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Abstract: From the viewpoints of securing a stable supply of energy and protecting our
global environment in the futuréhe integrated gasificatiocombined cycle (IGCC) power
generation of various gasifying methods has he@gnducedin the world. Gasified fuels

are chiefly characterized by the gasifying agents and the synthetic gas cleanup methods and
can be divided into four types. The calorifialue of the gasified fuel varies according to
the gasifying agents and feedstocks of various resquacesammoniaoriginaing from
nitrogenous compounds in the feedstocks depends on the synthetic gagpcieathods.

In particular air-blown gasifiedfuels provide low calorific fuel of 4MJ/m* and it is
necessary to stabilize combustion. In conirést flame temperature of oxygétown
gasified fuel of medium calorie between approximatélg30MJ/m® is much higherso
control of thermaNOx emissionsis necessary. Moreoveto improve the thermal
efficiency of IGCGC hot/dry type synthetic gas cleap is needed. Howeveammoniain

the fuel is not removed and is supplied into the gas turbine wherdl@elis formed in

the combustor. For these reasastable combustion technology for each gasified fuel is
important. This paper outlines combustion technologies and comhestigrs of the high
temperature gas turbine for various IGC@dditionally, this paper confirms that further
decreases in fudlOx emissionscan be achieved by removingmmoniafrom gasified
fuels through the application of selectiveon-catalytic denitration.From these basic
considerationghe performance of specifically designed combustors for each IGCC proved
the proposed ntkods to be sufficiently effective. The combustors were able to achieve
strong resultsdecreasing therm@lOx emissions to 1Ppm (corrected at 16% oxygen) or
less and fuelNOx emissions by 60% or mqraunder conditions whereammonia
concentration per &l heating value in unit volume was %4.0° ppm/(MJ/m°) or higher.
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Consequentlyprinciple techniques for combustor design for each IGCC were established
by the present analytical and experimental rese&islo, this paper contains some findings

of the authots previously published own woskand engages in widanging discussion

into the future development gasificationtechnologies.

Keywords: gas turbine combustor gasification low calorific fuel medium calorific fuel
ammonia fuekFNOx emissionsthermatNOx emissionslow-NOx combustiontwo-stage
combustionnitrogen direct injection

Nomenclature

CO/H,
C.R.
D.R.
HHV
LHV

Ic

M
N/Fuel
NOx(16%Q)
NOX
Pr

q

Tad

Tair

Tex
Tfuel
TN,

T,

te

Ur

ex

p
®P/ g

1. Introduction

Molar ratio of carbomonoxideto hydrogen in fuel
Conversion rate frommmoniato NOX[%]
Decompositiorrate fromNH3; or NOto N,

Higher heating value of fualt 273 K, 0.1 MPabasis[MJ/m°]
Lower heating value of fuelt 273 K, 0.1 MPabasis|MJ/m"]
Combustion intensitat 273 K basis[W/(m¥Pa) ]

The third body

Nitrogenoverfuel supply ratigkg/kg]

NOXx emissios corrected at 16%xygenin exhausfppm|
ThermalNOx emissios [ppm]|

Reaction pressure in tubular flow reactbtPd

Dynamic pressure at cressctional surface of combustexit
Adiabatic flame temperatuf&]

Temperaturef supplied aifK]

Averagetemperatur@f combustor exhaust gfK]
Temperaturef supplied fue[K]

Temperaturef supplied nitrogefK]

Averaged reactiotemperaturén tubular flow reactofK]
Averaged reamn time in tubular flow reactdrs]
Meanvelocity of crosssectionalflow of air at 2B K basis[m/q
Averageequivalence ratio at combustorhemst
Averageequivalence ratio in primary combustion zone
Total pressure loss coefficiefatharacteristic section is combustxit)

The human race relies on energy mostly from fossil fugtsch emit harmful carbon dioxides. To
obtain a stable energy supply and protect the global environmento mention higkefficiency
technology of existing fossibased power generation as being important the reexamination of
unused resourcesvaste material utilizatignand the effective use of such resources is of vital
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importance. Discoverable reserves of low grade resourcesasuin bitumen and lovank coal are
several times larger than that of conventional energy resoutigese 1[1]). Methane hydrate reserves

are thought to lie undethe seas worldwide and their original gas in place is estimated to
reach to 21x 10° trillion m®, or the equivalent of dozens of times the total recoverable reserves of
conventional natural g48,3]. Research is also being conducted on various types of energy originating
from biomass. Taite further examples of Japanese municipal wastdntient a powergeneration
infrastructure has been installed for the incineration of abdutd0vaste and the thermagfficiency

is on average only arourid% When introducing higlefficiency technologies into waste incinerators
electricity corresporglto around four percent of the power demand on the electric power industry

one second of hydroelectric generation. Developments in integrated gasification combined cycles
(IGCC) continue worldwide; such technologies enable -eiflciency generationrbm various quality
resources. This paper reviews the trends of prospective developments of IGCCs worldwide and
outlines combustion technologies of high temperature gas turbines for IGCC in Japan.

Figure 1. Discoverable reserves of crude, @il sand anail shale[1]. Numerical value in
each bar graph is expressed bv the unit of hundred million barrels
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Figure 2 shows a time sequeritam 1980 to 2004or global net electricity generation by regigh.
During this time the amount of electricitgeneragdin the Asia/Oceania region increased significantly
approximately four-fold, while world electricity generation doubled. Figure 3 shows electricity
transition in the Asia/Oceania region with respect to each pgemseration methof4]. Of those
conventional thermal electricity generation cover%#f the demand increaseith hydroelectricity
and nuclear power generatieachat about 1%. Human lifeis currently linked to the amount and
availability of fossil tiels. Japan in particular depends upamd is greatly influenced pymported
resources for most of its primary energy needs.
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Figure 2. Time-line of world net electricity generation by region
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Figure 3. Timeline of electricity generatio with respect to generation method in
Asia and Oceania
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When citing Japan as an exampleshould be noted thahe primary energy resources adal
liquified natural gas (LNG)and al for thermal power plantssupplied 6@o of all the public power
demand in fiscal 2004. In response to thecosis of the 1970sthe Japanese governmeahd its
electric conpanies shifted emphasis from crude ,oilnevenly distributed in the Middle Eato
resources of coal and LN@&hich was globally abundant and expected to be a secure and stable supply
in the futurgas shown in Figure 4. In recent yedhe developing world has intensified its demand for
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coal oil and LNG along with international competition oviére development of new energy sources in
oil and gas fields around the world. To secure primary endrgyeclamation of new energy resources
and the development of higgificiency utilization technologiewill become increasingly important
throughoutthe world. For these reasongach industry in the fields of energy resourcgswer
generation and global environmental protectigeal with IGCC power generation technologies for
every raw material and gasificationelting furnace. Gasification techngies enabléighly effective
use of unusedesources in lowank coal tar crude and oil shaleeach of which is equivalent to several
times the amount of proven oil reserves. Moreovehe wor | dés energy i ndus
resourcessuch aghe biomass fuel ofreenhouse gdasee energyand wastecould be used in IGCCs
Therefore high temperature gas turbine technologies have been developed in concert with each new
technological advance.

Table 1 shows the typical compositions of fossibel gasified fuels and three types of gases: blast
furnace gas (BFGokeoven gas (COG)and converter gas (Linzer Donawitz Gas: LD@pduced
in iron works. Similarly Table 2 shows examples of various gasified fuels usingfossil resources
such as arious types of woofll 2], solid municipal wasterefusederived fuel (RDF)and black liquor.
Each gasified fuel contains CO and &$the main combustible components well as small amounts
of CH,4. Trace constituents of nitrogenous compounds and saréuheavily dependent upon upgrade
or cleanup processdsr gasified fuels.

Figure 4. Transition of composition ratio for electric power getien in Japan
(Numerical value in parentheses shows constituent ratio [%])
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The nonfossil energy of thinkdistributed biomass and waste is expected to providefe@®
energy in local production for local consumption. For that reagograde or cleanup processes must
be simplified and those gasified fuels contain tar angstd Fuel calorific values vary widely
(2i 13 MJ/m® of HHV basis) from about 1/20 td./3 those of natural gasedepending upon the raw
material of feedstogkhe gasification agent and the gasifier type. For one thyagseous fuels derived
from solid municipal waste and wateroal slurry by gasification contain high concentrations of steam.
It is therefore necessary to adopt suitable combustion technologies for each gaseous fuel.
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Table 1 Typical compositions of derived gases from fogsite gasifierand furnaces

34C

Fuel BFG* COG" LDG® Gasified fuel
Resource Coal Heavy residue Orimulsion™
Coal type or mine 1 - 2 3 4 5 6 7
Gasifier type Fixed Fluidized Entrained Entrained Entrained
Coal supply Dry Dry Dry Slurry
Developer BGL[4] BC[5] IGC[6] Shell[7] HYCOL[8] Texaco[9] Texaco CRIEPI[11]
Oxidizer 0O, Air Air O, 0O, O, 0O, 0O,
Composition
CO[%] 20 6 75 56.4 79147 276 259 67.8 695 55.259.4 40.9 51.7 43.5
H, [%6] 3 56 - 25.6 13.215.0 94 109 288 31.0 31.11 33.7 29.9 43.1 42.2
CH4[%] - 30 -9 6.6 1.52.8 0.5 1.4 0.01 0.03 1.02.0 0.1 0.2 0.4
CO,[%] 20 - 13 2.8 10.0012.0 54 6.7 2.3 1.0 7.6:10.4 9.5 3.2 11.8
H,0[%] - - -9 -9 11.518.4 -9 -9 - - -9 12.3 - -
NH;[ppm - - -9 -9 5001 1000 1000" 100 600 -9 -9 -9 -9
H,S+COSppm - - -9 20 -9 714 404 1.1% 0.14% -9 -9 1.6% 1.35%
Others[%] N, CHyetc O, N, 8.6 459 47.3 56.1 54.2 -9 -9 -9 7.3 0.2 0.75
CO/H, mole ratio 7 0.1 - 2.2 -9 29 24 21 24 1.611.9" 1.4 1.2 1.0
HHV[MJ/m®] 2.9 21" 95" 13.0 -9 49 52 122 125 12.0" 9.0 12.1' 11.0'
LHV [MJ/m?®] 2.9 19" 95" 120 3641 36 39 11.7 11.9 11.3" 7.4 11.3 10.2'

aBFG: Blast furnace ga8COG: Cokeoven gas®LDG: Converter gas
941: High-suffur bituminous coal2: Moura cogl3: Taiheiyo coal4: lllinois No.5 coal5: Sufco mine6: Taiheiyo coal7: Moura cogl|
" Unknown ¢ No description" Estimaed values' Dry Base



Energies201Q 3 341

Table 2. Typical compositions of gasified fuels from nfwssil resources.

