThis is done by Excel based
calculation tool, APPIwhich is automated by using Visual Basics for Applications. With this
spreadsheet it is possible bandle and feed all the dateeededfor working with water

circulation simulation.
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2. MODERN RECOVERY BOILER

Concentrated black liquor consists of organic dissoWedd residues and inorganic diag
chemicals.In recovery boilers the combustion of the organic portiothefliquor produces

heat which is used to make high pressure steam that generates electricity and low pressure
steam for process usAlso costly inorganic slfur compounds are recovered and recycled
back into the procesfGullichsen, J. et all999 9-10)

Tight Roof Casing

Single Drum

Longflow
Generating Bank

100% Cooled and Economizer

Surface e S gl

generou; ' £
urnace Plan
Area and Volume |

Continuous
Trough Ash
Removal

Lower Furnace
Tube Protection ™|

3-Level
Interlaced
Air System

Computer Modeled
Air and Liquor
Delivery Systems

Single or Dual

Sloped Floor Rearwall Smelt

Spout Location

Figure 1. Modern recovery boileMakkilainen E. 2007, 2)
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2.1 Functions of recovery boiler
Recovery boilerds three main functions are:

Burn the organic material of black liquor to generétas

Recycle ad regenerate used chemicals from black liquor

Minimize emissions from several wastigeamsn an environmentally friendly way
(Gullichsen, J. et alLl999,95)

The important pulping chemicals, such as sulfur and sodium, are separatedbfrkrigoior

in the recovery boiler. Chemicals are recovered as suitable compounds for further processing
in the chemical circulation loofiFigure 2) Theefficiency of reduction from sodium sulfate

into sodium sulphide is an important measure of the recgve boi | er 6 s per f o
sodium thatremains will create sodium carbonagterhen it reacts with carbon dioxide. The
chemical smelt that flows from the furnace through smelt spouts &Empodium sulfide,

sodium carbonatand sodium sulfate. (Knowpulp)

Wood
Lime Kiln 7 Digester
; Pulp
(o
. - Washing
I_Mlm; Lime Liquor
u
} / Weak
—= Black Liquor
Causticizing
Plant \ Evaporators
Green Water Heavy
Liquor / .
Recovery Black Liquor

Smelt Boiler

Figure 2. Kraft recovery process (Tran, H. & Vakkilainen) E.

Before burning the dry solid contentof separated black liquas increased by removing
excesswater in the evaporation process. Burning the organic materials and the chemical
reactions brecoverimg, releasea considerable amount of heat energy. This heat energy is
transferred to watefilled tubes in walls of the boiler. The generatesteam is used in

different stages of the pulpimocessand in turbines to produce electricity. (Knavi)
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2.2 Typical construction of modern recovery b oiler
The primary factors directinthe development of the recovery boilers dhe investment

cost, liquor processing capacity, energy efficiency and environmental requirements. The
chemical recovery sysm must be able to handieuch more material than befoteadng to

larger black liquor capacities and bigger recovery boileigure 3) The wor | dos
recovery boiler is under construction and its capacity is going to be0d2tds/d
(Gullichsen, J. et al1999 96)

6000

4000 -

3000

Capacity, tds/d

2000

.
1000 1
i

5 ml=;4ﬂll

1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
Delivery year

{om e sqeamosve

Figure 3. Capacity increasef recovery boilergPentinsaari38)

A modern recovery boiler has a single drum desigdely spaced superheaters artical
steam generating bankhe maostsignificantchange in the past years Haeen the transition
to single dum construction. This change has bgenmitted by the better quality control
boiler water. There araumerousadvantages ithe single drum constructiooompared tahe
old two drum designlt reducesthe possibility ofwater leakage tohe furnace. There are
fewer holes irthedrum wall so it can beonstructedhinner, which allowdaster start up and
stopdown. Also the gas flow to the boiler bank is smoother #relheating surface
engineering is simplefVakkilainen E. 2007 1-6)

The spacing between superheater panels has increased to minimize fouling. With an
increased number of superheaters heat transfer differencbetween a clean and fouled
surface issmaller This feature simplifies theemperaturecontrol d the supeheater outlet

steam, particularly during startips. Plugging of the new superheaters is unlikely, the
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cleaning easieand the soot blowing steam consumption is If@ullichsen, J. et all999
98)

Nowadayssomemodern recovery boilers hawepre-boiler bank beforghe actual boiler
bank. Water comes down frotine steam drum teheinlet headers othe bottom of the bank.
Water staig to vaporize irthe preboiler bark and natural circulation pushester backnto

the steam drumThis techniqueas usedto decrease flugasboiler bankinlet temperature
below600e (epending on the black liquor properties and the fly ash melting behavior. Pre
boiler bank prevents fouling in narrow boiler bank structuidse iler bank(Figure 4)
works similarly aghe pre-boiler bankbut vertical part of thescreen came conneted to the
structure of the boiler bapwhenthe pre-boiler bank is not needed.i$ alsomuch larger and

flue gases turwertically down when they comecross back wall of the boiler bankfter

the boiler banks flue gases rige tothefirst econonzer.(Pentinsaari, 24)

Pre-Banco %

Sobrecalent
i Il Banco

' .
1
i !

