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ABSTRACT

INVESTIGATION OF COMBUSTION
CHARACTERISTICS OF INDIGENOUS
LIGNITE IN A 150 KWT CIRCULATING

FLUIDIZED BED COMBUSTOR

Batu, Aykan
Ph.D., Department of Chemical Engineering
Supervisor  : Prof. Dr. Nevin Selguk

Co-Supervisor : Assist. Prof. Dr. Gérkem Kilah

March 2008, 194 pages

Coal is today the fossil fuel which offers the desh proven reserves. Due to
increasingly stringent environmental legislatiooalkfired combustion systems
should be based on clean coal combustion techreslogfior clean and efficient
energy generation from coal reserves, the mosaldeitechnology known to date
is the ‘Fluidized Bed Combustion’ technology. Amaliions of circulating

fluidized bed combustion (CFB) technology have bsteadily increasing in both
capacity and number over the past decade for tiieatibn of this resource.

Designs of these units have been based on the abiobtiests carried out in pilot
scale facilities to determine the combustion ansutferization characteristics of

the coals and limestones in CFB conditions. Howewtitization of Turkish



lignites with high ash, volatile matter and sulfaontents in CFB boilers
necessitates adaptation of CFB combustion techgokmg these resources.
Therefore, it has been the objective of this stadyinvestigate combustion

characteristics of an indigenous lignite in a dating fluidized bed combustor.

In this study, a 150 kWt Circulating Fluidized BEAFB) Combustor Test Unit
was designed and constructed in Chemical Engirgddi@partment of Middle

East Technical University, based on the extensigemence acquired at the
existing 0.3 MWt Bubbling Atmospheric Fluidized B&bmbustor (AFBC) Test

Rig. Following the commissioning tests, combustieats were carried out for
investigation of combustion characteristics of Qignite in CFB conditions and

for comparison of the design of the test unit veiperimental findings.

The steady state results of the combustion tegeat¢hat Can lignite is fired with
high combustion efficiency. Temperature profilergdhe riser is achieved to be
almost uniform by good control of cooling systemmed3ure drop through the
dilute zone is found to be negligible because wf $olid hold up in this zone. CO
and NO concentrations within the flue gas are yaidwer, whereas pO
concentration is higher compared to the ones oddain the bubbling AFBC test
rig firing the same lignite. The deviation of paki size distributions of bottom
ash and circulating ash among the tests are innlittethe deviation of superficial
velocity. In order to assess the validity and prede accuracy of the pressure
balance model, it was reapplied to the test uniyaimg the revised input data
based on the results of the combustion tests. Cosopeof the model predictions
with experimental results revealed that the prezhst have acceptable agreement
with the measurements. In conclusion, the perfoomasf 150 kW CFBC Test
Unit was found to be satisfactory to be utilized tloe long term research studies
on combustion and desulfurization characteristiaadigenous lignite reserves in

circulating fluidized bed combustors.

Keywords: CFBC, Combustion Test Unit, Turkish Ligsi
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150 KWT DOLASIMLI AKI SKAN YATAKLI
YAKICIDA YERL 1LINYITIN YANMA
OZELL IKLER ININ INCELENMESI

Batu, Aykan
Doktora, Kimya Muhendisgji Bolumu
Tez Yoneticisi : Prof. Dr. Nevin Selguk

Ortak Tez Yoneticisi : Yrd. Dog. Dr. Gorkem Kiulah

Mart 2008, 194 sayfa

Komdr, bugiin en yiksek rezervlere sahip fosil yakGiderek katilgan cevresel
mevzuatlardan dolayi, komar yakitli yakma sistemb temiz komur yakma
teknolojileri kullaniimahdir. Komur kaynaklarindaamiz ve verimli enerji eldesi
icin en uygun teknoloji “Akgkan Yatakh Yakma” teknolojisidir. Bu kayga
deserlendiriimesinde dokamli akskan yatakli (DAY) yakici teknolojisinin
uygulamalari son on yilda hem kapasite hem de sayak surekli artmaktadir.
Bu dnitelerin tasarimi, DAYsartlarinda yakit ve kiregianin yanma ve
destlfirizasyon 0zelliklerinin  belirlenmesi icin Igti Olcekli tesislerde
gerceklgtirilen yakma testlerine dayandirilghir. Ancak, yuksek ugucu madde,
kukurt ve kul icergi ile Tark linyitlerinin DAY kazanlarinda desrlendirilmesi,
DAY yakma teknolojisinin bu yakitlara adapte edisme gerektirmektedir. Bu

Vi



nedenle, bu ¢almanin amaci yerli bir linyit kayr@anin dolgimh akskan yatakl

yakicida yanma 6zelliklerinin belirlenmesi olgtwr.

Bu calsmada, mevcut 0,3 MWt Kabarcikli Atmosferik Akan Yatakll Yakici
(AAYY) Test Unitesinde elde edilen kapsamli demelgre dayanarak bir adet
150 kWt Dolgimli Akiskan Yatakl Yakici Test Unitesi tasarlagme Orta Dgu
Teknik Universitesi Kimya Miihendigli Bolimi’nde kurulmgtur. Devreye alma
testlerini takiben, Can linyitinin DAYsartlarinda yanma o6zelliklerini incelemek
ve test Unitesinin tasarim verilerini deneysel bildda kasgilastirmak i¢cin yakma

testleri gergeklgirilmi stir.

Yakma testlerinin yagkin durum sonugclari, Can linyitinin yuksek yanma
verimliligi ile yakildgini gostermektedir. Sotma sisteminin iyi idare edilmesi
sayesinde yakici boyunca sicaklik profilinin negsgesabit olmasi ganmstir.
Seyrek bolgedeki diik kati dergimi sebebiyle bu bélgedeki basingsdininin
kayda dger olmadgli bulunmytur. Kabarcikli AAYY test Unitesinde ayni linyit
yakilirken edinilen tecribelerle kalastirildiginda, baca gazindaki CO ve NO
dergimleri oldukca dguk, N;O dergimi ise yuksektir. Yatak alti kuli ve dgkn
kultin boyut dgilhimlarindaki dgisimler, deneyler arasindaki kolon hizi farkiyla
iyi bir uyum icindedir. Basin¢g denkli modelinin gecerlilsi ve 0ngori
dogrulugunu test etmek amaciyla, test galalarinin sonuglarina dayanan
duzeltilmis girdi verileri kullanilarak model test Unitesinektar uygulannstir.
Model dngdrilerinin deneysel sonuclarlagdastirilmasi, 6ngortlerin 6lctimlerle
kabul edilebilir bir uyum iginde oldiunu gosternstir. Sonug olarak, 150 kWt
DAYY Test Unitesinin bgarimi, yerli linyit kaynaklarinin dofamli akskan
yatakh yakicilardaki yanma ve kukurt giderme akédli Gzerine yapilacak uzun

donemli argtirma calgmalarinda kullanim igin tatmin edici bulungbur.

Anahtar Kelimeler: DAYY, Yakma Testi Unitesi, Titknyitleri
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CHAPTER 1

INTRODUCTION

Coal is today the fossil fuel which offers the desa proven reserves. Due to
increasingly stringent environmental legislatiooalkfired combustion systems
should be based on clean coal combustion techreslogfior clean and efficient
energy generation from coal reserves, the mosaldeitechnology known to date
is the ‘Fluidized Bed Combustion’ technology. Amaliions of circulating
fluidized bed combustion (CFB) technology have bsteadily increasing in both
capacity and number over the past decade for tiieatibn of this resource.
Designs of these units have been based on the abiobtiests carried out in pilot
scale facilities to determine the combustion ansutferization characteristics of
the coals and limestones in CFB conditions. Howe\ftaptation of CFB
combustion technology to Turkish lignites with higish, volatile matter and
sulfur contents necessitates presence of a locBICCtest facility, where CFB

combustion characteristics of indigenous reseraesbe determined.

Therefore, the objective of this study have beetetsign and construct a 150 kWt
CFB combustor and perform a combustion test wityp&al Turkish lignite. For
this purpose, the steps to be covered were defised Basic design of the 150
kw; METU CFB combustor test unit, ii. Detailed desighthe test unit, iii.
Equipment and material purchasing and constructiorCombustion test with a
typical Turkish lignite and generating data for tesign of a commercial unit.

In this chapter, introduction of energy review faurkey and the world including
energy demand, projections, and coal reserves akeVu followed by the
problems of coal fired power plants of Turkey. Thdre general characteristics,



advantages and types of fluidized bed combustiensammarized. In literature
survey section, required data for CFB boiler desgmd the specifications of
some CFB test facilities around the world are prese

This study covers basic and detailed design of GR& combustor test unit,
manufacturing and installation activities, combustitest run with a typical
Turkish lignite, and by employing the experimertata; validation of design for
the test unit, and generation of data that can e was basis for design of

commercial boilers.

1.1 Energy Review

1.1.1 World Energy Review

1.1.1.1 World Energy Demand

World energy demand has been increasing tremendassk result of population
increase, industrialization and technological depeient. Energy consumption;
the most important indicator of the industrial aedhnological development, is
expected to increase in 2020 to 1.5 times of thewsmin 1999 [1]. The most
significant share in this increase will belong teveloping countries. The
dominancy of fossil fuels’ share for meeting thisnthnd will continue in the
future as it is today. Fossil fuels still consethieir total share of more than 85%
in world energy consumption at the end of next @ary period (Table A.1 - App.
A). Examining the amounts and shares of resouraesuwmed for world
electricity generation (Table A.2 - App. A), sharkepetroleum products is very
low, since this resource is mostly utilized in petremical industry and
transportation. In the next 20 years, it is expédtet the generation capacity of
nuclear energy will remain constant, and the c@asked generation will keep on

being the dominant resource.



1.1.1.2 World Energy Resources

Global distribution of petroleum, natural gas arulcreserves shows that the
resources other than coal are concentrated iniceatgas [2] (Figure A.1 —
App.A). As a result of this, petroleum and natwas reserves are under control
of limited number of countries, and in consequettaar strategic importance is

maximum.

On petroleum equivalent basis, shares of fossllreserves around the world are
68% for coal, %18 for petroleum and %14 for natgad [3]. Another important
parameter for the energy reserves is the life-sifattie resources based on the
ratio of proved reserves and annual consumptiopsraficcording to this
calculation, the life-span of the recoverable resgrbased on 2003 figures is 41
years for petroleum, 67 years for natural gas &#lykars for coal [2].

By the year 2003, the states in the Middle Eastjnigathe 63% of the total
petroleum reserves, are socially and politicallgtable, and dealing with many
problems which prevent these countries from devetpp

Similarly, natural gas reserves are concentratéaanareas; like the Middle East,
the states in the Caspian region are still notloéd in terms of economy and
administration. Consequently, the problems that megur as the natural gas
reserves get less in the future is unpredictabtevéver, the production of coal in
more than 100 countries in all continents, andréserve/production ratio for coal
resulting in more than 3 times life-span comparedothers, guarantee the
cheapest price and continuity of the supply of ¢éhl

Coal is not only used for steam generation in itrialgprocesses and heating, but
also is the resource in many countries that sicgmii share of the electricity
generation is based on. The share of coal firedepoplants in electricity
generation is 53% in USA, 51% in Germany, 65% ied&e, 77% in China, 52%
in Denmark, %78 in Australia, 92% in South Africada95% in Poland [5,6].



However, only 25% of the total electricity is gested by the coal fired power

plants in Turkey.

1.1.2 Turkey Energy Review

1.1.2.1 Energy Demand and Generation Projections

When the situation in Turkey is examined, energyaled in 2025 is expected to
increase to 1.7 times the demand in 2000 [1], &acetectricity consumption will
be approximately doubled from 114 to 226 billioWlk for the same period [7].

Installed power generation capacity of Turkey ismdantly based on
hydroelectricity followed by natural gas and coaled power plants. The
breakdown of the capacity based on fossil fuelsvsithvat the share of natural gas
is 52%, and is expected to conserve its share stgedral and petroleum for the
following 20 years, similar to the trend in thetldecade [8-10].

As a result of the contribution of such high amooiatural gas and coal import,
dependency of total energy consumption on impostaatces is expected to be
about 75% in 2020, which is presently 65% [11].

This switch from indigenous energy sources to irgabones is claimed to result
in significant imbalance in foreign trade of Turkeynless there appears a
significant technological development resulting anfuel switch especially in
transportation sector and petrochemical indusepeddency on petroleum import
cannot be expected to decrease. Also, becausevobement and efficiency
concerns, natural gas use in residential heatiag scceptable choice against coal
and petroleum products. In power generation, coiation is still the dominant
application all around the world, on the other hanslwitch from coal to natural
gas occurred in Turkey in the last decade.

However, considering that it is a preferable engrglcy to diversify the type of

resources and to employ indigenous reserves, éigagerves should be utilized to

4



balance the actual natural gas dominancy for etégtgeneration in Turkey. For

this purpose, lignite and hard coal reserves shioglledxamined.

1.1.2.2 Coal Reservesin Turkey

Lignite

Lignite reserves that are dispersed throughoutcthentry have heating values
varying between 1,000-5,000 kcal/kg. Lower calonfalues of lignite reserves
have a breakdown as follows: 6.9% over 3,000 kgalll8.2% between 2,500 and
3,000 kcal/kg, and 79.9% below 2,500 kcal/kg [12].

Geographical distribution of lignite reserves watlotal amount of 9.3 billion tons
can be found elsewhere [12]. It must be noted tégional distribution data in
different sources is for the reserves operated imkigh Coal Enterprises (TiK

but some significant amount of reserves owned lyaf@ companies are known

to be present.

Hard Coal

Most of the hard coal reserves of Turkey are ingigaak region. Total amount
of hard coal reserves discovered in that regicabsut 1.1 billion tons. Average
chemical characteristics of the coal reserves aaab5% fixed carbon (FC), 26%
volatile matter (VM), 11% ash, 8% moisture resugjtin a calorific value of about
5,500 — 6,000 kcal’lkg. Other than Zonguldak regisome other hard coal
reserves are present with insignificant amounts regerves. Considerable
utilization of hard coal in power plants other tithe one located in Cat&la is

not expected in the near future due to high castaining of this resource.

Turkey has asphaltite reserves about 79 millios,tomost of which are located in
the southeastern part of the country. This resousceharacterized by high
calorific value of about 5,500 kcal/kg like hardatadbut also high sulfur content
like lignite. There is also significant amount afuminous shale reserves adding



up to 1.1 billion tons. However, the calorific valof the reserves are in between
800 and 1,100 kcal/kg.

Consequently, lignite seems to be the only indigsnmal reserve in Turkey that
plays an important role in power generation congidethe amount of reserves,
and these reserves have been mainly employed irenzed coal fired power
plants

1.1.2.3 Coal fired power plantsof Turkey

Power plants of Turkey based on pulverized coal) (ffChnology have serious
problems. This technology was developed by the tw@snwho have high quality
coal reserves. However, Turkish lignite reservegehhigh ash, moisture and
sulfur contents and low calorific value. It is wworhoting that ash fusion
temperature of these lignites are low enough tteacdéit 1000°C and especially
the particles having dimension of microns startntelt in regions close to
pulverized coal burners. Whenever one single pgartielts and sticks on cooling
surfaces (water-wall), many others rapidly folloavsl a glassy layer is formed on
the water-walls within a short time. This formatioreates resistance against the
heat transfer from combustion side to water in tilfges, which results in less
steam production under-design conditions, changghysical behaviour of the
system, and finally necessitates additional coalsamption to generate same
amount of energy (electricity, heat etc.).

This additional coal consumption causes also are@se in emissions per unit
energy generation [4]. That's why, clean coal tedbgies, formerly developed
and continuing their growth in terms of applicatiand capacity, should be
introduced to Turkey’s energy profile.

For clean and efficient energy generation fromdedous lignite reserves, the
most suitable technology known to date is the thked Bed Combustion’
technology that has been applied at a capacityeteergte steam for 300MW



electrical power at one unit [13], where conceptedign for 600MWe units are
under progress. In Turkey, a power plant basechsnapplication, Can Thermal
Power Plant with a capacity of 2 x 160 MW, is nomder operation [14].

1.1.3 Fluidized Bed Combustion (FBC) Technology

In 1930s and 1940s, after extensive research awelagement activities, many
advantages of fluidized beds were recognized. Tresmssors were first employed
in catalytic cracking processes. Afterwards, thegravutilized in many other

industries.

At the beginning of 1960s, the necessity to deeredhg emissions of sulfur
dioxide (SQ) and nitrogen oxides (N emitted from coal fired power plants,
and the potential of fluidized bed reactor processlecrease these emissions,
initiated the research on the coal fired fluidizeai combustors (FBC). As a result
of these studies, following the introduction of blibg fluidized bed boilers in
1970s, the applications moved towards circulatinglized bed boiler technology
in 1980s, and since then increasing number of sgbaepower plant applications
have been taken into operation.

1.1.3.1 General Characteristics

FBC systems are attractive because better congssl @mbustion is realized so
that peak flame temperatures are avoided. Slagginthe ash is eliminated,

corrosion problems and nitrogen oxide emissionsredeced, and sulfur control

with limestone addition to the bed is possible. c8inn-bed heat transfer

coefficients are high, fluidized bed boilers arerencompact than PC systems.
Mixing rate of particles is significant becausehigh turbulence, enabling close
contact between particles and gas.

Consequently, bed temperature and associated lbgas fare uniform. Moreover
fuel particle residence times are longer abouttieres than those of the PC



technology. A wide range of fuels including highrakigh-moisture fuels can be

used. The main disadvantage is that the pressapeatross the bed is greater.

1.1.3.2 Advantages of FBC Technology
FBC technology is characterized by many advantdggsare given below:

e High combustion efficiency and high heat transteefticient
e Ease of fuel preparation

e High availability

e Fuel flexibility

e Low SO and NQ emissions

e Ash Utilization

1.1.3.3 Typesof FBCs
Depending on the state of fluidization, there an® tbasic types of FBCs;
Bubbling FBC (BFBC) and Circulating FBC (CFBC).

Bubbling Fluidized Bed Combustor (BFBC)

In a BFBC, the combination of larger particle diaeneand low gas velocity is
such that minimum entrainment and carryover ofdsobccurs. Gas in excess of
that required to provide the minimum for fluidizatirises through the bed in the
form of bubbles. The bed has a discernable surfagel.and sorbent particles that
are entrained in the gas flow leaving the bed carcdptured in dust collectors
downstream the combustor. In BFBCs, small partislesh as char near burnout
tend to be blown out of the bed before combustsonomplete. Furthermore, a
feed point is needed for approximately every 1 om2good mixing of the coal,
which is a limitation for large systems. Circulatifluidized beds have been
developed to overcome the tendency for high cadaosrnyover of bubbling beds

and to facilitate fuel feeding.



Circulating Fluidized Bed Combustor (CFBC)

In CFBCs, velocity is increased beyond the partaiérainment velocity, so that
the solids are transported up the full height & thamber and returned in the
downward leg of a cyclone separator. The presstwop dcross the system is a
function of the velocity and the particle loadinghis type of fluidization is
characterized by high turbulence, solids back ngixand the absence of a defined
bed level.

A small amount of air is usually introduced neae thottom of the cyclone
downcomer to control the return rate of the soliBxing of fuel with bed
material is rapid due to the high turbulence. Altgl there is no definite fixed
bed depth, the density of the bed varies throughmitsystem, with the highest
density near the grid plate.

Secondary air is used to ensure adequate air fobgstion of fines in the upper
part of the combustion chamber. The chamber mag haterwalls, although the
lower portion near the inlet air grid is usuallyveced with refractory. The
cyclone collectors, located at the outlet of thenbastion chamber, are steel
vessels lined with hard-faced refractory backed lightweight insulating
refractory. Char and bed particles continue toutat® until they are reduced to 5-
10 pum, at which point they escape the cyclone cwte The fuel feed rate and
airflow rates are adjusted depending on the stemt $0 that combustion takes
place near 850°C. Turndown of 3:1 can be achieyecetucing the air and fuel

flow rates.

1.2 Literature Survey

1.2.1 CFB Boiler Design
The primary function of a CFB boiler is to transfoand transfer the chemical
energy of a fuel into useful heat using the CFB enofigas-solid contacting. This



transformation should be efficient and have minimgfifiect on the environment.
For this purpose, the following parameters sho@dbnsidered in a CFB boiler
design [16,18]:

» Heat generation demand defined in terms of thepoader requirement,
MWit.

* Fuel analysis:

0 Heating value
Elementary Analysis (C, H, N, O)
Ash content
Water content
Volatile matter/fixed carbon content
Sulfur content

Ash analysis

O O O O O o o

Physical characteristics (Particle size distribuitigrindability etc.)

* Limestone Analysis
o CaCQ content
0 Reactivity
o Pore structure

The most of the analyses given above are determinyedtandard analytical
methods and devices. However, the combustion asudfdeization characteristics
of the fuel and limestone in CFB conditions canyobke determined by a

combustion test prior to detailed design of thddvand its auxiliary systems.

The combustion and desulfurization characteristicquired from combustion

tests lead to the prediction of the following desgarameters:

10



Table 1.1 Design Parameters Obtained from Combustion Tests

Combustion Test Data

Design Parameter

Combustion efficiency

Prediction of thermal efficosy

Fly/Bottom ash split

Capacity of fly and bottom asmoval systems

Fly / Bottom ash
composition

(leads to heat capacity
of ash streams)

Ash utilization potential

Trace elements content

Cooling capacities of ash removal equipment
Prediction of thermal efficiency

Fly/Bottom ash particle

size distribution

Cyclone design
Design of particle removal device
Design of ash removal systems

Limestone utilization

Limestone consumption andifeg system
Selection of the most suitable limestone
Best particle size distribution for limestone

Mechanical attrition

Cyclone design

Design of particle removal device

Fly ash resistivity

ESP design

Pollutant gas

formation/emission

Secondary air ratio and location for Nf@moval
Combustion control
Optimum Ca/S ratio

1.2.2 CFB Test Facilities
Applications of circulating fluidized bed combustidechnology developed for

pollutant emissions have

The parameters given above are necessary in tignd&#sSCFB boilers in order to
have high operation performance. Therefore, any res&rve should be tested in
a CFB combustor test facility prior to boiler desig

burning coal with high efficiency and within accaple levels of gaseous
been steadily increasng@oith capacity and number
over the past decade. Utilization of different kinfl solid fuels and gradual

11




introduction of increasingly restrictive legislat® on emissions from combustion

sources has been keeping the topic attractiveuftindr research.

A number of CFB combustor test units have beentoacted by research centers,
universities and companies manufacturing CFBCs ratahe world, and these
facilities are still being utilized for the invegation of different fuels and further
development of the technology. Table 1.2 providesm@pilation of relevant test
facilties and their main specifications. Specificas of these facilities

summarized in the table are utilized as refereacelésign of CFBC Test Unit.

1.3 Scope Of The Thesis

As summarized above, Turkish lignite reserves anaracterized by high
moisture, ash and sulfur contents, high VM/FC ratimd low calorific value.
Circulating fluidized bed technology is the onlyadable application for the
utilization of these low quality resources effidigrand environmentally friendly.
For the adaptation of this technology to Turkiginiie reserves, METU 150 kWt
CFB combustor is designed and constructed, condyugBst with a typical
Turkish lignite is performed for the assesmentest unit design, and generation
of data that can be used as basis for design ofmesaial boilers. During the

progress of this study, following phases are acdisimgd:

e Basic design of the system
e Detailed design of the equipment
e Equipment and material purchase/manufacture andllgison

e Combustion test with a typical Turkish lignite
The first phase; basic design studies include fushge determination,

stochiometric calculations, heat and mass balantegration requirements with

the auxiliaries of the existing system.
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During detalled design phase, furnace, cyclone, fuel and limestone handling and
feeding, ash removal, air and flue gas systems, circulation system (loop seal),
distributor plate, automation, electrical system, bearing structure and insulation
application are designed.

Following the design activities, equipment and material purchase/manufacture and
installation works, including the circulating fluidized bed combustor furnace, air
blower, refractory, combustion air and flue gas ducts, coal, limestone and bed ash
silos, insulation material, instrumentation, control system, motor control unit,

electrical equipment are completed.
Finally, the combustor is taken into operation by carrying out a combustion test

with a typical Turkish lignite to determine combustion characteristics, flue gas

emissions, bottom/fly ash split, and to validate the design of the system.
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CHAPTER 2

DESIGN STUDIES

2.1 Basic Design Studies

Basic design studies of METU 150kWt CFB combustst tunit includes: (i)
determination of fuel range; (ii) definition of dgs basis and assumptions; (iii)
the mass balance and heat balance.

2.1.1 Fuel Range Determination

In order to determine the range of fuels for theiddesign calculations, different
coal resources in Turkey having enough reservesdtablishing utility power

plants were taken into account. Examining the amalgf these resources [23],
the following fourteen lignite reserves from diéet origins all around Turkey
were selected:

Silopi, Sirnak
Beypazari, Ankara
Saray, Tekirdg
Keles, Bursa
Soke, Aydin
Goynuk, Bolu
llgin, Konya
Kangal, Sivas
Golbasl, Adiyaman
Elbistan, Kahramanmaya
Tufanbeyli, Adana

© O O 0O 0o o o o o o o o

Comakl, Canakkale

17



o Eynez, Manisa

o Deng-ll, Manisa

In addition to the above mentioned Turkish ligmgserves, an imported hard coal
reserve was also included in the fuel range to tatceeaccount the possibility of

firing low quality lignite and imported hard coalixture. For the basic design

studies, following fuel data were obtained from tteabase of Turkish lignite

reserves [23] and steam coal:

0 Lower heating value
o Ultimate Analysis (C, H, N, S, O)
o Proximate Analysis (moisture, volatile matter, tixearbon, ash)

The ranges of the contents and heating valueseotéfected coal reserves are

given in Table 2.1. As can be seen from the tablke,coal reserves selected for
basic design studies are representative of a \aidger of coal analyses.