Resource Wood Wastd RDF™ Black Liquor
, , Planer Bark Waste , ) )
Feedstock type Planer chip Mill ends ) , Pellet Round timber chip Chip
briquette chip
Moisture content[%] 13.3 45 27 15 8 9 -9 9 -9 9 157 40 A I 9
Gasifier type Kiln Fixed-bed downdraft Fluidized Entrained
Chugairo Co,, ) Indian ) ) CHOREN Tampella Chemrec
Developer Kawasaki Heavy Ind . Lurgi Guessing
Ltd. Inst. Sci. Ind. [13] [14]
. Dry  Dry+O; , , : Air+ : : . .
Oxidizer ST Air Air Air O, Air 0O, Air+steam Air Air+O, 0O,
distillation steam
Composition
CO[%] 36.1 260 97 146 206 19.8 17.9 19 20 46 25 22 40 8.0r 15.0 6 30 38.08
H, [%] 202 30.1 112 143 16.7 152 145 16 10 13 40 22 40 8.0r12.0 1.6 22 39.17
CH,[%] 16.6 2.5 1.2 14 1.3 1.9 1.3 12 5 10 10 -9 -9 4.0608.0 0.9 0.4 1.34
CO,[%] 158 17.9 -9 -9 -9 -9 -9 2 14 23 22 11 20 13.018.0 124 4.1 19.05
H,O[%] -9 -9 1.3 0.7 2.8 0.9 1.8 -9 -9 -9 -9 -9 -9 7.0015.0 234 5.9 0.18
N, [%] 5.6 179 56.9 535 50.2 499 521 51 51 8 -9 45 -9 -9 - - 0.24
NH;[ppmi -9 -9 -9 -9 -9 -9 -9 -9 -9 .9 -9 .9 _9 .9 f f -9
HZS+COS[)prri _9 _9 _9 _9 _9 _9 _9 _9 _9 _9 _9 _9 _9 _9 _f _f 19,400
Others[%] 5.7 5.6 -9 -9 -9 -9 -9 -9 -9 .9 -9 -9 -9 -9 N,, C,H, etc. N, -9
Tar [mg/m] 25,000 5 261 438 95 400 103 100 -9 .9 -9 -n -n -9 - - 115
Dust[mg/rﬁ] 11,000 <2 -9 -9 -9 -9 -9 -9 -9 .9 -9 -9 -9 <5 - - -9
CO/H, mole ratio 1.8 0.9 0.9 1.0 1.2 1.2 1.2 1.2 2 35 0.6 1.0 1.0 -9 3.8 14 1.0
HHV[MJ/m3] -9 -9 -9 -9 -9 -9 -9 -9 -9 .9 -9 -9 -9 -9 1.8 6.8 10.3
LHV [MJ/m3] 15.2 7.5 3.1 4.0 5.0 51 4.5 5.4 6.3 117 138 6.3 105 46 1.2 6.2 9.5

" Unknown ¢ No description® Municipal solid waste™ RDF: Refuse derived fuel
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This paper outlines each combustion technology for -teghperature IGCC gas turbines being
developed in the world as higdfficiency power generation systems applied to gasification melting
furnace technologies for solid waste &RDF of unused resource. Developed technologies can also
be applied to blast furnace gised (BFG) gas turbines. Alsexamined here is the influencéfael
composition on the reduction of combustion characteristics iaN@ originating from fuebound
nitrogen and thermallOx oxidization of N at hightemperature conditiong carbon monoxide (CQ)
hydrogen H;) and methane (CH mixture fuels suchas each gasified fuel and BFG fuel. Its
mechanism and the optimization technologies are also clarified here. Each gas turbine combustor
developed by Japanese electric power industigs its combustion characteristiese also described.
Inthispaperaut hor devel ops an argument based on t he
systematic fashion. Thus this paper contains some findings of the previously published papers of the
aut hor6s own wor k-sangagq discussiorgthag leasstttie futurevdedelmpment of
gasification technologies.

2. Background of IGCC Development in theWorld

Figure 5 provides an outline of a typical oxygdown IGCC system. In this systemaw materials
such as coal and crude are fed into the gasifier byydieed or dry feed with nitrogen. The synthetic
gas is cleaned through a dust removing and desulfurizing process. The cleaned synthetic gas is then fe
into the highefficiency gas turbine topping cyclend the steam cycle is equipped to recover heat from
the gas turbine exhaust. iIFhIGCC system is similar to LNG fired gas turbine combined cycle
generationexcept for the gasification and the synthetic gas cleanup prgeasarily. IGCC requires
slightly more station service power than an LNG gas terpiwer generation.

With regard to the innovation of gas turbine combined cycle power genethtomal efficiency at
plants has thus far been improved by enhancing turbine inlet temperature. An attempt was made tc
raise the turbine inlet temperaturetla rate of about 2€ (20 K) per year over a 3Qearperiod as
shown in Figure 6. As a resulbe thermal efficiency of the combined cycle power generation with the
gas turbine was shown to rise by aboutelib those 30 years (shown in Figure 7). lnemt yearsthe
1450€C (1723 K)-class natural gas fired gas turbine combined cycle power plant has been introduced at
the Tohoku Electric Power Gadnc. in Japan; its thermal efficiency exceed%%0n the HHV basis).

Figure 5. Schematic diagram of tymtIGCC system
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Figure 6. Transition of turbine inlet temperature of gas turbine combustor for electric
power generatiar(Signsindicatenames of gas turbine modgls
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Figure 7. Transition of themal efficiency of gas turbine combined cycle power plant
(Signs indicate names of gas turbine moglels
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2.1.Progress inGCC developments worldwide

The development of the gas turbine combustor for IGCC power genereteined considerable
attention in the 1970s. Browd5], sunmarized the overall progress of IGCC technology worldwide
up until 1980. The history and application of gasification was also mentioned by Little{t6hd
Concerning fixeebed type gasification processsHobbset al.[17] extensively reviewed the technical
and scientific aspects of the various systems. Other developments concerning the IGCC system and ge
turbine combustor using oxygdiiown gasified coal fuel include: The Cool Water Coal Gasification
Project[18], the flagship demonstration plant of gasification and gasified fueled gas turbine generation;
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the Shell procesf8] in Buggenund the first canmercial plant which started test operation in 1994
and canmercial operation in 1998; the Wabash Ri@al Gasification Repowering Plai9] in the
United Statesin operation since 1995; the Texaco process at thmepdgower station[20], in
commercial operation since 1996; a HYCOL gasification process for the purpose of hydrogen
production developed idapan[9]; and an integrated coal gasdimn fuel cell combined cycle pilot
plant consistingof a gasifier fuel cell generating unit and gas turhiretest operatiorsince2002 by
Electric Power Development Co. Ltd. in Japan. Every plant adoptedxygenrtblown gasification
method. With regard to fosdilased gasification technology as described aboaramercially-based
power plants have been developadd new development challenges toward global carbon capture
storaggq21,22] are being addressed.

Meanwhile from 1986 to 1996the Japanese government and electric powepaaies undertook
an experimental researchojact for the aiwblown gasification combined cycle system using a-200
daily pilot plant [23]. Recentlythe government and eledripower copanies have also been
promoting a demonstration IGCC project. For the futumarocercializing stagethe trasmissiorrend
thermal efficiency of aiblown IGCC adopting thel773 K (1500 € )-class (average combustor
exhaust gas tempure at aboul773 K) gas turbingis expected to exceed %Bon HHV basis)
while the thermal efficiency of the demonstration plant usidg78 K (1200 € )-class gas turbine is
only 40.%%. IGCC technologies would improve tineal efficiency by five points or higheomparel
to the latest pulverized cofifing, steam power generation. The Central Research Institute of
Electric Power Industry (CRIERIHeveloped an aiblown pressurizedwo-stageentraineeflow coal
gasifier [24] a hot/dry synthetic gas cleanupsteyn [25] 150 MW, 1573 K-class [26] and 1773 K
(1500 € )-class gas turbine combustor technologies for-Biw fuel [27]. In order to accept the
various IGCC sstems 1773 K-class gas turbine combustors of mediBtu fuels by wetype or
hot/dry-type syntletic gas cleanup methods have undergone stud$gR8

The energy resources and geographical conditions of each ¢aloty with the diversifiation of
fuels used for the electric power industry (such as biorpass quality coal and residual gigremost
significant issues for IGCC gas turbine developmeas has been previously described: The
development of biomadseled gasification received codsrable attention in the United States and
northern Europe in the early 198{87], and the prospectir commercialization technologyl14]
appear cosiderably improved at present. Paisley and An§d8] performed a comprehensive
economical evaluation of the Battele biomass gasification procekgh utilizes a hoepas
conditioning catalyst for dry synthe gas cleanup. In northern Eurgpeed-bed gasification heating
plants built in the 1980s had been immuuoercial operation; the available technical and economical
operation data convinced small district heatingnpanies that biomass or pefaeled gasication
heating plants in the size class oM®V were the most profitablg9]. However during the period of
stable global economy and oil price®nfossitfueled gasification received little interest. Thanthe
early 2000s when the Third Conferenof Parties to the United Nations Framework Convention on
Climate Change (COP3) invoked mandatory carbon dioxide emissions reductions on cgountries
biomassfueled gasification technology began to receive considerable attention as one alternative.
CRIEPIhas begun research into the gasification technology of orimit$i@mulsion of Orinoco tar)
fuel [11] and biomass. With the exception of Japan (which has a national research and development
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project in an aiblown, entrained flow IGCC system using a pifdant with a capacity of 200 tons per
day), almost all of the systems using theyggnblown gasification are in their final stages for
commencing conmercialoperations oversed40].

The calorific values of gasified fuels differ aadiog to the type obasification agents used in the
gasifier. If the gasification agent is ainen gasified fuel forms a low calorific fuel of aboutid/m?, but
if the agent is oxygernhen the fuel becomes a medium calorific fuel between approximatBM/m®.

To increase the thermal éffency of IGCCsit is necessary to use the hot/dry type synthetic gas
cleanup system. However the nitrogenous compqund$fie form ofammonia NH3) mostly, in the
gasified fuel derive from fudbound nitrogenous constituents in theaw materials and are not
removed in the hot/dry type gas cleanup process. Thig iblithen fed into the gas turbine where it
forms fueltNOx in the combustion process. For this reagechnology to suppress fullOX is
important. From the viepoints ofboth high operating costs and initial costs of removing the NOX in
exhaust gas derived from the gasbine systemthe electric power industry aims for leMOXx
combustion technologyor NH3; removal technology from the gasified fuels. Hot/dry gas cleanup
technologies promise higher thermal efficiency and more envinatathesound options.

This paper will propose and review the fundamental studies into the basic characteristics of
two-stage cmbustion for lowNOx emissionsand the method formamonia remeal from gasified
fuels andwill demonstrate how gas turbine combustors achieveNlOx and stable aobustion under
the following gasification methods:

(1) Air-blown gasifier + hot/dry type synthetic gas cleanup method.
(2) Oxygenblown gasifier + wet typ synthetic gas cleanup method.
(3) Oxygenblown gasifier + hot/dry type synthetic gas cleanup method.

2.2.Subjects of gas turbine combustors for IGCCs

The typical compositions of gasified fueloguced in akblown or oxygerblown gasifiersand in
blag furnacesare shown in Tabkl and 2. Each type of gaseous mixture fiaisiss of CO and H
as the main combustible componemisd small percentages of GHFuel cabrific valuesvary widely
(2i 13 MI/m®), from about 1/20 tdl/3 those of natural gasiepending upon the raw materials of
feedstock the gasification agent and the gasifier tygeg( a gasified fuel derived from dminass
contained 3040% steam.)

Figure 8 shows the theoretical adiabatic flame temperature of fuels which(®egasified fels
with fuel calorific values (HHV) of 12,710.5 8.4, 6.3, 4.2 MJ/m® and(2) fuels in which methane is
the main compnent of natural gas. Flame temperatures were calculated using a CQ anxitite
fuel (CO/H, molar ratio of 2.33:1)which catained m CH, under any conditionsand the fuel
calorific value was adjusted with nitrogen. In the case of gasified d&sethe fuel calorific value
increasedthe theoretical adiabatic flame temperature also increased. Fuel calorific valueMdfrd>2
and 127 MJ/m® produced mabmum flame temperatures 0030 K and 530 K, respectively. At fuel
calorific values of 8.41J/m> or higher the maximum flame temperature of the gasified fuekeded
that of methanewnhile the fuel calorific value was as low as difth of methane. As the fuel calorific
value increasedhe equivalence ratio that indicates the maximum flame temperature also increased;
this is because the effect of thermal dissociation increases as the adiabaticrfiparattee increases.
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Furthermoe, each quantity of CO andjHonstituent in the gasified fuels differazhiefly according to

the gasification methods of gasifying agendasv materials of feedstocknd watergasshift reaction as

an optional extra for carbon capture system. Howevearould be said that the theoretical adiabatic
flame temperature was affected very little by the CQOftélar ratio in the case of each fuel shown in
Tables 1 and 2 while the influence of the CO/Hnolar ratio on the flame temperature causesaKLO
difference as the maximum value under highly specific conditions. That is tarsai-blown gasified

fuels fuel calorific values are so low that flame stabilization is a problem confronting development
of the canbustor.