! | ]E(ol | B0 2

(- P \

Figure 4. Boiler generating bank (Pentinsaari, 25)

The dry solids content of the incomingpbk liquor dry solis flow is the most important
design criterionbecause it establishes the required size of the boiler. With thedeatue
of the black liquor this defines the boiler capacity. With water and steam vHlaes

maximum continuous rating (MCR}Jeam flow is established/dkkilainen, E.2007, 2-3)
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2.3 Furnace design
Good furnace design and high quality materiaiprovethe recovery boiler safety and heat

transfer. That is why furnace walls and floors are continually under investigation for better
materials and proper water circulation design. Sufficient water flow lowers the wall

temperature and prevents pipe damagéskKilainen, E. 200,/10-13)

Usually the critical leaks occur in the lowest 3 ntt@furnace wallgFigure 5) Proper floor
angeli4jihproyves the water flowand helps to avoid parts where steam bubbles could
get stuck causing insulating gakrs. Normally 0,5 m/s is the minimum velocity for safe and
steady water flow in floor tubes. Smeftouts are usually installediZDcm above the floor
level so the entire floor is covered with smelt layer and reduction efficiency is high.
(Vakkilainen, E.2007, 10-13)

The most common wall design in recovery boilers is compound tubing. Typical furnace tube
materials are Sanicro 38 and 304L. They have high corrosion resistance and they are used in
lower part of the furnaceCheaper carbon steel is usdabvethe highest air level. It resists

most corrosive conditions at oxygen rich conditions but bare carbon steel cannot resist black
liquor burning. Yakkilainen, E. 200710-13)

|
Al
Er

-

-

Figure 5. Furnace of recovery boile¥&kkilainen, E. 200710-13)
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2.4 Black liquor combustion
The sulfate pulping process produces large amount of black liglamk liquor is generated

in the cooking process as the white liquor dissolves the lignin and other organic compounds
in the wood.Weak black ilquor is removedfrom the pup during the pulp washinglhe
separation iglone to recover the cooking chemicals andetmovethe organic substances

that weaken the quality of the pulp.the evaporation plantyater is removed from the weak
black liquor, and the resulting strong lalaliquor is transferred to the recovery boilEigure

6). The sulfate puling processproduces large amounf black liquot In modern chemical

pulpingthe typical black liquor dry solgkontent isover 75 %(Knowpulp)

Tertiary air

Black liquor

e
- | |

ization' o

Secondary air

Figure 6. Black liquor combusng in the furnacgVakkilainen, E. 2007, 8, text modified)

The increase of black liquor dry solids content has substantially afféeedain operating
variables of the steam generati@rable 1) Dryer black liquor is particularladvantageous
sincethe flue gas flow often limits recovery boiler capaci@ullichsen, J. et all999,97)
Improving steam produagoes hand in hand with dry solid content. Egamplea rise in dry
solids content from 65 % up to 80 Yicncreases the main steam flow ab@b6. The rise is
more than 2 % for each 5 % increase in dry so(@sllichsen, J. et al. 19996) High black
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liquor dry solid content also helps to reduce sulfur speniesnissions Whenthe liquor is
dryer, it increases furnace temperature andfur dioxide reactswith sodium toproduce
sodium sulfite (Vakkilainen, E. 200711-2)

Table 1. Effects of different liquor dry solids contef\takkilainen E. 2007 6-21)

Liquor dry solids, % 60 65 70 75 80 85
Sum of heat inputs, MW 559.4 557.9 556.7 555.6 554.7 553.8
Heat in furnace, MW 393.0 402.6 410.9 418.1 424.4 430.0
c, 83s, kJ/kg°C 1.391 1.372 1:355 1.340 1.324 1.314
Liquor flow, kg/s 57.9 53.4 49.6 46.3 43.4 40.9
Flue gas flow, kg/s 221.0 216.9 212.8 209.5 206.7 204.2
Furnace outlet temp., °C 913 926 936 943 949 953
Firing capacity, kg dry sol- 0.2 0.2 0.2 0.2 0.2 0.2
ids/m?s