Table 2.1Range of coal analyses

Range

Lower heating value, kcal/kg 1,273 — 6,000
Carbon, % 17.94 - 63.77
Hydrogen, % 1.55-5.07
Nitrogen, % 0.25-1.44
Oxygen, % 3.36 — 18.47
Combustible Sulfur, % 0.49 -5.28
Ash, % 8.31-34.60
Moisture, % 0.41 -52.00
Volatile matter, % 20.24 — 45.00
Fixed carbon, % 10.91 - 45.00
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2.1.2 Design Basis and Assumptions

Before starting stoichiometric calculations for leamal reserve to obtain the
ranges of input and output streams, the desigrs laesl preliminary assumptions
were defined based on the extensive experiencelatadaccumulated during the
last decade at the METU 0.3 MWt bubbling atmosgh#uidized bed combustor
(AFBC) test rig which was later converted to a yl#&FBC with the provision of
recycle leg.

Physical System

In order to simplify the physical system for whithe heat and mass balance
analyses were carried out, a schematic diagranMieruU 150 kwt CFBC Test
Unit given in Figure 2.1 was prepared. As can lEndeom the diagram, CFBC
combustor is comprised of a furnace with a coodiggiem and a cyclone.

Mass balance and heat balance analyses were cauiearound the combustor
system (furnace and cyclone) to determine the iapdtoutput flow rates of solid

and gas streams and cooling water flow rates, ctspéy.

Cooaling < >
Water
Cyclone T.O Bag
Filter
Flue gas
Furnace
Limestone
Coal Fly ash
—»
Bottorr
ash Air

Figure 2.1 Schematic diagram of METU 150 kWt CFBC Test Unit
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Basis

Basic design studies were executed on hourly base steady-state operation.

Thermal input of the test unit: 150 kW

For the purpose of combustion tests, capacitiesnajority of test facilities
installed to date are less than 1 MWt [13,18-22|s&] on the experiences gained
from the existing 0.3 MWt AFBC Test Rig, 150 kW tiral input capacity was
selected for this study as it was considered thet $ize is large enough to
generate reliable data for basic design of indalsGFB boilers and small enough
to operate at a lower cost with a few personnel.

However, the design of combustor should be baseahersingle coal reserve for
which thermal load of fuel input is 150 kWt, whilkis input is needed to be
varied for other coals. The reason for this vasmatpf thermal input is the
necessity for keeping superfical velocity in theeri— one of the leading design
parameters — at 5 m/s, a typical operating paranfeteCFBCs [15]. As the
velocity in the combustor depends on total gas fletvich is mainly determined
by combustion air demand and water content of thed, f5 m/s can only be
achieved at different thermal fuel inputs for diffet coals. Therefore, thermal
load is variable for different coals to keep hydnoaimic parameters like gas
velocity, volume fraction of solids, particle loagressure distribution etc. at
design conditions. In conclusion, thermal inputtteé test unit; 150 kW, is only
valid for design coal, and there is a range foeptioals under consideration.

Furnace temperature: 850°C

Typical operating temperature of CFB furnaces i8°85 which brings in many
advantages to this technology. At this temperatiirere is no ash fusion, sulfur
capture reaction is optimum, alkali metals arevagorized so that risk of fouling
on boiler tubes is reduced, and conversion of géroin the combustion air to
NOx is negligible [15]. Therefore, furnace temperatuvas considered to be
uniform throughout the riser of CFBC and was ta&e850°C in the calculations.
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Furnace pressure: 1 atm

Furnace pressure throughout the combustor varmsndratmospheric pressure
from slightly positive pressure at the distribuptate to a near vacuum condition
at the cyclone exit. Therefore, assuming the fuen@essure to be atmospheric is
acceptable for basic design calculations, asanlg used in volumetric flow rate
conversion between Nm3 and ms3. Pressure distributv@s predicted in the
detailed design studies, and it was observed that dsssumption was still

acceptable.

Excess air ratio: 20%

Excess air ratio, which is the ratio of air in ess@f what is required theoretically
for stoichiometric combustion, is typically kept 20% in CFBC applications
[13,15]. Although the design is based on this vafoe normal operating

conditions, design range considers excess airsrafoto 50% for experimental

purposes.

Superficial velocity: 5 m/s

The superficial velocity range for the CFB boilessgiven as 4 — 8 m/s [14].

Typical operating data for the superficial veloagygenerally 5 m/s for CFBCs,

because of the general norm for the avoidanceroffie erosion [15]. Moreover,
as the test unit can not be as tall as a commaraiglit is not prefered to enhance
entrainment of particles and to decrease residdmme by increasing the

superficial velocity.

Desulfurization characteristics

One of the most important advantages of fluidized bombustion technology is
the in-situ desulfurization. Sulfur dioxide (9§0Oproduced by the oxidation of
combustible sulfur reacts with calcium oxide (Cg@rticles produced by the
calcination of limestone that is fed to the combugsbgether with coal. As a result

of this mechanism, one of the leading pollutantegasmitted from coal fired
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power plants is transformed to solid phase (Ca®@fore leaving the combustor.
The reactions of this sulfur capture mechanismagven in the mass balance

section.

The determining parameter for this in-situ desug@tion mechanism is the
temperature within the combustor. The optimum tewtoee range for the sulfur
capture reactions is 800 — 850 °C, as the ractivdyreduced at lower
temperatures, whereas CaS® decomposed at higher temperatures [15]. This
fact is the leading motivation for the furnace tengture to be 850°C. In addition
to this, Ca/S molar ratio and Cag€bntent of the limestone are also effective on
sulfur dioxide capture and the design basis fosdhgarameters were determined.
The effect of some other parameters like physitralcture of limestone particles
(size, pore characteristics, etc.), circulatioreraksidence time, etc. on sorbent

utilization was included in one parameter definedl@sulfurization efficiency.

Calcination efficiency: 100%

The first step of sulfur capture mechanism in CR&@Qditions is the calcination
of CaCQ (calcium carbonate), which is the major comporaiimestone fed to
the combustor. The calcination reaction is theasdeof carbon dioxide by an
endothermic reaction which produces CaO. Sincesliore is easily calcined at
operating temperatures of CFBC [15] and the residetime of the particles
within the CFB combustors is pretty high, it iswsed that all the CaCGQeacts
to CaO (100% calcination efficiency) which thenatsawith sulfur dioxide and
oxygen to form CaS£xhat leaves the combustor in solid phase withiomo and
fly ash streams.

Ca/S molar ratio: 2.2

Ca/S molar ratio is an indication of operating atods regarding the

desulfurization process. It is the ratio of calcited to the combustor to sulfur on
molar basis. In this study, Ca/S ratio is basedhencalcium coming from the
limestone and the combustible sulfur. When thisora defined for a system,
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limestone consumption is determined by multiplythg ratio with molar sulfur
content of the coal and dividing by molar compositiof Ca in limestone.
Although Ca/S ratios within 1.5 — 2.5 are typicgleaational ranges for CFBCs
[15], a number of physico-chemical parameters like reactivity of CaCe
particles at CFBC conditions are the determiningtdies for desulfurization.
Therefore, for basic design calculations, a typwmale of 2.2 can be utilized.
Although sulfur dioxide capture behavior of eacmdstone source can be
estimated by laboratory reactivity tests, actualfggenance can only be
determined by fluidized bed combustion tests. Qimrang the experimental

requirements, maximum value of Ca/S ratio is taedk®8 for the design basis.

Desulfurization efficiency: 90%

Desulfurization efficiency is the ratio of $@aptured by limestone to the $O
generated during combustion. It is reported th#tisgapture of 95% and more
has been achieved in CFB boilers [13]. Turkish emmental regulations for
high capacity utility boilers necessitate at le&% removal of S [24].
Therefore, 90% desulfurization efficiency is notlyoa typical value, but also a
low limit for a coal combustor. Although this efeoicy can be improved by
adding more limestone, this improvement may notfdasible for commercial
plants because of thermal efficiency and operationat concerns. The aim of
using this value in the basic design study is &gt SQ emissions at a typical
desulfurization performance. Actual efficiency veduwill be observed during the
test runs in the future with limestone additiong avill be tested against limestone

flow rate, i.e. Ca/S ratio.

CaCQ; content of the limestone: 95%

Similar to the coal reserves, there are many diffedimestone reserves, with
different CaCQ@ content, reactivities, etc. However, 95% purity & limestone
has been a typical value in many experiments utgizimestone from different
sources at the existing AFBC test rig [25]. Ondliger hand, limestone utilization
with slightly lower purity does not have a distunba on the design and operation
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of combustor. Therefore, this value was used irbdsc design calculations.

Ash Split: Bottom Ash / Total Ash = 40%

The solid streams leaving a CFB combustor are cseghof incombustible solids
mainly and unburnt combustible particles with a kpartion. The incombustible
solids include the ash entering within the coabpunities in limestone and CaO
and CaSQ particles. Ash split is the distribution of totsh between bottom and
fly ash streams while leaving the combustor. Thigpaustream composed of fine
ash particles that are entrained from the cycloaenamed as fly ash, whereas the
coarse particles leaving the system from the bottbmser are named as bottom
ash. A significant portion of bottom ash streantaesnposed of the particles for
which the terminal velocity is higher than the stip&l velocity. Therefore, these
particles stay in the riser and are discharged ftwrbottom of riser.

The split between bottom and fly ash depends om#tare of the ash and the
conditions within the combustor. It is an importpatameter in combustor design
because of its effect on heat transfer, bed maggizeration, pressure distribution
etc. Ash split at the existing AFBC test rig wasigally in the range of 20% —

40% for bottom ash generation [26]. For CFB comimsst20% of total ash is

reported to leave the furnace as bottom ash [h5jrdler to have a margin, CFBC
test unit design was based on a maximum ash slievof 40% for bottom ash,

and minimum value of 60% for fly ash. The desigmges of ash split was defined
to be 0 — 40% for bottom ash, and 60 — 100% foasly.

Unburnt carbon in bottom and fly ash streamse:€ 1% , Gy = 2%

In the design study, carbon contents of bottom fyndsh were utilized for the
prediction of the combustion efficiency. Tests marout with lignite on the
AFBC test rig operated under bubbling mode revedhed carbon in fly ash
varied in the range 1.6% to 4.5% [27]. Howeverisesrried out with the same
lignite on the AFBC test rig operated under cirba mode resulted in lower
unburnt carbon contents in both bottom and fly a§B&]. Based on these data,
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design basis for carbon content of bottom ash Bndsh has been defined as 1%
and 2%, respectively. However, unburnt carbon adstef bottom and fly ashes
are functions of a number of design and operatengupeters. Therefore, higher
and lower carbon losses and different combustidicieficies can be observed
while firing different coals at different operatiecgnditions.

2.1.3 Mass Balance

Based on the assumptions and design basis givenealstoichiometric
calculations were carried out for all of the coakerves. As the analysis of
Beypazari lignite falls in the middle of the fuahge, this reserve is chosen as the
design coal. The analysis and the results of bdsgign based on Beypazari
lignite are given in Appendix B.

2.1.3.1 Solid input

The starting point of mass balance was the themmpailt of the fuel which is 150

kWt. Flow rate of coal was calculated by dividirge theat input by LHV of the

coal. Flow rates of components present in coal, asdter, sulfur, carbon,

hydrogen, oxygen and nitrogen, were obtained bytipiyhg the composition of

each ingredient by the flow rate of coal. Limestao@msumption was calculated
by utilizing the sulfur content of coal, Ca/S ratiod limestone purity.

2.1.3.2 Combustion air
Combustion air requirement was calculated from exygemand of the reactions

given below:

Cis) + Q@ —» C&( (rxn.1)
Ha(g) + 2Q(g) —» HO(9) (rxn.2)
S@ + Q@ —» SQG©) (rxn.3)
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CaO(s) + SQ(g) +¥2O(g) — CaSQ (s) (rxn.4)

Although the Carbon in coal is not completely coteg to CQ by reaction#1,
stoichiometric air requirement is calculated byuas®lg complete conversion
based on the definition of theoretical air requiestrwhich is the dry air required
for complete combustion of a defined weight of cfi8]. In order to obtain
combustion air flow rate, oxygen demand is caladdty subtracting the oxygen
in the coal from the oxygen demand of the reactgimen above. Theoretical air
flow rate was calculated by dividing this oxygem@ad by oxygen percentage in
air (21%). Total combustion air flow was obtaineg &dding the amount of
excess air to the theoretical air flow rate.

2.1.3.3 Flue gas

After obtaining the input terms, flow rates of puots within flue gas were
calculated. In addition to the products of reacicl to #4, there are other
sources of gaseous species within the flue gasafgination of limestone; (ii)

reactions of coal nitrogen; (iii) unreacted inptreams.

In addition to the combustion reaction, the caltorareaction of limestone given
below also produces carbon dioxide.

CaCk(s) —» CaO(s) + CQ(9) (rxn.5)

Regarding the reactions of coal nitrogen, only thactions for NO and N
formation are taken into account to calculate fly@s flow rate and gas
composition. The representative reactions for ddabnversion to NO andNare
given below, and the complicated reaction mechanisfmitrogen species and its
oxides can be found elsewhere [25].
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N + »%Q(g) — NO(g) (rxn.6)

2N - N(9) (rxn.7)

Unreacted gaseous species originating from thet isppaams are; (i) nitrogen in
combustion air; (i) moisture in coal and combustaor; (iii) oxygen that remains

after the reactions.

Based on input, generation and consumption rategrofgen, water vapor, sulfur
dioxide and oxygen, flow rates of these gaseousispavithin the flue gas were
calculated. On the other hand, the exact flow o&t€O, could not be calculated
at this stage bacause of the fact that the comrerst carbon to C®is not
complete. A small portion of unreacted carbon poeducarbon monoxide by the
following reaction, whereas the rest of the unredcarbon leaves the combustor

within fly ash and bottom ash streams.

Cs) + *Q(@ —» CO(@9) (rxn.8)

In order to calculate the exact flow rate of £C@® was required to calculate the
amount of carbon that does not react to,Chnhis deviation from complete
conversion is defined as incomplete combustion, ianelsults in less generation
than the theoretical thermal input based on theirlge&alue of the coal. In order
to describe the degree of the completeness of csiminy combustion efficiency
is defined as ratio of total energy generation bynbustion reactions to the
theoretical heat input by the fuel. Combustionosficy comp) iS calculated

from the following equation, which is based on satting the ratio of

combustion enthalpies of unreacted carbon spenig¢bel output streams to the

total heat input from unity.
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mM(CO) XIH™"cocoz) + (M(Goo) + M(Cay)) X AH™"c_sco)
m(coal)*LHV (2.1.9)

Mcomb= 1 —

As the expected combustion efficiency and unbuaniban loss are defined within
design basis, carbon monoxide generation is cakulilby rearranging equation
(2.1.a):

m(coal)*LHV*(l - Ucoml) - (m(cl;ot)'*'m(cﬂy))*Aern(CaCOZ)
Aern(Co_)CQZ) (2 1. b)

CO, kg/h=

After calculating CO flow rate, CHlow rate is determined. Adding up the flow

rates of all gaseous species, total flue gas flate is obtained.

2.1.3.4 Flue gas composition

Flue gas composition was calculated by dividing thess flow rates of each
component by its molecular weight to obtain thealan flow rates and dividing
these molar flow rates by total molar flow ratefloé gas.

2.1.3.5 Ash content

Ash generated within the combustor consists of dBb in the coal, CaSO
generated by sulfur capture reaction, CaO thatndidreact with sulfur dioxide,
impurities in limestone and unburnt carbon. Basadhe ash split taken in the
design basis, each component within the ash wasla&td.

2.1.3.6 Species balance

Species balance was also carried out by calculthmgnput and output mass flow
rates of each element: C, H, N, O, S, Ca. In tloadeulations, it was confirmed
that the mass balance holds for each element.
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2.1.3.7 Discussions on mass balance

The calculations summarized in the mass baland@sesere carried out for all
fifteen coal reserves. In addition to the resulldamed for Beypazari lignite
which was taken as the design coal, calculatiorsedban other coal reserves
constituted the design range for the test unit rasgmnted in Table 2.2. Another
significant outcome of the mass balance was theatier of combustor which
was calculated as 25.37 cm by dividing the flue #as rate by the superficial
velocity which led to cross sectional area and @mfor cylindrical riser design.

2.1.4 Heat Balance

In order to calculate the cooling capacity requifedthe combustor, an energy
balance around the combustor is carried out. The f@a the energy balance,
assumptions and design basis are given below:

Combustion air temperature: 40°C
Combustion air is the ambient air which is fedite tombustor via a side channel
blower. However, the temperature of the fresh adar@ases approximately to
40°C leaving the fan where the mechanical work geres heat according to the
past experience on 0.3 MWt AFBC.

Table 2.2Mass Balance Results

Design Coal| Minimum Maximum
Thermal load, kW 150 116 189
Coal consumption, kg/h 48.4 26.2 79.1
Limestone consumption, kg/h 8.7 1.3 19.2
Combustion efficiency, % 97.7 95.3 99.5
Total dry air flow rate, Nm3/h 195.9 168.4 210.6
Flue gas flow rate, wet, m3h 909.2
Total ash generation, kg/h 22.0 55 36.1
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Flue gas temperature at the cyclone exit: 850°C
The temperature in the furnace, 850°C, is mainthinethe cyclone. Therefore,
flue gas temperature at the cyclone exit is takebet same as the temperature in

the cyclone.

Bottom ash temperature: 850°C
It was assumed that the bottom ash leaves thensygtiurnace temperature.

Overall heat transfer coefficient for surface hkrss: 8.6 kcal/lh m2 K
This data is based on heat loss from 60°C alumimower sheet surface to
ambient air. During detailed design, this value wadeecked for insulation

thickness calculations, and it was found that Ssimption was valid.

Cooling water inlet and outlet temperatures: 20°66<C

Cooling water inlet temperature was assumed to &gimum 20°C. To prevent
evaporation in tubes that can cause water hammieteenperature should not be
allowed to exceed 60°C. Therefore, cooling load eadsulated accordingly.

Defining the assumptions and design basis for bedince, input, output and
generation terms were calculated. Inputs in enbeaggnce are flow enthalpies of

coal, limestone, air and cooling water.

Generation term of energy balance consists ofghetion enthalpies of:

e Calcination: CaO formation (nAH )

#5 CaCQ(s) — CaQ(s)+CO:(g) (41.6 kcal/gmol)

e Sulfation; CaS@formation (n *AH,)

#4 CaO(s) + Selg) + ¥2 Ox(g) - CaSQ(s) (-114.1 kcal/gmol)

e Combustion (ga* LHV)
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Outputs in energy balance are flow enthalpies dfdsh, fly ash, flue gas, cooling

water (hot) and heat loss from the outer surfatesmbustor.

As specific heats of coal and flue gas vary sigatitly with their water content,
water within input and output species was includegarately and all other

species were included in dry basis during the baknce.

Mass flow rates of all streams except the coolirzgewflow rate were calculated
during mass balance. Therefore, the heat balanmwendrthe combustor was

carried out to determine the cooling water floneray following the below steps:

e Energy input and output terms (except cooling wat@re calculated.

e Generation terms were calculated; calcination(emetotic), sulfation
(exothermic), combustion(endothermic)

e All the terms were inserted into the energy balastpeation.

e Heat to be removed by cooling water in the furnaae obtained.

e Heat removal requirement was divided by the enthdifference of inlet
and outlet cooling water streams to obtain cooluager flow rate.

As a result, heat removal requirement and cooliagewflow rate for the design

coal and the range of these parameters when differeals are fired were
obtained and are tabulated in Table 2.3.

Table 2.3Heat Balance Results

Design Coal| Minimum | Maximum
Total generation, kcal/h 126,519 96,708 161,787
Enthalpy difference (Out — In), kcal/h 70,392 66,662 75359
Heat loss to surroundings, kcal/h 8,256
Heat removal at combustor, kcal/h 47,872 13,094 38D,
Cooling water flow rate, kg/h 1,197 327 2,159
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2.2 Detailed Design Studies

Following the completion of basic design, detaitbekign studies were started
which included process and instrumentation desigreliminary equipment

design, development of pressure balance modeljletetaquipment design and
cooling system design.

2.2.1 Process and Instrumentation

150 kWit Circulating Fluidized Bed Combustor Testitusicomprised of not only

the combustor but also the auxiliary systems likeaad flue gas systems, solids
handling and feeding systems and gas analysismy&ehematic of the process
flow diagram of the test unit is given in Figur@ 2Following this general process
diagram, process and instrumentation diagrams (FHdD)each system were

prepared.
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Figure 2.z Process Diagram of the Test Unit
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The components of the test unit given in Figurea2e?listed below:

Combustion air supply

Coal handling

Limestone handling

Solids feeding

CFB combustor

Bottom ash withdrawal system
Cyclone

Loop seal

© 0o N o g s~ wDdhPE

Bag filter

10. Induced draft fan
11. Stack

12. Control room

2.2.1.1 Flue Gas System

Flue gas system is defined to start from the exihe CFB combustor’s cyclone
and goes up to the stack. This system is compdsedoag filter, an induced draft
fan and flue gas lines. PID of the system is givelhigure 2.3.

Flue Gas Duct ¢ ﬂ
BFBC Test Rig

ﬁﬁ © | © EDEDE) (D
CFBC

> > FF@ER i 2 Owcs
cyclone 3-way o
valve

Figure 2.2 PID of the Flue Gas System
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Connection to the Existing Flue Gas System of BupAFBC Test Rig

The flue gas line connects the cyclone to the fase line of existing test rig
where there is a 3-way valve to by-pass the baey fithen the gas temperature is
outside the limits of bag filter. Starting from $hby-pass valve, the flue gas
system of the existing unit is utilized. Therefoppcess and instrumentation

diagram is the same as the existing installatiartiagy from that point.

Existing Flue Gas System

Through the existing flue gas system, there arentbeouples of bag filter to
measure the flue gas temperature to control by-palse, and there are pressure,
temperature and flow transmitters, flue gas dangmettrol valve and induced
draft fan before the stack.

Control Philosophy

Flow control valve before the induced draft fauigized to balance the pressure
at the exit of combustor together with the blowEor this purpose, the data
obtained from the pressure transmitter before tlaenpr valve and the

transmitters within the furnace are used as cop@icdmeters for the system.

2.2.1.2 Combustion Air System

Combustion air system is the section from the fr@ishnlet of blower up to the
combustion air inlets of the CFB combustor; windb@ximary air), and

secondary air collector. In between, there are btpveombustion air piping,
valves, rotameters and instruments for flow measarg¢. PID of the combustion

air system is given in Figure 2.4.

At the exit of blower, the line is divided into twto primary and secondary air
control valves. After the valves, pressure and floates are measured.
Temperature is only measured on primary air pipagyno deviation is expected
between the two streams. Primary air enters thellvor and secondary air is
divided into two, to collector feeding the injectitubes and loop seal windbox.
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Figure 2.4 PID of Combustion Air System

Control Philosophy

Air flow required by the combustor is a functionaufal flow rate and excess air
ratio. In order to keep the air flow rate at thguieed value, control valves are
regulated. The control parameter for the valvesthesair flow rates that are
calculated by using the pressure drop through @ #dement and applying

temperature and pressure corrections to these data.

Secondary air flow control is based on the ‘Primairy/ Secondary air’ ratio that
is defined by the operator. The control systemutates the secondary air flow
rate requirement by multiplying this ratio with abtombustion air flow rate and

regulates the valve accordingly to obtain this ulaled flow rate

Similar to the control philosophy of total air flomate, the control system
regulates secondary air control valve based ord#ta obtained from the flow

transmitter.
As the secondary air ratio is defined as the cop@oameter, the control system

keeps the ratio at the required value, regardlésheovariations in the total air

flow rate.
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2.2.1.3 CFB Combustor

CFB combustor is composed of the furnace, cyclong a@rculation system.
Furnace is divided into modules for ease of manufag, installation, future
revisions and temperature control during operatftnthe return leg of cyclone,
there is a J-valve for sealing the return leg aathtaining the circulation.

If the return leg can not isolate the furnace frogytlone by the weight of
particles, combustion air by-passes the furnaceflang through the cyclone and

leaves the combustor. PID of the system is givefigare 2.5.

O7¢)
|

:
.
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Figure 2. PID of CFB combustor
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Control Philosophy

There are temperature, pressure and pressureedifiertransmitters along the
combustor. All the signals received from these dnaitters are logged into the
control system’s computer not only for process mriut also for evaluation of
the combustion test results.

The measurements collected from pressure and eliffiat pressure transmitters
are used in determining particle load distributialong the combustor. The
pressure data serve as control parameters forcdmatives of blower and induced

draft fan.

Control parameters for combustion chamber temperatantrol are temperature
along the combustor (850°C), and cooling waterebugmperatures (to be max.
60°C). The operator checks both temperature dataegyulates the manual valves
of cooling water accordingly. Cooling water inletriperature and flow rate data
shall be logged to be utilized in heat transfedistsl after test runs.

For particle recirculation in the J-valve, when gaticles can not flow into the
furnace because of the pressure inside the combtiséosolenoid valve (SOV) of
compressed air shall be opened to convey the [eariitto the furnace. This valve
shall be activated manually by the operator whea plarticle level in the

downcomer leg is high.

2.2.1.4 Solids Handling and Feeding System

Solids handling and feeding system is composedoaf, dimestone and bed

material handling, solids feeding, solids circdatiand ash removal systems.
Solids in the silos flow through screw feeders #rat connected to a main bunker
for mixing. At the bottom of this bunker, thereda air lock type main feeder

which feeds the solids to an inclined leg that asrected to the furnace. This
main feeder is selected as air lock to isolate ftheace from solids feeding

system. PID for the system is given in Figure 2.6.

37



At the bottom of the combustor, there is a discedirge for bed ash removal. The
bed ash system is designed to discharge the gartigi the help of compressed air
conveying system.

The J-valve has an outlet pipe for particle disghain case it is necessary to
decrease the particle load in the system. Thieblitle also helps draining of the
system after test run is finalized.

Control Philosophy

Coal and limestone silos are equipped with loads.cé&Veight signals received
from load cells are utilized to calculate the sofiteams’ flow rates. The
difference in silo weight within a specific timeanval is converted to flow rate of
each species.

COAL LIMESTONE BED
SILOS SILO MATERIAL
SILO

L

Furnace

Figure 2.€ PID of Solids Handling System and Feeding System
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At the same time, operator can regulate the flote d coal according to the
variations in many parameters like furnace tempeeatpressure (particle load),
CO and Q@ concentrations etc. The limestone flow rate shaldd be changed to
control sulfur dioxide emissions. The operator tatps frequencies of the screw
feeder motors at the bottom of each silo to feedsthlids at required flow rates.