On the other handn the case of gpgenblown gasified fuelsflame temperature is so high that
thermalNOx emissions must be reduced. Therefareoxygenblown IGCC N, produced by the air
separation unit is used to recover power to increase thmdhefficiency of the plantand to redce
NOx emissions from the gas turbine combustor by reducing the flame temperaturentanghehen
hot/dry synthetic gas cleanup is employadmonia contained in the gasified fuels is not remo\zed
converted into fuelNOx in the combustor. It is thefore necessary to reduce the fN€x emissions
in each case of alslown or ox/genblown gasifiers. Krishnaet al.[41] performed a comprehensive
survey to identify potential mmonia removal processes througil) catalytic decomposition of
ammonia, (2) sorption/reaction oframonia with metals and oxide€3) partial oxidation of @monia
to nitrogen or (4) staged combustion with reduction combustion in the first stage. They determined in
1989 that catalytic decomposition and the staged combustionspesceffered potential for practical
utility. However, nearly every demonstration plant worldwide now employs the wet type synthetic
gas cleanup method.

Because fuel corntions vary depending on the gasification methwdny subjects arose in the
developnent of the gasified fueled combustdiable 3 smmmarizes the main subjects of combustor
develgpment for each IGCC method.

Table 3 Subjects for combustors of varioussifjad fuels.

Synthetic gas cleanup
Wet type Hot/Dry type

Combustion stability of Combustion stability of

Air - |ow-calorific fuel low-calorific fuel
Gasification Reduction of fueNOXx
agent 0, Surplus nitrogen supply  Surplus nitrogen supply

Reduction of thermaNOx  Reduction of thermaNOx and
fuel-NOx emissions
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Figure 8. Relationship between equivalence ratio and adiabatic flame temperature for
gasified fuels and CH
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2.3.De-NOx technologiesf gas turbine combustors for IGCCs

As previously describedyas turbines for IGCCs perforthe important tasks of both decreasing
NOx emissions and increasing combustor exhaust temperature to improve the thermal efficiency of
IGCCs that use ailown or oxygerblown gasifiers. In hot/dry synthetic gas cleanup systéms
necessary to decraafuelNOx emissions originating frommamonia in the gasified fuels. Those NOx
emissions would be denitrated as well as the theNfia emissions in the denitrification equipment
that use NOx removal catalysts amdraonia.

In 194Q Temkin and Pyzhey42] proposed a decomposition reaction equation faomania and
Amano and Taylof43] confirmed the mmonia decomposition on a Ru/ADs; catalystin 1954
However the major impediment to using this process for gasified fuel alpaappears to be the
deleterios effects of the gasified fuel constituents on catalytic activity. For exasyifar tolerance
steam resistance and deterioration of the catalystsproblematic until quite recentlyResearch into
catalyst oxidation technology ®Hs in gasified fued to N [44], or catalytic partiakombustion of
gasified fuels wher®&lHs is directly oxidized to M[45], has been developed in recent years. But those
two cases are costly in terms of catalyst asel NOx removal equipment is currently the most trusted
technology. Moreoveit is necessary to increase catalyst durability under high temperature conditions.

The following section reviews combustion technologies to decrease tHefdxakemissions or
fuel-NOx emissionsand the nofcatalytic reduction technogiies ofammoniafrom each gasified fuel.

In Chapter 3the above technologies receive detailed treatment. A demonstration of the combustor
adopted to develop loMOx combustion technologguited for each gasification methasl described
in Chapter 4 andhapters following.
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2.3.1.Low-NOx combustion technology

As shown in Figures 6 and the thermal efficiency of a plant has been improved by enhancing the
turbine inlet temperatur@r combustor exhaust temperature. The thefd@k emissions from the gas
turbines increasehowever along with a rise in exhaust temperature. In additigasified fuel
containingNH3; emits fuelNOx when hot/dry gas cleanup equipment is employed. It is therefore
viewed as necessary to adopt a suitable combustion technotaggcto IGCC in the development of a
gas turbine for each gasification method.

Dixon-Lewis and Williamg46], expoundean the oxidation characteristics of hydrogen and carbon
monoxide in 1969. The body of research into the basic combustion charactefisgasified fuel
includes studies on tHeammability limits of mixed gasconsisting of CH or H, diluted with N, Ar
or He[47]; a review of theflammability and explosion limits of Hand H/CO fuels[48]; the impact
of N, on burning velocity[49]; the effect of N and CQ on flammability limits [50,51]; and the
combustion charactetics of low calorific fuel[52,53]; studies by Merrymaret al. [54], on NOx
formation in CO flame; studies by Milleat al. [55], on the conversion characteristics of HCN in
H,-O,-HCN-Ar flames; studies by Songt al. [56], on the effects of fualich combustion on the
conversion of the fixed nitrogen to,Nstudies by Whiteet al. [57], on a richlean combustor for
low-Btu and mediunBtu gaseous fuels; and research of RIEPI into fueFNOx emission
characteristics of lovealorific fuel, including NH; through experiments using a small diffusion burner
and analses based on reaction kinet{&8-61]. It is widely accepted that twstage combustiqras
typified by richleancombustionis effective in reducing fudNOx emission$62,63].

On the other handwith respect to the combustion emission characteristics of oxylgem
medium calorific fuel Pillsbury et al. [64] and Clarket al. [65] investigated lo0wNOx combustion
technologies using model mbustors. In the 19708attista and Farrell66] and Beebeet al. [67]
attempted one of the earliest tests using meddtumfuel in a gas turbine combustor. Concerning
research into loWwNOx combustion technology using ymenblown medium calorific fuel other
studies include: Hasegawaal. [28], investigation of NOx reduction thoology using a small burner;
and studies byDdbeling et al. [68], on the premixed combustion characteristics @diom-Btu
gaseous fuel in a fundantahsmall burner for low NOx emissions. Because the burning velocity of
mediumBtu fuel was about six times greater than that of cotimeal natural gasa premixed
combustion for low NOx emissions has so far proven difficult to adopt. Other studiesleinclu
Dobbelinget al. [69], on low NOx combustion technology (which quickly mixed fuel with air using
the double cone burner from ABB (Asea Brown Boveri) Ltdlled an EV burner); Cooét al. [10],
on effective methods for returning nitrogen to the cyslleere nitbgen is injected from the head end
of the combustor for NOx control; and Zanello and Tas§édlj, on the effects of steam mtent in
mediumBtu gaseous fuel on combustion characteristics. In almost all systamptus nitrogen was
produced fron the oxygen production unit andeprixed with a gasified mediwBtu fuel [71], for
recovering power used in oxygen production and suppressing NOx emissions. Since the power to
premix the surplus nitrogen with the meduBtu fuel is gregtHasegaweet al. studied lowNOXx
combustion technologies using surplus nitrogen injected from the b@®80] and with the lean
combustion of instantaneous mixiri§1]. Furthermore Hasegawaet al. developed a lowNOx
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combustion telanology for reducing both fuélOx and thermalNOx emissionsin the case of
employing hot/dry synthetic gas cleanup with aggeablown IGCC[32-36].

In section 3.1 on mixture fuels composedf CO, H,, CHs; N those basic combustion
characteristicsand the combustion technologies of lovertmatNOx and fuelNOx emissionsare
reviewed. Fundamental characteristics of combustion emissions are greatly affected by the
configurations of combustor and burner. It is difficult dompareabsolute figures of fundamental
emission characteristics angulifferent experimental apparatuses. Thus a systematic knowledge is
outlined heregwhich has been acquired by the authors in a consistent manner.

2.3.2.Ammoniaremoval technology from gasified fuels

As described irsection2.2, the nitrogenous constitutsnin raw materials of feedstock are converted
to NH; and hydrogen cyanide (HCN)n each gasification process. Wal$h2], summarized
concentrations of nitrogenous compounds such asadd HCN in various coajasified fuels derived
from various gasific&n processes. Employing the hot/dry synthetic gas cleanup in each tB&€C
NH; contained in the gasified fuels is supplied to the gas turbine compwsturut being removed
and oxidized into fueNOx. The fuelNOx emissions comprise a large percentafethe NOXx
emissions discharged from the plant. Therefdrthe NH; in the gasified fuels could be removed in
advance of supplying the gasified fuels to the gas turbine combustors through a dry, metbatil
be easier to develop IelWOx combustion tehnologies for gas turbine combustors in IGCCs.

Other studies on the high temperature gas phase reaction pindlidde: Lyon[73,74], and
Lyon et al.[75], on selective noftatalytic reduction of NOx from the combustion exhaust gas; results
by Muzio et d. [76], on the effects of urea and other amines on NOx reduction in exhausthgae
under fuel rich conditionselective reduction is achieved only at temperatures al®¥&K [77,78];
Chenet al. [79], on the effects of various selective reducingrdg on NOx reduction in staged
added coafired combustors; Kasaok&t al. [80], on NH; decomposition characteristics in
fluidized-bed combustion of coal or mud; and Zheal.[81], on the effects of small amounts of CO
and H on NH; reduction in plverized coal combustion. Howevedhese studies dealt with NH
decomposition characteristics in an atmosphere of low CO ancbiktentrationand high oxygen
conditions; they made several efforts to reduce NO zovith NH3 in the exhaustor to decompas
NH3to N, in fluidized-bed combustion. No studies have been conducted on the gasified fuels.

By applying a selective necatalytic reduction of nitrogen oxides witH; for the purpose of NOx
removal from exhaust gashown by the following overall reach, section 3.2 clarifies that NHl
contained in the gasified fuel could be reduced when a very small amountasfdONO coexist.

NHs+ NO + 1/4Q  Np + 3/2H,0 (1)

And the following effects on NHdecomposition characteristics in gasified fuels werestigated
through reaction kineticdased on an elementary reaction model and experiments using a tubular flow
reactor: (1) the effect of reaction temperat(®® the effects of added,@nd NO concentrationand
(3) the effects of CCH, and CH, consttuents which are combustible components in gasified fuel.
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3. Basiclnvestigation of DeNOx Technologies for IGCCs

The gasified fuel derived from each gasifier contains between hundreds and thousamaisobf
NH3, shown in Table 1. If the gasified fuebntained onlyl000 ppm of NH3, and all NH were
oxidized to NOx the fuetNOx emissions would reach 1p@m (corrected at 16% £). On the other
hand many BFGfiring, 1423 K (1150 € )-classgas turbines are now operated in iron works. Since the
fuel caloific value of BFG mixed with a part of COG is adjusted between a low calorific value
of 4 and 5MJ/m? (at 2B K, 0.1 MPg), the thermaNOx emissions from the gas turbine are
restrained 25ppm or less (although the diffusion combustion method is adoptedas turbine
combustors). In recent yeara 1573 K-class gas turbine combined cycle power plant has been
launched for iron works with a therrpafficiency as high as 4% (on an HHV basis). The BFG
firing 1573 K-class gas turbine adopted a dry {bMdx cambustion methodand thermaNOXx
emissions were restrained to as low aspptn (corrected at 16% £). If a higher temperature gas
turbine could be adapted to BFG fudlsermal efficiency would be improved. For this purpasés
important to control thenaFNOx emissions. Moreovewaste plastics are used partly as a reducing
agent for iron ore and there exists an undeniable possibility that BFG and COG might include
nitrogenous compounds such asNidd HCN under situations in which various functionakpts are
expected to mix with the reducing agent of coking coal. Thatdmbustion technology using a
reducing flame to reduce fuBlOx emissions then becomes increasingly important.

Combustion characteristics and INOx emission technologies of leRBtu fuels and mediurBtu
fuels are first investigated isection 3.1 below. Next studies conducted for further improvement of
fuel-NOx emission characteristicihe selective nowgatalytic reduction method fommmonia
constituents in the fuel are explain&kction3.2, reviews the advantages afmmoniareduction and
clarifies appropriate conditions under which the reaction temperature had to be accurately adjusted
depending on the each fuel constituent.