HHRR, MW/m? 3.0 3.0 3.0 3.0 3.0 3.0
Heat release rate, MW/m? 2.26 2.32 2:37 2.41 2.44 2.48

2.4 Combustion air systems
Black liquor consistsof organicand inorganic materials that react in the recovery boiler

furnace To be able to sustain steady combustoper airfeedingsystem is needed. When
the organic content in the black liquor increases, by reason of higher diyycsoltdnt, more
air is needed per unit of black liqudor combustion The primary target of the air system
designis to preserve a high arsieadytemperature and gasipplyin the lowerpart of the
furnace.With a proper desigrihe combustion takes placetire lower parandincrease the
reduction efficiency and decreasbeemissions.(Vakkilainen, E. 200/7-27 7-6)

Combustion air is typicallyntroduced intothe furnace atvarious horizontal elevations to
ensureoptimum combustion andninimize emissions(Figure §. Air is providedin to the
furnace by forced draft fanand theflow is controlled with dampers in furnace openings,
ducts andy adjusting air fans. The air flow control with dampers in furnace openings causes
high duct air pressures which increabes o wgowed sonsumptionbut ensuredalanced

flow through each openingVVakkilainen, E. 20077-27 7-6)

The combustion air is delivered into thenace at least from three levels: primary, secondary
and tertiary. Becaudbereducing conditions angreservedlose to the char beth the lower
part of the furnace, the primary and secondary air levels must be located close to the floor

belowtheblack liquor gungFigure 6) Approximately70 %i 75 % of total combustion air is
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introduced throughhe primary am secondary air nozzleso the rest and excess air e
tertiary air nozzles. The main reasoof tertiary air aré¢o burn the remaining combustible
particles in the center part of the furnsamed minimize NOx emissiongVakkilainen, E.
2007, 7-27 7-6).

2.5 Water circulation
The circulation starts from the feed water tamkherewateris pumped tahe economizer

There it is heated up to almost the saturation temperature by the flue gaseshéksafepd
water preheater flue gases temperature deases and therefore improves boiler efficiency.
(Gullichsen, J. et alLl999 263)

Water tube boilers can be classified into three different types based on the method of steam

and water circulation.

9 Natural circulation boilers
1 Forced circulation boilers

T Once through boilers

>
. " Superhcated
Superheater Superheale: sieam
. a
Steam K,\ S:_.gporhaalm Steam \[\ Superheatod
sieam steam Superhdater

Drum
Steam and water

&
2

Steam and water Water St
Feed 3 Feed
g I3 water
e pump

Header Header Header
with orifices with orifices

Circulation

Feed é
water
pump
pump

Natural circulation Forced circulation Once-through

Economizer
Economizer

Economizer

Downcomer

Furnace wall tubes

at furnace wall
al furnace wall

Downcomer

Risers
Risors

Figure 7. Different water circulation type&ullichsen, J. et all999 264)
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2.5.1 Natural circulation
In the natural circulation concept, tbgculation of water and steam isdeal on the density

difference betweehot and cold flids. The downcomer from the druamdtubesaround the
furnace construct a continuous tube sysfEigure 8) First nearly saturated water rushswn
to the heademwhere the flow idivided into the risersat furnace walls. In the risers water
heats umndstarts to vaporize. The density of the flowing wesiEzam mixture in the risers is
lower than in the downcomer. This density difference causes the driving présajpehat

pushes watesteammixture up to tharunt
yn  Qyoor 7 1)
where } ¢ = average density of watsteam mixture in the riser

}w= density of saturated water in the downcomer

aH = difference in levels of the drum and thair in the risers where the vaporizing

begins
g = standard gravity

When boiling starts ithe bottom parof the furnace it will increase the mass flow of water.
(Gullichsen, J. et al. 1999, 26365)

Feedwater J_., Steam Riser
'&—“:_ ~__ Drum __ :\:-_
— TG
7\ ,
/ \
‘ -1
|
(| -
Q "F
A il
=t Downcomer
- i
Boiling starts
= R Hg

Figure 8. The principle of natural circulatiofHuhtinen, M. 1994115 text modified
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The biggest weakness for this principle is the critical pressfurater. In this level, p = 22,

MPa, the densities of water and steam are equal, 315’ ksgnthe driving pressure is not
createdanymore Therefore natural circulatmis not suitable for high pressure boilers. The
maximum pressure for proper circulatiavhen the steam leaves tdaum, isapproximately

17,0 MPa. In this pressure the density of water is about five times higher than the density of
steam. (Gullichsen, X t al. 1999, 26264) Figure 9 represents how operation point of

naturalcirculationis determined byhedriving force anaheflow resistance.