Operation of bed drain discharge system is basethedifferential pressure data
within the dense zone combustor. The system istuon when the particle load

in the furnace increases.

If the particle accumulation in the downcomer ighar than required, fly ash
particles have to be drained from the system. s purpose, the J-valve
discharge system is utilized.

2.2.1.5 Gas Analysis System

The system is designed to have 6 ports for sammorgbustion gas along the
furnace. All sampling ports are connected to a heading to the analyzers for
CO, NQ, SO and Q concentration measurements via the existing gas
conditioning system. There should also be anothatyaer for Q measurement
on wet basis at the exit of furnace for combustiontrol. PID of this system is
given in Figure 2.7.

Control Philosophy

Gas concentration data continuously received friograinalyzer at the furnace exit
should be utilized for combustion control. Oxygemeentration measured at the
exit of cyclone is an indicator for excess airaati the furnace. This data helps
regulating coal and air flow rates throughout #w tuns.

The procedure for sampling flue gas along the catdsus as follows: Operator
shall first select the port to sample the combusgas. Then, all the valves other
than the one at the selected port shall be clddad.gas is sampled from that port
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Figure 2.7 PID of Gas Analysis System

and flows through gas conditioning system and aeay After the operator
decides to pass to another sampling port, samplihges are regulated again as
described above. Gas concentrations shall be loggedhe computer and
displayed on the monitor for the operator to takt@®as when necessary.

2.2.2 Control System
Control system is composed of DCS (distributed mraystem) based process
control hardware, a computer (PC) and a UPS. Cbrmtandware panel is

comprised of a termination panel for signal cableput and output cards,
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controller, power and PC communication modules e8ettic diagram for control

system hardware is given in Figure 2.8.

Based on the instrumentation study summarized abowmber of input and
output signals of the control hardware was deteethinncluding at least 30%
spare 1/O for each type of signal.

After installation works for the instruments andbliag were completed, the
control system hardware was programmed based oncahéol philosophy

summarized in the previous sections.

2.2.3 Equipment Design

2.2.3.1 Furnace

Although the commercial combustors have rectangtrass-section, because of
its size and ease of manufacture, the combusttieofest unit was designed to
have cylindirical structure, with an internal diaere of 25 cm, which was
obtained in the basic design studies.

TT -
PT _._.
FT _
FCV _.
AT _

5 |
|

SOV _
TCV
M

= ==

INSTRUMENTS DCS HMI

Figure 2.€ Schematic Diagram of Control System
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Test units at similar capacity have been repordetbive furnace heights up to 6.5
m [18-22, 28-30]. As this test unit was designefirmmainly low quality lignite,
furnace height in this study was chosen as 8 met@lile to use less reactive
limestone and yet obtain high sulfur capture byjatiog more residence time.

Furnace is comprised of 5 modules. Design detdikh® modules are given in
section 2.2.6. Combustion takes place and flueflgas at the inner part of the
modules (D=25 cm). Surrounding this combustion dbemnthere is a refractory
layer which is integrated with a cylindrical shéflipe) outside. For two of the

modules, there is a water channel system at tisdeubdf this shell.

Detailed design of furnace, including the windbdistributor plate, air and solids
feeding points, bottom ash discharge line, exacatlons of instrument and
sampling ports, external insulation, and manufaetudetails for all these items

are given in related sections.

2.2.3.2 Cyclone

For the design of the cyclone, design procedur@geed for a general purpose
cyclone is followed [15,31]. According to this peature, if one of the dimensions
of the cyclone was determined, the others can loellagéed from Table 2.4 given

next to the schematic diagram in Figure 2.9. Prioquos given in the table are the

dimensions when §Xcyclone diameter) is taken as 1 unit.

The diagram given in Figure 2.9 was prepared infaromty with these
proportions, however, the streamlines in the drgvehowing the rotation of gas
flow are representative. Following the design pdoce, it was assumed that the
actual number of rotations that the gas stream sna#téin the cyclone is 5 [31].

In order to follow the design procedure, one ofdireensions had to be specified.
For this purpose, inlet cross-section, which séts value of W and { was

selected as it can be determined from flue gasnweltc flow rate which was
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calculated during basic design studies. In thisudation, inlet velocity of the gas
was chosen to be 20 m/s, typical design parametegdneral purpose cyclones
[15,31]. Deciding on the inlet velocity, inlet ceosection was calculated from the

following formula:

Inlet cross section = Flue gas vol. flow rdténlet velocity (2.2)

Effect of inlet velocity was also studied in termwpressure drop and particle
capture efficiency, and this initial assumption wasnd to be optimum. As the
cyclone inlet has a rectangular cross section, witb side being two times the
other side (H/W= 2), cross sectional area is defined as ‘a x 2a*where a is
the dimension of WEQqualizing this value to the value found fromne.2),

Table 2.4Unit Dimensions of Cyclone [31]

Dimension Proportion
Do 1
Wi 0.25
H 0.5
M H, 2
De 0.5
H S 0.625
Dy 0.25

— «— g

Figure 2.9 CFB cyclone
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dimensions of the inlet duct of cyclone were calted as 7.95 cm x 15.90 cm (H

x W) for 20 m/s inlet velocity.

Once the inlet dimensions are calculated, reshefdyclone dimensions can be
calculated by utilizing the unit dimensions givenTiable 2.4. According to this
procedure, the cyclone of CFBC was designed to hakameter of 31.8 cm and
a total height of 127.2 cm. The other dimensionghef cyclone are given in
Appendix C. Once the dimensions were determinedjcfea capture efficiency
and pressure drop throughout the cyclone were leadmii

Particle capture efficiency
Fraction of particles that will be captured at thyclone is predicted by the
following equations [31];

7 NV D2 P part
OW; u

for block flow assumption, n = (2.3)

z N Vc D2 P part )

for mixed flow assumption, = 1- exp-( oW
i M

(2.4)

where N is the number of rotations that the gasana¥ is the velocity along the
circular path, D is the diameter of particle undensiderationpyar is the density

of particle, Wis the width of the inlet cross-section, ane the viscosity of gas

Block flow and mixed flow assumptions are the Isnitf cyclone separators, and
the real case is in between. For this purpose,effieiency is defined by an
alternative totally emprical data-fitting equatiarhere the experimental data is
represented with satisfactory accuracy:

) (D / D g)?
T T T 1+ (D/ Doy

(2.5)
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The three efficiency definitions given above ardized for various particle
diameters and the results are given in Table 2.5.

Cut diameter

It is the diameter of the particle for which theotiae efficiency has the value of
0.50 (50%). Putting B instead of D and 0.50 instead of capture effigyeinto
the equation for block flow, fx is calculated from the equation given below.

OW, u
27[ NVC ppart

Dy, = ( ) 1/2 (2.6)

From this equation, cut diameter for the cyclone walculated to be 7.0 um. For
a typical cyclone size and the most common cyclalecity and gas viscosity,
the cut diameter is about 5 pum. [31]

Pressure drop
The pressure drop can be calculated by an equatide form [31],

V.2
AP:K'T'OQ (2.7)

Table 2.5Particle Capture Efficiency

Particle
Diameter, u Nblock Nmixed Nemprical
0.1 1.02E-04 1.02E-04 2.05E-04
1 0.010 0.010 0.020
2 0.041 0.040 0.076
5 0.256 0.226 0.339
8 0.656 0.481 0.567
10 1.025 0.641 0.672
12 1.475 0.771 0.747
15 2.305 0.900 0.822
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where ‘Vipg / 2’ is referred as the velocity head. Most cyelsrhave pressure
drops of about 10 velocity heads (K = 10). Using t#quation, pressure drop
throughout the cyclone was calculated to be 59.6Hp@

A parametric study on the inlet velocity of fluesgahowed that if the inlet
velocity is increased to 30 m/s to obtain a cubditer of 5 um, the pressure drop
becomes 116.2 mmJB. In addition to the other resistances within glgstem,
this creates further pressure drop for the fansviercome. The improvement in
Dot was not found to be significant against this iasee in pressure drop.
Therefore, the design inlet velocity of the cyclaves decided to be 20 m/s.

2.2.3.3 Coal and Limestone Silos

The solids handling system of the test unit wasgaesl to handle 24 hours of
maximum coal and limestone consumptions. For tlee ed manufacture and
installation, the system is designed to be compadetiree identical silos with
rectangular cross section; two for fuel, one fordstone.

In order to avoid any blockage within the silo btle outlet at the bottom of silo,
bunker angle of the silo was chosen to be 70°. D#ms of the silos were
calculated on this basis. Each silo was designdthte an inlet of 30 cm x 100
cm at the top and a discharge outlet of 20 cm xrCat the bottom with a total
volume of almost 0.65 m? and a total height ofr@.7

2.2.4 Solids Holdup Profile and Pressure Balance

In a circulating fluidized bed combustor, solidstdbution and flow behavior are
the key parameters in successful design and spaldoe solids distribution

governs the pressure drop along the CFB riserhihgtudy, the flow dynamics
around the CFBC Test Unit was determined by utijzthe pressure balance
model proposed by Kim et al.[32], of which the apglion procedure is given

below.
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2.2.4.1 Pressure balance model

The pressure in the CFB loop should be balancedstable operation. The

schematic diagram and equations for the applicatiopressure balance model
around the CFBC test unit are given in Figure 2.10.

P5 Pexit

Pressure balance

APy = AP + AP, + AP,
APy = P7 - Pg
AP = P7 - Pyo
AP, = Pyg - Ps
AP, = Pg - Pg
Then the balance is

P;-Pg= P, - P{o+ B1o - B PA P

To find the pressure drop through downcomer for the
conditions that the pressure balance holds, pressure

drop items at the RHS of the balance equation shall

calculated:

APy : Pressure drop through;

- vertical aeration section P;-Pg
- weir section Pg - Py
- return leg Pg-Pyg

AP, = Pressure drop through riser;
- dense zone* P3;-Py
- dilute zone P4 - Ps

* For the model application, dense zone is taken from the
entrance point of return leg, not from distributor.

AP = Pressure drop through cyclone; Ps-Pg
- furnace connection
- cyclone

Figure 2.10Schematic Diagram for Pressure Balance Analysis
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2.2.4.2 Pressure drop through riser4P; )
The pressure balance around the CFB loop is direetated with the voidage
profile. For calculation of pressure drop througder, pressure drops through
dense zone and dilute zone are separately analfordthis analysis, particle
holdup profile within the riser is required.

Solid hold up in the dense bed of riseg)
Particle hold up is assumed to be constant withendense zone [33]. Then, solid
hold up for the dense bed is determined by thevoilg equation:

&s 9

= =1 +0.203( 82 )1'13(—”S""*/”j‘”’g )'O'013 (2.8)

where,
& = Gd(ps(Ug - Uy)): solid holdup at uniform flow with slip velocity 8; (2.9.a)
Ug = G4 ps: superficial solid velocity (2.9.b)

and,

Uy : gas velocity in the dense zone
Ps-dense: dense zone particle density
pg : gas density

Gs : solid circulation rate

U, : terminal velocity of particles

Solid hold up at uniform flowgs , which is defined by (2.9.a) is related with the
hold up in the dilute zone. Therefore, the variahte(2.9.a) are based on dilute
zone, that is mainly composed of circulating flyhagarticles. Then, to be
employed in (2.9.a), the terminal velocity for clating fly ash is calculated
from: [34]

4 db-dilute (Os-dilute - g ) 9 3/2

U, :( 35 Co

(2.10.a)
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where,

73.69(€°""%)Rg,
Re + 5.378¢°21%%
(2.10.b)

CD - é_; (1 + (8.1716-e4.065%)RQ)O.0964+0.55653) +

Re = G Uy (2.10.¢)

and,

ds - sphericity for circulating fly ash
Ug : superficial velocity at dilute zone
Ps-dilute - dilute zone particle density
dp.dilute : dilute zone particle size

LL : gas viscosity

Putting U into (2.9.a) with the input data given previous$plid hold up at
uniform flow, e , is obtained. Then using (2.8), solid hold up wittlense zone is

obtained.

Solid hold up in the dilute zone of riset)(
Following equation is used for calculating the ddloldup at any height (z) in the

dilute zone:

— B8  _ exp(-a(z-a) (2.11)
Esd~ Esxo

where,

z : height in the riser (variable)

z4 : height of the dense bed

€sd - solid hold up at dense zone (2.8)

a : decay constant in the riser

€s. . average solid hold up at dilute zone
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To find the solid hold up profile in the dilute zgrfirst, the decay constant, then
the average solid hold up in the dilute zone iswated.

Decay constant in the riser (a)
For the axial profile of solid fraction in a CFBer, decay factor (a) is determined
from:
Ug -0.32 G -0.22 - Py \0.41
a0=0019 (') ()0 ()
g~g

(g Dr)l/2 D
(2.12)

where,

Uy : gas velocity in the dilute zone
Gs : solid circulation rate

Ps-dilute - dilute zone particle density
pg : gas density

D, : diameter of riser

Average solid hold up at dilute zong.4:

Following equation is used for average solid hqicaudilute zone:
oo = 4.04g5¢ 214 (2.13)

Putting the parameters obtained from (2.12) anti3j2into (2.11), solid hold up
profile through the dilute zone is obtained. Howe\@.11) gives the solid hold
up profile for the CFBs with smooth exit. Theretle reflux of particles at the
exit, back into the riser when there is a sharp @hiis effect is called exit effect.

Dilute zone solid hold up taking the exit effe¢diaccount

As the exit of the CFBC Test Unit has a sharp rayigle to the vertical upflowing
suspension, top of the riser acts as a crude dassaperator. This results in a
deviation from dilute zone solid hold up profildaaated from (2.13).
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Deviation of solid holdup by particle refluxds,)
The deviation of solid hold up as a result of effect is defined by the following

equation:

Agsr Ce 85e eXp( %(Hf - Z‘)) (214)

where,

Ce : reflux constant

gse . Solid hold up at the exit (obtained from (2.6 @8 m)
& : decay constant affected by the exit geometthefriser
H¢ : height of the dilute zone

z : height in the dilute zone (variable)

Reflux constant (§

Reflux constant is obtained from,

- Ut 2 Gs )
C.= 0. 046( Ug - Uy )1/2 ( U ) 1/3( )1/3( ) 3/4
(2.15)

where,

Uy : gas velocity in the dilute zone

U, : terminal velocity of the dilute zone particles
Gs : solid circulation rate

ps - dilute zone patrticle density

pg : gas density

D, : diameter of riser

De : diameter equivalent of the riser exit

d, : dilute zone particle diameter

He : projected height of the riser exit
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Decay constant affected by the exit geometry ofisee (a,)
Decay constant affected by the exit geometry of riker is defined by the

following equation:

U, - U2 G - De \- s - -
D, = 1.27 (_ggDr—t))]./Z (m) 1/2 (E) 1/2( ,Opgpg) 1
(2.16)

Then, the deviation of solid holdup within the dduzone is calculated from
(2.14) taking the fzvalues in the range of 0 m to dilute zone heidimen, solid
holdup profile within the dilute zone including exffect is calculated by the

equation below:
(gsi )corrected: 5si + Agsri (2-17)

where the superscript i stands for any point akhegheight of dilute zone.

Pressure drop through riserP;)
Pressure drop through the riser is calculated ftoenequation given below by
using solid holdup in the dense zone and by intewyacorrected solid holdup

profile in dilute zone:

However, as there are two type of particles withi system under consideration,

the equation is rewritten as follows:

APt = ps.densed Esd Zd + Ps-dilute 9 Jgs dz (2.18.a)

Then, for the input data and parameters calculabede, and by integrating the
corrected profile of dilute zone solid hold up giviey (2.17), riser pressure drop
is calculated.
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2.2.4.3 Pressure drop through CycloneAP.)
In this analysis, the connection between riser @yadone is also included in the

pressure drop term for the cyclone.

Pressure drop in the horizontal section betweeriRasad CycloneAPy)
Pressure drop through the connecting duct betwisenand cyclone is calculated
by the following equation:

APy = Gen (2.84 + 0.0108 2) (2.19)

where,
Gsh - solid mass flux based on horizontal section afezyclone connection

Ugn : average velocity at cyclone connection

Pressure drop through the Cyclondf)

Although it was calculated during cyclone designesgure drop through the
cyclone is calculated again as a part of this méah the following equation:
[31,32]

AP = Coy (AJAY? py Ug [ 2 (2.20)

where,

Cy : velocity head coefficient
A, : cross sectional area of riser
A. : inlet area of cyclone

Uy : superficial velocity at riser

2.2.4.4 Pressure drop in the Loop sealPy)
For pressure balance analysis, the loop seal idativinto two sections: Vertical

aeration and weir sections:
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To riser I
A B

Bottom aeration

Figure 2.11Schematic diagram of loop seal (1.Weir, 2.Vertaaiation)

Pressure drop through the loop seal is simply obthifrom the addition of

pressure drop values at weir and vertical aera@mions:

APy = APy + APy, (2.21)

In the weir section, solid flow is in a fluidizirgfate so that the pressure drop is

defined as:

(AP/L)w = psis(1-8) g (2.22)
where,
Lw : length of weir section - design basis (see Fadud1)

e : voidage in loop seal and downcomer

ps-is - particle density in the loop seal
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To obtain voidage of fluidized bed in weir sectiopllowing correlation is
adopted: [32]

o= o (s (855 )) e

where,

U, : fluidizing gas velocity at loop seal
ps-is . particle density in the loop seal
pg : gas density in the loop seal

L : gas viscosity in the loop seal

ds . particle sphericity

Then voidage of weir section is obtained from (2.23d put into (2.22) to obtain
pressure drop.

For the pressure drop in the vertical aerationi@ecfollowing equation is used:
[32]

(AP/L)ya = 0.0056 G poui’ %dy ® 0Dy 7 (2.24)

where,

Dis : diameter of loop seal

Lva : length of vertical aeration section (see Figail)
poulk - bulk density of dilute zone patrticles

Gsq @ solid mass flux based on loop seal area

Obtaining the pressure drops through vertical aeratnd weir sections, pressure
drop through loop seal is calculated from (2.21).
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2.2.4.5 Pressure balance for downcomeAPy. )

Pressure drop through downcomer, thus the solids masgl height is obtained
from pressure balance. This procedure gives thghheif accumulated fly ash at
the downcomer leg to keep the system in balance.

Pressure drop through downcomer
Pressure drop through downcomer is obtained from ftillowing balance
equation:

APy = AP + AP, + AP, (2.25)
As the entrance of loop seal leg into the risaalimsost at the middle of the dense

zone, pressure drop through dense zone is muttiplye0.5 and then the pressure

drop through riser is recalculated to be used .i25R

AP = APgensel 2 + APyilute (2-26)

Then from (2.25), pressure drop through downcosebtained.

Solid mass in downcomer

Having found the pressure drop through downconmdig smass is calculated:

where,

Agc : cross sectional area of downcomeg(®Djs in Figure 2.11)

Solid height in downcomer
Solid height in downcomer is obtained from thedwling equation given for solid

mass in downcomer:
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Mdc = Ps-dc (1 - 8dc) Hdc Adc (2-28)

where,
Ps-dc . particle density in the downcomer
€qc . Voidage of solid bed in downcomer (same as kesd)

Hqc : height of the solid bed in the downcomer (sepifg 2.11)

As My is found from (2.27) and the other parameter2i@g) are known, only

unknown, H, is obtained by rearranging the equation.

2.2.4.6 Solid mass in riser and loop seal
Similar to the calculation of solid mass in downespsolid mass in riser and
loop seal are obtained.

Solid mass in riser

Solid mass in riser is calculated from:

M = AP Al g (2.29)

Putting the pressure drop values for dense anded#anes instead @fP;, solid

mass in dense and dilute zones are also obtained.

Solid mass in loop seal
Solid mass in loop seal is calculated from:

Mis = psis (1 - as) Lis As (2.30)

where,
ps-is - particle density in the loopseal

eis - voidage of the solid bed in the loop seal (2.23)
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Lis : total length of the loop seal{l= L + L,s) (See Figure 2.11)

Ajs : cross sectional area of the loop seal (downcpmer

2.2.4.7 Input Data to the Pressure Balance Model

The input data for the application of pressure m@damodel is composed of
design basis, physical properties and some parasnesieulated from these data.
Operating conditions and dimensions of the systendafined as design basis in
Table 2.6. Particle properties are obtained frore #xperimental studies
previously carried out on the 0.3 MWt bubbling dlized bed combustor test rig
firing the design coal for the CFBC test unit undensideration [35-37]. Physical
properties of air and combustion gas are basedhendata from reference
literature [38, 39]. Physical properties for pressbalance model are given in
App. C. Based on the design basis and physicaleptiep, input data given in
Table 2.7 is obtained. Although the pressure ba&lanodel is applied for various
solid circulation rates within the range of 5 —i&¥m?2s, for illustration purpose,
the results of the pressure balance model is pregdrere for G= 15 kg/m?s.

Some of the input parameters and results variegifi@rent G values.

Table 2.6Design Basis for Pressure Balance Model

Superficial velocity in the riser Ry 5 m/s
Superficial velocity in dense zone g u 3 m/s
Diameter of the riser D 0.25 | m
Height of the riser z 8 m
Height of the dilute zone H 7 m
Cross sectional area of riser r A ] 0.0491| m?
Length of weir section e 0.5 m
Diameter of loop seal D 0.1 m
Length of vertical aeration section L 0.5 m
Cross sectional area of downcomer 4. A | 0.0079| m?
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Table 2.7Calculated Input Data for Pressure Balance Model

Solid circulation rate (variable parameter) s & 15 kg/m?s
Solid mass flux at cyclone connection sh@G 39.95 | kg/m?s
Solid mass flux at loop seal & 93.75 | kg/m?s
Diameter equivalent of the riser exit eD 018 | m
Projected height of the riser exit eH 0.2 m

Gas velocity at loop seal M| 0.01 | m/s
Average velocity at cyclone connection oY 15 m/s
Empirical coefficient for velocity head at cyclone Ccy 10

Inlet area of cyclone A | 0.0126| m?

2.2.4.8 Results of the Pressure Balance Model

Using the input data given above, the pressurenbalenodel is applied to the 150
kWt CFBC Test Unit Design. During the progress oégsure balance model
application, it is also required to calculate sqmaeameters given in App. C. The
pressure balance model resulted in the operatir@npeers given in Table 2.8.

Solid hold up profile in the dilute zong)(
Solid hold up profile through dilute zone is obtnfrom (2.11) without
considering the effect of sharp turn at riser ekiite deviation of dilute zone solid

hold up profile by particle reflux as a result afteeffect is obtained from (2.14).

Table 2.8Results of Pressure Balance Model €G.5 kg/mz3s)

Results for G; = 15 kg/m?3s

Solid hold up in the dense bed of riser €sd 0.25487
Average solid hold up at the dilute zone €sw» | 0.004106
Voidage of solid bed in downcomer €dc 0.20
Voidage in loop seal Els 0.20
Solid height in downcomer, m R 2.10
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The array of the results of both equations are éddesach other and the solid

hold up profile through the dilute zone, includiagit effect is given in Figure
2.12.

2.2.4.9 Pressure drop profile

Following the solid holdup profile through the niséhe pressure drop values for
riser, cyclone, downcomer and loop seal are obdaifide results are given in
Table 2.9. Starting from the outlet of air bloweressure loop profile for the solid
circulation rate of 15 kg/m?s is obtained and shawfigure 2.13.
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Figure 2.12Solid Holdup Profile Prediction for Dilute Zone {& 15 kg/m?2s)
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Table 2.9Pressure Drops within the CFBC Loops €515 kg/m?s)

Dilute zone APgiute 740.4 | mmH20

Cyclone duct AP, 21.5 | mmH20
Cyclone AP, 59.6 | mmH20
Loop seal AP 508.4 | mmH20

Downcomer APs | 1565.8| mmH20

\
)

0 @ distributor plate

Height, m (z

O T T T T
D 400 800 1200 1600 2000

Pressure, mm H20(g)

Figure 2.13Pressure Loop Profile (&G 15 kg/m2s)

As can be seen from the figure, combustion aihatdutlet of the blower is at a
pressure of 1590 mmWG. Calculation procedure of thlue is based on the
design criteria that the pressure at the cycloliteigapproximately balanced or is
slightly negative. To be on the safe side, desigaidfor the pressure at the
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cyclone exit is taken as 0 mmWG. Then, adding @ppttessure resistances from
cyclone back to the blower outlet — dilute zoneys#gezone, distributor, air piping
— leads to pressure requirement at the blower €Ri. pressure values displayed
in Figure 2.13 stands for the points given in FggRrl0 as explained below:

The data point at the bottom of the profile givanFigure 2.13 is the pressure
value at the blower exit (P1590mmWG). From the blower to the air box of the
combustor,AP through the piping is approximately 200 mmWG € 1390
mmWG). Then, air passes through the distributoteptiesigned to have AP of
0.2 times that of dense zone [15, 34], 94.2 mmW, ia enters the combustor
(Ps=1345mmWG). As given in Table 2.9, witP values of 471.8 mmWC and
740.4 mmWC through the riser, pressure decreas#4di 823 mmWG (f) after
dense zone and then to 81 mmWG) (Bt the riser exit. Passing through the
cyclone duct and the cyclone, pressure at the ngodxit drops to 0 mmwWG R
where pressure is balanced as it is the desigs.basia result of the particle hold
up within the downcomer having a height of 2.1 he pressure at the entrance of
loop seal increases to 1615 mmWG)(PAt the exit of loop seal, where the
particles enter the combustor, pressure is 1107 @n(®), balanced with the
pressure of dense zone at the height of recycleHegssure drop through CFBC
loop leads to the amount of solids in the systemiesn below:

Table 2.10Solid mass within the CFBC loop

Dense zone Mnse | 23.14| kg
Dilute zone Miue | 36.32| kg
Downcomer Mc 12.29| kg
Loop seal M 5.85| kg
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2.2.5 Heat Transfer Analysis

As given in ‘detailed design of combustor’, the dstor is composed of five (5)
modules, each having 47.5 mm refractory liningh&t inner surface. Second and
third modules along the combustor are cooled, &edothers are only insulated

from outside.

2.2.5.1 Modules without Cooling

First, fourth and fifth modules of the combustasigned without cooling system,

are insulated with ceramic fiber blanket from odésto have an external surface
temperature of 60°C, and these modules only hae¢ lbgs from the external

surface to the surroundings. The schematic diagrsunmmarizing the heat

transfer analysis for this design is given in Fg@r14. As can be seen from the
figure, heat transfer through the pipe materiahdd taken into account. It is

assumed that the resistance of carbon steel pipgeeab transfer is negligible

compared to other layers.