3.1.Low-NOx combustion technologies
3.1.1. Experimetal device and methods of small diffusion burner
Experimental device

Figure 9 outlines the basic experimental dey&%. Combustion air is controlled to the required
amount by an orifice meter and flow control valtieated to the prescribed temperatoyean electric
heateyrand then blown into the combustor. Primary air is injected into the combustor through a primary
air swirler, positioned around the fuel injection nozz@ed secondary air is supplied through air holes
in the sidewalls of the combuas.

CO and H (the main combustible components of the fuai® mixed in the prescribed blend ratios
and loaded into a cylinder. The combustible components are diluted withh &tjust the required
calorific value heated to the prescribed temperatuyeah electric heateand fed through the fuel
injection nozzle. The small amounts of pN&hd CH, are controlled by a thermal mass flow contrgller
and premixed with the fuel before reaching the fuel injection nozzle. When addipgti@Huel
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calorific vdue is adjusted depending on the amount of theliNition, while maintaining the CO/H
molar ratio constant.

Exhaust gases are sampled from the exit of the combustor through ecodést stainless steel
probe and continuously introduced into an emissionsole that measures CO and,G® infrared
analysis NOx by chemiluminescence analys(3, by paramagnetic analysiand hydrocarbons by
flame ionization. The sampling probe is located about m.5downstream from the burner.
Concentrations of calibratiogases for COCO,, O,, NO, and CH are 270ppm, 18%, 20% 20 ppm
for low-range of NO and 18ppm for highrrange NQ and 90ppm respectively. Each repeat of the
aralyzer is between 0.5 and +0.% of full-scale rangelinearity is betweeri 1.0 and +1.% of
full-scalerange or betweeii2.0 and +2.% of measure readingand noise is less than 1.0% of
full-scale range.

Figure 9. Schematic diagram of basic experimental device
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Figure 10 shows a vertical sectional view of the combustor and tested diffusioer[82]. The
combustion apparatus consists of a cylirstgle combstion chamber with an inner diametdd,
of 90 mm and a length ofl0O00 mm, and a primary air swirler and fuel injection nozzle. The
combustion chamber is lined with heat insulatingtamal and the casing is cooled with water. There
are four sections for secondary air inlets on the side wall of the combustion chaiobgrthe
direction of flow to simulate a tw«stage combustigror secondary air of the combustor. Secondary air
inlets are used at a distance from the edge of the fuetionenozzles of 3« D. The diameter of the
secondary air inlets at the entry to the combustion chambernsrlZand six inlets are positioned on
the perineter of one crossection. The tested burneorsists of a fuel injection nozzle and a primary
air swirler. There are twelve injection inlets with a diameter ofrind on the fuel injection nozzje
with an injection angled, of 90 degrees. The primary air swirler has an infangkter of 24.0nm, an
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outer diameter of 36.mm, and twelve vanes with a swirl angl, of 45 degrees. Swirl numbgs,
calculated from the follwing equationis 0.84.

S:ES 1- B3

3 1- B?

3 tang, 2

where B (boss ratio of swirl vane)0.66.

Figure 10.Sectional view of combustion chamber and diffusion burner
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Supplied fuels and test conditions

The typical composition of each gasified fuel from fobsited or nonfossikbased resources
BFG etc. are shown in Tabls 1 and 2. Each fuel contained CO and & the main combustible
componentsand small amounts @H,, except in the case of COG. Fuel calorific values varied widely
(2i 13MJI/m®), from aboutl/20to 1/3that of natural gaslepending upon the raw material of feedstock
the gasification agent and the gasifier type. For exangplgfied fuels derivedrdm biomass or solid
municipal waste contained high concentration stdmtween 2040% of total volume. In recent years
a converter gas (LDG: Linzer donawitz gashich produces at intervals but has double the heat
capacity of the BFGwill also be usedor power generation in iron works. Compositions and calorific
values of gaseous fuels for BH{eed gas turbines vary according to the plant configuration
of iron works.

Table 4 shows the typical supplied fuels and test conditions. In theftedtsdorific values are
varied between 2.9 and 12W/m®, the CO/H molar ratios in the fuels are set to values of 01480
and 2.33 and the small quantities of NHind CH, in the fuels are varied to investigate the typical
combustion characteristics of tgaseous fuels produced from various gasification systems and plants.
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Temperatures of supplied fuel and,a@nd fuel injection velocity are set at constant for each
experiment. All experiments are conducted under atmospheric pressure conditions. Baked on
experiments and analyseike fuetNOx emission characteristics are examined in diffusion combustion
and suppliegnir staging combustion.

Table 4. Standard test conditions and supplied fuels

Fuel properties’Conditions Fuel standard conditions

Constiuent

CO [vol%)] 24.3~13.3 17.3 104 16~70 23.1 46.4 63.0
H, [vol%] 10.4~5.7 173 24.2 7~30 99 199 27.0
CH, [vol%]™ 0~5.0 0, (2.6) 0

CO; [vol%] 0

H-0 [vol%] 0

NH;z[pprmv] 0, 1000, (0 3000)

N, [vol%)] Balancé’

CO/H,molar ratio 2.33 1.00 0.43 2.33(1,0.43% 2.33 2.33 2.33
HHV[MJ/m?](at 273 K, 0.1 MPa) 4.4 2.9~12.7 4.2 84 114
LHV[MJ/m’](at 2B K, 0.1MPa)  4.2~4.1 4.1 39 4.0~121 4.0 8.0 109
The [K] 423 298 633

Tair [K] 673 643

Vel [M/S] 92,32 96

Pressure Atmospheric pressure condition

*1: In the case of varying CfHtoncentration in the fugthe CO and Hconstituents were adjusted
to maintain the fuel calorific value and the C@rhblar ratio constantly.

*2: Thefuel calorific values were adjusted by 8ilution.
*3: The cases of CO/Hmolar ratios of 1.00 and 0.43 were investigated as well as 2.33 of,CO/H

3.1.2.NOx emission characteristics of leBtu fuel

Effects of equivalence ratio

Figure 11 shows the relatiship between the equivalence ratia,,, and both the conversion rate of
NH; in the fuel to NOxC.R., and NOx emission concentrationghen a higher heating value of fuel is
set to 4.4MJ/m* (at 2B K, 0.1 MPa), and when1000 ppm of NH; and no CH are ncluded in the
fuel [82]. Figure 11 also shows thermidOx emission concentrations when fNid not included in the
fuel. All combustion air is provided from the primary air swirler that surrounds the fuel injection
nozzle. During the testhe temperaturef the combustion ajfT,;, is preset and maintained at3K
and the temperature of the fugk,, at 428 K. The equivalence ratio is adjusted by controlling the
flow of combustion air while maintaining a constant fuel flow. The fuel injection vg|oite, is set
and maintained at 9&h/s. The conversion rates of Mkh the fuel to NOx are calculated from the
measured values of the theraNDx and the total NOx emissions. The concentration of thekg,
[NOx], is first measured after stoppingetBupply of NH, and the concentration of total NOJNOX],
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is measured while Ngis supplied. Finallyfuel-NOXx is calculated by deducting the concentration of
thermalNOx from that of total NOx. The conversion rates are given by the following equation:

([NOX-NOxih]) (volume flow rate oexhausj
[NH 3] x(volume flow rate of fuel) ©)

CR.=

As shown in Figure 11the conversion rates of NHn the fuel to NOx indicated a value higher
than 80% when the equivalence ratio was less than 1.0 of stwietric conditions. When the
equivalence ratio exceeded Jtile conversion rate rapidly dropped. It is expected that the combustion
technology using the reducing flame is effective in reducing theN @ emissions in the case of CO
and H mixture fuels.Measured concentrations of emitted therd@lx and total NOx (dry base)
reached maximum values of approximatelypn and 520ppm, respectivelywhen the equivalence
ratio was around 1.0. That Isw-Btu fuel of around MJ/m? was focused in large pash the decrease
of fuekFNOx emissions in the gas turbine combustor development. The reason the -ti€nnal
emissions were low depended absolutely on a lower maximum flame temperature of 868udd 2

Figure 11. NOx emissions characteristics in lowBtu éled combustion
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Effects of fuel constituents
(1) Effect of CO/H molar ratio in fuel

The production characteristics of felDx, derived from NH in the fue] are expected to be
significantly affected by the characteristics of the flame zanevhich the combustion chemical
reaction progresses. It is conceivable that the characteristics of the flamesuomeas the local
temperature distributionshe local equivalence ratipand the reaction behaviors of fuel constituents
and radicals (QOH, H, etc) [63] are affected by the fuel constituents.

Figure 12 shows the correlation between the equivalence ragjpand the conversion rate of NH
in the fuel to NOxC.R, with the fuel CO/H molar ratio as a parametevhen the NH concentration
in the fuel and the calorific value are set and maintain@8Qg ppmand 4.4MJ/m° respectively[82].
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The tested fuels contain no ¢Bind have CO/kmolar ratios of 0.431.00 and 2.33. The fuel calorific
values are adjusted by,Mlilution. When the equalence ratio was less than 1i0e( fuel-lean
conditions) the conversion rate of NHn the fuel to NOx was almost constant at any CQOfidlar
ratio. Howevey when the equivalence ratio became more than ileQ fuel-rich conditions) the
conversionrate decreased rapidly. Concerning the effect of the g®fdlar ratiq when the
equivalence ratio is less than 1ie higher CO/K molar ratios increased the conversion rate.
However when the equivalence ratio is more thanileQ fuel-rich conditiors), no significant impact

of CO/H, molar ratio is observed. This is explained both becauss ékidized more rapidly than CO
and the preferential diffusion rate of h the presence of excess air increases as £@tar ratio
becomes higher. That,isvhen the CO/KH molar ratio increasedD, consumption rate decreases.
Consequently NHs is oxidized under conditions of higher, @oncentration and then the NOXx
production rate increases. On the other hamtien the equivalence ratio is more than, 1.0
O, is consumed by thexidation of CO and K and the production of NOx by the oxidation of
NHs is restrained.

Figure 12. Effects of CO/H molar ratio on conversion rate of Nk fuel to NOx defining
by experiments
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As described abovehe influerte of the CO/H molar ratio on the fueNOx emissions shows
different tendencies between the cases of-lest combustion conditions and fueth, reducing
combustion. Hasegaved al.[28,82], therefore investigated the influence of C@fhblar ratio orfuel-
NOx emission characteristics in diffusion flames under-legh conditionsbefore examining effects
of the twastaged reducing combustion on flNDX emissions.

Figure 13 shows the relationship between the fuel calorific value and the conversiohMag to
NOx , with the CO/H molar ratio as a parametf@8]. Each fuel containd000 ppm NH3; and no CH,
the average exhaust gas temperatligg is set and maintained atld73 K constant. When the fuel
calorie is changectalorific value and equivance ratio are adjusted by Milution and airflow rate
respectively maintaining the CO/EH molar ratio in the fuel at each constant value of 0XB0
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and 2.33. During the testall combustion air is provided from the primary air swirler around thel f
injection nozzleand all fuel is from that fuel injection nozzle. The temperature of the combustjon air
Tair, IS preset and maintained at36K and the temperature of the fLi€}e, is 633 K. The fuel injection
velocity, Ve, IS set and maintaigeat a 96m/s constant by controlling the dlution and supply of

CO and H constituents. The equivalence ratio is adjusted by the flow rate of combustion air to make
Texat 1773 K constant while maintaining a constant fuel volume flow.

In each case of & CO/H, molar ratig the conversion rate of NHo NOXx indicated a similar
tendency with the rise in fuel calorific value: in the lower fuel calorie rathgeconversion rate rose
rapidly with the rise in fuel caloriand showed each local maximum vakecept in the case of a
CO/H, molar ratio of 0.43When the fuel calorie increased furtheonversion rates decreased and
indicated local minimal values; then those conversion rates rose slightly with fuel calorie increases.