Ap driving force
Pressure drop ‘

Ap flow resistance

o

Mass flux

Figure 9. Operation point of natukairculation(Henrik, A. 1990 834 text modified

2.5.2 Forced circulation
In forced circulation boilers the watersteam circulation is very similar with natural

circulation boiler excepthe circulation pump. High pressure water is conducted to the
vaporizer using forced circulation pumpghich also drive the mixture of water and steam
from the vaporizer back to the steam driBacauseof the forced circulation, the boiler can
be designed to use slightly higher pressures than the natural circudatioapt But the
separation of thevatersteam mixture in the steam drum is still basedthe difference fo
densities. Thatsi why forced the circulation boilers cannobe operated at supercritical

pressures. (Knowpujp
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2.5.3 Once-through circulation
Oncethrough boilers can beharacterizedas long externally heatedpe of tube system

where water is fed into pipe from one end and released as superheated steam at the other end
of the pipe Because all the wates vaporized irfurnacewalls, there is no need tior adrum

and the steam can lbed directly to superheatersOncethough boiles aremostly used in

large scale power plants at sugritical pressures. This maximizes the electricity production.
(Knowpulp)

There are two main types of once through boilers: Benson and $rilgere 10) The most
common ad simplest design is the Barsboiler where the point of complete evaporation
varies with the capacityoad. This design is used in largeale steam boilersSulzer
monotube boiler has a special pressure vessel, Sulzer bottle, for separating water and
impurities from steam. Theraf®the evaporation point is always at the bofieir, S. 2003,

65i 66)

S

LiEE

N

Figure 10. Schematic pictures of Benson boiler (left) and Sulzer boiler (r{dkty, S. 200365 66)

2.6 Fouling control
During the combustion small char fragmentsquor partides and alkali elementsntrain to

theflue gas fow. This hot ash can solidifgn cooler heat transfer surfaces @aadse fouling
Fouling and fouling related phenomena have always beesj@ concern in recovery boiler

design and operatiofVith the mo@rn computer based miwol systemthe changes in fouling
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at certainheat transfer surface can be recognized. This enables to use soot blowing directly to
those surfaces where it is most necesg@uyllichsen, J. et al. 199923 124)

\

\

Figure 11. Fouledboiler bank (Vakkilainen, E. 2007 -8)

The heat flowat aheat transfer surface depends on the heat transfer area and temperature
difference between flue gas and wageram mixture. When this surface get fouled it causes a
decrease in heat transfefficient At the same time the accumulation of deposits decreases
available gas flow area, and thus flue gas velocity grows causing increased pressure loss
(Figure 12. The fouling can increase until the flue gas fan cannot supply sufficient pressure
and flow Then the recovery boiler load mumst decrease, or the surfaces must be cleaned.
(Gullichsen, J. et al. 1999, 12R24)
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Figure 12. Pressure losses in heat transfer surfaces (Gullichsen, J. et al. 1999, 124)

1360

For a modern recovery boiler tldecisivepart is often the boiler bank. By increasing black
liquor dry solids content over 70 % the probability of the economizergpigds clearly
reduced Also superheater fouling has dramaticalgcreasedbecause othe improved air
system which is capabte half the amount of carryover@/akkilainen, E. 20078-1)

2.7 Emissions
In modern kraft pulp millsthe main source ofotal reduced sulphr (TRS) are uncollected

vent gasesand other pointswhere mill liquorsare handled in contact witbpen air
Therefore in addition to necondensable waste gagbiCG), the mixing tank vent gases and
dissolving tank vent gases need to be burned in the furmbeelTRS emissions are usually
caused by cold char bed apoormixing in the furnace(Vakkilainen, E. 207, 1317 11-2)

The sulphur dioxide (S@) emissions arelependenbn the dry solidsand the black liquor
Sulphur tosodium and potassium molar ration. The higher the sulfidity content of the fuel
the higherare the expecteeimissionsUsually the sulfudioxide emissionsan be decreased
below 10 ppm.Increasing the black liquor dry solid content increasles furnace
temperatureand better air systems below the liquor gun level decr¢hsd®RRS and suphur
dioxideemissions. (Vakkilainen, E. 2007,-11 11-2)
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Nitrogen oxides (N¢Q emissionsmainly consist ofnitric oxide (NO). Recent changes in
modern recovery boiler operations have increased thdév@: high black liquor dry solids,
combustion of NCG and combustion of dissolving vent gases. Nitregassions can be
reduced byoptimization of theair and fuelfeedingand in the future bygelective catalytic
reduction(SCR).(Vakkilainen, E. 200711-37 11-4)