As 60% of the combustion air is fed from the bottasnprimary air, combustion

reaction will not be complete within the dense zoBased on the heat transfer
analysis over the dense zone module (module-1y é@86 of the combustion

reaction takes place within module-1, temperatuitimvthe module does not
exceed 850°C, typical operating temperature of C&B&3 a result of this, there
need not be any cooling along this module as tns@@one will be cooled by the
primary air entering the combustor from the bott@uansidering the cooling duty
in second and third modules, it is not requiredd&sign the fourth and fifth

modules with cooling systems, either. Therefore e modules without cooling,

following heat transfer analysis is carried outdahen Figure 2.14.

Heat balance for combustor inner surface leadkdaceguation for module surface
temperature at Rfollowing the procedure below:

Qconv-in = Qcond1 (2.31)
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Qconv—in = hi 2n Ro L (Tc - Tc—s)

Qcondz = Ky 2mry L (dT, / dry)
Qcondz = K2 2m 1, L (dT, / dry)
Qconv—out = ho 2n RZ L (Ts - Ta)

Figure 2.14Schematic Heat Transfer Diagram for First and #olModules

Inserting the equations given in Figure 2.14 ira31):

(2.32)

h R, (Tc - Tc-s) = - kl r (dT]_/ dl']_)

Rearranging (2.32):
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Trl Rl
- hi Ro (Tc B Tc-s) drl
j.dTl - = & (2.33)
Tc-s Ro

Then the equation for i temperature at R in terms of temperatures within
combustor and at inner wall of combustor is obtéibg integrating (2.33):

hi Ro (Tc - Tc-s)
Ky

Ty =Tes- In(R; /Ry ) (2.34)

On the other hand, heat balance for outer surfddeeoinsulation leads to the
second equation for4 but in terms of ambient air temperature at th@idatory

and temperature of outer surface of insulation:

Qconv-out= Qcond2 (2.35)

Inserting the equations given in Figure 2.14 ir&@3%):

ho R (Ts- Tg) =- ko r2 (dT2 / drp) (2.36)
Rearranging (2.36):
T, R,
j. de — ho RZ (Ts - Ta) dr2 (237)
- ks )
-Irl Rl

Then the second equation fox | obtained by integrating (2.37):
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hy R, (T - T
T, =T, + —° Zl((s 2 In(R,/R,) (2.38)
2

Heat balance over the whole system of refractapg pnd insulation, leads to the

equation for inner surface of refractory:

Qconv-out= Qconv-in (2.39)

Inserting the equations given in Figure 2.14 iri&@39):

ho R (Ts- Ta) = hi Ry (Te - Teoy) (2.40)

Then the equation forcEis obtained by rearranging (2.40):

=T, . R; (TRS ~Ta) (2.41)
i "o

Employing (2.34), (2.38) and (2.41) with the follog procedure, temperutare

values at the boundaries and insulation thickresstiained:

1. Guess a value for the thickness of insulation.

2. Calculate the inner surface temperature of catalodrom (2.41).

3. Calculate temperature at garbon steel surface) from (2.34) and (2.38).
4. Check if the results of (2.34) and (2.38) area¢tp eachother.

5. Calculate error between two values.

6. Guess a new insulation thickness with respeetrar calculated at step 5

and restart the procedure from step 2.

Input data for the application of this procedurgiien in Table 2.11.
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Table 2.11Input Data for Heat Transfer Analysis of Module®wooling

Temperature in the combustog, T 850| °C
External surface temperature of insulation, T 60| °C
Ambient temperature,,T 15| °C
Heat transfer coefficient to combustor wall, h 80| W/m2K
Heat transfer coefficient for external surfacg, h 15| W/m2K
Thermal conductivity for layer 1 (refractory) k 1| W/mK
Thermal conductivity for layer 2 (ceramic fiber), K 0.06| W/mK
Radius of combustion chamber, R 0.125| m
Thickness of refractory; 0.0475| m
Radius of module excl. insulation; R 0.1725/ m

Inserting the input data into equations, resultiegiin Table 2.12 are obtained. As
can be seen from the table, modules without coddimguld be insulated with a
5.6 cm thick ceramic fiber, resulting in a toteduhieter of 45.7 cm. However, as it
is also explained in insulation section at Chaptierstandard ceramic blanket
thickness starts from 25 mm and increases by fadbthis value. As a result of
this, application thickness is revised to 5.0 cet #so reduced total diameter of
modules approximately to 45 cm. This 6 mm decraasasulation thickness is
expected to be covered by the natural insulatidecefof air cavities between
combustor, ceramic blanket and aluminum cover shidetse cavities generally

arise from wrapping practice that is not perfectratill diameter applications.

Table 2.12Results for Heat Transfer Analysis of Modules wim(ihg

Temperature at inner surface of refractorys T 834.6| °C
Temperature at outer surface of refractory, T 784.9| °C
Thickness of layer 2 (insulatior; 5.6/ cm
Diameter of insulated module,D 45.7| cm
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2.2.5.2 Modules with Cooling

Second and third modules of the combustor withingadystem, are designed to
have a number of cooling water channels verticalyded to the external surface
of module. Then the surrounding of the cooling cl&s and module surface
should be insulated with ceramic fiber blanket froatside to have an external
surface temperature of 60°C. These modules areeddm} water with an inlet

temperature of 15°C, and the design criteria fer tlaximum outlet temperature
of cooling water is 60°C, not to have evaporatiod sater hammer in the pipes.
The schematic diagram, summarizing the heat tramasfelysis for this design is

given in Figure 2.15. Heat transfer resistance ipé ;s neglected also for these
modules, and the combination of pipe surface andlirp water channels is

treated as an equivalent annular cooling waterlaye

As the design basis for the combustor is to feed 40 the combustion air from
the top of first module as secondary air, combustieaction is expected to
continue within the second module and the third medHowever, energy
generation is reduced as there is less combustiaterial going up the riser. This
results in different cooling duties for module-2damodule-3. In order to have
different amounts heat transfer area in these negsdwdnd based on the heat
transfer analysis over dilute zone modules (mo@uésd module-3), the modules
are designed to supply 70% of total cooling dutymwodule-2, and 30% in
module-3. For this purpose, cooling water surfagas of modules should differ
from eachother. Heat transfer analysis to calcula¢ése surface areas of cooled
modules is carried out based on the schematic aliagind heat balance equations
given in Figure 2.15.

Similar to the approach for uncooled modules, led@nce for combustor inner
surface leads to the equation for module surfatpéeature:

hy R, (T, -T
T.o=T.. . M o(kc ©s) 10 (R, /R, ) (2.42)
1
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Qconv-in = i 2T Ry L (T - Te)

Qcong1 = ki 2mry L (dT, / dry)

Qcomz = Ne 2n 1y L (Tyy - Ty)
Qconvout = No 2T Ry L (T - To)

Figure 2.15Schematic Diagram for Cooled Second and Third Nexiu

Heat balance over the system leads to the secomatieq for module surface

temperature:

hi F\>o (Tc - Tc-s) - ho RZ (Ts - Ta)
hw Rl

Ty =Ty + (2.43)

Employing (2.42) and (2.43), temperature of outefaxe of refractory is iterated
until the results from these equations are equaktth other. For the application
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of this procedure, some of the input data in TablEl and the equivalent heat
transfer coefficients of 125 W/m2K and 80 W/m2K aibed from the correlation
for flow in cooling tubes [40], for cooling watermannels of module-2 and
module-3, respectively, are used.

According to these analysis, cooling water flonesatit module-2 and module-3
are predicted to be 890 kg/h and 420 kg/h, resgeygtiand the number of cooling
water channels on the modules are ten (10) piecanddule-1, and six (6) pieces
for module-3.

2.2.6 Detailed Design of Combustor
As an outcome of the basic design studies, thehheiigthe combustor (riser) was
chosen to be 8 m where as the cross sectionalaeaalculated to be 0.25 m to

have a superficial velocity of 5 m/s within theeris

As there is no waterwall within the furnace, th@en surface of modules is
directly exposed to combustion and erosion effedtsen, no common pipe
material, carbon steel or stainless/alloy steetessistant to these conditions.
Although the unit will not operate frequently, pip®terial may be incandescent,
deformed and eroded during operation, if thereogefractory layer inside the
inner surface of the steel pipe. Then there neeldet@a refractory layer inside,
resistant to erosion. However, refractory is ngoad insulator, so that it is not
required to have a thick refractory layer. As aufieghe thickness is determined

by the manufacturing limitations as 4.75 cm.

The combustor is required to be manufactured aslleemenodules to be
integrated. The reason for this design is as faloRefractory layer is 4.75 cm
thick and there are a number of ports along thebemtor for instruments, solids
feeding, circulation leg etc. Therefore, if refi@st is casted into 8 m long pipe,
the refractory layer may not be homogeneous whikget are so many obstacles
(ports). In addition, regarding the modularity bétsystem in terms of flexibility
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for modifications in the future and ease of insifédin and dismantling, 8 m

combustor as a single piece would not be effective.

Based on the explanations given above, the combuser is decided to be

composed of 6 pieces given below. Air box moduleds referred as combustor
module within the text, so that numbering startsnfrdense zone module as
module-1 and ends up with exit module as fifth mMedwhere from module — 2

to exit module are totally referred as dilute zomedules:

air box module (height : 400 mm)

module — 1 (dense zone module) (height : 1500 mm)
module — 2 (cooled module-1) (height : 2000 mm)
module — 3 (cooled module-2) (height : 2000 mm)
module — 4 (height : 2000 mm)

exit module (height : 500 mm)

S T oA

The detailed design drawing of the combustor iggin Figure 2.16.

2.2.6.1 Windbox module

The height of this module is 400 mm and the outemeéter of the pipe used for
manufacturing is 273 mm. As there is only the stgrburner in this module, not
to be operated continuously through the test raosrefractory layer is casted.
Primary air enters the air box from the side thioagipe with a size of DN 100.
On the other side, there is a port for pressurg @Pd delta pressure transmitters
(DPT). Instrument ports of windbox and other modidee given in Appendix C.

2.2.6.2 Distributor

Distributor plate is manufactured from a 5 mm thpdlate of AISI 304 material
and it is integrated to a flange to be installetvMeen windbox and dense zone
module. Distributor plate has 645 holes of 2 mne sizhave an orifice velocity of
33.6 m/s and creating a pressure drop of 99 mmVeCisrapproximately 21% of
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Figure 2.16Detailed design drawing for the CFBC
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dense zone pressure drop. At the center of theldistr plate, there is an opening
for a 1” size pipe to discharge the bed materiadotrol the pressure drop within

dense zone during operation and to empty the aiser shut down

2.2.6.3 Module-1

The height of module-1 is 1500 mm and pipe diam&ted55 mm as there is a
refractory layer of 47.5 mm thick at the inner sgd of pipe, resulting in a riser
diameter of 250 mm. Bottom of the module is conegcto distributor and

windbox module. Solid feed enters from 250 and 600 height through DN 80

pipes from the eastern side with an angle of 60f.tk2 western and northern
sides, there are ports for transmitters and gabgstoThe circulating particles
coming from loop seal enters the combustor at 280 &0 mm height through
DN100 pipes with an angle of 60°. At 1200 mm, s&eoy air enters the

combustor through a collector surrounding the costdiu that feeds

symmetrically located 8 pieces of %" pipes having angle of 60° with the

horizontal axis. There are no cooling water pipeths module. There are ports

for transmitters and a gas probe along the he{@pipendix C)

2.2.6.4 Module-2

The height of module-2 is 2000 mm and pipe diamist&55 mm. Bottom of the
module is connected to module-1. There is a radrgdayer of 47.5 mm inside
the pipe. At the outside wall of the pipe, 10 pgead vertical cooling water
channels with 50 mm width are almost symmetricallglded, and there are
collectors at the top and bottom that are connetezboling water pipes. There

are also ports for transmitters and gas probegalmheight. (Appendix C)

2.2.6.5 Module-3
The height of module-3 is 2000 mm and pipe diamist&55 mm. Bottom of the
module is connected to module-2. There is a radrgdayer of 47.5 mm inside

the pipe. At the outside wall of the pipe, 6 pieo€50 mm vertical cooling water
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channels are symmetrically welded, and there allectors at the top and bottom
that are connected to cooling water pipes. As axpth before, cooling
requirement is expected to differ along the comimisis combustion takes place
all over the height. This brings different coolidgties with respect to height and
different number of cooling channels. There are alsrts for transmitters and gas
probes along the height of this module, too. (ApjreC)

2.2.6.6 Module-4

The height of this module is also 2000 mm and pieneter is 355 mm. Bottom
of the module is connected to module-3. There iigflactory layer of 47.5 mm
inside the pipe. There are also ports for trangnsitand gas probes (Appendix C).
There are no cooling water pipes at this moduldéhascooling duty is at the
second and third modules.

2.2.6.7 Exit module

The height of exit module is 500 mm and pipe di@net 355 mm. Bottom of the

module is connected to module-4. Top of the modkileovered and the cyclone
exit is at the southern side. There is a refractaygr of 47.5 mm inside the side
walls and top cover of the module. There are atstsgfor transmitters and a gas
probe (Appendix C). There is no cooling at this mied

2.2.6.8 Instrument Ports

In order to summarize the distribution of each tgbegoort, height and distance
with previous instrument along the combustor faessure, differential pressure,
temperature and gas probes are tabulated, an@ybatlof instruments and gas

probe ports with respect to their axis are giveAppendix C.
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CHAPTER 3

PROCUREMENT and INSTALLATION

3.1 Procurement Activities
The procurement activities include detailed designd manufacture of

components and purchase of some of the equipment.

3.1.1 Steel Structure

Based on the loads of riser, silos and other auyikequipment, the steel structure
was designed. The structure was manufactured ofrB@@mm profiles as main
column and beams, and 40mmx40mm profiles as tressveomponents. The
structure was designed to be composed of two pads) body as the structure up
to 5500 mm elevation, and the upper element toobeected to main body going
up to 9500 mm elevation. 3-D view of structuraligasand picture of main body

before installation are given in Figure 3.1.

3.1.2 Circulating Fluidized Bed Combustor Riser
As previously given in ‘Detailed Design’ section ©@hapter 2, the insertion ports
at appropriate size and for functions given belosvemvelded to each module.

e Temperature, pressure, delta pressure and gas jpooise
e Solids feeding pipes (Fuel, limestone, bed maferial

e Solids recycle pipes (Fly ash)

e Secondary air ports

e Riser-cyclone connection
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Figure 3.1 Main Steel Structure of the Test Unit

Details of the components like distributor and begaplates, combustor modules,

cyclone and loop seal are given in the followingtsss.

3.1.2.1 Distributor and Bearing Plates
Distributor plate, which is a key component for thedization of the bed, is a
perforated plate composed of 645 orifices with 2 chameter. It was designed to
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fit on a bearing plate that also takes on all treed|lof combustor modules. This
design gives the capability to dismantle the windimodule from the bottom

without disturbing the bearing system of combustmdules at the upper levels.
The pictures of distributor and bearing plates, emthbustor modules are given in
Appendix D.

3.1.2.2 Module - 1

This first module of the combustor, standing ondrstributor plate, bearing plate
and windbox module is the dense zone module witthich the dense bed will be
formed. This module is separated from other modhéause of the number of

insertion ports.

There are two alternative feed points for fuel dintestone at eastern axis, two
alternative feed points made of stainless steetimulating fly ash at southern
axis, eight ports symmetrically distributed to thaes covered with a collector for
secondary air injection, and various temperaturessure and gas probe ports
distributed along the height of module at othersaxéhe ports described above
are stainless steel pipes for which the 47.5 mrtheif length was inserted into
the module to be embedded in the refractory laged the outer part to be
embedded in the insulation that is 50 mm thick.eAftvelding the pipes, a
template with a diameter of 250 mm was coaxiatkedi to the module, and the
refractory was casted under vibration in between rtiodule and the template.
After the template was removed, a refractory ldy@ring a smooth surface with

an inner diameter of 250 mm was obtained as showigare 3.2 (a) and (b).

3.1.2.3 Module — 2

Module-2, standing on the dense zone module (mebuleas instrument ports
and it is the first module with cooling system. Tédheare ten (10) vertical water
channels with 5 cm width, welded almost symmetlycia the outer surface of the
module. The top and bottom of the cooling wateepipre connected to feed and
discharge collectors of cooling water, that surdsuthe module.
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(b)

(c)

Figure 3.2Inner views of Modules 1 and 2
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Similar to the other combustor modules, pipes fistruments are welded to this
module prior to refractory casting. The picture 8img the inner view of this
module is also given at the bottom of Figure 3)2 (c

3.1.2.4 Module — 3

Module-3 is the third module along the combustas mstrument ports and it is
the second and the last module with cooling systesna result of the cooling
duty assumed to vary along the height of combustbere are six (6) vertical
water channels and two collectors at the outemasarbf this module for feeding
and discharge. The instrument pipes and water etmmwere welded, then the

refractory was casted, same as the applicationewmiqus module.

3.1.2.5 Module — 4

Module-4, being the fourth module along the combusind the last one before
the short exit module, has instrument ports butetli® no cooling system, as the
unit was designed for absorbing the heat of whg#esn in the previous two

modules. The instrument pipes were welded anddfiaatory was casted, same
as the other modules.

3.1.2.6 Exit Module

Exit module, having the connection to the cyclosmi¢he fifth and the last module
along the combustor. There are three ports in ;todake for temperature
transmitter, one for pressure impulse line andfongas probe. After welding the
cyclone duct to the southern axis with a crossi@eatf 220 x 110 mm, and
welding the instrument ports, refractory was alssted to this short module
having a height of 500 mm.

3.1.3 Cyclone
Detailed design of cyclone, which has a total hegfti,270 mm was presented in

the previous chapter. Based on this design, cycleaemanufactured of stainless
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steel to resist the high temperature and abragnash particles. The connecting
duct between riser and cyclone was designed to bava/s gas velocity at riser
exit and get narrower to reach 20 m/s at the cyclafet within a small distance.
The picture of cyclone prior to installation is givin Appendix D.

3.1.4 Start-Up Burner

The start-up burner was not only required for mgptip the combustor before
feeding coal to the system, but also for supplyimg necessary heat during the
refractory drying operation. As the heat loads megufor drying and start-ups are
lower and the design of the combustor is not simita conventional boilers,
industrial start-up burners can not be used in tés$ unit. Therefore, a start-up
burner to fire natural gas and LPG was designdaktmtegrated to the wind box
of the combustor having a similar function to atdbarner in a conventional
boiler. This start-up burner heats up the combnostair before entering the
furnace through the distributor. The schematic miag of the burner is given
below in Figure 3.3.

Ignitor

\ Pilot light burner
/’r P — J——— Nat.Gas/LPG
Ejector

—— Compressed Air

""" Gas+Air Mixture

Needle /

val}e
Sl

Ball Valve

- A

Needle valve

N.Gas/LPG

i
X\

Regulator

Compressed air
Figure 3.3 Schematic Diagram of Start-up Burner System
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As can be seen from the figure, compressed aifsglchre mixed at the ejectors
and fed to the burner from the bottom for main #gaamd to the pilot light burner

that is for ignition and flame continuity.

Start-up burner was designed for firing pressurinadural gas and liquified
petroleum gas (LPG) with compressed air to prebesaking off the flame by the
flow of fresh air coming from the blower at a pmass slightly higher than
atmospheric. However, unless necessary measuresakea, compressed air
limits the gas flow at the mixing point because messure dominancy of
compressed air over fuel. Therefore, the ejecttas given in Figure 3.3 were

manufactured to generate a suction of fuel by upiiegsure of compressed air.

In order to achieve efficient reaction, a reserveirlocated at the bottom of
burner, where compressed air and gas is mixed poiocombustion. As the
temperature at the core of flame is expected tovee 1000°C at the burner, alloy
steel material of AISI 310 standard was used fonrbady.

As the burner was integrated to the windbox, amddistributor is located at the
top of burner at an elevation of 25 cm from theneurthroat, it was required to
limit the expansion of flame to minimize direct espon of distributor plate to the
flame. For this purpose, top of the burner was pedvevith a stainless steel sieve
as seen from the picture given in Figure 3.4. Dumperation of burner, steel
sieve becomes incandescent and it enhances theustombwhile unburnt fuel

passes through it.

Pilot flame is ignited with an electrical light@gntinuously generating an arc at a
high frequency to guarantee the flame, not onlytar initial ignition of burner
but also for system safety. An observation windewacated at windbox for
watching both flame contact with distributor plaied flame break off during

combustion test start-ups.
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Figure 3.4 Start-up Natural Gas/LPG Burner

As can be seen from the top in Figure 3.4, starbuimer was integrated to the
windbox from inside, primary air inlet is at thgiit below the burner, observation
window is in the middle at the top, and the pilght burner is at the left which is
located at the exit of burner.

The regulators, connections, ejectors and ball rreetile valves for compressed
air and gas that are shown in schematic diagrane westalled outside the
windbox.

After the gas and compressed air valve train wetegrated with the burner,
ignition tests were carried out before the windlegas connected to the bearing
plate at the bottom of combustor. As the tests vsaeiexessfully completed, the
windbox was installed. The final picture of windbiexgiven in Appendix D.
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3.1.5 Piping
The piping system for air, gas and water connestimcluding pipes, elbows,
Te’s, flanges and other elements, are composekdeofotlowing lines with given

materials:

e Primary and secondary air lines for combustior{@rbon steel)

e Flue gas line (carbon steel)

e Cooling water lines for cooled combustor module¢ar(@ard water piping
and flexible hydraulic hoses)

e Cooling water lines for gas sampling probes (stesheater piping)

e Process connections for differential pressure trattsrs (stainless steel)

e Compressed air lines (carbon steel)

e Purge tubing (stainless steel)

e Gas lines for start-up burner (standard naturalpj@ess and stainless steel
tubes)

3.1.6 Combustion Air Fan

Combustion air flow rate requirement was preseimetthe basic design section.
The relevant data from that section for combus@anfan selection is given
below.

The maximum dry air flow rate based on an excessatio of 20% is 210.66
Nm3/h. For experimental purposes, excess air raay be increased up to 60%
temporarily. Therefore, maximum air flow rate basad 60% excess air was

calculated as 280 Nm3/h.

The other important parameter for fan design isdiseharge pressure. Although
the exact pressure drop of the combustor will beeoked during the operation,
modeling studies predicts the maximum pressurein@gent to be in the range of
1800 — 2000 mmWC. Then the main operating condition the fan are; air flow
rate: 280 Nm?3/h, and discharge pressure: 2000 mmWG.
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For the conditions given above, conventional cérgal fan designs are not
suitable. Conventional fans for the discharge pmesgiven above need to have a
design capacity of almost 2000 Nm3/h. Using thatkof a fan, it is required to
control the flow with a damper, which would be waodk at 10% open position
that would be creating a pressure drop exceediagperation pressure limits of
the fan, and there would be no flexibility for cailing the flow rate. Therefore,
it was required to install an equipment that gitegher pressure at lower flow
rates, and has an identical characteristic to tiiea centrifugal fan. The best

solution was found to be the equipment definedsade’ Channel Blower’.

There need to be a butterfly valve installed at discharge of the blower to
control the flow of the combustion air by creatang additional pressure to that of
the system. Thus, at normal operating conditior® (Rm3/h = 3.33 Nm?3/min),

the blower discharge pressure will be increasemlitmst 300 mbar by the help of
this valve. The driver of the blower was selectete CT VFD — Constant torque,
variable frequency driver, to control the speednotor for better tuning of the air

flow in addition to air flow control valve.

3.1.7 Solids Handling and Feeding

3.1.7.1 Solids Handling

Fuel and limestone handling system is composetirekt(3) identical silos, each
with a capacity of 0.65 m3. As given in detailedida section, rectangular part of
the silos have a cross section of 300mm x 1000 mehaaheight of 1600 mm.
Bottom part of the silos has a slope of 70° witd tloermal and the discharge cross
section of the silos has the dimension of 200mmOfn2m. The silos were
manufactured from carbon steel sheet with a thiskié 3 mm. The picture of the

silos before installation are given in Appendix D.
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3.1.7.2 Solids Feeding

Fuel and limestone stored in the silos are dis@wly screw conveyors having
frequency invertor drivers. The flow rate of thelid® are determined by the
variation of weight of the silo, then the frequeradythe electric motor is to be
varied to reach the target flow rate.

The screw conveyors at the bottom of each silocareected to an intermediate
bunker of an air lock that will feed the solids asdlate the combustor from the
solids feeding system. Otherwise, the pressurdeatdense zone of combustor
results in backflow of solids and combustion gasajuhe system. Solids feeding
system is composed of 2 (two) screw conveyors ok@® capacity for fuel, 1
(one) of 10 kg/h capacity for limestone, 1 (one) led material silo with 150
kg/h capacity, and 1 (one) air lock as main feedén 150 kg/h capacity. Details
and pictures can be found in Appendix D.

3.1.8 Instrumentation

Process instruments for which the specificationsewswesented in the previous
chapter were purchased and the details are presentdahis section. The
specifications of all instruments are given in Apgi D.

3.1.8.1 Pressure transmitters (PT)

Gage pressure transmitters for absolute pressuernaeation were supplied
from Dwyer Instruments Inc. These transmittersfareneasuring combustion air
pressure at primary and secondary air lines teecoair flow rate calculations and
for pressure at the windbox.

3.1.8.2 Delta Pressure transmitters (DPT)

Delta pressure transmitters for measuring the presdrop at various points
within the system were supplied from Dwyer Instratselnc. These transmitters
are required for the measurements along the risgtldawncomer and at the riser
exit, cyclone exit and distributor plate.
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3.1.8.3 Air flow rate transmitters (FT)

Air flow rate is determined by the combination ¥ sensors and delta pressure
transmitters supplied from Dwyer Instruments IngvoTflow sensors and their
differential pressure transmitters are required determining the air flow rate

through primary and secondary air lines.

3.1.8.4 Air rotameters (RM)
Fluidizing and conveying air required for J-valve fneasured and manually

controlled by rotameters supplied from Dwyer Instents Inc.