It is generally accepted tha decrease in dilution with inert gases an increase in the
concentration of nitrogenous compoundsppresses the conversion rate of nitrogenous compounds
into NOx [83-86]. In Figure 13the NH; concentration is constariiut the ratio of NHto combusible
components NEI(CO + H,), decreases with a decrease in dilution. In the case of the above
mentioned phenomena howey#iree overall reactions appeared in a multilayered way against the
foregoing research results. After an exhaustive study of theegihenomena through analyses based
on full kinetics it was clear that the behavior of nitrogenous compounds in the CO andxtdire
fuels were greatly affected by an ebnstituent. As a resyldasegaw436] has reorganized the data in
Figure 13 to oberve the effects of anldonstituent on fueN conversion.

In Figure 14the horizontal axis indicates;ldoncentration in each fyedr variances in fuel calorie
supplied to the combustor while maintaining an averagecdnstant[36]. In the range wher the
CO/H, molar ratio is between 0.43 and 2.8% conversion rates of NHo NOx vary depending on
H. concentrationwithout relying on CO concentration: The conversion rate is inversely proportional
to H, concentration in a rangeof 10i 30% of H,. And when H concentration increases to%0or
higher, the conversion rate increases slighityproportion to the kiconcentration.

As described in Figure 18 is said that similar findings are observed in lower concentrations of H
in CO and H mixture fuels and with the conversion rate of NHhversely proportional to ¥
concentration in the range of,F80% or lower. Howeverthe reverse tendency takes place under
conditions where kconcentration is 30% or higher: Where the decrease in the amoupdd@ifion,
or the increase in the-toncentration in fuelraises the conversion rate of pNkb NOXx slightly,
without relying on a CO constituent. Consequertthg conversion rate of the full compounds to
NOXx greatly depends on the ratio of filcompounds to the combustible mponent of H under
conditions where the amount of feldl compounds is constant. Except in the case of higher
concentrations of CO with nominal amounts of dNlution, the conversion rate of NHo NOX is
decided only by KHconcetration at any CO/FHmolar ratio. In the case of a diffusion flanimth the
oxidation reaction rate and preferential diffusion of &te much faster than those of CAd radicals
such as OH and O are produced early; so the csioverate is greatly aftted by the Ficoncentration
without relying on a CO constituent. This does not necessarily mean that a CO constituent has no effec
on the conversion rate. When the CO concentration in the fuel increases more than five out of ten times
the influence ofh CO constituent becomes relatively higher at any G@iblar ratio. The higher the
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CO/H; molar ratiq the more the conversion rate shows an overall trend to increase equally with the H

concentration.

Figure 13 Effects of gasified fuel calorie on conviens rate of NH to NOx in each case
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Figure 14. Effects of H constituent in fuel on conversion rate of Nid NOx. Data in

Figure 13 was rearranged.
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Moreover under conditbns of higher H concentration in the fuelthe counter trend of the
examination by Fenimorf85] takes placeor a decrease in the amount of dllution increases
concentration in the fuel and slightly raises the conversion rate efifaempounds ttNOX.

One of the main reasons for the above phenomenon is that the local flame temperature is relatively
higher in a flame zoneand the reduction reaction of full compounds becomes slowalthough the
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atmosphere in the overall combustor is a fuel radegnvironment. In this casef fuel including lower
combustible componentthe maximum flame temperature becomes, Ibut a small amount of H
constituent increases the production of OH and O radicals in flame and lowers the temperature of
selective rduction of fuelN to N, in the presence of an,@onstituent. Thereforehe convesion rate

is strongly affected by theid¢onstituent and decreases with a rise drcéhcentration under conditions

of lower H, concentration in the fuel. But a large amoahit, component in the fuel should suppress

the decomposition of fuéll compounds and delay the reduction reaction of-Kueio N..
Consequentlythe intermediates obtained by decomposition of theNuate exposed to an atmosphere

of higher Q concentréion, and the conversion rate increases reversely.

(2) Effect of NH; concentration in fuel

NH3 concentrations in the fuels strongly depend on the gasificationrgypenaterials of feedstock
and gasification conditions. In a steel plamfused derivegblastics have been partially used instead
of coal for coke production by the iron ore reduction prgcessBFG and COG can include
nitrogerrcontaining species.

Figure 15 shows the correlation betweengNbincentration in the fuel and both the conversates
of NH3 to NOx and the NOx emission characteristiwsgh CH, concentration and CO/Hnolar ratio
as parameters. The equivalence ratio @f is set to 0.44; fuel calorific value is 4MJ/m°, or exhaust
gas temperature is abdli/3 K [82]. When clanging CH concentration fuel calorie is adjusted byJN
dilution while maintaining fuel CO/Fmolar ratio at 0.41. In each case where the bldhcentration in
the fuel is changedthe increase in Niconcentration raises NOx emissions and decreases the
conversion rate. It is generally accepted that higher concentrations of nitrogenous compounds in the
fuel suppress the conversion rate of those nitrogenous compounds intl388. Similar findings
are observed in CH,, CH4, NHz and N mixture fuels.

When fuels contain CHof 2.6% no significant effect by fuel COAmolar ratio on NOx emission
characteristics was detected. If fuel containing 2.6% of €ldampared with fuel containing no CH
under conditions where the fuel CQ/hholar ratio was 0.41the CH, of 2.6% raised the conversion
rate by about 25%egardless of Nklconcentration in the fuel. Swhen the equivalence ratio was less
than 1.0 the conversion rate not only maintained the higher valseshown in Figure 1dut the
conversion ratalso decreasedepending on the increase in Nébncentration in fuels.

On the other handhe CH, constituent has a great considerabigact on the conversion rate; it not
only raises the conversion rataut also removes the influence of the fuel BPmolar ratio on the
conversion rate in each NHoncentration. Meanwhileéhe temperature in a fuel CO/kholar ratio
of 0.41 is a maximum 4& lower than other cases under test conditions of Figuread8 the
temperature of fuel containing no ¢k aout 40K higher than fuel containing 2.6% GHSince the
temperature differences among the test cases are very smathparison to the flame temperature
itself, and the thermaNOx emissions are very smallropared to the fueNOXx emissionsas shownn
Figure 11 it is speculated that the temperature differences have no noticeapdet ion NOx
emission characteristics.
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Figure 15. Effect of NH; concentration on conversion rate of NH fuel to NOx with CH
concentration and CO/Hnolar ratio as pameters defining by experiments
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3.1.3 FuekNOx emission characteristics in supphaid staging combustion

Two-stage combustion with reducing flame (which has a primary combustion stage undahfuel
conditions and a secondary stage in Whiemaining unburned fuel combusts completal/)widely
accepted as a combustion technology for suppressingNfdel production in conventional
fuels [62,63,87]. It is also known that the fudlOx production mechanisms of conventional
hydrocarbon fuelssuch as Clj are different from those of nemydrocarbon fuelssuch as CO
and H [88-91]. So gasified fuels consisted of CO anglad the main combustible components contain
thousands ofppm and a small percentage of ¢Hand indicate a complex fudlOx production
mechanismwhile norrthydrocarbon fuels produce very few species of HCN.

In Section3.1.2 the effects of Hon fuekNOXx production in the conventional diffusion combustion
of CO and H mixture fuels were quite cleass shown in Figure 14. Hower, as shown in Figure 15
the effects of CO and 4bn fuetNOx production were clearly controlled by the existence of 3 CH
constituent in the fuel. Therefqri@ order to effectively adopt the twgiage combustion to the C8,
and CH mixture fuels it is necessary to establish appropriate conditions forstage combustion
depending on fuel constituents. Thattlee influence of the CO/Hmolar ratio in the fuels on fudOx
production differs between fuel containing £&hd fuel without Cll becausgfuel containing CH,
HCN is produced in fuelich and lower temperature conditions.

This section reviews the influential factors of fuel constitueatsl equivalence ratio in the
primary-stage combustion zonen fuetNOx reduction using a small diffis burner shown in
Figure 10. In accordance with a series of regsaltgrediction methodology for fudlOx emissions is
then clarified from an engineering viewpoint.
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Effects of fuel constituents

(1) Effects of CO/H molar ratio in fuel

Figure 16 showsthe correlation between the primary equivalence ratig, in two-stage
combustion and the conversion rate of NHI the fuel to NOx using the CO/H molar ratio as a
parameter under conditions where the average equivalence ratio at the combustor.gxis (set
to 0.44 for each case of fuel containing 2.6% of,Gd fuel containing no CH

In each casethe fuel calorific value is maintained at 4MJ/m*® and the NH concentration
is 1000ppm When the fuel contained no GHhe fuel CO/H molar ratdo had a significant effect on
the conversion rate of NHo NOx, under conditions where the primary equivalence ratio was less
than 1.0 or both the primary and the secondary zones had excess air combustion. When the primary
equivalence ratio was 0.4the conversion rate was 47% in the case where the fuel J0dkr ratio
was 0.41while the conversion rate was 68% in the case of a g@bar ratio of 2.33; it meant that
the conversion rate tended to increase proportionately to the OOdtar ratio. Tle difference in the
conversion rates between CQ/iholar ratios of 0.41 and 2.33 was about a constant 20% under
conditions where the primary equivalence ratio was within the range of less than 1.0. When the primary
equivalence ratio was over 1ibe diffaence in the conversion rates decreased with the rise in the
primary equivalence ratio. Those conversion rates then approached each other and showed equal valt
when the primary equivalence ratio was 2.5. Howewdren the fuel contained 2.6% GHno
significant impact of CO/H, molar ratio on the conversion rate was observed under test conditions
where the primary equivalence ratio was between 0.44 and 2.2.

Figure 16. Influences of CO/k molar ratio and Ckiconcentration on conversion rate of
NH; to NOx intwo-stage combustion
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The reason that significant effects were expected of the £@dtar ratio in a diffusion flame of
fuel with no CH was that CO oxidized more slowly in the flame front than $b the higher the
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CO/H, molar ratiq the slower the @ consumption rate in the flame sheet. Consequexiiy oxidized
under conditions of higher @oncentration and NOx production rate increaasdhown in Figure 16.

This howeverdiffered from the non twstage combustion. The conversioteraf NH; to NOx was
slightly affected by the CO/Hmolar ratiQ even when the primary equivalence ratio exceeded 1.0
because a small portion of secondanyflowed backwards into the primacpmbustion zone and
slightly decreased the primary equivalenatio; the higher primary equivalence ratio tended to
increase the quantity of secondaiy backward flow relatively; and oxidation of CO and reactions of
the intermediate products produced in the primargl-rich combustion zone actually progressed by
small portions of the secondaayr supplied into the primary zone.

On the other hanavith fuel containing Chkl the CO/H molar ratio did not wield have a significant
effect on the fueNOx emission characteristics. This is because intermediates-Glb 3), produced
in the oxidation process of GHaffected the decomposition of NHrapidly, producing HCN and
NH; ¢ =0.1,2), €tc in the flame zonewhich quickly oxidized to NOx in the secondary combustion zone.

From the abovementioned resultsit was clear that the relationships between the primary
equivalence ratios and the conversion rates ofNuebmpounds in COH, and CH, mixture-fueled
two-stage combustignvere greatly affected by a Gldonstituent.

Next, the effects of a ClHconstituat will be discussed in detail.

(2) Effect of CH, concentration in fuel

Figure 17 shows the correlation between the primary equivalence ratip in two-stage
combustion and the conversion rate of Nkh fuel to NOx with CH concentration as a parameter
under conditions where the fuel calorific value is set toMJm°, the NH; concentration in the fuel
is 1000ppm, and the fuel CO/Kmolarratio is 2.3382].

When the CH concentration is changedhe fuel calorific value is adjusted by, Milution, while
maintaining the CO/KHmolar ratio at a constant value of 2.33. In the examination range of Figure 17
the measured thermBIOx emissionswere as low as 1@pm, because the maximum theoretical
adiabatic flame temperature of gasified fuel with a fuel calorie oVd@in® was lower than @0 K.
When the primary equivalence ratio was less thantieOconversion rate of NHo NOx increasedi
direct proportion to the CHconcentration. And when , was more than 1.0 (or the primary
combustion zone was in a fuéth condition) the conversion rate decreased as the primary
equivalenceratio increasedin CHy-free fuel. Meanwhilefuel containiy CH, had an appropriate
primary equivalence ratjo ,, at which the conversion rate dropped to a minimand , varied
with the CH, concentration. That js , increases as the Gldoncentration decreases.