Nowadaysthe dustemissions after the recovery boiler economiertypically low. They

are strongly dependent on boiler load and the furnace gas upward velocity. Firing with high
velocitiesand small droplet of black liquorcauses excess carryover and high dust loading.
TheDust emission can be efficiently reduced by using electrostatigjisgors.(Gullichsen,
J.etal. 199911-87 11-9)

Table 2. Emissions of recoveroilersin four decadeg§Andritz)

Flue gas emission 1982 1992 2002 2012
Uncombusted (CQ), ppm 200 1580 100 <100
S0;, ppm 600 200 10 <1

TRS (HzS), ppm 10 6 5 <5

Dust, mg/m3n 300 1580 100 <20
NOx, ppm - 100 90 <70
Total organic. (TVOC), ppm - 60 60 <20
Chlorine compounds (HCI), ppm - - - <10
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3. NATURAL CIRCULATION BOILER

Dependingmainly on thesize of the boiler, therean be used fewifferent typesof natural
circulation structuresThe most commoieonceptsof natural circulationsre single and bi
drum boilers that arsuitablefor large scale power plants. For smaller boil@nsoption is
Eckrohr boiler.(Teir, S. 200352i 54)

3.1 Operating princi ple
The main operating principles @il different types ofatural circulation boilers are the same,

but specialization for different fuels, temperatures and pressures ch#meestructure.
Because the circulation is caused by density differences ef,wla¢ design is simple and
reliability is high Main components for natural circulations are steam drum, downcomers
and vaporizer tubegTeir, S. 200354i 55)

3.1.2 Single drum boilers
The feedwater is pumped in the waséeam circulation fronthe feed water tank. The feed

water is preheated in the economizeratwout10 e helow the boiling temperature. The
temperature musitay belowunder the saturation temperature to avoid untimely boiling in
the economizer pipegrom economizer the feed watervil® to the steam drumwvhere it is
mixed with the existing wate(Teir, S. 2003541 55)

From the drumsaturated water flows throughe downcomer tubes tthe main inlet header
(Figure 13) In the main inlet header the water flow @stributedto the rser tubesvhere it
partially exaporates. The raiser tubes fothe evaporator unit in the boiler. After these hot
tubes the watersteam mixure returns in the steam drunihere steam is separated from
liquid water andled to the superheaterghere liqudl water returns intdhe downcomers.
The steam from steam drum is heated beyond its saturation poive snperheaters. After

the las superheater the steam exits the boiler and continues to steam tulbia@sodern

recovery boilerthemain steam aput temperature is typically 415 e C and pr es

110 bar(Teir, S. 200354i 55)
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1 Superheated steam
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Steam drum k_* 7
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Figure 13. Natural circulatiorin a single drum boilefKnowpulp)

3.1.2 Two drum boilers
The two drum boiler desigrepresergthe old model of recovery boile(figure 14) Their

maximum capacity is about 1700 tds/d. The main steam pressure is typically &blR8
and t emper dahenewastiwd @&Wnbofets.have horizontal economizers and they
use three level air system¥akkilainen, E. 20072-47 2-5)

The pre-heated feedwater flows to the upper steam dmhich is primarily a watesteam
separator and distribution device. Thigiler bank is a natural circulation steam generator
where cooler water flows down the back partd hot watesteam mixtue flows upwards in

the front of the bank. The lower drum is called as a mud drum. Water flows down from the
mud drum through downcomers to the lower furnace headers. There the flow is separated to
floor tubes goesup through the furnace waterwaléd upto the roof tubesand finallyback

to the steam drum(Grace, M)

Compared tahe single drum boiles, thetwo drum boilers have many practical problems.
Single drum construction eliminates the possibility of water leakage to furnace as it is located

outside the furnace. There are also much less holes in the steam drumsovatd thickness
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can be thinner, that improve start up and stown times and the wholesingle drum
construction is lowpriced.The biggestveaknesses in the two drum boitkrsgn are thatt is

not possibleto use highcapacities, temperature apdessures.Tube stiffness limits cross
flow two drum arrangement to about 2000 tds/d size, and vertical flow two drum
constructions have suffered flow plugging because of vibratiffersrs. {/akkilainen, E.
2007, 1-6)

Stack gas Feedwater Steam to mill
| Sootblowing steam

1
| 1{101:}:4__
draft /"'l/" T |
| | fan %

Waterwal

b

JNose arch
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i v =N ¥ -

Stea . Smelt spouts
team Smelt 1o dissolving tank v ot

Figure 14. Two drum recovery boiler (Adam3. et al. 19975)