3.1.8.5 Water flowmeters (FT)
Cooling water flow rates at the cooled moduleshef tombustor (module-2 and

module-3) are determined by the flow sensors seggtom Teksan.

3.1.8.6 Temperature transmitters (TT)
Temperature of air, cooling water, flue gas, conibunschamber and circulation
system are measured by temperature transmitter& tfpe T/C and Pt100

temperature elements supplied by EPA Ltd.

3.1.8.7 Air flow control valves (FCV)

Air flow rates are controlled by the pneumaticaligtuated control valves
supplied from MCS Ltd. The butterfly valves, acedtby double effect
pneumatic piston actuators with analog I/P postisrare located on primary and
secondary air pipes right after the lines are sgpdrat blower exit.

3.1.8.8 Load Cells (WT)

Solid flow rates are determined by continuously soemg the weight of silos by
the load cells supplied from ZEMIC Inc. The weigliteach silo is measured by
two off model L6G load cells with a capacity of 6k§ and C3 accuracy level.
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3.1.8.9 Load Cell Current Transformers

As the load cells generate electrical signals (r8/dgblt ) directly proportional to
the load that it is weighing, it is required to agulthe signals from two load cells
of each silo, and to convert that electrical signadn analog signal with the range
of 4-20 mA that is convenient for the DCS. For thigpose, three (3) separate
current transformers, model ST-50811, manufactubgd Sistek Electronic
Systems are purchased for each silo, and the sigwathing from load cells of
each silo were connected in parallel to a singéagformer that generates 4-20
mA analog signal against silo weight within thegamf 0 — 1200 kg.

3.1.8.10 Oxygen Analyzer

The aim of combustion control in a furnace is mamiaximizing the combustion
efficiency. One of the most important indicators &ificient combustion is the
oxygen concentration within flue gas leaving thence. Professional experience
on industrial boilers resulted in oxygen concemtratranges for efficient
combustion of different type of fuels ranging fr@eal to natural gas and fuel oil.
For a circulating fluidized bed boiler operationhjs recommended that flue gas
oxygen concentration on wet basis should be kephenrange of 3.5 — 4% to
achieve maximum combustion efficiency. It has bexperienced that, below this
range, oxygen concentration within the furnaceas sufficient to complete the
combustion reactions, and on the contrary, overdhge, excessive amount of air
enters the system, and some amount of combusti@nggngeneration is
consumed for heating up this excess air. In ordattain oxygen concentration
for most efficient combustion, fuel and combustinflow rates are adjusted. For
this combustion control, common application is tope®y an on-line oxygen
analyzer with Zr@ (zirconium oxide) cell at the exit of furnace.

Oxygen concentration of flue gas entering the xi@ocell affects the
conductivity of the cell, and this change in thadoctivity is transformed into an
analog signal by a transmitter standing for thegexy concentration within the
range of 0 — 21%.
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Figure 3.5 Trimox ZrG, Oxygen Analyzer

As there is not a long gas sampling system inctydisis sampling probes, suction
lines, gas conditioning system and analyzers, tiyme of online analyzers
simultaneously transmits the oxygen concentrationn@t basis to the control

system without any lag in measurements.

For this purpose, TRIMOX Zr0Oxygen/Temperature Analyzer Model YTK-400
was purchased to be integrated to the Test Unitwfoch the picture is given in
Figure 3.5. As the temperature limit for the anatys 400°C, it was installed on
the flue gas line at a point that the cooling asiglyfor flue gas gives a

temperature lower than this limit.
In addition, as the zirconia cell of the analyzgremtes at 600°C, the cell is

heated up with a resistance fed by a 10VDC poweplgu Besides, the

transmitter of the analyzer for generating analgged for oxygen concentration
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requires 24VDC power supply. Both of these extepaaver supply systems were

manufactured and installed within the control syspanel.

3.1.8.11 Purge System

Process connections of gage and differential presstansmitters that were
installed on systems containing particles have masiderable potential to be
blocked by the solids within the stream. Accumolatdf these particles in the
process impulse lines results in unreliable measents. Therefore, process
connections of pressure transmitters in any inélstpplication having the risk
of blockage, are installed together with a purgaesy. Therefore, a purge system
for which the schematic diagram is given in Fig8ré was designed for the riser

and downcomer of the Test Unit.

As can be seen from the diagram, solenoid valvetypd 3/2 (2 of 3 channels
open) were located between the combustor and #msrritters. Each stainless

steel impulse line inserted to a pressure portgatbe combustor, enters solenoid
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Figure 3.6 Sample Diagram for Purge System
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valve, and in normal position of valve, the pistorthe valve is in the position to
keep the line to the transmitter open. When theeva energized, piston within
the valve switches to the other line, which is emiad to compressed air piping.
By this way, compressed air purges the impulsedméo the combustor to avoid

any accumulation within the tubing for pressure soeament.

3.1.9 Electrical System

3.1.9.1 Motor Control Hardware

The requirement for fine tuning of combustion dovier, solids feeders and bed
drain necessitates utilizing frequency invertoveirs (FID) for the motor control
of these equipment. The FIDs and other auxiliargtactors and hardware were
donated by Schneider Electric company for the Tasst Project. In the scope of
donation, Telemecanique products of main thermigmatc switch, 1 off 7.5
kw, 2 off 0.55 kW and 3 off 0.37 kW FIDs, magneticcuit breakers of these
drivers, contactors, relays, selector switchs ahdroaccessories were supplied by
the company.

3.1.9.2 Motor Control and Auxiliary Loads Panel

In addition to the motor control hardware, there auxiliary loads within the
system, like lighting, field energized tranmittgpsirge system and local electrical
network. For feeding all of these loads and fortatieg the motor control
hardware, a motor control and auxiliary panel wasighed and manufactured by
Eptim Electric Ltd. Company.

The panel has selector switches at the front gang¢he control of motors either
from the panel (local) or directly from DCS compugeemote). By this function,
the start/stop commands and motor frequencies eadiditated from the DCS

computer in the control room.
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3.1.9.3 Motor Protection and Isolation Reactors

During commissioning tests of the Test Unit, it waalized that there appears a
typical problem that is experienced in facilitiesing frequency invertors (FID).
The harmonic signals generated as a result ofrilactoad accumulated on the
FIDs are reported to affect the transmitters withny system, unless necessary
measures are taken. Although compensation panelseléxtrical side and
isolation filters for instrumentation side are tgdi precautions for industrial
applications, these methods are not convenierthfsrsimple design of electrical
system of the Test Unit. Moreover, after diagnoststs, it was concluded that
only the temperature transmitters in contact wite tnetal body of combustor
modules are affected from the harmonic signals rg¢ee by FIDs. After this
conclusion was reached, first of all, earthing aapion for these thermocouple
transmitters was improved, then a research wasedaout on the methods of
reducing harmonic signals. As a result, it was digtito use motor protection
reactors before feeding, and isolation reactotBeabutlet of FIDs. By this way, it
was aimed at absorbing the harmonic signals gesweray the noisy voltage
output of FIDs.

The reactors were supplied from ERGUN Electric ladd installed in the motor
control panel. Reactors were connected to inputangut of all motor feeders
having FID. During the tests and combustion rungyas observed that the error
of temperature readings (8-10°C), was at least 85%ced for each transmitter.

3.1.9.4 Cabling

The application details for the cabling were detead based on the requirement
for the separation of the routes of electrical ealdnd signal cables not to have
any impact of AC current on the 24VDC analog sign&ased on these details,
necessary cables, cable trays, covers, conduit®ted cable laying accessories
were supplied.

For electrical cabling works, cross section of eaelble was chosen to be
appropriate for the power of the motor. Then, eabhys between motor control
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panel and the consumers, hangers, cables fordmgtdand 220 V distribution,
distribution boxes, lighting elements, sockets vgitiitable protection class, spiral
conduits for connection to every consumer, cabforglow load field energized
instruments like solenoid valves, load cell curréransformers and oxygen
analyzer, and glands and connection elements fdhede cabling works were

supplied and installed due to the application plan.

For control cabling works, multi channel cables eversed for reducing the
number of cables. Then, for collecting and distiitmy these multi channel cables,
a central junction box was installed. From the @@njunction box, 6-channel
cables were laid to local junction boxes, that aomnected to the nearby
transmitters by one-channel control cables. Moreaweswitch box was designed
for selecting the control system of the instrumesasnmonly used with the 0,3
MWt BFBC Unit. Similar to electrical cabling, cablrays, hangers, spiral
connections and other accessories for signal dayileg were used.

3.1.10 Insulation

In order to insulate the combustor, the materialugh be resistant to the high
temperature at the outer surface of combustor,mum 900°C, and should have
superior thermal insulation characteristics to tesu minimum thickness. The
research for the commercial product to fit thisuiegment was found to be the
ceramic based blankets which belongs to the classfactory fiber blankets.
Ceramic fiber blanket that has a classificationgerature of 1260°C, also has
excellent insulating performance and thermal gtgbilFor this application,
ceramic blankets with 96 kg/m?3 density, 7320 mnglerith 25 mm thickness and
3660 mm long for 50 mm thickness, both having 61vadth were supplied. For
covering the insulation material, aluminum shedtsa®0 mm x 2000 mm having

0.8 mm thickness were used.
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3.2 Installation Activities

3.2.1 Combustion Air System
The combustion air system starts from the blowed, ends with the windbox and
secondary air collecter inlets. Within the scope this system, following

equipment were installed and tested:

e Side Channel Blower
e Primary and Secondary Air Control Valves

e Instrumentation — Temperature, Pressure and Flow Raasurements

As the noise level was lower than expected, sidenmedl blower was installed
indoors, and the piping at the outlet of blower wiasded into two for feeding

primary and secondary air lines having diameters4d ahches and 3 inches,
respectively. In order to control the flow throutgiieese pipes, pneumatically
operated butterfly valves with I/P positioners werstalled on each line.

Both valves were set to operate linearly in betw@&sn - 100% opening range
according to the analog output signal generatedhbyDCS depending on the
command given by the operator. However, as theegadre butterfly type, the
flow passing through the valve is not linearly pvdmnal with percent opening.
For this reason, it is not reliable to depend am plosition of valves to predict
flow rates. Then, it was required to have contirmioweasurements on primary
and secondary air lines and to control the valvesitpm manually or
automatically from the DCS to attain the set poinir flow.

For air flow rate measurement, flow sensors at @mmte size were installed on
both pipes. Impulse lines coming from two flow s@ssat different locations
along the pipe cross section were connected tdothend high pressure sockets
of Magnesense differential pressure transmitter ufsatured by Dwyer.

Moreover, gage pressure transmitters and a temperansmitter is located on
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the lines for the correction of flow rate calcutaiti The analog signals generated
by these transmitters are logged by the DCS, aaceamployed in the flow rate
expression. Based on air flow rates calculated filmmexpression, control valves

are adjusted for supplying required amount of prineand secondary air.

3.2.2 Instrumentation

The instruments for which the details were givenpmvious sections were
installed, and cabling works and signal tests wasmpleted. The integration
activities are presented in this section for tHB¥ing instrument groups:

e Temperature Transmitters

e Pressure Transmitters

¢ Differential Pressure Transmitters
e Load Cells

e Cooling Water Flowmeters

3.2.2.1 Temperature Transmitters

Temperature transmitters (TT) with K type thermagaeuwere installed into
stainless steel insertion tubes for TTs along trabustor. The transmitters were
inserted into the combustor through tubings sueh time the tip of stainless steel
thermowell is at the center line. Then, the threating on each transmitter was
screwed tightly to its counterpart at the insertiube providing sealing of
insertion port against gas leakage to the outdidembustor.

Similarly, transmitters of Pt100 type resistancermmometers were installed

tightly to inlet and outlet collectors of water ¢ed combustor modules, and to
primary air pipe.
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3.2.2.2 Differential Pressure Transmitters

As it is described within purge system sectionfedéntial pressure transmitters
were installed along the combustor to measure tiesspre drop. In addition

identical transmitters were connected to the inglifees along the downcomer to
determine the height of particles accumulated withe pipe. For this purpose,
one of the ports of the transmitter was connectedhé process (downcomer
pipe), and the other is left open to the atmosphByethis way, the transmitter

connected to the level higher than particle bedh|m downcomer senses the
vacuum created by induced draft fan, as the dowecasndirectly connected to

the cyclone. Then it can be realized that the gartevel within the downcomer is

at an elevation in between two differential presswansmitters; one measuring
vacuum pressure and the other measuring atmospdressure. Three differential
pressure transmitters were connected to three reiiffe levels along the

downcomer. Similar to combustor riser, the processinections of these

transmitters also pass through solenoid valvesha® are only particles within

downcomer pipe expected to block the impulse lumdsss purged.

3.2.2.3 Load Cells

Installation of load cells were done after the nagotal installation works of the
test unit were completed. The reason for this & this not allowed to carry out
any welding work at anywhere of the system, addhad cells can be damaged by
welding. This is because load cells are made a&indirectly in contact with the
carbon steel silos touching the steel structure they are generating mV signals.

For the mounting of load cells, steel profiles wkreated at both sides of three
silos for fuel and limestone. On this structuresebplates were welded for each
load cell. At the front side of the load cell, thito is hanged to the load cell by a
chain as seen in Figure 3.7. The design of thigihgnsystem prevents the silo
from transferring any portion of its load to theedtstructure of test unit, and it
provides bearing of the silos only by the load ellowever, it is required to

absorb the side loads on the silos that can bergiakby any external effect, and
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e

Figure 3.7 Load Cell Installation

can result in weighing failure. In order to prevéms failure, special components
were manufactured and the silos were fixed to dnthe@ main columns of test
unit. It is worth noting that these connection patt not take any vertical load on
themselves or transfer it to the column, which catterwise result in

measurement error.

On the other side, in order to weigh the silo aately, the feeder located at the
bottom of each silo for discharging the solids stiaot contact with the platform
under it. Otherwise, some of the load of solid mates transferred to the feeder
via the outlet of silo, then to the platform, whiahll result in lower reading of

silo weight.

This deviation from the real load can not be expeé¢d be constant that the error
varies with the total amount of solids in the silod prevents a reliable correction
of the measurement. Therefore, as it was decidetigidetailed design studies,
the feeders were integrated to the silos via flac@@ections, thus the weights of
motor, gearbox and the screw feeder are transfetwethe load cells. The
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installation works for the solids handling systerarevcompleted in accordance

with this design approach, and the picture of gezlérs are given in Figure 3.8.

In addition to these three (3) silos designed fandiing fuel and limestone, a
smaller silo was manufactured for bed materialtifesbed material consumption
was not required to be logged, it was not requicetlave a load cell system for
this silo to measure its weight continuously. laste bed material flow is
determined by weighing the solids before loadirtg the silo.

After the installation works were completed, theder rotation speeds were
tested for variable solid flow rate for fuel anchdéistone silos, and the silo weights
were followed from the DCS computer. All motorsluding bed material feeder
that only has start/stop control, were also tekiedemote control from DCS.

The outlet of these four (4) screw feeders integlebd the silos were directly
connected to the bunker of main feeder by flexgjees. As described previously,
main feeder, which extracts the solid mixture ® hiunker and feeds into the

combustor, is air lock type, and it prevents le&agcombustion gases through

Figure 3.8 Screw Feeders of Fuel and Limestone Silos
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the solid feeding leg. Even there is a trace amofiiearance within the main

feeder for leakage, the screw feeders under ths siere designed to operate
fully charged by particles, which seals the sofelsding system. Although there
are two solid feeding points with different elewais at the first module of

combustor for experimental testing purposes, tlierenly one main feeder for

solids feeding. As the main feeder was fixed initams to the steel structure, two

different connection parts were designed and mahufad. Each one of these
parts is suitable for connecting one of the feedmints to main feeder. This

design gives the flexibility for switching betwesalid feeding heights.

3.2.2.4 Water Flowmeters

Cooling requirement for the combustor is met by tdo®ling water channels
vertically placed on the external surface of mod@eand 3. In order to determine
the water flow rate through each moule, water fl@ters were installed upstream
the inlet collector of each module. Based on trelansignals generated by these
flowmeters and by Pt100 transmitters at hot watgled collector of each module,
heat transfer analysis for cooling was carried @ater flow rate to the modules
were manually controlled by ball valves at the olage pipe of each module,
based on the temperature readings within the combwsd within hot water

collectors displayed on computer screen.

3.2.3 Control System

The signal cables coming from each instrument eftédst unit were collected in
local junction boxes, each grouping six (6) signdlse group of signals from
each local box were carried by a single cable ltagir channels, to the central
junction box installed at 5.0 m elevation nearbg thst unit. From the central
box, the signals were carried to the control rooia ientical multi-channel

cables and each channel was terminated at the C¥D8l.pEach signal cable
coming from a local junction box was labeled withirdque cable number at the
instrument connection, and this label was kept angkd at local boxes, central

junction box, and upto the termination modules &SDpanel. By this approach,
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input of the instruments at the DCS panel werelyeasicked by following the
cable number of any device. During the progressatiing works for control
signals, DCS cabinet of DeltaV control system asddesktop PC donated by
Emerson Process Management Ltd. were also installg® control room.

DCS hardware including controller, analog inputalag output, digital input and
digital output cards were installed on the cardieaby following the instructions
supplied with the hardware. Following that, the PRy which control
programming and system operation is executed, westalied, and the
communication functions between PC and DCS wettedeéfter the diagnostic
tests of control cards were completed, the inpoation of each signal coming
from the test unit was verified by cross check able number and performing
loop-check tests. Following verification, signalere entered to the control
software installed in the computer to define thelg names, signal types and
physical ranges. The picture of controller and ¢4dds installed on DCS panel is

given in Figure 3.9.

The next step for control system set up was tonarogthe DeltaV controller to
perform the following functions for process contidta acquisition and logging:

LU

Figure 3.9DeltaV Controller and 1/0O Cards
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e It is provided that all the instrument signals doel/O lists based on
process and instrumentation diagrams of test amtl the data to be
calculated by the control system are logged witaintrol computer.

e A representative diagram of the test unit and oplagies were prepared for
displaying on-line data coming from the instrumessd calculated
parameters, and also for input data entry, stapt/gtnctions and set point
definition of motors, control valves, solenoid vedvetc. The list of display

screens are as follows:

0 Main page representing the general view of the tedt (Figure
3.10), displaying online data necessary for operato

o Solids handling and feeding system page, displathiegweight of
silos and allowing start/stop commands and frequestry for
screw feeders and main feeder.

0 Analysis entry page for entering ultimate analysisfuel(s) and
limestone handled in each of three (3) silos.
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Figure 3.10Main Display Page of Control Computer
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e Graphical displays for process history view, anstantaneous data of
main parameters were prepared for the followingadallowing the
operator to follow the trends even months old:

0 Temperature history for each transmitter at densee z(first
module of combustor)

0 Temperature history for each transmitter at leamez@est of the
modules of combustor)

o Differential pressure history for each transmittér dense zone
(first module of combustor)

o Differential pressure history for each transmitiedean zone (rest
of the modules of combustor)

0 Weight history for each silo

o Solid flow rate history for each silo

In addition to these graphical displays preparadfdiowing a group of
data from instruments/equipment simultaneouslytohial view for any

other data that is logged by the PC can be disgdlayethe screen.

e For output signals, modules for set point and statiry were located on
the screens. The set point entries that can be méalehe control

computer are as follows:

o0 Solids feeding and discharge system: Start/stopntamds and
frequency set points for screw feeders and maiteiee

o Combustion air and flue gas systems: Start/stopntammds and
frequency set point for blower, and set point fergent opening of
air and flue gas flow control valves.

o0 Purge system: Start/stop commands for energizic geoup of

solenoid valves connected to differential presstanesmitters.
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Control system was programmed to calculate somanpeters, display
them on the screen, and log to the control compotdrelp operation by
employing measurements and input data entered dyplerator. These

calculated parameters and how they are obtainedsaficlows:

o Primary and secondary air and flue gas flow ratzifferential
pressure through the flow elements and static firessure and
temperature of these streams, are employed ingbatiens of the
flow elements to reach volumetric flow rate in teraf mé/h unit.

0 Average temperatures of dense and lean zone: Tatoperdata
from transmitters within both zones are separatsgnt to
averaging modules to obtain a average temperatusath zone.

o Superficial velocity: Based on primary and secoydar flow rates
and average temperatures for each zone, super@atity within
the zones are calculated to help the operator kkepvelocity
within design conditions for a circulating fluidzdoed combustor.

o Solids flow rates: The decrease in the weight afhesilo in a
specified time is converted to flow rate of eacHidsstream
extracted by its screw feeder. As the sensitivitgilm weighing is
not appropriate for short term differentials, tbadculation is done
by long term averaging of silo weight signals goimqgto 1 min.

0 Excess air: Based on coal flow rate, theoreticalamand for the
combustor is calculated. Then, dividing actualltataflow rate by
the air demand, actual excess air entering thesyist determined.

o Ca/S ratio: For each fuel, the flow rate and cortibles sulphur
content is multiplied and total sulphur is convdrte molar basis.
Then, amount of calcium entering the system iswaled from its
flow rate and analysis, followed by conversion tolan basis.
Division of calcium by sulphur amount in molar Isagyives
instantaneous Ca/S ratio of the solid feed. Thiapater helps the

operator to get an idea about actual sulphur cagfficiency.
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e For a stable operation, automatic control loopsevweogrammed for some

of the main output parameters as given below:

o ID Fan damper control: One PID loop was programmaedontrol
existing ID fan damper to be automatically commandby the
DCS to keep the pressure in balance at a definedtidm like
furnace exit or cyclone exit.

o Solids flow rates: Three PID loops were programmeedontrol the
frequencies of screw feeders for each solid stre@ambe
automatically commanded by the DCS to keep the fiat® at the
set point entered by the operator to the controtut® on the
screen.

0 Secondary air ratio: One PID loop was programmecbtdrol the
opening of secondary air flow control valve to héoanatically
commanded by the DCS to keep the ratio of secondiary total
air flow rate, when the frequency of blower or pany air valve
position is changed.

In addition to the functions summarized above, mimgprovements were done
on the control system based on the operational rexpees gathered during
refractory drying and coal combustion test runs.

3.2.4 Summary of Installation and Commissioning Wd«ts
Installation of 150 kWt Circulating Fluidized Bedof@bustor Test Unit was
completed with small deviations from detailed desigrhen, the auxiliary

equipment and instruments were tested for operation

The pictures of the facility after installation agésen in Figures 3.11 to 3.15.
Figure 3.11 is the picture taken from ground flobhe next picture given as
Figure 3.12, is taken from 5.5 m elevation (1lstofjoof Unit Operations
Laboratory. This elevation is the level where thhesswere installed. The picture
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of CFBC together with existing BFBC Test Units da@ seen in Figure 3.13,
which was taken from 9.5 m elevation (2nd floorhother picture taken from the
same level but from a different angle is in Fig8ré4. The final picture of the test

unit is also given from 9.5m level, from an oppesingle of the previous one.
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Figure 3.11Test Unit - Elevation: 0 m
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Figure 3.12Test Unit - Elevation: 5.5 m
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Figure 3.13CFBC and BFBC Test Units
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Figure 3.14Test Unit — Elevation 9.5 m (1)
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Figure 3.15Test Unit — Elevation 9.5 m (2)
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CHAPTER 4

OPERATION

The operation of the Test Unit is executed in téaps. The first step is refractory
drying done by firing LPG at the start-up burner 3® hours, and second step is
the commissioning and combustion tests firing @agmite for design assesment of
Test Unit and for investigating combustion charastes of this lignite.

4.1 Refractory Drying

4.1.1 Procedure

As given in detailed design section, inner surfatéhe combustor is lined with

castable refractory with a thickness of 4.75 confrdense zone module up to the
exit module. The refractory material with high aoldshing strength and

resistance to erosion effects caused by high teatyper and high particle

concentration, is supplied from KIL&TAS company. €lhbrand name of

refractory is HyCast NG which is characterized liyhhalumina and moderate

silica content.

After the refractory powder is mixed with 10% wabgrweight, casting process is
applied to each module separately. Each modulesialled in its place after the
template is dismantled and setting time of at lI@dshours have passed. Setting
time is defined as the time required for the rdb|cto become physically stable.

After casting, the refractory contains very finagmofilled with water. Therefore,
it needs to be carefully dried to remove the comt@imoisture to avoid cracking
and explosive spalling when exposed to a rapidévaked temperature during
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operation. Initial heating of the refractory caudée contained moisture to
evaporate in the pores and produces pore steasupee¥Vhen the temperature of
the refractory is raised too fast, the containedstnoe does not have enough time
to dissipate to the outer surface. This can r@sudixcessive pore steam pressure
buildup causing cracking and explosive spalling.alvoid these problems and to
have a good quality refractory, a carefully plandeging procedure suggested by
refractory manufacturer must be followed. A typidaying schedule for castable
refractories is illustrated in Figure 4.1.

Refractory drying procedure supplied by refractorgnufacturer suggests three
holding periods. Firgine is around 150°C which is slightly higliean the boiling
point of water. The second one is around 300°C,clwhis the expansion
temperature that is critical for alumina rich retaies. The third one is around
800°C.

1000

800 /

600 /

400

200 /
/

O ) ) )

0 20 40 60 80
Time, h

Temperature, °C

Figure 4.1 Typical Drying Schedule for Castable Refractories
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According to refractory supplier, the durations fmmstant temperature drying
change depending on the amount of refractory, tisatpation and steam release
rates from the surface. Based on these criterigetailed refractory drying
procedure given in Table 4.1 was prepared for 150KRBC Test Unit, where
the holding times at critical temperatures areseyi

The fuel for drying operation was chosen as LPGt asnot prefered to fire the
combustor with coal because of two main reasohgo@l can not be fired stably
at temperatures lower than 600°C; (ii) even at drigtemperatures, it is not
recommended to use coal because of its physicataictions with the porous
surface of refractory. However, it could not haweet estimated whether the
combustor can reach 850°C from the bottom to thduleoat the top while firing
LPG at the start-up burner located in the windboxaddition to this, another
unknown was that at what extent the uniformityefiperature could be achieved
along the combustor throughout the phases of drgimg Both questions found
their answers during the drying operation thatelds39 hours long, covering all
the phases of the schedule.