From these result# can be concluded than appropriate primary equivalence ratiop*, must be
determined depending on Gldoncentration when applying twgtage combustion to gasified fuels
containing CH to suppress fudNOx emissions.

The influence of a Cldconstituent on the conversion rafefwel-N compounds in CCH, and CH
mixture-fueled two-stage combustignhas already been discussed by way of experiment. This
phenomena will be discussed in greater detail again from the viewpoint of reaction karetiasbasic
principle for a prediton methodology regarding fudlOx emissions will be proposed.
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Figure 17. Influence of CH concentration on conversion rate of NEb NOx in
two-stage combustion
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(3) Numerical analysis using an elementary reaction model for gauging thes effecCH constituent
on fuetNOx formation

The phenomena shown in Figure 17 was caused by a selective reduction reactionioffidH
with NO originating from N in the atmosphere and fdebund nitrogen. Ngland NO are decomposed
into N , under the cexistence of @in the reducing conditiondy the following overalReaction {);

NHs+ NO + 1/4Q N+ 3/2H0 (1)

The selective reduction between NEnd NO is influenced by the reaction temperatines/NO
molar ratig O, concentrationand fuel constituents of CO#Hnolar ratio and Chlconcentration in the
flame zone. As a resulthe rate of ovexll Reaction {) rises steeply to maximum in a narrow
temperature ranger temperature window. The activated chemical spesiegsh as OHO and H
radicals promote the oxidation decomposition reactions ot hid CH and produce the intermediate
productsof NH; =012 and CH =123). HCN is produced by interactions between the intermediates of
nitrogenous compounds and those of hydrocarbons in the reducing combustion coraditiwal as

the above mentioned selective reduction osMith NO.

In the primary fuel-rich combustion zoneHCN production increases proportionally to the
concentration of CH in the fue] and HCN is oxidized into fuellO with the secondasgir
supply. Consequentlyit is expected that reduction of MHnto N, is restained with a rise
in CH, concentration in the fugland the optimum primargquivalence ratio that minimizes the
conversion rate of Ngto NOx declines and approaches stoichiometric conditiovisle the
conversion rate increases.

The above mentioned phomenon is deductively examined using numerical analysis based on the
following elementary reaction kinetics. The reaction model employed here was proposed by Miller and
Bowman [92] and the appropriateness of the model for-ocatalytic reduction ommaia using
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NO [93], and oxidation ofammoniaby premixed methane flame [92has been confirmed by
comparison with test resuliss will be described in detail Bection3.2.1.

The reaction scheme is composed of 248 elementary reacéinds50 speciesra taken into
consideration. Miller and Bowman described both a detailed scheme of the oxidatigrand G
hydrocarbons under most (not too fuieh), conditions and an essential scheme fammonia
oxidation. Hasegawat al. [93], united those two s&mes and confirmed the applicable scope of a
united scheme through experiments using a flow tube reactor.

Various reaction schemes have been proposed worldwide for each reaction, systethose
elementary reaction models and rates require sustainednecatidn and revisions. For example
Glarborget al.[94], investigated the reaction ammoniawith NO, through a flow reactor and detailed
reaction kineticsBromly et al.[95], examined effects of NO on oxidation of,kand Dagauét al.[96],
studied &ects of NO and S©on oxidation of CEH, mixtures. RecentlySmith et al. [97], have
proposed new schemes that need not be used because the gasified fuel contains a small pejcent of C
and no G hydrocarbon.

Thermodynamic data is taken from the JANAErmmodynamics tables [98Ind the values of other
species not listed in the tables are calculated based on the relationship between the Gibbs' standal
ener gy of f)anrdthachenmical eqlilp@m constant (K).

PG =RxT xIn(K) (4

In theabove formulat h e v a | °usebtainéd frqmGthe CHEMKIN databaf#9]. This study
uses the GEAR methdd00Q], for numerical analysjas an implicitmulti-stage solution.

The Pratt mode[87], for flow inside the combustpisimplifies flows linearlyand each stage
combustion zone is assumed to be a perfectly stirred reactor. It is also assumed that the species a
evenly mixed in the reaction procesand diffusion and stirring processes are not taken into
consideration.

Correctly solving reactionrpcesses with flow processes at the same time is at present confined to a
simple axisynmetric laminar jet flow field101], with numerical analysis. In order to precisely clarify
here the reaction processes in {stage combustigrthe oxidation andeducion reaction processes of
fuel-bound nitrogen compounds are traced through full reaction kinetics analyses; the complex flow
inside the combustor is modeled on the Pratt mefinmeh a macroscopic standpoint.

Figure 18 shows the behavjower time of chanical species Nk NO, HCN and CH in two-stage
combustion with primary equivalence ratio as a parameterder conditions where the averaged
equivalence ratio at the combustor exhaus, is set to 0.450r equivalent to the theoretical adiabatic
flame temperature af573 K. In this figure a canparison is made between two cases in which the
primary equivalence rats ,, are 0.6 and 2.0.In these analyseghe residence time in each
combustion zone is calculated on the assumption that each mixing gas temperature is regarded as tt
adiabatic flame temperature corresponding to each equivalence ratio. When the primary equivalence
ratio is set at 0,6he residence time in the primary doustion zone is about 0.11 seconalsd the
total residence time in the combustor is about 0.40 seconds.

The vertical axis represents the mole fraction of each species when the initial fraction of the fuel is
set at 1.0 mole. The solid line in Figure 1®ws the case where the primagueralence ratio is set
at 2.0;the dotted line shows the primary equivalence ratio of 0.6.
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In Figure 18 it was not shown that the radical chemical species ,0f @Qnd OH were rapidly
formed before the decomposition ofH) The NH; in the fuel reacted with those radicals and
decomposed to NH -o,1,2), before being oxidized into NO. Following the decompositions of &idi
NH3, the intermediate product HCN was formed in the primary combustion process in each case. When
the primary equivalence ratio was 2.0 (fueh conditions) both the decomposition of Gtand NH;,
and the NO production were delayattd HCN was produced in higher concentration. The reasons for
the delay in the initiation reaction in the case gf of 2.0 is attributed to both lower temperature than
other casesand reductive conditions in the primary combustion zone. This HCN oxidized slowly in
the primary combustion zone in the reductive atmosphdriée the HCN rapidly decomposed into NO
where theprimary equivalence ratio was 0.6.

Following the decomposition of HCMNIH3; and CH were reproducedvhile the decomposition into
N> through HCN and NH progressed in the reducing primary combustion zong € 2.0).
Consequentlya portion of NH in the fuels was reduced to, W the primary combustion zone when
the primary equivalence ratio was set to 2.0.

Figure 18 Mole fractionime products comparing = 0.6, 2.0 in twostage combustion
as defined ¥ calculation
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Because both the intermediate HCN continued to dedime the reproduced NHhcreased in the
primary combustion zondengthening the residence time of the combustion gas in the primary zone
within the range where the NHepmoduction does not exceed the HCN concentration might produce
further denitration. Howevewhen the primary equivalence ratio rose higi; was reproduced
more by the decomposition of HCN in the primary combustion zong.vd oxidized to NOx in the
secondary combustion zone and the conversion rate gfttlNOXx increased.

From the abovghere is an appropriate primary equivalence ratio where the conversion rate reaches
a minimum depending on the GEbncentration conditionas shown in Figure 17.

It has been widely reported that HCN is not produced irhyoinocarbon flameeven if the fuels
contain nitrogenous compounds such as,NPcept if fuels including hydrocarbons such as,Ghke
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HCN are produced91]. In the hydrocarbon flameHCN is producd from nitrogen in the air by

Reaction§),a n d

With fuel including NH, following the decompositions of CHand NH;, if HCN was produced by
Reaction §) in the fuelrich region of flame of fuel including hydrocarbotisen that HCN oxidizes to
NO in the fuellean region. The nitrogen of Nhh the fuel has weaker bonding power than IN the

i s

rapi dly
CHi=12* N2
REH + NH;

oxidized

HCN + NHj

and

HCN + RH , (R-: alkyl group)

36t

promptly
(%)

(6)

pr o

combustion proces®NH; reacts with the OHH and O radicals and then easily decomposes into the
intermediate NI, = 0,1,2) by the followingreactions &s reported by Milleet al.[102] ).

NHi i =01, is oxidized into NO in conventional combustion processader ample air conditions.
When hydrocarbon is not contained in the fiNdH; can be converted into Ny reacting with NO in

NHs + OH (G, H)

NHi =12t OH (H)

NH, + Hzo (OH, H2)

NH; + Hzo (Hz)

(1)
(8)

the fuetrich region. The overaReaction {), is manifested as the following elementary reactions.

Also, part of the NH, produced as a product of decomposition ofsNsloxidized into HNO by the
O radical througiReaction 16). Some HNOQproduced byReactions 11) and (16)are decomposed
into N, by Reactions17) and (18)and the remaindeare oxidized into NO biReactions19) and (20).

NH2 + NO
NH2 + NO
NNH + NO
NH, + H
NH + NO
NH + H

N+ NO

NH; + O

2HNO

N2O + H
HNO + OH

HNO + H

N2 + H20
NNH +OH
N2 + HNO
NH + H,
N2 + OH
N+ H,

N, + O

HNO + H
N2O + H,O

N2 + OH

NO + H;O

NO + H,

©)
(10
(1)
(12)
(13
(14)

(19

(16)
17)
(18)
(19

(20)
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Because of the high concentration of CO in the gasified f@l is reduced to an N radical
with oxidization of CO to C@by Reaction 21); theN radical promotes the reduction of NO into
N2 by Reaction 15).

NO+CO CO,+N (21)

N+NO N,+O (15)

On the other handf fuel contains CHj, the intermediate HCN is produced Bgactions§) and (6)
in the fuelrich primarycombustion zone.

When the primary equivalence ratio is a frieh condition both the decompositions of Gnd
NH3, and the NO production are both delayed and HCN is produced in higher concentrations. The
reasons for the initiation reaction being delayed in-fidl corditions are due to both lower
temperature and reductive conditions. HCN is oxidized slowly in the primary combustion zone of the
reductive atmospherevhile it rapidly decomposes into NO where the primary equivalence ratio is less
than 1.0 of stoichiometiconditions.

Following the decomposition of HGkhe NH; and CH are reproducedvhile at the same timéhe
decomposition into Nthrough those HCN and NHpartially progresses in the primary zone of the
reductive atmosphere. Consequertthe reductiorof NHz into N, is inhibited.

Some HCN is oxidized into NO byeactions Z2) and (23)the rest decompose into an N radical
by the Reaction 24), in the fuellean secondary zone. The NH radical decomposes into NO by
ReactionsZ5), (26) and (27).

HCN+OH CN+H)O (22)
CN+0, CO+NO (23)
CN+O CO+N (24)
NH+OH N+H0 (25)
N+O, NO+O (26)
N+OH NO+H (27)

HCN production in the reducing primary combustion zone increases with rises in the ratio of
hydrocarbons to amino groupader the same conditions of the primary equivalence ratio. THheis
two phenomena appear multilayered. With a rise in the primary equivalence ratio over stoichiometric
conditions the conversion rate of NHo NOx decreases. At the same tjmased G4 concentration
in the fue] increases HCN produced in the reducing primary combustion, amaeNOXx emissions
originating from HCN in the fuelean secondary combustion zone increase. Moreavieen the
primary equivalence ratio rises highBIOx producion through HCN exceeds the reduction of J\tbl
N, and the conversion rate rises inversely. Theretbexe is an optimum primary equivalence ratio
where the conversion rate reaches a minimndepending on Cldconcentration conditiongs shown
in Figure 17. The optimum primary equivalence ratio decreases and comes close to stoichiometric
conditions and its conversion rate increases with a rise ia €centration.