3.1.3 Eckrohr boilers
The Eckrohr boilers, also known a®rner tube boilersare usually small sizewater tube

boilers The first boilers were dgnal for low power capacities, bubwadays corner tube
boilers canas wellbe manufactured for high power capacities and pressures. The advantage
of the corner tube design is its versatililycan be usedo generate hot watetp heatup

thermal oil andto heat other heat exchang@schrohrkessel)

The design oEckrohr boailer is very simpl@-igure 15) The @nstruction is very similato
earlier introducedhatural circulation boilerbut the capacity is usually modest. Water flows

from thedrum to down corner tubesand furtherto collector where it is separated to bottom
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tubes. Water starts to vaporizethe riser tubeand the watesteam mixture flows upwards.
Steam igartly separateclready in the overflow tubes and mixture tubes and therrehlei
steamdrum The remainindiquid water continugits circulating via down corner tubes and

return tubesuntil it vaporizes(Echrohrkessel)

. Drum

. Down corner tube
. Bottom tubes

. Upper collector

. Overflow tube

. Return tube

. Riser tube

8. Mixture tube
9.Partition wall

10. Steam outlet

11. Lower collector

N U A WN -

Figure 15. Natural circulation in afEckrohr boiler (Scheider kessel)

3.2 Heat transfer in the boiler
Heat transfer is thghenomenorhow the heat energy transfers frahre hot furnace to

cooling water Heat transfer happens in three different modes that are explained in the figure
16 below. When a temperature gradient occurs in a stationary medium called as
conduction to refer to the heat transfer that exists across the metnensecond mode,
convection, refers to heat transfer that happens between a surface and a moving fluid if they
are at different temperaturegne third one way of thermal hemansfer isthermal radiation

All surfaces of finite temperature emit energy in the form of electromagnetic waves.
(IncroperaF. et al. 19962)
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Conduction through a solid Convection from a surface Net radiation heat exchange
or a stationary fluid to a2 moving fluid between two surfaces
§ T.>T
T, i1 > Tz == Surface, T
L » - Aud
Moving fluid, 7, ¥ —
— !\\ Surface, T,
" ,, v
([l

Figure 16. Heat transfer modd#ncropera, F. et al. 199@)

The biggest bat transfer to wateoccurs h the furnace, where it is transferrédaough

furnace wall tubes. The rows of tubasthe furnace walls which are part ¢he water
circulation circuit are called waterwalls. Cooler water is feditemain inlet header where it

is dividedinto thesmdler wall tubes. Water raising these hot wall tubes receives heat from

the char bed and flames. The furnace walls can represent as much as 50 % of the heat transfer
to produce steam. (Adanig, et al. 199713)

The upper part of furnace, the bullnpsdocated on the rear wall of the furnace. Its intention

is to protect the superheaters from direct furnace radijadiwh to turn the combustion gas
flow around the corner towasdhe boiler exit opening. The convective heat transfer section
consists of supkeaters, boiler bank, economizer and may include a set of screen tubes.
Mainly the heat transfer from the thitue gas to these banks happens by convection. Still in
the hottest parts, such as screen tubes, radiation can contribute nearfyhealeatransfer.
(Adams,T. et al. 199713/ 14)

3.2.1 Conduction
As mentioned earlier, dat transfer caused by the temperature difference through a solid

material is called as conduction. Heat flows from the hotter side to the cooler side. Heat

transfer continaus until the temperature balance is reached.

The followingequation2 presents the heat floly conduction lncropera, F. et al. 1998):
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N eeeQ—— QI— (2)
where
a0 ® conduction heat fluin specific locatiofW/m?]
k = thermal conductivity [W/mK]
T = temperature [K]
s = thickness of the wall [m]

Different materials have different thermal conductivitiédetals are excellent thermal

conductors, while gases have very low thermal conductivity. Figjiiresentghe thermal
conductivities for some materials. (Gullichdngt al. 1999284)
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Figure 17. Thermal conductivitylocropera, F. et al. 19987)



30

3.2.2 Convection
The convection heat transfer mode is continuous botthéybulk motion and by random

molecular motio of the fluid within the boundary layer. The contribution duette
molecular motion dominates near the surface where the fluid velocity is low. Adtu#tily
interface between the surface and the fluid, the velocity of fluid is zero and heat isrtethsf
by this mechanism only. Equation for convective heat flishiswvnbelow (Incropera, F. et
al. 1996,6i 8)

Aoy Y 3)
where

q d6=@&onvective heat flux [W/fh

h = convection heat transfer coefficient [Wh

Tp = temperature above boundary layer [K]

Ts = surface temperature [K]

The @nvectionheat transfecoefficientcan be calculated yncropera, F. et al. 199814)

0 63Q

o 28 @

Nu = Nusselt number]|
k =thermal conductivity [W/mK]

L = length of the boundary [m]

Nusselt numbeis equal to the dimensionless temperature gradient at the surface, and it

provides a measure of thems@ction heat transfer occurring at the surface.