Table 4.11deal Time Schedule for Drying Operation

Phase Temperature | Heating _rate Duration
°O) (°C / min) (hours)
Heating No.1 20— 150 0.6 3.5
Constant T - 1 150 - 12
Heating No.2 150 — 300 0.5 5
Constant T — 2 300 - 12
Heating No.3 300 - 600 0.7 7
Heating No.4 600 — 800 1 3.5
Constant T — 3 800 - 5
Heating No.5 800 - 900 1 1.5
Cooling 900 - 150 -1 12.5
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4.1.2 Drying Operation

The stages of drying operation are summarizedigsction. In order to display
the progress of temperature values along the caimbtisoughout the operation,
average temperatures of dense zone (module-1) aote dzone modules

(modules-2 to 5) are illustrated in Figure 4.2.haligh the drying operation was
intended to be executed according to the schedhé,operating conditions,

especially the significant variation of temperataleng the height made some

modifications inevitable during operation.

Initially, 1D fan and FD blower were started upsweep away the unburnt gas in
case complete combustion can not be achieved diuteer. However, both ID
fan damper and primary air control valves were sté for low flow rate to
prevent burner flame from blowing off. Then theopilight was ignited by
supplying LPG and compressed air at low flow rateslowing the pilot light,
gas and air valves for main flame were graduallgnag to achieve minimum heat

input with stable combustion.

Heating Phase No.1 (30 — 150°C)

Ignition of pilot light and main flame both resudtén a sudden increase in the
temperature with a higher slope than the rate ddfior the first heating phase. In
order to compensate this, air flow rate was ina@dde cool down the combustion
gas generated at the burner. As a result of thes,proposed rate, 35°C/h, was
achieved as an overall average throughout the pkasm start-up of the system,
first heating stage was completed by reaching 150°@nse zone module in 210
minutes. However, average temperature of the diotee modules was 132°C
and it was intended to be increased to the targaewduring the next phase.

Constant Temperature Phase - 1 (150°C)

This phase of drying was especially for vaporizing water within the refractory.
Holding time for this phase was determined by thegpess of steam release. The
system was kept at constant temperature foouds. Then the burner load was

113



—Dense Zone —Dilute Zone

1000

/|
. o~

0 6 12 18 24 30 36 42
Time, h

Temperature, °C

Figure 4.2 Average Temperature Profiles during Drying Process

increased to reach the average temperature of 13066y the dilute zone
modules. In response to the temperature increae diottom of the combustor,
air flow rate was increased to have better heaighsion from bottom to top. This
action helped preserving the slight variation ehperature along the riser. After
10 hours of total duration, next phase was started.

Heating Phase No.2 (150 — 300°C)

After the completion of Constant Temperature PHgstie system was heated
with a rate of 30°C/h to reach 300°C at the denseezmodule in 4 hours.
However, the gap between the average temperatwesased to 70°C. Although
the air flow rate was increased, average temperaitithe dilute zone modules
only reached to 230°C by the end of heating. Smtitathe previous heating
phase, it was intended to reach the target valualifote zone during the next
constant temperature phase.
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Constant Temperature Phase - 2 (300°C)

This phase of drying is for controlled expansiontleé refractory and also for

vaporizing the remaining water. From the end ofvjones stage, the system was
kept at constant temperature for 4 hours, and theriemperature was increased
for 150 minutes to reach an average of 300°C atdhde zone modules.

Although the average temperature reached 300°Cmikesurement at the exit
module was 267.4°C. Therefore, it was continuechéat up the system for

another 150 minutes to have the exit module reaofjet temperature for this
phase. However, the gap between bottom and tofeofcombustor increased
significantly after this heating operation. Totalrdtion for this phase was 10

hours.

Heating Phases No.3 and No.4 (300 — 600°C and 68Q0=C)

As the dense zone module reached 542°C while Imgngkit module to 300°C
during the previous phase, consequent heating phasee merged. After the
previous phase was completed, the system was heatlechn average rate of
60°C/h for reaching 800°C at the dense zone btukof 4 hours. Although the
temperatures at the dense zone module were increaghin the limits of
recommended heating rate, upper modules could eathr the temperatures
required by the procedure. As a result of thislofwihg heating and constant
temperature phases were also merged.

Constant Temperature Phase No.3 (800°C) and Hed&hagse No.5 (800-900°C)
As the increase in the average temperature ofeddahe was experienced to be
half of the rate of dense zone module, it was requio close the gap between the
temperatures along the combustor. For this purgmsaer load and air flow rate
were increased to their maximum levels which helpetter heat dissipation
provided by high velocity within combustor. Temgera within first three
modules reached values over 600°C. However, tigetéemperature could not be
attained by dilute zone average, as it was redbygeithe lower values at the last

three meters of combustor.
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As the temperature of the upper modules could eeth 850°C, it was decided to
end the drying operation and cool down the comlu3toe cooling process was
executed by reducing the burner load initially,nthey shutting down the burner,
blower and ID fan for free cooling. Although it wagended to carry out the
cooling phase at the proposed rate, a higher apodte reaching up to more than

3°C/min was experienced.

For the uppermost two modules, the drying process to be finalized during
commissioning tests with coal firing, as the opatatemperature of FBCs could
not be attained even at maximum capacity of statburner. By firing coal, it was
aimed to take advantage of dispersion of heat g#éinarthrough the riser, as the
combustion of coal particles takes place along hiegght rather than gas
combustion at the bottom of riser. In addition tombusting coal particles,
circulating solids originating from inert materahd coal ash, help enhanced heat
transfer throughout the combustor, also at the uppst modules.

4.2 Coal Fired Combustion Tests

4.2.1 Commissioning Tests

As the refractory drying process did not go to ctatpn by firing LPG at the
start-up burner, coal fired commissioning tests ewgilanned to include
finalization of drying procedure for modules 4 a&d For this purpose, two
separate commisioning test runs were carried ouirlmg Can lignite that had
recently been fired in METU 0.3 MWt Bubbling AFB(3t Rig as a part of an
extensive research study on cofiring biomass viih lignite [41].

During the commissioning runs, not only the dryprgcess was completed, but

also the performance of combustor, auxiliary eg@ptn instrumentation and
control system were tested for combustion testaijuars.
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4.2.1.1 Procedure

As the phases of refractory drying procedure up@°C was finished at all the
modules of combustor, initial heating of the urefdre feeding the coal was not
required to be at slow rates. Therefore, the praedor these complementary
coal fired drying operations was prepared accoidinfhe main phases of
operation are given in Table 4.2. As can be seam the table, it was planned to
start-up the system by firing gas at the burndipveed by feeding bed material to
be heated up prior to coal feed to combustor. Aiaching 600°C while the bed
material was fluidizing, coal feeding was startelile the combustion was still
supported by firing LPG until the temperature reatB00°C. The final step was
constant temperature operation at 850°C for fimadizefractory drying and also
for observing coal fired operation performance loé tsystem with respect to

design outputs. After this phase was finalized,sysem was shut down.

4.2.1.2 Operation

The profiles of average temperatures within denms dilute zones, and solids
temperature at loop seal during commissioning ramelgiven in Figure 4.3 from
which the phases of operation can be followed fsbant-up to shut down.

The system was started up by igniting the gas loiané the temperatures started
to increase along the height of the combustor.rAfte temperature within dense
zone module exceeded 300°C, bed material was dtaotebe fed into the

combustor.

Table 4.2Phases of Coal Fired Complementary Operation fgmD

Phase Temperature Fuel

Heating 30-300 °C Nat. Gas / LPG
Bed Material Feeding 300 - 600 °C Nat. Gas / LPG
Coal Feeding 600 — 850 °C LPG + Coal
Drying and Operation 850 °C Coal
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Figure 4.3 Average Temperature Profiles for Commissioning-Run

Resulting in the first peak at dense and diluteezprofiles, cold bed material
absorbed the heat accumulated within the systemeaheted the temperature. In
order to balance this decrease and to cover additibeat capacity arised from
bed material, heat input supplied via the burnes imareased. Reaching 600°C at
the dense zone module, small amount of coal waddidtle system to observe
whether the conditions within dense zone was apjatepfor coal combustion or
not. As the temperatures increased rapidly to 7%2°e dense zone and the flue
gas oxygen concentration decreased simultaneoushyas realized that the
conditions within the system was appropriate fontcmous coal feeding. After
the coal feeding was started, the temperatureaseceto 850°C within the dense
zone. However, as the circulation was started ledifeg fluidization air to loop
seal, cold particles in the loop seal destroyed:tmlitions within the dense zone.
This resulted in sharp decrease of temperatureyalw riser forming the second
peak after two hours from start-up as shown in FEagu3.
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The reason for the circulated particles not beingigh temperature is as follows:
Fine particles filled in the downcomer leg and losgal before start-up were
initially not recycled until the system was heatgd Then, the circulation of these
cold particles was started at a low rate, such tiatparticles collected by the
cyclone spent too much time to cool down within tlmevncomer leg which was

not insulated during these trial operations.

As a result of cold inert material flow into thende bed, interruptions of coal
combustion was experienced and start-up burner taken into operation for
number of times. At the same time, by increasingl 8ow rate, it took more than
two hours for the whole system to recover from teisiperature drop, of which
the minimum value can be seen from the figuretiat before the fourth hour of
operation. After 800°C was reached at the dense again, heat input support by
start-up burner was ended, then the combustor wasted by firing coal only.
By the end of almost 7 hours of total operationetint was realized that the loop
seal and dilute zone temperatures would not ineréasrequired values at this
heating rate within a short period of time. Dudlis reason and requirements of
some minor revisions on the test unit, the systexs shut down to finalize drying

procedure at the next run.

Based on the experiences gathered from the firgl dioed run, another
commissioning run was carried out by revising thecpdure to start solid
circulation at a higher rate than the first run@nense zone temperature reaches
600°C. Except this revision, the same procedurefallzsved for this run too.

Average temperature profile of dense and diluteegoand loop seal during
commissioning run-2 are given in Figure 4.4. As t@nseen from the figure,
temperature dropped after bed material feedingnifay the first peak. Then the
second peak was observed after circulation watestarhen, the temperatures at
loop seal and dilute zone rapidly increased andctpster to dense zone values

compared to previous drying and coal fired runs.

119



—Dense Zone — Dilute Zone —Loop Seal

1000

800

%'5;600 /\//-\

S NAVan Y

k2 V / U /

200 \T
T\ \
"o > 4 6 ] 10

Time, h

Figure 4.4 Average Temperature Profiles for Commissioning-Run

The next temperature drop at loop seal profile e@assed by the decrease of
circulation rate which was readily lowered to obsetts effect when the particle
temperature at the loop-seal was increased. Asbeaseen from the figure,
decreasing the solid circulation rate resulted insimilar trend in solids
temperature in the loop seal due to increase aderse time of particles to cool
down. Then, the rate was increased again by inciggdise loop seal air flow rate.

Finally, coal flow rate was increased to reach aigiemperatures, forming a new
peak value at almost eighth hour of the test. Hawnea blockage within solids
feeding system occured, suddenly decreasing thepeiatures. After this

disturbance, combustor was shut down. One of th& adifferences of this run

from the previous one was that the higher tempegaitiloop seal was attained by
earlier start of circulation at higher rates, whiglas done by increased
fluidization air flow rate within the loop-seal.
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The other achievement of this run was the highletelzone temperatures, where
every measurement point within the dilute zoneudtlg the riser exit exceeded
680°C. This improvement can be explained with tineutation of hot particles
through loop seal that reached 600°C, which didcoot down the dense bed, and
resulted in more heat generation by increased cetiglou of circulating fine
particles at hotter upper modules. In order to stigate this effect, maximum
temperature profiles along the combustor duringndryand commissioning runs
are given in Figure 4.5. As can be seen from tipard, the profile for maximum
temperatures at each measurement point attainéagdeommissioning run-2 had
the smallest slope compared to the previous runs, @esult of solid circulation
rate at high temperature. In light of this inveatign, it was determined that the
temperatures at the dilute zone are higher for bo#i fired commissioning runs

compared to drying process.
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Figure 4.5 Maximum Temperature Profiles - Drying and Comnaiegig Runs
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It can be seen that from first coal fired run tes® one, maximum temperature
profile was improved to be closer to a uniform trexs in ideal CFB combustors.
On the other hand, these temperature profiles alf ft@d runs are not acceptable
for a combustion test in a CFB. The reason is ti@atemperature drop going up
the riser was mostly caused by the lack of insomatilnsulation was not

completed at this stage, as the drying procesprumodules were not finalized.
Since there were many small holes drilled to thereal surface of combustor for
helping the refractory loose its water, it was fieepl to keep the combustor
uncovered from outside. As a result of the sigaiiic heat loss from external
surface, typical operation temperature (850°C)afld@FBC could not be reached
at the top modules, but considerably higher vatomdd be attained by coal firing

compared to gas fired run and coal fired run withited solids circulation.

Examining the operating data of these three runs, ¢oncluded that refractory
drying was completed, drying holes can be sealedirsulation application can
be done. Furthermore, the system proved its pednece for a complete coal fired

combustion test with minor revision requirements.

Before the coal fired combustion test, all of tinging holes were welded and the
system was inspected for any leakage prior to wngpphe ceramic fiber

insulation blanket around the combustor. After lasan works were finished, the
system was prepared for the operation. Regardiagdtision requirements, the

following works were carried out:

e A venturi was manufactured and installed in thadsofeeding leg as
shown in Figure 4.6. The leg was drilled to ingestainless steel tube for
feeding air to the venturi. The venturi was mantuesd by welding two
reduction elements to eachother from the narroessi®ne reduction had
the dimensions of @76mm x @48mm with a length of . The
dimensions of the short reduction was @60mm x @48mitim a length of

75 mm. Total length of the venturi is 165 mm.
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Coa
(from Air Lock)

Figure 4.6 Schematic Diagram for Vacuum System in Solids Fegteg

This system was designed to generate vacuum atutihet of main feeder
to prevent combustion gases from reaching the gesiistem, which was
experienced during commissioning runs. For thidirggg@urpose, air was

supplied from secondary air line through a flexitulbing.

In order to see the dense bed during test rungbservation window was
installed on the top of upper loop-seal conneclsgn Cooling air for the
glass was also supplied from the secondary air line

As the support air for solids feeding and cooling far observation

window are supplied from the same point conneatesetondary air line,
diameter of flexible tubings for loop-seal fluidin air were increased
to lower the resistance of the lines feeding thedlwox of loop seal.

4.2.2 Combustion Tests

After the commissioning tests were completed sattstily, the next and the

main step of operation phase was the combustids fesmg a typical Turkish
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lignite for design assessment of the Test Unit &md investigation of the

combustion characteristics of this lignite at CF&shditions.

The design fuel for the test unit was selectedet@hyirhan lignite, as its analysis
can be accepted as an average for the main ligagerves within Turkey.

However, another lignite reserve from Can town aingkkale province in

northwestern Turkey, which is also within the designge of the unit was
prefered for these coal fired combustion testsr@heere two main motivations
underlying this decision:

e The lignite under consideration in this study wasently fired in
bubbling mode in METU 0.3 MWt AFBC Test Rig as atpaf an
extensive research study including biomass cofitexjs [41]. As an
outcome of this study, comprehensive sets of dathrasults about
this lignite and its combustion characteristicsmmtBFBC conditions
were generated. Therefore, it is considered adgantss to fire Can
lignite in the METU 150 kWt CFBC Test Unit based timese
extensive experiences. In addition, it is considigraaluable to have
combustion test results for the same coal, at ldpleind circulating
FBCs for comparison studies.

e Can lignite is already being fired at 2 x 160 MWan(Power Plant that
is located at the town of Can, which is the fissgke scale utility power
plant in Turkey that is based on CFBC technolodye Boilers with a
steam capacity of 490 t/h each are under operaiiace 2003 [13].
Therefore, data generated from combustion tests this lignite may

be of future use in the mentioned power plant.

After the lignite to be fired was determined, prgpen works before the tests

were started: Test procedure was formed, coal wadysed for ultimate and
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approximate analysis, mass and heat balances vaeriedcout resulting in the

predictions for steady state operating conditions.

4.2.2.1 Procedure

The procedure for the coal combustion test is ngaim same as the one given in
Table 4.2 for commissioning runs. The only diffexens that there is no drying
phase but only the steady state operation at 85IS.procedure includes burner
ignition, heating up of the combustor, feeding bedterial followed by coal,
reaching 850°C and examining the operating datghtosteady state.

4.2.2.2 Operation

In the scope of this study, two combustions tesesewcarried out. Average
temperature profiles for dense and dilute zoneslamg seal are given in Figure
4.7 and Figure 4.8 for combustion test-1 and conmusest-2, respectively.

The first stage of the test runs; heating up thelagstor to 300°C, was carried out
by firing LPG at the start-up burner, following @opedure similar to the one
given before, but with a higher heating rate.

After the target temperature was reached, mixtdirdh@® bed material generated
during the previous test runs with Can lignite abliding test rig and during
commissioning runs at CFBC were fed to the combu3toe amount of material
in the dense bed was followed from the pressurp thimugh dense zone. As the
bed material absorbs the heat within the systeerggninput through the start-up
burner was increased to continue with the sameirigeadite. During this stage,
bed material, of which the fine particles start@dudation via the cyclone and
loop seal, was heated up and the average tempetung the riser was brought
to 600°C to start feeding coal.
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Figure 4.7 Average Temperature Profiles for Combustion Test-1
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Figure 4.8 Average Temperature Profiles for Combustion Test-2
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Coal was fed to the combustor with bed materialrassient injections to keep
coal particle concentration within the limits, toake sure combustion was
complete, and to control temperature rise. At thees time, the heat input from
the start-up burner was decreased and finally is whut down for coal

combustion to take over all the heat input requeeimAs a result, temperature
along the combustor was increased and kept at 85I€ trends of online data
logged by control system was checked to see whetbhady state conditions were
achieved.

During steady state, operational data was followsdefully not to have
significant fluctuations at the conditions throughothe system. After the
collection of data for a certain time and invediigg the operation of combustor
and its auxiliaries in terms of achieving their igasfunctions, the system was

shut down and cooled.

The physical condition within dense zone module wastinuously followed
from the observation window installed on the topupper circulation leg. The

pictures of red-hot fluidized bed taken from thim@ow are given in Figure 4.9.

During both test runs, especially in run-2, all teenperatures rapidly converged
to each other after feeding coal, as the partiplewvided dispersion of heat to
whole system. Since a time lag for the increasdoap seal temperature was
experienced during Test-1, amount of inert matenigiblly fed to loop seal was
increased in Test-2 . The source of this materad the particles extracted from
the bottom of loop seal at previous runs. As altedithis increased amount fed
to the loop seal, temperature of circulating ptesian Test-2 had a more similar
trend to riser temperatures. However, the main omatr having higher
temperatures at dilute zone and loop seal, clesdense zone values compared to
commissioning runs was the presence of insulatioing these combustion tests.
By the help of insulation, heat loss to the surchongs were kept within design

limits, forming almost uniform temperature profil@leng the height of riser.

127



Figure 4.9 Dense Bed Pictures During Operation
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In order to work on design assessment, steady sii#ievals of the logged data
and solid stream analysis were isolated and predefss generating significant

data sets to obtain steady state operating conditio

4.2.2.3 Coal Properties

In order to collect operating data for design amsesit and investigation of
combustion in CFB conditions, a typical low qualityrkish lignite with high ash

and sulphur content from Can city of Canakkale washed during combustion
tests. Characteristics of Can lignite fired at etedt, including sieve, proximate
and ultimate analyses are summarized in Tableadd3}.4 for Test-1 and Test-2,

respectively.
As can be seen from the tables, Can lignite buatede tests are characterized by

high ash and sulfur contents. These are main itidicafor an indigenous coal

reserve to be defined as a typical Turkish lignite.

Table 4.3Coal Analysis for Combustion Test-1

. Proximate Ultimate
Sieve : .
Analysis Anal_ysvs Analysis
(as fired) (dry)
Dy Weight Weight Weight
(mm) (%) (%) (%)
6.30-4.75 8.13 | Moist. 15.03 C 44.23
4.75-3.35| 35.93 Ash 24.69 H 3.58
3.35-2.00| 20.00 VM 31.95 O 19.13
2.00-1.00| 25.45 FC 28.33 N 1.1d
1.00-0.60 8.47 &mb 2.91
0.60-0.43 1.50 | LHV:3615kcal/kg S 3.13
0.43-0.18 0.11 dsp: 2.95mm Ash 29.05
0.18-0.11 0.06 | ppuk: 784 kg/m3
0.11-0.00 0.35
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Table 4.4Coal Analysis for Combustion Test-2

Sieve Proximate Ultimate
Analysis Analysis Analysis
(as fired) (dry)

Dy Weight Weight Weight
(mm) (%) (%) (%)
6.30-4.75 5.88 Moist. 16.24 C 41.05
4.75-3.35 15.64 Ash 32.72 H 3.31
3.35-2.00 12.65 VM 29.20 O 12.18
2.00-1.00 22.27 FC 21.44 N 1.10

1.00-0.60 11.02 Smb 3.30
0.60-0.43 6.68 | LHV:3085kcal/kg S 4.59
0.43-0.18 10.72 dsg: 1.29mm Ash 39.06
0.18-0.11 5.11 | ppuk: 932 kg/m3

0.11-0.00 10.02

The discrepancies between the analyses can notxpireed only by the
heterogeneous characteristic of coal resourcesalboitby the distinction between
particle size distributions. For experimental pwg®s the lignite was resized to
have different particle size distributions by usdifferent sieve combinations for
each test. Although the lignite fired at both tesés from the same origin, there
occured different coal analysis in each run. Asdbetents of each size range of
coal may differ from eachother, the resizing precessulted in distinct coal

analysis.

The reason for resizing raw lignite was the highwdlue of the fuel as received,
reaching up to 3.60 mm. For the commissioning r@mugh amount of raw
lignite stock which was delivered in 1 m3 capadily bags was sieved to
eliminate coarse particles larger than 5.6 mm. Sbreening operation resulted in
a dp of 1.06 mm that was lower than expected. Howeasrit was required to
have increased heat generation by finer particksha upper modules for
completion of drying process, this lower average svas acceptable. In addition,
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those runs were done for investigating the perfoieaof the whole system, so
that it was not required to have well defined d®&D. However, average size of
coal should be higher than that value for a reaitmgstion test.

Based on the experience at commissioning runs, waal sieved to get rid of
coarse particles with a size higher than 6.3mmfaredparticles smaller than 0.5
mm for the first combustion test. This resultedaisize distribution to be mainly
within 1.00 — 4.75 mm range with getbf 2.95mm that is higher than typical
value for commercial units. Then, for the next test, only the coarse fraction
with a size larger than 6.3 mm was eliminated amdpavalue of 1.29 mm was

obtained.

4.2.2.4 Initial Bed Material

Commissioning and combustion test runs were peddrivy burning the lignite
in its own ash. As mentioned before, bed materas witially supplied from the
bottom ash generated while firing Can lignite & @3 MWt AFBC test rig.

Similar to coal, there exist large particles withiis bottom ash compared to the
requirements of the CFBC test unit. Therefore,libtom ash was also sieved to
obtain initial bed material with appropriate sizistdbution and average size.
Based on the experience from commissioning ruasg)gbf the bed material was
changed for combustion tests. The sieve analysthefinitial bed material for
commissioning runs and combustion test runs amengiv Table 4.5.

Regarding the commissioning runs,p @f the initial bed material prepared by
sieving the bottom ash of bubbling test unit walbZ.mm. After these runs, it is
observed that it takes more than the duration & st run for the required
amount of circulating fine particles to accumulatehe loop seal. Although 5-6
kg of fly ash was filled into the loop seal at eaah, the particle size of fly ash
was small to stay within the system until the ehthe operation without escaping
from the cyclone.

131



Table 4.5Patrticle Size Distribution of Bed Material

. weigt 09
Dp Commissiong Combustion

(mm) Runs Tests
6.30 - 4.75 241 1.21
4.75-3.35 15.14 8.22
3.35-2.00 12.67 8.07
2.00-1.00 23.46 25.96
1.00 - 0.60 16.80 19.46
0.60 —0.43 10.19 18.68
0.43-0.18 9.47 10.73
0.18 -0.11 5.03 4.41
0.11 -0.00 4.81 3.28
dso, mm 1.16 0.87

4.2.2.5 Operating Conditions
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Therefore, it was decided to increase the fraapioime particles within the initial
bed material to increase the amount of ash to reellated through loop seal. In
light of these discussions, bed material for cortibngest runs was prepared to
have particles with asg of 0.87 mm. By this resizing process performedtef
combustion tests, the portion of particles undenrh size was increased. The
bottom ash generated during commissioning runs FEBC was mixed with the
sieved material that was generated in the bubhimg The sieve analysis of bed
material given in Table 4.5 for the combustiongdstlong to this mixture.

During the steady state operation of the unit, agey parameters including
temperature and pressure drop along the combusial; fresh air, flue gas and
cooling water flow rates were logged continuousBteady state operating
conditions for both combustion tests are preseintdéble 4.6.




Table 4.6Operating Conditions of the Combustion Tests

Parameter Test-1 Test-2
Thermal fuel input, kW 157.5 174.1
Coal flow rate, kg/h 37.45 48.55
Fly ash flow rate, kg/h not available 7.04
Primary air flow rate, kmol/h 7.21 7.95
Secondary air flow rate, kmol/h 1.12 1.01
Total air flow rate, kmol/h 8.33 8.96
Excess air, % 20.9 16.5
Primary air : Secondary air, % in total 86.6:13.488.7:11.3
Superficial Velocity at dense zone, m/s 4.07 4.63
Superficial Velocity at dilute zone, m/s 4.33 5.07
Flue gas oxygen concentration, % (in wet basis) 75.2 3.25
Average dense zone temperature, °C 834.7 861,
Average dilute zone temperature, °C 747.1 828.]
Average Loop seal temperature, °C 700.9 762.1
Cooling water flow rate at module-2, L/h 805.6 @D5.
Cooling water flow rate at module-3, L/h 746.2 0.
Cooling water inlet temperature, °C 13.8 16.7
Cooling water exit temperature at module-2, PC 53.5 64.8
Cooling water exit temperature at module-3, FC 47.2 64.9

Thermal Fuel Input

As can be seen from the table, each operating tondof Test-1 differ from
those of Test-2. One of the determining paramedérthis discrepancy is the
thermal fuel input which was significantly incredse the second test to reach
higher temperatures throughout the system; not iortlge dense and dilute zones,
but also in the loop seal.
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Coal Flow Rate

It should be noted that almost 30% increase inctied flow rate resulted in only
10% increase in thermal input because of the dsere@alower heating value,
approximately by 17%, from Test-1 to Test-2 as giveTable 4.3 and Table 4.4.