Energies201Q 3 367

Figure 19 shows the relationship between the primary equivalence ragioin two-stage
combustionand both the conversion rate of ptd NOx and the CO emission concentration with the
CH; concentration as a parameten the case where the average equivalence ratio at the
combustotfexhaust ¢y, IS set to 0.44. As the GHoncentration in the fuel was varjgdO and H
content was adjusted to maintain fuel calorific value atMM#m® and CO/H molar ratio at 2.33.
When the fuel did not contain GHhe CO emission concentration peaked under conditions where the
primary equivalence ratip ,, was approximately 1.2. As , increased furtherthe CO emission
concentration tended to decline slowly. When the fuel contained 2.6% ofr@€H , was 1.5 or less
the CO emission characteristics were almost the same as fuel that did not contdiov@yer in the
case of ,values between 1.5 and 2tlhe CO emission concentration increased rapidly with a rise in

p and showed the maximum when, was at approximately 1.7. Then the CO emission
concentration decreased gradually and showed almost it \&#lue as fuel that contained no £H
when |, reached 2.1. When ,, was increased furthethe CO emission concentration tended to
increase slightlybecause it was surmised that values gfabove 2.1 delayed the oxidation reactions
of intermediate hydrarbons.

If fuel included CH of 2.6% the HCN produced in the fuekh primary combustion zone oxidized
rapidly in the secondary combustion zone and produced both NO ardadig to a rapid increase in
the CO emission concentration wherg was betwee 1.3 and 1.7. When , value was between 1.7
and 2.1 unburned combustible components were oxidized by the secondary air in the secondary
combustion zonethen CO emissions decreased at the same time NOx emissions tended to increase.
Values of |, above 2.1destabilized combustion slightly in the primary combustion zone and
suppressed the decomposition of Githe primary combustion zonkeading to a gradual increase in
the CO emission concentration at the exit of the combustor.

Figure 19. Effect of CH, concentration on both conversion rate characteristics and CO
emissions in twestage combustion defining by experiments
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Figure 20 shows the correlation between, and the CO emission concentration in {stage
combustion with the ClHconcentration in the fuel as a paramgtdren the averaged equivalence ratio
at the combustor exhaust ¢y, is set at 0.44. As in the case of Figure When changing the CH
concerration in the fuelthe CO and klconstituents were adjusted to maintain the fuel calorific value
at 4.4MJ/m°, and the fuel CO/Kimolar ratio at 2.33. Other test conditions were pursuant to the case
shown in Figure 17.

Figure 20. Effect of CH, concentrabn on CO emission characteristics in tatage
combustion defining by experiments
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The CO emission characteristics showed similar tendencies at apycdfidentrationor CO
emissions had the two local maximal values except for fuel containifigHy At first CO emissions
indicated the maximum when the primary equivalence ratio wasepardless of Cldconcentration
in the fuel. Those CO emission concentrations became higher with rises, to@éé¢ntration in fuels
containing CH. For a secontime, CO emission concentration reached a maximum at eacthat
was higher than 1.2 and different by £ébncentration. The two maximal values of CO emissions
increased in direct proportion to GEoncentration. The certain range of the primary equivalence ratio
at which the CO emissions indicated a steepfds¢he second timavas almost equivalent to that of
the rising phase of the conversion rate ofsN&GINOXx, as shown in Figure 17. There was a negative
correlation between Citoncentration in the fuel and the optimum primary equivalence ratio,af
As the CH, concentration increasetthe quantity of air supplied to primary combustion increased under
conditions of the same primary equivalence ramdl thelocal flame temperature tended to decrease.
In an example of the analytical resulshown in Figire 18 HCN was produced and NEwas
reproduced in the reducing primary combustion zone. The production of HCN anohddéhsed at
the lower primary equivalence ratios of a reducing atmosphere with a risejicd@eentrationas
described in Figure 17 xalation of the fuel constituents were delayed. Then the HCN and reproduced
NH3; were oxidized to NOx with certainty in the secondary combustion zone of the oxidation
atmosphere. Therefar&lOx production and CO emissions increased through HCN produetidn
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NH; reproductionby foregoingReactions Z2)i (27), with a rise in CH concentration. The phenomena
shown in Figure 17 proved the above mentioned reaction mechanisms; @i Mid CQ H, and CH
mixture-fueled two-stage combustion.

(4) Prediction methaology of fuetNOx emissions

Figure 21 rearranges the experimental data shown in Figure 17 by the following equation (28).
PC . RC.R.T C.R(CH,-0) (28

The following datagp C ., Bhows the difference between the conversion rate aftbliNOx in the
case of fuel containing each ¢Ebncentrationandthat in the case dtiel containing no Ckj where
C.R(cH,-0) designates the values of C.R. in fuels with ng,CHiat is pC . R. i ndicates t
rate of NH to NOx through the intermediate HOMhich depends on C4tonstituentin each CH
concentration conditigrcorrelation between the primary equivalence ratio in-$téme combustign

n, and the conversion rate differengeC . , howed a similar tendency.

When the primary equivalence ratio, was less than 1.0.¢., fuel-lean conditions)the conversion
rate difference ®@C. R. iy and theahsgleed ClHsohcengrdtianlingreased t h
the values of @Cwitenthe pdmary éghivalened rétia, was meerthdn 1.0i(e.,
fuel-rich conditions)t he conversion rate difference of @C
each local minimal valyepC . Rversely increased in proportion to, at any CH concentration.
Compared with the same | conditions gqC.R. tended toincrease in proportion to the GH
concentrationtoo.

Figure 21 Effect of CH, concentration on difference in conversion rates between each
case of fuel including methane and thatluding no methane in twstage combustion.
Data in Figurel7 was rearranged.
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Particularly $ nc e @C. Rwervsalles thae derm thenarrowrange between 1.0 and 1.5 of
p, It could be said thathe CH, content in fuel promoted the decomposition of Nbl Ny. In this
narrower range of ,, the following overallReaction {) of a selective mtual reduction where
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prompt NO and early produced felD react with NH to form N,, progress preeminently. That MO
production through HCN promotes the Nélecomposition.

NHs;+ NO + 1/4Q N3+ 3/2H,0 (2)

On the other handHCN production increasedith a rise in , over stoichiometric conditions and
HCN reacted with OH radicadt al. to NOx in the secondary combustion zone. With the rise jn
over stoichiometric condition®oth the decomposition of NHo N, and the oxidation of Nto NOx
throudh HCN proceeded. Then the C.R. took each minimum value at agmlopriateprimary
equivalence ratio p*, depending on the Gitoncentration in fuels shown in Figure 17. In the same
way, at each Chlconcentrationthere was geculiarprimary equivaleoe ratig ', that minimized
the value of @C. Rdecreasedland camosetoatte steichionfetric mixture ratio
with a rise in CH concentration. This phenomewas causedoth by increment of HCN production
originatingfrom NH; at highe reducing conditionandby the selective mutual reductions of N&hd
NO. When the CH concentration became relatively higher inmgarison to that of H constituent
the forward reacting doseef the following Reactions Z9)i (33) decreased markedly ithe
reducing reaction fieldthe production of OH and O radicals originated form dénstituent in
the chaininitiation reaction decreasednd HCN production through oxidation reactions of ,CH
and NH increased.

H+O,+M HO;+M (29
0,+H O+OH (30)
O,+H, 20H (31)
OH+H, H)O+H (32)
O+H, OH+H (33)

Prompt NO and fueNO produced in the primary combustion zone oéductive atmospherend
those nitrogen compounds promote the seleativeual reduction (1). Reaction {) has an attribute
where the overall reaction rate scores higher under conditions of a specific tempeatace
At emper at yanea specific équivalience ratithe selective reductioReaction {) generally
depends on reactidemperatureNHs/NO molar ratio in fugland concentrations ofand H, and its
reaction forms the specific temperature window conditions that maximize the rReaofion ).
When increasing the CHoncentration in the fugthe quantities of promgtiO andfuel-NO derived
throughHCN increasgfollowed by a progression of the overall reduct®eaction {). Thereforethe
higher concenttion of CH, loweredt he mi ni mum value of the conv
below zerg but the peculiar primary equivalence ratio ' was limited to the narrower range
between 1.0 and 1.5 within the experimental conditicdBensequentlythe ' values varied
depending on the Cttonstituentand simultaneously came close to the stoichiometric mixture ratio
with arise in CH, concentrationjust as the casef p* in Figure 17
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p over 1.5 however HCN production in the primary combustion zone substantially

increased as oopared with NH; decompositiorto N, and the NO production through HCN caused

sharp

roi

se in

pC. R.

As in the case shown in Figure,2inder the conditions of a specific reaction temperature and
equivalence ratidhe selective mutual reductions between NOx originating from prompt NO and early
produced fueNO, and NH; to N, in coexsting O, by the overalReaction {) progressed from an early
period of combustion. Conversion rates then decreased with increases, ico@iéntration under
specifically narrower conditions that were affected by a number of factors. That is, thesayre

speci fic

pC. R.

and

condi
t he

tions

pri mary

wher e

t he

cnegatweandsthewalue ofa t e

equi val ence

rat.i
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at hat

concentration. The selective reducti®eaction {) particdarly depends on reaction temperature
NH3/NO molar ratio in fueland concentrations of Qand H, and its reaction forms the specific

c o n dRehdtiom §)sThe phendmena ahownniri z e
Figure 21 ultimately reduin both a temperature window that depends on the production of radicals
such as OHand the production of intermediate HCN which depends onaBGhcentration.

Atemperatur e

Wi

ndowo

Figure 22 Prediction of relationship between gEbncentration in fuel and characteristics
of conversion rates of Nfto NOx in twostage combustion. C.RH,=0) ; values of C.R.
in cases where fuels contain no £H
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In the case of typical NHreduction methods with a combustion air staging sypplg expectd
that the influence of a temperature window on -lN€lx production is weaker than that of NOx
production through HCN production. In order to make a clear correlation betwegto@G¢€ntrations
in fuels and the corresponding conversion raggure 22 inditates a difference value that subtracts
the quotientwh i ch i s
CH, concentration from the value of C&4,=0) in each case of ,. The calculated amounts of the
vertical axs are in inverse proportion to the primary equivalence ratio gfand it could be
approximated by the following expression (3#4) the range of , between 0.44 and 3.00he

obt ai

ned

by

di vi

di

ng

each

conyverl

p
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of 0.44 is the minimum value in this case of the-ssé@iging supply combusin, or indicates
nonstaged combustion.

C.R(cH,-0)T pC. R. 4 =T#6& H, + 90 (39

C.RcH,-0)=f( p) (35)

The term offi C . R 4] /ojedhs$ithe conversion rate of Nité NOx through intermediate HCN
per unit CH concentration and can lescribe by the function of , at any CH concentration in
fuel. C.R(cH,-0) can be expressed without controversy as a function of the primary equivalence ratio

p as shown in Figure 1And alsq the lefthand side of equatio{34), i C .(cR..0)T pC. R.4/,§ CH
can be expressed as a function of,, and the expression(34) shows accurate straighmhe
approximationqpC . R. i's the conver endsnincreasd deperding oa bothtthe H C
CH, concentration and p. SinceqpC. R.4J [ C8 T R.BccHR 00 p er swoncentratiGnH
AC.CR.0)T pC. R.4/ & CEIgqu a¥ GR@,c¢0 NE. Rin case of fuel with unit Cid
concentration of %. If each of C.RcH,=0) and C.R. was approximated by quadrétiection of |,
leading coefficient bsecondorder termof approximationof C.R. was twice of that of the case of
C.R(cH,-0). As a result the coefficient of secondrder term of quadratic approximatiaf the
left-hand side of equation (34pme out everandthe equation(34) can be aproximated by a linear
function ofthe ,,wher e t he 1496 0a dd mdhey ¢ e pTie Stasdarfl dediddian of the
approximationequation (34)vas within 4.8%. It is believed that the deviation of experimental value
from the approximation of a mean square method is causéaly by selective mutual reductions
where prompt NO and early produced D react with NH in the range of a primary equivalence
ratio between 1.0 and 1. However the expression (34¢ould be supposed to have a range of both the
gradient and the-interceptoccupied by twestaged combustion desigasdexhaust temperature. The
expression (35) as a function of, exhibits some range with the fuel CQ/kholar ratio as shown
in Figure 16too.