Nusselt number is often calculated loycfopera, F. et al. 199814)
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00 % QYO  6IYQ Wi (5)
C = constant from Reynolds numbdr [

Re = Reynolds numbef][

m = constant-|

Pr = Prandjtl s number [

n = constant

WhereC, constantan andn vary with nature of the surface geometry and the type of flow
(Incropera, F. et al. 199847).

Reynolds number represents the ratio of the inertia to viscous {&geation 6) Whenthe
valueis small,the inertia forces are relative tihe viscous forces. Thaurbulencesare then
dissipatedand the flow remains laminawhen the Reynokl numberincreasesthe inertia
forces can be sufficient to amplify the apprehension mechanisnas,aatransition to

turbulence occurslricropera, F. et al. 199@95)

e — ©)

where
} = flue gadls density [kg/m
u = flue gas velocity [m/s]
x = length of the boundary [m]
¢ dynamicviscosity [kg/ms]

Prandtl number represents thaio of the momentum and thermal diffusivities. The Prandtl

number can be expressed in the formlioéropera, F. et al. 199820)

"t 7)
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where
C, = specift heat atonstant pressure [J/kgK]
k = thermal conductivity [W/mK]

More receny, instead of equation 5, a new formul@hukauskas correlationfas been

proposed as follows:

(8)

Cq ca

06 6IYQr MDih 00—
For fluid flow across tube bundlé&igure 18) that iscomposed of 20 or more rows (I
20): (Incropera, F. et al. 1996, 380)
0 Cm
My 0OOvuvnm
p T YQp ¢

where all properties excepir are evaluated at the arithmetic mean of the fluid iaked
outlet temperatures ancbnstant<C andm depend on flow conditions

Fluid in cross flow

:\ over tube bank
/ Internal flow of fluid
through tube

Figure 18. Tube bank in cross flowr{cropera, F. et al. 199877)
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Newtondés | aw of cooling is often used to g
temperature [J is a convenient reference temperature for internal floavsl the free
tempeature Tf or external fl ows. Accordingly, New
as (ncropera, F. et al. 199827

n QY Y (9)
For circular tubes heat transfer can also be writtefifzyopera, F. et al. 199@32)

, n
" T (10)

where P is the surfacenpmeterandL is thelength.

The total heat transfer ratg,g can be simlified to formt (Incropera, F. et al. 199@36)
f ‘® Y'Y (11)
where

A;is the tube surface area

&, is the lo@rithmicmean temperature differenflacropera, F. et al. 199@36)

- YY YY
yYy
I T3m, (12)

i
Y'Y

<l <

where
&, is thefluid temperaturat outlet

&l is thefluid temperaturatinlet
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When evaporatiomappensat a solidliquid boundaryit is called as boiling. Boiling takes
placewhen the surface temperatureekceeds the saturation teempture T,.corresponding
to the liquid pressureHeat transfer from the surface to the liquid can be calculatediby
appropriate formoN e wt on 0 s | #Bguatoh 9)locooperaj Fneg al. 199637)

o

Aoy Yy oY
where
Te= excess tegeMhperature ([T

The boiling process is characterized by the formation of bubbles, which grow and
subsequently detach from the pipe surface. Vapor bubble growth and dynamics depend on the
excess temperature, thermophysicalperties of the fluidand the nature of ¢éhsurface. The
dynamics of thébubble formatiomaffect liquid motion neathe surfaceand thus strongly
influence the heat transfer coefficierihdropera, F. et al. 19963%538)

Turbulentconvectionheat tranter for steam and water flowing inside a circular tube can be
calculatedvith Hausen equatiof\/akkilainen, E. 200,/6-18):

66 Titc OWQP ¢ o DD iF (13)
ommnYQ p1pm
TMp O1 LVTT

3.2.3 Radiation
Thermal radiation is energy that is emitted to material that is at a finite tempeiétare.

emission may be attributed thanges in the electnaconfigurations of the constituent atoms
or molecules. The radiation field is transported by electromagnetic wsoniesloes not need
the presence of material medium. The maximum theatdte= flux that ideal radiator may

emitis the emissive powefincropera, F. et al. 1998)
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) v Y (14)

o

8 = SBoleraamconstant (= 5,67-10v/m?K?)
Ts = absolute temperature of the surffi€g¢