Fly Ash Flow Rate

Regarding the fly ash flow rate at Test-1, the dat@ported as not available, as
the fly ash accumulation under the bag filter dyirgteady state operation could
not be determined exactly. The procedure was nemtliior the next test run, and
the flow rate shown in the table was determined.

Combustion Air

As a requirement for the change in fuel input, costion air flow rate was

increased, but this increase was limited by theedse in excess air ratio. The
difference between the superficial velocities agdi at the tests was not only
because of this increase in total air flow rates &lso was a result of the
difference between average temperatures withinedand dilute zones.

Primary : Secondary Air Ratio

Examining the ratio of primary and secondary awflrates to total flow rate, it is
obvious that the secondary air ratios at both anestoo small compared to the
design value of test unit, 40%, which is a typiopkrating parameter for CFB
boilers. Although the Test Unit was operated aB%iland 13.4% of secondary air
ratio, this low ratios were inevitable for unintgpted flow of air to loop seal to
provide continuous particle circulation. In ordey tiscuss the relationship
between circulation and secondary air system, ireiguired to explain the

interaction of these systems of the Test Unit.tAd auxiliary air including loop

seal air is supplied from the secondary air linglesair flow rate entering the
combustor through this line is continuously meagufiéne impact of auxiliary air

on secondary air flow rate is as follows:
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Auxiliary air is fed to: (i) loop seal for fluidizeon; (ii) solids feeding leg for
sealing; (iii) observation window for cooling, vémall diameter (8 mm) lines. In
addition to line resistance, most significant puesdrop within these consumers
is at the loop seal that contains a solid bed Wwitfin pressure drop. However, as
the secondary air piping up to the combustor hgsfgsantly lower pressure drop
compared to auxiliary air, the efforts to increaseondary air flow rate prevented
auxiliary air from flowing to loop-seal and to tléher points mentioned above.
Therefore, high secondary air ratio was sacrifided stable circulation of
particles, which is prior in terms of achieving CE&mbustion conditions. On the
other hand, as a future work, the design of auyilar supply system should be
modified, either by isolating it from secondary a&ystem or improving the

pressure control of secondary air line.

Flue Gas Oxygen Concentration

Another parameter that requires detailed discussotie deviation of oxygen
concentration within the flue gas given on wet ®aRiefering to the mass balance
results, 5.27% of oxygen concentration measurednglufest-1 can not be
attained with 20% excess air, so that it was reguio investigate the reasons
underlying this measurement. Finally, it was fouhalt the gasket in between the
connection flanges at the exit of combustor waghlly damaged during the test.
This resulted in dilution of flue gas by fresh sirction from the surroundings. It
was concluded that this failure had an effect mmyoxygen measurement in the
positive direction, and this deviation was taketo iaccount in the mass balance
studies within design assessment. Before the seeshdun, damaged gasket was
replaced with a new one, and necessary measurestakam to prevent the same
failure. The flange was checked during Test-2, mmdnore problem is observed
at that point.

Cooling Water
In addition to increased heat input, decreasingcth@ing water flow rates also
helped reaching increased temperatures, but nétniogh significant as heat
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input. Decreasing the cooling load at second andl thnodules, significantly
reduced the temperature difference between dertséilute zones. As expected,
this reduction increased exit temperatures of ogolvater streams of both
modules as given at the bottom of table.

Coal Feeding Point

An important distinction between the tests thatas displayed in Table 4.6 was
the coal feeding point. As given in the design ¢agghere are two solids feeding
ports entering the dilute zone module from the sarig, at the heights of 25 cm
and 50 cm from the distributor plate. Lower feedpwt was employed for the
first combustion test. However, it was observed thgh pressure of combustion
gases prevent the solids from flowing through fegdeg after some hours of
operation, even the feeder is an air lock typeortter to reduce this effect, the
feeding point was switched to the upper port befihve second test. By this
modification, solids feeding system was connectedhe combustor at a level

where pressure is lower than the previous setup.

Based on the discussions given above, it was cdedluhat Test-2 was more
satisfactory than Test-1, as an outcome of therexpees gathered during the first
test. However, this conclusion did not prevent Tledtom being presented as a
part of this study, despite the fact that fly allwfrate could not be determined
and there has been a dilution at the flue gas line.

In conclusion, after refractory drying operationdacoal fired commissioning
tests, two combustion tests were carried out teigea the extensive set of data
given above. Based on this experimental data, duntbsults were generated and
utilized in the analysis for design assessment fandnvestigating combustion
characteristics of the lignite.
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CHAPTER 5

RESULTS AND DISCUSSION

Following satisfactory combustion tests executethatMETU 150 kWt CFBC
Test Unit, the experimental data was not only @eaged for generating extensive
results, but also utilized as input data for desigeessment. In the extent of these
studies, performance of the combustor was analyatdrespect to temperature
profiles, pressure profiles, flue gas emissionh, @ampositions and particle size
distributions. In addition, operation performancaswcompared with the design
data by reperforming heat and mass balances asdyseebalance model.

5.1 Temperature Profiles

Temperature measurements were carried out on igethsgrid of points along the
combustor. The temperature profiles at steady stpéeation along the riser are
given in Figures 5.1 and 5.2 for each combustiat. t€abulated data for the
temperature profiles are given in Appendix E.

As discussed and shown in the relevant figures Inmap@er 4, steady state
temperatures along the combustor are lower for-Tesbmpared to Test-2.
Examination of Figure 5.1 reveals that dense zenggratures are slightly lower
than the operating temperature of 850°C typical @*BCs. In addition, the
inflection of the profile at the entrance of firsboled module determines the
profile within dilute zone. The effect of cooling Bhese modules clearly shows
that a uniform profile with a lower temperature qgared to the bottom section of

the riser was obtained at the upper half of riser.
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Although coal flow rate could have been increased @oling load could have
been lowered to reach higher temperatures with r@ mwiform profile, they were

not performed not to destroy the steady state.chmglitions of this steady state
were found to be acceptable in terms of experin@uigoses.

Temperature profile for Test-2 given in Figure Slibws that the temperatures
were higher than 815°C throughout the riser asaltref increased fuel input and
reduced cooling. This profile is an indication tiddal CFB combustor conditions

were attained in terms of temperature in the teit u

5.2 Pressure Profiles

Differential pressure measurements were also chow on a discrete grid of
points through pressure impulse lines along the bemtor. Steady state
measurements logged during both runs were carefityaged over the time as
the values fluctuate especially within dense bestiabse of particle movement
along the riser. The average of measurements $&rilditor plate, dense zone,
dilute zone, cyclone, downcomer and loop seal arengn Table 5.1.

As the distributor plate was designed to have asure drop of 99 mmjd, the
values given in the table can be accepted to danibe limits of design. One of
the most important assumptions made in distribdesign was the temperature of
air flowing through the orifices which directly affts the orifice velocity.
Temperature of air flowing through distributor @ais affected by the metal
temperature of the distributor plate which is action of dense bed temperature
and heat transfer from the bed to the plate. Coisparof the temperatures
measured at 7 cm above the distributor plate irh bests shows that this
temperature is approximately 26°C higher in Tesieh Test-1. This difference
was assumed to be approximately valid for distdbyplate temperature too.
Therefore, it is believed that the difference betw@ressure drops through the
distributor plate in two tests was due to the ddfee in the temperature of air
flowing through the orifices.
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Table 5.10verall Pressure Drop Values through Main Parts

Pressure drop through (mmH0) Design Test-1 Test-2
Distributor Plate 99.0 84.6 113.2
Dense Zone 471.8 413.4 367.2
Dilute Zone 740.4 38.4 27.2
Cyclone 59.6 17.4 22.0
Downcomer 1565.8 889.7 684.5
Loop Seal 508.4 623.4 445.9

The differential pressure measured between thes poitthe bottom of riser and at
50 cm height is reported as dense bed pressureimibgble 5.1. The difference
in the pressure drop between the two tests waslyndire to difference in bed
inventory. The total amount of bed material disgearfrom the unit at the end of
Test-1 and Test-2 were 23.3 kg and 19.8 kg, resjedet This difference was
most probably caused by the amount of initial betemal and increased fine
fractions within the bed material in Test-2, whigsulted in decreased amount of
coarse particles staying in dense zone, and inedeasount of fine particles

circulating within the system.

Regarding the pressure drop through the dilute ,ztirexe is not a significant
pressure difference between the exit of dense amwetop of the riser at both
tests. This data indicates that the solid hold ughimv dilute zone is negligible

compared to dense zone.

The pressure drop through the cyclone, measurdae taround 20 mmyD, is
significantly lower than the design prediction: 9nmHO). Main reason for
this discrepancy is suspected to be the flue gagpdeature at one of the
measurement points. Examining the temperature nkar impulse line of
differential pressure transmitter at the outletled cyclone is found to be lower
within a range of 250 — 300°C than the temperaatite inlet for both test runs.
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This temperature drop is considered to be due tasutated flue gas line at the
exit, and it was believed to be responsible forrdtRiced measurement of cyclone

pressure drop.

Pressure drop through loop seal and downcomer wetedirectly measured

values. They were calculated from the pressure umedsat the air piping that
feeds the loop seal. By subtracting predicted wmafaesistances within the pipes
and pressure drop through loop seal distributotepfeom line pressure, gage
pressure at the bottom of downcomer was obtainken The pressure drop for the
loop seal was calculated from the difference betwdewncomer pressure and
dense zone pressure at the level of circulatiorel@gance to riser. This method
was same as the approach of pressure balance moodslculatingAP through

loop seal. In conclusion, these calculated datargim the table is in line with the
requirement for balancing the pressure at the botibriser. As theAP through

riser was higher for Test-1, the values for downeom@and loop seal were also
higher compared to Test-2. These higher valugsoifvere also the indications of
the presence of increased amount of solids witlwvrecomer, and higher solid

bed height as a result of that.

Regarding the pressure balance, it is more expeessipresent overall pressure
profile within the system than giving each diffeieahpressure value one by one.
Starting from the side channel blower and includimg loop comprised of riser,
cyclone, downcomer and loop seal, pressure valteesaculated and these data
are used as input data for the pressure and salg$ ibalance analysis. Pressure
profile of each run at steady state operation avengin Figures 5.3 and 5.4.
Steady state average values for the gage andadtifial pressure measurements

within the system are given in Appendix E.
As can be seen from both figures, the profile stlidm the pressure at the exit of
the blower for which the value is displayed at thght bottom. As there is no

pressure transmitter right at the discharge obtbwer, pressure at that point was
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calculated from the operation curve, which displényesdesign performance of the
equipment. Knowing the blower motor frequency (a0 Hz.) and total air
flow rate data logged during the tests, the pressiirthe discharge line of the
blower was determined to be 1607 and 1555 ninky) for Test-1 and Test-2,
respectively. As the equipment was not operated fong period of time since its

start-up, factory performance was accepted to libte for obtaining these data.

Following the blower, there comes the primary #mwf control valve that was
operated around 30% open position during both rilihs. significant resistance
created at this position of the valve was calcdldtem the difference between
the blower outlet pressure and the gage pressaresritter downstream the
valve. Pressure drop arised through this valve favasd to be 1050 mmi® and
1019 mmHO for Test-1 and Test-2, respectively.

Instead of operating the blower at high frequenng #he valve at a position
creating higher resistance, motor speed could beedsed resulting in a reduction
in discharge pressure for the same air flow, and essult of this the opening of
the valve could be increased. However, this changée primary air valve

position prevents air flow via secondary air limeldop seal windbox that has a
high pressure solid bed over it and to highly tesissmall diameter (8 mm) lines
for solids feeding support and observation windawling. Therefore, primary air

control valve was operated at 30% open positionlevthe position of secondary

air valve is kept at 100% open to help the bedtibigion of air in both lines.

After the primary air valve, the pressure decreaseaimost 540 mmpO (g) at
both tests and flows to the riser through windboxl aistributor plate whose
pressure drop was measured as 84.6 and 113.2,@mHTest-1 and Test-2,

respectively.

Passing through the dense bed after the distribpiette, pressure reduces to

almost 40 mmkO (g), and no significant change within dilute zasi@bserved.
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This trend is an indication of low variation of pele load towards the riser exit
and negligible pressure drop values are explainedbw solid hold-up within
dilute zone. However, this finding is in contragict with the considerable
amount of solid hold-up predicted by the pressalarce model. Possible reasons
of this significant discrepancy are discussed aitlat section 5.8.

After leaving the riser there comes the measuresnahtthe cyclone and the
downcomer leg. At this point the profile named aspry air is merged with the
loop seal air profile at the point correspondingh® bottom of downcomer.

Regarding the profile for loop seal air given igliies 5.3 and 5.4, data points
start from the exit of blower at the right bottofnfigures and is followed by the
gage pressure measurement at the exit of secoadargntrol valve. The rest of
the data points are; calculated data for auxiliaity coonection point on the
secondary air line, inlet of loop seal windbox d@hd bottom of downcomer, in
the order from right to left of profile. The origmf pressure drops resulting in
these data points are the resistances throughdagoair piping and through air
supply tubing and distributor plate of loop seahafly, the loop seal pressure
profile is intersected with the dense bed at thetpmrresponding to the level of
circulation leg entrance to the riser. By this ltlesing the profile, pressure loop
is completed. However, this final line is displayesl dashed line, as there is not
any direct or indirect data for the pressure atekel of circulation leg entrance.

5.3 Flue Gas Emissions

The concentrations of CO, CQ, SQ, NO and NO within the flue gas were

measured at a point downstream the connection &CCHue gas line with the

existing flue gas system of Bubbling AFBC Test Rig this is an existing

sampling point of bubbling unit for emissions monitg, gas conditioning and
analysis system of the existing unit were employadthis system, combustion
gas is sampled from the flue gas line via a heatathless steel tubing and
transferred to gas conditioning system to be 8lterdried and cooled. Sampled
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gas then passes through two analyzers in serieB Advanced Optima 2000
including Magnos 106 analyzer module foy &d Uras 104 analyzer module for
CO, CQ, NO and NO, and Siemens Ultramat 6 for $@utput signals from
analyzers are logged to the PC of the existing detgiisition and control system
of the Bubbling AFBC test rig. Details of samplirggs conditioning and analysis

system can be found elsewhere [41].

Gas analysis system was only used during Test-2.stédady state emission data
on dry basis is given in Table 5.2.

As explained before in Chapter 3, oxygen conceptratvas continuously
monitored on wet basis for combustion control ®ireonia cell oxygen analyzer
installed on the flue gas line. The locations ag #malyzer and the sampling point
for the gas analysis system are separated by less 4 meters, so that it is
expected to have similar results from zirconia yrel and Magnos 106 analyzer
module of existing analysis system. As Zirconia lggex measures O
concentration in wet basis and Magnos analyzer uneast in dry basis, it was
required to convert one of the data to the baste@bther to check the reliability
of both analysis. For this conversion, water vapmncentration within the flue
gas was required. As there is no measurement ftarwapor concentration, this
data was predicted from the mass balance model2&%. In conclusion, it was

Table 5.2Flue Gas Emissions for Test-2 (dry basis)

Concentration
0> 3.63 %
CO, ppm 108.0
CO 15.87 %
SG,, ppm 4946.0
NO, ppm 29.8
N2O, ppm 57.0
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found that the equivalent of zirconia output on bagis is 3.71% and there is an

acceptable error of 2.35% between two measurengentgerted to same basis.

Regarding the other gaseous content of flue gasngin the table, CO and NO
emissions are fairly lower and .8 emission is higher compared to past
experiences when AFBC Test Rig firing Can lignitaswoperated in bubbling
mode [41]. As there is no limestone addition, therao SQ capture so that the

emission is very high.

5.4 Ash Compositions

During the combustion tests, ash generated witiensystem is found in the form
of:

e dense bed ash: to be drained from the bottom e, ris
e circulating ash: to be drained from the bottomoafd seal,

e fly ash: to be collected at the bottom of bag filte

Within these three forms, dense bed ash and cimeglash can be defined as
coarse and fine particle size fractions, respelgtivariginating from the mixture

of initial bed material and ash generated by thelagstion of coal. First group of
this ash mixture, mostly composed of coarser dagiwithin a certain size range,
stays in dense bed or moves between dilute andedemses. This group of
particles are drained via the bottom ash removstiesy for balancing the excess
pressure drop within dense zone or for taking seshgluring steady state
operation to determine size distribution and chamemposition. The second
group is composed of finer particles that travebtigh dilute zone and leave the
riser but is captured by the cyclone to be recyttethe riser via the loop-seal.
Finest ash particles escape from the cyclone asdjtbup of particles are defined
as fly ash. Considerable portion of these partidesaptured by the bag filter
located upstream the ID fan and stack, and is cekkein the bin at the bottom of

the filter. However, there is still a small portiohfly ash within the gas stream,
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composed of finest particles that can not be caegtby the bag filter. Other than
fine ash particles originating from bed materiatl amoal ash, fine particles of

unburned carbon is also present in small amourttsntihe fly ash.

The chemical analyses of the samples taken duotig tests from the dense bed
as defined as bottom ash and from the bag filténele as fly ash were carried
out in the laboratories of Chemical Engineering &&pent and the results for

both runs are given in Table 5.3.

Examining the compositions given in the table, @&ncbe seen that the
concentrations of compounds within bottom and 8 atreams of each test are
similar to each other. The deviation between thststas attributed to the

heterogeneous characteristic of the lignite.

One of the most significant difference of compasitbetween two ash streams of
each test is the higher &2 content in the bag filter ash. This differencejakihs

Table 5.3Chemical Analysis of Bottom Ash and Bag Filter Ash

Weight (%)
Test-1 Test-2
Bottom Bag Filter | Bottom Bag Filter
Ash Ash Ash Ash
SiG, 56.37 48.94 58.09 56.51
Al,O5 18.44 16.22 19.48 20.25
FeO; 6.71 12.10 7.10 12.27
CaO 2.11 2.32 1.84 0.41
MgO 1.21 1.08 1.34 0.64
SG; 9.76 11.39 7.29 5.24
Na,O 2.22 3.96 1.46 2.31
K-0 1.59 1.97 1.48 0.42
TiO» 1.59 2.02 1.93 1.97
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typically due to higher concentration of this com@un fine particles, was also
observed in the previous research studies withstme and other lignites [41,
42]. Based on the experiences reported in theskestianother deviation between
the ash streams is expected to be in CaO condensaiuring the combustion
tests with limestone addition that will be carr@aat in the future.

5.5 Ash Split

Ash generated during combustion splits to coarsg fame ash particles. As

discussed above, most of the coarse particles statyen the riser and are

discharged as bottom ash, whereas fine particlés appropriate size that are
captured by the cyclone are circulated within thistesm and most of fines that
escape from the cyclone are collected at the Weay.fiAsh split is the percent

distribution of total ash between bottom and flyh astreams leaving the

combustor. Size distribution, grindability and natof coal and its ash determines
the ash split.

Bottom ash is discharged from the center of digtab plate via an extraction
pipe. However, during the combustion tests, it was$ required to discharge
bottom ash, as there was no significant increagbarpressure drop through the
dense zone. Therefore, the only solid output friwm $ystem was the fly ash
stream, most of which was collected by the bagrfilt

As mentioned before within the discussions of of@gaconditions, fly ash
collection rate at the bag filter could only beetatined during combustion Test-
2. Fly ash flow rate at steady state operationndutiis test is 7.04 kg/h. As the
ash input by coal was calculated to be 15.89 kath o other ash stream was
drained from the system during the combustion test difference between these
values mostly stands for the accumulation ratei@utating particles but also
includes a small fraction of finest particles of 8sh within flue gas discharged
via the stack.
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5.6 Particle Size Distributions

Particle size distribution (PSD) for the ash streadmained from the bottom of
loop-seal and riser at the end of both tests weterohined by sieve analysis and
given in Tables 5.4 and 5.5, respectively. On thgewo hand, PSD of fly ash
collected at the bottom of bag filter was measlgdalvern Mastersizer 2000
equipment at the METU Central Laboratory. Measummarinciple of this
equipment is based on Mie scattering theory, aedldtectable particle size range
is 0.02 to 2000pum. Results of particle size analgsifly ash generated during
both runs are given in Figure 5.5, which also digplthe PSD of all other input
and output solid streams. Tabulated data for d@iffeal size distributions of fly

ash samples are given in Appendix E.

Table 5.4Particle Size Distribution of Loop Seal Ash

Sieve Analysis Weight (%)

Dp, (Mmm) Test-1 Test-2
> 6.3 mm 0.00 0.00
6.30 —4.75 0.04 0.00
4.75-3.35 0.54 0.17
3.35-2.00 0.66 0.36
2.00 -1.00 2.10 4.04
1.00-0.85 0.56 1.87
0.85-0.60 9.32 15.97
0.60-0.43 31.66 31.03
0.43-0.36 14.60 12.79
0.36 - 0.18 28.25 23.12
0.18-0.11 6.48 6.66
0.11 -0.00 5.79 4.00
dso, mm 0.40 0.44
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Table 5.5Patrticle Size Distribution of Bottom Ash

Sieve Analysis Weight (%)

Dp, (Mmm) Test-1 Test-2
>6.3 mm 0.05 0.25
6.30 —4.75 0.79 3.19
4.75-3.35 10.23 17.55
3.35-2.00 12.81 14.47
2.00-1.00 35.58 32.35
1.00 - 0.60 24.27 16.22
0.60-0.43 11.84 8.74
0.43-0.18 3.56 5.46
0.18-0.11 0.27 0.81
0.11 -0.00 0.60 0.97

dso, mm 1.27 1.55

Examining the size distribution given in Table %4 circulating ash drained from
the bottom of loop seal in Test-1, it is seen that particle size is smaller than
0.85 mm for more than 96% of the sample. In ordaartalyze the significance of
this particle size, terminal velocity for each fien of sieve analysis was
calculated. It was found that the average supalfielocity within dilute zone,
4.3 m/s for Test-1, is larger than the terminabe@y of particles smaller than
0.61 mm, showing that the possibility for thesetipkas to be elutriated from the
riser is maximum. However, it was required to chdwk design efficiency of the
cyclone to find the captured fraction of these ridted particles. Capture
efficiency, found to be higher than 99.9% for pdes larger than 240um and
decreasing to 98% for 55um size, shows that theagtitty of particles larger
than 240um for being captured by the cyclone wasmam. In conclusion, high
fraction of particles within 0.18 — 0.60 mm ranggatmined by the sieve analysis
as 74.51%, is verified by the predictions for terahi velocity and cyclone
efficiency.
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On the other hand, size distribution of the loogl sesh of Test-2 reveals that the
fraction of particles in 0.18 — 0.60 mm range wasdr (66.94%), but the fraction
in 0.85 — 0.60 mm range was significantly higheantithat of Test-1. This
distinction resulted in asg value of 0.44 mm for the second test that is highe
than 0.40 mm calculated for the first one. Thisdifng is in line with the
discussions given above for the elutriation effettsuperficial velocity that is
higher in Test-2.

Regarding the particle size distribution for bottash given in Table 5.5, weight
fraction of particles within 0.425 — 3.35 mm siange is around 90% for both
tests. As the average superficial velocity withenske zone; 4.07 m/s for test-1,
was smaller than the terminal velocity of particlasger than 0.58 mm, the
possibility of these particles to stay in the rigsgas maximum. Corresponding
particle size for Test-2 is found to be 0.69 mmelbasen the higher superficial
velocity of 4.66 m/s in the dense zone during test. These findings can be
observed from the sudden increase in weight frastgtarting around 0.60 mm
and increasing with size. The smaller fractionsegigmced in Test-2 up to 1 mm
was an outcome of the increased superficial veloatt this run, resulting in

increased elutriation of the mentioned range. Efffisct was also observed apd

values of each run.

As can be seen from Figure 5.5, particle size dse® in the order of coal,
bottom ash, loop seal ash and bag filter ash foh ean, except the coal size in
Test-2, that was resized to reach a lowgrtbdan Test-1. Regarding the fly ash
size distribution, it is found to be increased fréast-1 to Test-2 for which the

values are 16.6 p and 29.5 y, respectively.

5.7 Heat Transfer Analysis
Heat transfer analysis is carried out in two pafts:Heat transfer in cooled

modules. 2. Heat balance over combustor.
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5.7.1 Heat Transfer In Cooled Modules

The second third modules of the combustor weregdesli to have cooling water
channels at the external surface of module bodge®aon the predictions for
dispersion of heat generation along the riser, atewchannels were installed on
module-2, whereas 6 channels were installed on feegluCooling system was

designed to have countercurrent flow with respe¢hé flow within the riser.

During the combustion tests, flow rates and tentpeea of cooling water streams
of both modules were logged by the control systBased on these data, rate of
heat removal at each module was determined. Tlessdts and further analyses
are given in Table 5.6.

In order to obtain overall heat transfer coeffititnm the inside of combustor to
the cooling water, log mean temperature differefiddTD) for each module is
required. As furnace temperatures at the exacttitotaof inlet and outlet of
cooled zones were not available, these data acelatdd by interpolating the
temperature data measured by nearby transmitters.

Although total flow rate of water is decreased2®/5% at Test-2, heat removal
rate is increased by 6.5% as a result of the iser@aoutlet temperature of water,
which also led to increased temperatures in dihatee. On the other hand, heat
transfer coefficient at each module remains alnoosistant at both tests within
the range of 24.4 — 29.2 kcal/hm2K, which are lotyemn the values predicted at
the design phase. This may be due to the contoibutif the heat loss to
surroundings to overall cooling that is predictecdbe lower than the actual case.
Regarding the heat loss at cooled modules, iticutzded that approximately 42%
of heat input by fuel is removed by cooling watRest of the heat generated by
combustion leaves the system within solid and ¢gess1s and as heat loss from
external surfaces. The ratios of flow enthalpiesoofput streams and by heat
transfer to surrroundings to total heat input wetsained from overall heat

balance.
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5.7.2 Overall Heat Balance
Overall heat balance analysis was carried out ardbh@ combustor and the heat
balance terms are given in Table 5.7.

For the defined system of combustor, input ternasflamv enthalpies of coal and
air, whereas output terms are flue gas and thadly particles. As there was no
reaction related with limestone in this study, ordgneration term was

combustion. Putting these terms into steady stetegg balance equation, rate of

Table 5.7Heat Balance Analysis

Test-1 Test-2
kcal/h
Input Terms
Dry coal 197.3 252.1
Dry air 2728.9 2529.5
Water in coal 112.6 157.7
Water vapor in Air 65.9 61.1
Total Input 3104.7 3000.4
Output Terms
Fly Ash 1410.6 1158.2
Dry Flue Gas 48002.3 57201.7
Water Vapor in Flue Gas 7357.9 11260.6
Total Output 56770.8 69620.5
Generation Terms
Combustion 134333.8 148596.7
Total Generation 134333.8 148596.7
Balance: Heat Removed at Furnace 80667.Y 81976.6
Heat Removal by cooling water 56894.2 609182
Remainder: Heat Loss to Surroundings 23773.5 24058.

155



heat removal from the combustor is obtained. Tleiat removal is provided by

cooling water and heat loss to the surroundings.

Energy supplied by coal combustion leaved the systéhin the flow enthalpies

of cooling water and particle laden flue gas wittato of approximately 42% for

each stream. The rest of heat input, almost 17% lst from the external

surface of the insulation by natural heat transfechanisms. According to initial

heat balance analysis at the design phase, hedbyasatural cooling mechanisms
was predicted to be lower; around 6% of heat inpsta result of this, cooling

requirement was predicted to be 47%, higher thgmemmxental results. This

deviation is attributed to low overall heat tramst®efficient predicted at the

design phase for the heat loss to surroundings.

5.8 Combustion Efficiency

Combustion efficiency for both runs were calculatean the energy balance for
combustion, for which the details are given in Eabl8.

In order to calculate combustion efficiency, reactenthalpies for the complete
combustion of unburned carbon compunds within tiput streams were added
for total combustion loss, and this value was dididy the total energy input
based on lower heating value of coal. Subtracting percent loss from 100%,
combustion efficiency was obtained as 98.90% and@78 for Test-1 and Test-2,
respectively. However, although each terms for -Pegiven in the table was
based on experimental findings, the efficiency gafar Test-1 was based on
some predictions as there was no experimentalfdat@aO emissions and fly ash

flow rate for this run.
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Table 5.8Combustion Efficiency Analysis

Test-1 Test-2
Input Terms
Coal consumption, kg/h 37.45 48.55
Lower heating value, kcal/kg 3618 3085
Total Energy Input, kcal/h 135499.0 149765.
Output Terms
CO, ppm 90.6 94.1
Combustion CO, kg/h 0.026 0.027
Incomplete combustion loss, kcal/h 62.3 65.6
Fly ash flow, kg/h 4.82 7.04
Unburnt carbon content, % 3.8 1.6
Carbon in fly ash, kg/h 0.183 0.111
Unburnt Carbon Loss, kcal/h 1434.0 871.8
Total Combustion Loss, kcal/h 1496.3 937.5
Combustion Efficiency, % 98.90 99.37

5.9 Pressure Balance Model
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Based on the experimental data, pressure balanaeln® reapplied to the
combustor. The results of the model are display®ld tve pressure measurements
for each test in the Figures 5.6 and 5.7.

Among the input data of pressure balance modekrégal velocity in the dense
zone, gas velocity at loop seal and the bulk dgrsit particle size of circulating
ash were observed to deviate significantly from dlesign basis. In addition to
these data, superficial velocity in the dilute zoaeerage particle size of dense
bed, particle density of circulating ash and hegiftdense and dilute zones were
also found to deviate from the design basis witduoeptable ranges. The deviated
input parameters of pressure balance model are givéable 5.9.
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Figure 5.6 Predicted and Measured Pressure Profiles for CetialouTest-1
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Figure 5.7 Predicted and Measured Pressure Profiles for CetialoLTest-2
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Table 5.9Deviated Input Parameters of Pressure Balance Model

Parameter Design| Test-1| Test-2
Superficial velocity in the dense zone, m/s 3.0 4/1 4.6
Superficial velocity in dilute zone, m/s 5.0 4.3 15.
Gas velocity at loop seal, m/s 0.01 0.156 0.15
Height of the dense bed, m 1.0 0.7 0.7
Height of the dilute zone, m 7.0 7.3 7.3
Average particle size of dense bed, mm 1.16 17 551
Average particle size of circulating ash, mm 0.04 .400 0.44
Bulk density circulating ash, kg/m3 536 1030 1010
Particle density of circulating ash, kg/m3 930 1200 1200

Average particle size of circulating ash is onetled most deviated parameters
among these input parameters, and it is also véiectere on number of
parameters calculated within pressure balance madts average particle size
was based on the cyclone ash of previous expergmertt.3 MWt AFBC test rig
operated in recycling mode. The deviation is afteld to lower superficial
velocity and the presence of a cooler module aetliein AFBC test rig. Based
on these, elutriation of coarser particles is reducesulting in significantly lower
particle size for circulating ash compared to CRB§t unit.

As a result of the deviation from the design batie,parameters calculated from
these data also differed from each other. Conselyu¢ne following parameters
were found to differ from the pressure balance rhatiehe design stage: Solid
hold up in the dense beds{); solid holdup at uniform flow with slip velocity
(s ); average solid hold up at the dilute zome.X: decay (a, & and reflux
constants (¢; solid hold up at the exite{y; variation of solid holdup by exit
effect Aes). Among these parameters, the essential dataharesdlid holdup
values, which affect the pressure profile. Soliddbp values predicted at the
design stage and after combustion tests are givéable 5.10

159



Table 5.10Solid Holdup Value$redicted by Pressure Balance Model

Predicted Solid Holdup @ Design| Test-1 Test-2
The dense zonegqy 0.25 0.26 0.28

The dilute zone (average),. 0.0041| 0.0003] 0.0003
The exit,gse 0.0048 | 0.0003| 0.0003
The dilute zone (asymptotic) 0.0034| 0.0004| 0.0004

Comparing the predicted solid holdup values givethe table, it can be seen that
the predictions for the solid holdup of dense zsn@a good agreement with each
other. However, solid holdup values for dilute zgmedicted at the design stage
were higher than the predictions after combustestst This result was attributed
to the discrepancies between the input data angpdahameters like decay and

reflux constants calculated from these input data.

In order to illustrate the effect of the input daiad the predictive accuracy of
pressure balance model, measured and predicteslipeedrop values are given in
Table 5.11. As can be seen from the table, pratliptessure drop values for
dense bed are in good agreement with measuremeboisever, there is a
significant discrepancy between design data andunements for dilute zone.

Table 5.11Pressure Drops within the CFBC Loop

AP through Model Test-1 Test-2

(mmH,0) (design) | Exp.| Model | Error | Exp. | Model | Error
Dense zone 471.8| 413|4 3629 -12% 367.2 336.9 8%
Dilute zone 740.4 384 1526 297% 34.3 136.6 298%
Loop seal 508.4| 623.4 4876 83% 4459 48).2 9%
Downcomer 1565.8| 889.f 8713 -2% 6845 83/.3 2%
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This discrepancy was reduced for the predictiortsinéd after the revision of
input data based on experimental results. The rentpierrors of these recent
predictions indicated that the solid hold up witklifute zone was still predicted
to be higher than the actual value at the combusésts.

Regarding the pressure drop through loop sealcomstant values predicted for
all cases independent of input data, were attribtaiethe loop seal solid holdups
that were calculated to be identical.

The predictions of the pressure drop through dowmzois dependent on the
accuracy of other items, as the pressure balanakelmeas set up based on the
equality of pressure drop through downcomer totthal of other pressure drop
items. This was the reason why the prediction efrtiodel applied at the design
phase was fairly inaccurate. As the other pressdtop items were predicted with
poor accuracy, the errors of these predictions ddgeto result in a significant
discrepancy in the predicted pressure drop for @owrer. On the contrary, the
error for the downcomer in Test-1 was very low camo to the model
predictions at design phase and for Test-2. Thiss vedtributed to the
compensation of discrepancies in negative and ipesitirections for this test.
Therefore, it is concluded that the error for tlesgure drop prediction through
downcomer may not be reliable for evaluating theugacy of the model.

In conclusion, the predictions of the pressure fimamodel were improved to
have more favourable agreement with the measursmaftér the input data for
the pressure balance model were revised based erexperimental results.
However, pressure balance model can be improvedgredicting the pressure

profile througout the combustor with a better aacyr
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CHAPTERG

CONCLUSIONS

6.1 General

In this study, a 150 kWt Circulating Fluidized B&AFB) Combustor Test Unit
was designed and constructed in Chemical Engirgddapartment of Middle
East Technical University, based on the extensigemence acquired at the
existing 0.3 MWt Bubbling Atmospheric Fluidized Bé&bmbustor Test Rig.
Following the commissioning tests, combustion testsre carried out for
investigation of combustion characteristics of Qignite in CFB conditions and

for comparison of the design of the test unit veiperimental findings.

Based on the steady state results of the combustst® and comparisons between
these results and predictions of the design moti@sfollowing conclusions have

been reached:

e Temperature profile was slightly far from being fonmn in Test-1 due to
the excess cooling rate, which resulted in a loerage temperature along
the riser (784°C). By better control of cooling eaflow rate and the help
of higher fuel input in Test-2, almost uniform tesngture profile along
the riser was achieved and the average temperatutbe riser was
increased to 842°C.

e Pressure drop through the dilute zone was obsetoele negligible
because of low solid hold up in the dilute zone.
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e Based on the experimental results, the input datahke pressure balance
model were revised and the predictions of the medsie improved to

have more favorable agreement with the measurements

e The compositions of bottom and fly ash streamsaahdest were similar
to each other, except the,Bg content which was higher in the bag filter

ash.

e Although the coal particle size was significantljfeted between two
combustion tests, particle size distributions oh adreams were not
affected clearly from this deviation. On the othwand, the deviation
observed at the size distributions of bottom asha@rculating ash among

the tests were in line with the deviation of sujpgf velocity.

e Heat transfer coefficients observed at the cooledutes of the combustor
were within the range of 24.4 — 29.2 kcal/h m? K.

e The heat losses from the external surface of itisaladuring the tests

were observed to be higher than the values prebaiteng design studies.

e The combustion efficiencies of Test-1 and Test-2rew68.90% and

99.37%, respectively.

In conclusion, the performance of 150 kW CFBC Tésit was satisfactory to be
utilized for the long term research studies on asstibn and desulfurization
characteristics of indigenous lignite reserves incutating fluidized bed

combustors.

5.2 Suggestions For Future Work
Based on the experience gained in the present ,stikdg following
recommendations for future extension of the woeksarggested:

e Parametric studies can be carried out by firing (ignite and other

Turkish lignite reserves with limestone addition.
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The mathematical model recently developed in METUWer@ical
Engineering Department for simulation of CFBCs daa applied to
prediction of steady state behavior of the Test.Uni

Pressure balance model can be improved for pradithie pressure profile

throughout the combustor with a better accuracy.

The design of downcomer leg can be modified for sugag solid

circulation rate.

A separate air supply system can be designed &p-$eal air to control
the flow rates of secondary air and loop-seal iedeently. As a result of
this, secondary air ratio can be increased to &pperating values of
CFBCs.
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APPENDIX A

ENERGY FIGURES

Table A.1 World Total Energy Consumption by Fuel (2001 —202]

2001 2025
mill. toe % mill. toe %
Petroleum 3943.5 38.7 6181.1 39.4
Natural Gas 2345.9 23.1 3943.5 25.1
Coal 2416.5 23.7 3532.8 22/5
Nuclear 665.2 6.5 1270.0 4.9
Others 811.4 8.0 19.8 8.1

Table A.2 World Energy Consumption for Electricity Generatloy Fuel
(2001 — 2025) [1]

2001 2025
mill. toe % mill. toe %
Petroleum 307.4 7.6 428.4 6.4
Natural Gas 745.9 18.4 1642.9 252
Coal 1539.6 38.1 2436.7 37.4
Nuclear 660.2 16.3 766.0 11.7
Others 793.7 19.6 1244.8 19.1
Sou.-Cent. North Szlrjréﬁig' Amrrtik(]:a Sou-Cent.

America
8.9%

America
5.5% Africa

8.9%
Asia Pacific ,
4.2%

Europe &

Europe & Eurasoia
Eurasia 35.4%
9.2%

Petroleum Natural Gas Coal

4.1% 4.2% Africa
7.8%

. B Europe North
Asia Pacific EurasiJArrerica
7.7% 36.1%..26.2%

America
2.2%

Africa &
Asia Pacific Middle East
29.7% 5.8%

Figure A.1 Distribution of world fossil fuel reserves [2]
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APPENDIX B

BASIC DESIGN

Table B.1 Analysis of Beypazari lignite

Coal Analysis (asfired) Design Coal (Beypazari)
Carbon 31.68%
Hydrogen 2.58%
Oxygen 7.81%
Nitrogen 1.23%

Sulfur 2.49%

Ash 29.52%

Water 24.69%

LHV (kcal/kg) 2,669

Table B.2 Coal and limestone consumptions

Coal consumption, kg/h 48.36

Limestone consumption, kg/h 8.71

Table B.3 Oxygen demand and combustion air data

Oxygen demand, kg/h 52.68
Oxygen in coal, kg/h 3.78
Exact oxygen demand from air, kg/h 48,90
Theoretical air flow rate, kg/h 211.0
Total dry air flow rate, kg/h 2532
Total dry air flow rate, Nm3/h 196.32
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Table B.4 Flue gas data

CO, kg/h 0.07
CO,, kg/h 58.39
H,0, kg/h 26.44
SO, kg/h 0.24
Oz, kg/h 10.77
NO, kg/h 0.19
N2, kg/h 193.38
Flue gas flow rate, kg/h 289.51
Flue gas flow rate, dry, Nm3/h 192.p5
Flue gas flow rate, wet, m3/h @ 850°C 909.92

Table B.5 Cross sectional area and dimensions

Cross sectional area, m?

0.051

Diameter, cm

25.37

Side, cm

22.438

Table B.6 Flue gas composition

CO. 13.2%
H.O 14.6%
SG, ppm 374
O, 3.3%
N2 68.7%
CO, ppm 257.7
NO, ppm 633.9
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Table B.7 Ash generation and contents

CaSqQ, kg/h 4.61
CaO, kg/h 2.70
Total ash generation, kg/h 22.27
Bottom ash, kg/h 8.90
Fly ash, kg/h 13.40
C in bottom ash, kg/h 0.09
C in fly ash, kg/h 0.2y
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APPENDIX C

DETAILED DESIGN

Table C.1 Cyclone Inlet Duct Data

Cyclone inlet velocity, m/s 20

Flue gas volumetric flow rate (@850°C, wet), m3jh 109
Cyclone inlet cross section, m? (cm?) 0.013 (126
Cyclone inlet dimension (H x W cm 7.95 15.90

Table C.2 Cyclone Dimensions (cm)

Cyclone diameter, D 31.80
Cyclone inlet width, W 7.95
Cyclone inlet height, H 15.90
Cylindrical part’s height, iH 63.60
Conical part’s height, 63.60
Gas outlet line’s diameter,.D 15.90
Gas outlet line’s depth, S 19.87
Particle discharge line, D 7.95

Table C.3 Physical properties for pressure balance model

4)

Combustion gas density [9] Pg 0.31 kg/m3
Combustion gas viscosity [8] n 4.5x 10° | kg/ms
Dense zone particle density [5] Ps-dense 1,850 kg/m3
Dilute zone particle density [5] Ps-dilute 930 kg/m3
Fly ash particle bulk density [7] Pbulk 536 kg/m3
Particle size at dense zone [5] dp-dense 1.16 mm

Particle size at dilute zone [5] dp-dilute 0.042 mm
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Sphericity of dense zo

ne particles [€

]

d)s-dense

0.939

Sphericity of dilute zone particles [6

d)s-dilute

Table C.4 Calculated Parameters of Pressure Balance Model (G kg/m?2s)

Superficial solid velocity W 0.0081 m/s

Terminal velocity of fly ash particles tU 0.29 m/s

Solid holdup at uniform flow with the slip

velocity = U €s* 0.00342

Decay constant in the riser 3 0.848§ Tm

Solid hold up at the exit gse | 0.004771

Decay constant affected by the exit geometry of

the riser % 0.103 m

Reflux constant (9% 19.75

Table C.5 Air box module ports
Port Number | Instr. | Holesize| Height* (mm)

Pressure transmitter PT

Delta Pressure transmitter i DPT v 0
* distributor plate isthereference point (h = 0 m)

Table C.6 Module-1 Ports
Port Number | Instr. | Holesize| Height (mm)

Delta Pressure transmitter DPT -1 DPT 1/4" 20
Temperature transmitter TT -1 TT| 1/2" 70
Temperature transmitter TT -2 TT 1/2" 300
Gas probe G-1 G 1" 400
Delta Pressure transmitter DPT -2 DPT 1/2" 500
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Port Number | Instr. | Holesize| Height (mm)
Temperature transmitter TT -3 TT 1/4" 700
Delta Pressure transmitter DPT - 3| DPT 1/4" 1000
Temperature transmitter TT -4 TT 1/2" 1100
Table C.7 Module-2 Ports
Port Number | Instr. | Holesize| Height (mm)
Temperature transmitter TT-5 | DPT 1/2" 1700
Gas probe G-2 TT 1" 1800
Delta Pressure transmitter DPT -4 G 1/4f 2150
Temperature transmitter TT -6 TT 1/2" 2300
Temperature transmitter TT-7 | DPT 1/2" 3250
Delta Pressure transmitter DPT -5 TT 1/4" 3300
Table C.8 Module-3 Ports
Port Number | Instr. | Holesize| Height (mm)
Gas probe G-3 G 1" 3700
Temperature transmitter TT -8 TT| 1/2" 4200
Delta Pressure transmitter DPT —-6| DPT 1/4" 4450
Gas probe G-4 G 1" 5000
Temperature transmitter TT-9 TT 1/2" 5150
Table C.9 Module-4 Ports
Port Number | Instr. | Holesize| Height (mm)
Delta Pressure transmitter DPT -7 DPT 1/4" 5600
Temperature transmitter TT-10 TT] 1/2" 6100
Gas probe G-5 G 1" 6400
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Delta Pressure transmitter DPT -8 DPT 1/4" 6750
Temperature transmitter TT-11| TT 1/2" 7100
Table C.10 Exit Module Ports
Port Number Instr. | Holesize| Height (mm)

Gas probe G-6 G 1" 7730
Pressure transmitter PT

PT-2 1/4" 7800
Delta Pressure transmitter DPT
Temperature transmitter TT-12| TT 1/2" 7850

Table C.11 Temperature Transmitters

Height Distance from

Port Number (mm) previous TT (mm)
TT-1 70 )
TT-2 300 230
TT- 3 700 400
TT-4 1100 400
TT-5 1700 600
TT-6 2300 600
TT-7 3250 950
TT-8 4200 950
TT-9 5150 950
TT-10 6100 950
TT-11 7100 1000
TT-12 7850 750
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Table C.12 Pressure/Delta Pressure Transmitters

Height Distance from
Port Number (mm) previous DP port (mm)

PT -1 -50 -
DPT -1 20 70
DPT -2 500 480
DPT -3 1000 500
DPT -4 2150 1150
DPT -5 3300 1150
DPT -6 4450 1150
DPT -7 5600 1150
DPT -8 6750 1150

PT -2 7800 1050

Table C.13 Gas Probes

Height Distance from
Port Number (mm) previous gas probe (mm)

G-1 400 -

G-2 1800 1400
G-3 3700 1900
G-4 5000 1300
G-5 6400 1400
G-6 7730 1330
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APPENDIX D

PROCUREMENT and INSTALLATION

Figure D.2 Bearing Plate
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Figure D.3 Module — 1
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Figure D.4 Module — 2

182



Figure D.5 Modules 3 and 4
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Figure D.6 Cyclone

Figure D.7 Windbox after Burner Valve Train is Installed
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Figure D.8 Solids Handling and Feesing
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Table D.1 Specifications of Screw Conveyors and Air Lock

Quantity

Specifications

Fuel silos discharge

SCrew conveyors

2

Capacity: 50 kg/h (25 kg/h - 80 kg/h
Motor-Gearbox: 0.55kW 17 rpm

Limestone silo discharge

Capacity: 10 kg/h (2 kg/h - 20 kg/h)

1
screw conveyor Motor-Gearbox: 0.37kW 11rpm
Bed material silo _
) Capacity: 150 kg/h (constant speed
discharge screw 1
Motor-Gearbox: 0.75kW 25rpm
conveyor
_ ) _ Capacity: 150 kg/h (constant speed
Solids feeding air lock 1

Motor-Gearbox: 0.37kW 11 rpm

Table D.2Pressure Transmitters

Description Qty. | Model Specifications

Combustion air 1 Industrial Press. (0 — 30 psi,

(fan exit) Transmitter Model: 4-20 mA output)

Primary air (air 1 626-08-CH-P1-E5-S1

box)

Table D.3Delta Pressure Transmitters
Description Qty. | Model Specifications
Riser exit 1 | Bidirectional Range Diff. Press.-10"/+10” WC
Cyclone exit 1 | Transmitter Model: 668C-16 | 4-20 mA output
Distributor plate 1 | Magnasense DP Transmitter | 0 - 5" WC
Riser, downcomer 10 | Model: MS111 4-20 mA output
Diff. Press. Transmitter 0-25"WC

Dense zone 2

Model: 668C-7

4-20 mA output
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Table D.4 Air Flow Rate Transmitters

Description | Qty. | Model Specifications
Combustion 1 In-Line Flow Sensor - DS300-4"line size: 4”
air 1 Magnasense DP Transmitter 0-5"WC / 4-20 mA
Secondary 1 In-Line Flow Sensor - DS300-3” line size: 3”
air 1 Magnasense DP Transmitter 0-5"WC / 4-20 mA
Table D.5Air Rotameters
Description Qty. | Model Specifications
o Rate Master Flowmeterg 2” scale
J-valve fluidization 2 _
Model: RMA-SSV-150 | 10 — 100 cc/min
_ _ Rate Master Flowmeters 2” scale
Solids feed conveying 2 _
Model: RMA-SSV-11 30 — 240 cc/min

Table D.6 Water Flowmeters

Description Qty. | Model Specifications
2" module cooling water 1 | Digisens Flow Sensor |0 —3 m3/h
3 module cooling water] 1 | TRB DN20 brass 90°C| 4 — 20 mA output

Table D.7 Temperature Transmitters

Description Qty. | Model Specifications
Combustion air 0-100°C

_ 6 Pt-100
Cooling water 4-20 mA output
Flue gas 5 T/C (K type) 0 — 1000°C
Combustor 14 T/C (K type) 4-20 mA output
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Table D.8Air Flow Control Valves

Description Qty. | Model Specifications
ASTEKNIK butterfly valve DN 100
Rilsan damper, Double effect 4 — 20 mA input

Combustion air 1

pneumatic piston actuator, | DN 80

Secondary air 1 . .
analog I/P positioner 4 — 20 mA input
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APPENDIX E

RESULTS

Table E.1 Steady State Temperature Measurements along timé@bor

Height* Test-1 Test-2

Tag (mm) °C °C

TTCO1 70 824.6 850.8
TTCO02 300 837.0 860.3
TTCO3 700 839.4 862.9
TTCO4 1100 845.5 871.4
TTCO5 1700 827.0 862.1
TTCO6 2300 806.8 856.7
TTCO7 3250 761.5 832.3
TTCO8 4200 723.5 815.0
TTCO9 5150 718.3 815.5
TTC10 6100 742.0 828.4
TTC11 7100 744.1 830.3
TTC12 7850 733.8 822.6

* height above distributor plate
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Table E.2 Steady State Pressure Measurements along the Gtambu

Height* | Test-1 | Test-2
Tag (mm) | mmH20
PT-1 -1400 | 557.1| 155409
DPT -1 20 464.4| 527.8
DPT -2 500 50.9 414.4
DPT -3 1000 87.4 47.4
DPT -4 2150 87.4 49.2
DPT -5 3300 87.9 49.2
DPT -6 4450 85.4 52.2
DPT -7 5600 73.1 49.3
DPT -8 6750 49.0 30.9
DPT -9 7800 50.0 17.9
PT-2 7800 43.7 22.7
DPT — 11 3160 45.1 16.9
DPT -13 1660 0.0 17.5

* height above distributor plate
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Table E.3 Particle Size Distributions of Bag Filter Ash

Test-1 Test -2
Dp (um) Cumulative % | Cumulative %

<0.356 0.00 0.00
0.399 0.04 0.00
0.448 0.15 0.07
0.502 0.39 0.23
0.564 0.71 0.47
0.632 1.10 0.74
0.710 1.54 1.05
0.796 2.00 1.36
0.893 2.48 1.69
1.002 2.97 2.01
1.125 3.48 2.33
1.262 4.03 2.67
1.416 4.66 3.03
1.589 5.38 3.40
1.783 6.23 3.94
2.000 7.23 4.50
2.244 8.39 5.14
2.518 9.71 5.87
2.825 11.18 6.68
3.170 12.80 7.57
3.557 14.55 8.54
3.991 16.43 9.60
4.477 18.45 10.75
5.024 20.61 12.01
5.637 22.91 13.37
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Test-1 Test -2

Dp (um) Cumulative % | Cumulative %
6.325 25.35 14.86
7.096 27.92 16.49
7.962 30.62 18.26
8.934 33.44 20.18
10.024 36.36 22.26
11.247 39.36 24.49
12.619 42.43 26.88
14.159 45.55 29.44
15.887 48.71 32.16
17.825 51.90 35.06
20.000 55.11 38.14
22.440 58.33 41.41
25.179 61.57 44.88
28.251 64.79 48.55
31.698 68.00 52.40
35.566 71.16 56.43
39.905 74.26 60.60
44,774 77.27 64.87
50.238 80.18 69.18
56.368 82.96 73.45
63.246 85.59 77.61
70.963 88.05 81.56
79.621 90.32 85.22
89.337 92.37 88.51
100.237 94.19 91.38
112.468 95.78 93.80
126.191 97.11 95.77
141.589 98.19 97.30
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Test-1 Test -2

Dp (um) Cumulative % | Cumulative %
158.866 99.02 98.45
178.250 99.60 99.24
200.000 99.94 99.69
224.404 100.00 99.89
251.785 100.00 99.96
> 282.508 100.00 100.00
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