The heat flux emit® by a real surface is less than the ideal radiator. d@ressivity
representsa measure of how efficientlg surface emitsenergy relative to a blackbody.
(Incropera, F. et al. 1996)

n o -.Y (15)

o

U = t h emissivty[d @ncrepera, F. et al. 199649)

Consider radiation exchange between two black surfaces of arbitrary @kigpee 19)
Defining q v jas the rate at which radiation leaves surface i and is intercepted by surface j.
The net heat flux to the surface(iscropera, F. et al. 199829

R 870, Y Y
(16)

A = arbitrarily oriented surfacin?]

F = view factor-]

\Sdiosity

Reflected
portion of
irradiation

Emission
Irradiation

Figure 19. Surface radiosityl(icropera, F. et al. 199645)
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3.2.4 Overall heat transfer
The overall heat transféor recovery boiler is a compleghase. Theres many variables and

accurateresuls are practically impossil# to achieve That is why some simplifations and
approximations are needethe overall heat transfer in boiler can be expressed with general
heat transfer equatiorV@kkilainen, E. 200,/6-16)

@YY a7
where
A = heat transfer [ W]
h = overall heat transfer coefficient [Wk{
A= heat transfer surface fin

&l = temperature difference [K]

The overall heat transfer coefficigmis a function of convective and radiative heat transfer.
(Vakkilainen, E. 20076-16)

Q

(18)

where
f, = form correction {]
f, = overallcorrection f]
h = inside heat transfer coefficient referred to the outside suiate’K]
h,= outside heat transfer coefficient [Wi}
h, = radiative heat transfer coefficient [WiKj
hex = external heat transfer [WH]

h.= convective heat transfer coefficient W
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k = heat conductivity of tube materfg/mK]
d, = outside tube idmeter [m]
ds = inside tube diameter [m]

s = tubewall thickness [m]

The correction for number of rows, f

mxo Eop

where nis the number of rows in heat transfer surface.

The heat transfer resistance through a tube of uniform material for a tobogructiorwith
separated tubés

P
Q.0
o

"0_fio o R (19)

Radiation heat transfer coefficietan be determined by radiation heat fl¢wakkilainen E.
2007,6-16)

CE v oY (20)

If temperatures andmissivitiesare knownthemdi at i on heat fl asv A cC
(Vakkilainen E. 2007 ,6-17)

o 1 - Y | Y (21)
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where
A = efficientarea [M]
(), = emissivity of the wall{]

Uy = emissvity of the dust gas-

Uy, = absorptivity of the dust gas|
T, = temperature of the gas [K]

T = temperature of the wall [K]

3.3 Fluid Dynamics
To ensure proper operation af natural circulation boiler certain aspects in thiuid

dynamis mud bewell known. Inarecovery boiler there is a large amount of heat pipes in
different temperature conditions and positionsit $® a challenging task to guaranizgood
and steady flow. By knowing the followinfgcts, properly watersteam circulatiorcan be

achieved.

3.3.1 Two-phase flow in vertical pipes
Two-phase watesteam flow may occur in many different regimes or structures. Especially

in heat pipes the transition from opatternto another is mora continuous process than
abrupt. Howeverfor heated, ceurrent wateisteam flow in vertical tubdour general flow
patterns are recogniz€Bigure 20) (Collier, J. 19819 12)

1) Bubbly flow is the first phase after the saturated, single pi@asewhenwater starts
to vaporize in heating pipet tontains relatively discrete bubbles in continuous
liquid water phase. Bubble shape, size and distribution are dependent upon the flow
rate, enthalpy, heat input rate and pressure

2) Slug flow consistmainly of large bubbles, approaching the tube size iaméter,
separated from the tube wall by a small layersioigs of waterwhich may also

contain small amount of bubbles
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3) Annular flow happenswvhen bubbles unites forming a thin liquid layer on the tube
wall with a continuous steam core. There most oflitpeid is flowing up in the
annular film.At high volume fractions of gashe annular film becomes very thin and
bubble generation is suppressed

4) Drop flow is the last step before single phase steam flow. A continuous steam core
transports entrained watelroplets whichsowly evaporate until all the water is
turned into stean{Collier, J. 1981, 912)

Figure 20. The development of a twphase flow Collier, J. 1981134

3.3.2 Two-phase flow in horizontal pipe
Flow patterns in twgphase horizontal floasrare much more influenced by the gravity than

vertical flow. That generates two different layers, the gashe top and the liquiedn the

















































