Whenvertical axis offi C .(ccR,.0)7T @C . R .,/ @ Edtire 22equals zerpconversion rates in fuel
containing no ChHof i C.cR,.000 b ecome e qu alnvetsion rateb ef Nipgta NQxi a |
through HCNof A qpC. Ry /O] WHhhder the conditi onsinothérevoredss f ue
pC. R. i's i n proopcentrationavith proportiandlitg fac@iHof 1.0 under the condition
of 2.0 of , and the conveisn rate of NH to NOx through HCN accounts for half of the total
conversion rate at unit GHconcentration of %. And negatecHvopispC.fR .4 ¢ .CR.
indicate that the conversion rates of Ntéa NOx through HCN account for over half of the tota
conversion rates of NdHo NOX.

In the case ohdopting twestaged reducing combustion into Cidy, a small percent CHand N
mixture fuel to reduce fullOx, the dominant setting conditions of the primary equivalence ratio
(which minimizes the convem rate of fuebound nitrogenous compounds to NQOxjust be
determined linearly depending on the igncentration. Fuel constituents depend on the raw materials
of feedstock the gasification agentgasifier typesand plant operations. Expressions (a#p (35)
show that the conversion rate of nitrogenous compounds in the fuel tcaNOx part of t he
performancecould be guessed in the case where the fuel contained, &dbistituent at any given
concentrationif experimental data on the ended gas turbine combustor waeliminarily obtained
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both in fuel containing no CiHand in a typical example of fuel containing @, at two
conditions eachln terms of its engineering implicationis is noteworthy that the above mentioned
method can be applied to various fyaks shown in Tab&l and 2.

3.1.4 Combustion emission characteristics of medisim fuel

ThermatNOx emission baracteristics

The calorific value of gasified fuel changes depending on the type of gasification agent and process
and the raw materials of feedstock. Therefthe NOx emission characteristics of different calorie
fuels were studied using the smallfdgion burner shown in Figure 10.

Figure 23 shows a correlation between the equivalence ratig and thermaNOx emissions
NOx¢, with fuel calorific value as a parameterthen NH and CH, were not included in the fuels. In
tests the fuel calorific value was adjusted by controlling the nitrogen dilution while maintaining the
CO/H, molar ratio n fuels of constant 2.33. The theraNDx emission concentration increased as the
fuel calorific value increased. When the fuel calorific value was set tdMa/@°, the thermaNOXx
produced was 1ppmor less under the conditions of the equivalence raebseen 0.1 and 3.0. When
the fuel calorific value was raised to 1M@/m°, the thermaNOXx emissions reached a maximum of

approximately 28@pm

Figure 23. Influence of fuel calorific value on relation between equivalence ratio and
thermatNOXx emissios.

300 [ .
i CO/H2=2.33

i Iﬁ CH4=0%
: Tair=643K
250 [ Tfuel=633K
[ Viuel=96m/s
200 F HHV MJ/m3|.
g_ [ O] 42
o [ A 8.4
< 150 - ol 114
X A
Q :
< 100 -
[ (]
50 -. .
ol

It can be inferred from the above that in order to improve the thermal efficiency of the power plants
by raising the gas turbine temperature for the various gasified mdtwruels and BFG fueJdoth
fuel-NOx and thermaNOx emissions mustebsimultaneously controlled. In the case of BFG fuels
is necessary to increase the fuel calorie by mixing the higher calorie COG and LDG with BFG in order
to make the combustion stable. The {staged reducing combustion was effective in reducing the
fuel-NOx emissions in the case of IeBiu fuel, but its effect on therma@llOx emissions proved too
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small to be apparently significant. On the other hamel mediuraBtu fuels abounded in thermBIOx
emissions. The effects of the tstage combustion on théhermalNOx emissions of the
oxygenblown gasifiegdhigher calorific fuels were then investigated. Figure 24 shows the thi@al
emission characteristics in tvwgbage combustion with the fuel calorific value as a parameter. The
averaged equivalence i@f combustor exhaust ey, is set for each fuel calorific valuso that the
combustor exhaust gas temperature is set and maintaib@d3gt. The horizontal axis is the primary
equivalence ratio of . The other test conditions are pursuant to theesashown in Figure 23.

At any fuel calorific valugthe thermalNOx emission concentration indicated maximum when the
primary equivalence ratio was approximately 1.0. In each, tasenalNOx emissions decreased by
raising the primangequivalence ratidnigher than stoichiometric mixture conditionghile the higher
calorie fuel increased thermBllOx emissions under the same exhaust temperature conditions. Then
there was an optimum primagguivalence ratio that minimized theraNDx emissions with respe
to each fuel calorific value. That,i# is possible to reduce thermidlOx emissions by using a
two-stage reducing combustion in which, is optimized for the each calorie fuel. Whésr example
the fuel calorific value increased to 1IMW/m°, the two-staged reducing combustion could decrease

the thermalNOx emissions approximately by half.

Figure 24. Influence of fuel calorific value on relation between the prireqyivalence
ratio and thermalNOx emissions in twstage combustion
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FuelkNOx emission characteristics

In low-Btu fuel consisting chiefly of COH, and a small percent of GHthe optimization of the
two-stage combustion relates closely to thes@dncentration in the fuel. The influence of CH
concentration was investigated o thffectiveness of the twstage combustion to suppress fN&Dx

emissions in the case of the higher calorific fuel.
Figure 25 presents a relationship between the primary equivalenge rgtend the conusion rate

of NH; to NOx, C.R,, in two-stage combstion with CH concentration in the fuels as a parameter. In
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tests the average temperature of the exhadsy is set to 1773 K, the fuel cabrific value

is 11.4MJ/m°, and the fuel containd000 ppm of NHs. As in Figure 17when changing the CH
concantration in the fuelthe CO and klcontent was adjusted by, Milution in order to maintain the
fuel calorific value at constant and the fuel C@fHbolar ratio at 2.33. The other test conditions are
pursuant to the values shown in Figure 24.

Figure 25. Effect of CH, concentration on conversion rate MH3; to NOXx in two-stage
combustion of mediumBtu fuel
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In the same way as the case of the-Bw fuels in Figure 17the optimum primary equivalence
ratio that minimizes the cwersion rate of Nglto NOx was affected by the Gloncentation in the
fuel. That isthe conversion rate indicated a higher value with the rise in thec@itentration in the
fuel under conditions where the primaguivalence ratio was the stoichiom@imixture ratio or less.
By raising the primargquivalence ratio higher than stoichiomettize conversion rate decreased
rapidly at any Cll concentration in the fuel. Furthermotbere was an optimum primaeguivalence
ratio that minimized the conv&on rate with respect to each fuel £tbncentration. The higher the
CH, concentration in the fuethe lower the optimum primasgquivalence ratio and the higher the
conversion rate. This means that the optimum priregryvalence ratio must be adjustedthe
narrow range in higher CHtonstituent fuels.

In the lowBtu fuels in Figure 17the conversion rate of C.R. decreased rapidly by raising the
primary-equivalence ratio of , higher than stoichiometric conditionand indicated the minimum
value. Utike the lowBtu fuels of Figure 17/however the C.R. did not rise steeply with a rise in,
after each value of the C.R. had shown minimum value with respect to egdo@idntration. One of
the main reasons the conversion rate did not show a steewittsn the higher , was that the
concentration of kiconstituent in the mediwBtu fuel was sufficiently high at any Gloncentration
condition compared to the lowBtu fuel. That isthe tested mediufBtu fuel contained about 24% of
H, when the CH concentration was 3%while the lowBtu fuel cited in Figure 17 contained, H0%
or less in fuel containing only 0.5% of GH
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In these diffusion flamesoth the oxidation reaction and the preferential diffusion of each fuel
constituents have a great infleenon the selective mutual reduction betweens ldhid NO under
coexisting Q conditions as prescribed iSection 3.1.2. Oxidation rate and preferential diffusion rate
of Hy are faster than CHand CQ and the elementary reactions that involvedrve theoxidation of
the fuel constituents. Thug the diffusion combustion of theHich fuel, such as oxygeblown
gasified mediurBtu fuels the elementary reactions that produceniblecule are inhibited and the
oxidation of H contributes to the productiasf OH, O and H radicals in the flame front under lower
temperature conditions. These radicals promote the oxidation reactions of the fuel constitugnts of H
CO and CH, and consequently NO production through both HCN and the reproduced-bi3 s, as
chain carriers hardly occur. MediuBtu fuels have large amounts of CO angdddmpared to the CH
constituentand burning of the CO and,Honstituents have the potential to reduce NO under both
primary fuetrich conditions and secondary ftleln couwlitions.

3.2.Noncatalytic reduction oNH; from gasified fuel

In this sectionthe selectivenon-catalytic reduction technology ®&fH; [93], from gasified fuels is
described under the coexistence of small amounts,&dn@ NO by applying welknown seletive,
noncatalytic NOx removal techniques in the exhaliisie effects of added NO and €oncentration
and the influence of CQH, and CH in gasified fuels on the decomposition characteristics of aitd
NO, have been examined by experiments usingaléu flow reactorand by numerical analysis based
on reaction kinetics.

3.2.1 Experimental device and numerical analysis model
Experimental device and method

Figure 26 is a schematic diagram of the experimental apparatus used in thiSkuflpw tube
reactor was made of a very pure quartz tube having mrh7nner diameter and a reacting section
length of 1000 mm; the exterior wall of the reactor was insulated. To heat the reactor etlemly
heaters of the tubular furnace were divided into threekblot an axial directionEach component of
the reactant gases was controlled by a mass flow contratlieed evenly by a mixer and supplied to
the reactor at room temperature. The accuracy of the mass flow controller flowbested on
repeatability andinearity error was within aboutt1.5% of each range full scalasing each range
controller according to the required flow rate.

At the reactor exjteach gas componénsuch as N NO and Qd was measured using an
ion-selective electrode methopd chenfuminescent method and a galvanic cell methredpectively.
The H, CO and CH were measured by the gas chromatograph metrsadg a thermal conductivity
detector(TCD). The analyzers were calibrafjezhch with standard gabefore use. The measured
values are valid within about10 ppm in volume practically with the above mentioned analyzer
repeatabilities 0#3.0%, £1.0%, 22.0%, and+1.0% of each full scale rangeespectively. Appropriate
ranges were selected for the measuring deyieesl each cdbration gas was used for each
measurement object as neededassure that experimental error and uncertainly would be minimal.
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Figure 26. Schematic diagram of experimental apparatus designed to yield
homogeneous reactions

[\

O2| NO L E
H2

—]

Mass flow controller |]

Y .
A NOXx
Insulation
CcOo H2| N2| NH3|
Quartz tube I:’
s T I
ooo

Mixer ° e NH3 [

As indicated by the fuel compositioeemmarizedn Tables 1 and 2the gasified fuelsproduced in
air-blown gasifiers and oxygenlown gasifiersand BFG had CO and Kas their main combustible
components with small amounts of CHand NH. The caloriic values of gasified fuels were
between 2 and 181J/m°,

At first, the main components of the test gas in the present study were CQ, ahlditeld with N,
so that its calorific value and component could be adjusted in the same way as tygtavmir
gasified fuel. The effects of CO and,Hh high concentration on the oxidation reaction of ;N¥ith
NO to N,, were examined in order to investigate the adaptability of thig iFhoval method to
oxygenblown gasified mediurBtu fuel and each gaseous fudlhe effects of CH in low
concentration on the Ny-bxidation were also examined. Other components found in the operational
gaseous fueJ]such as C@and HO, were not considered.

Temperature distribution in reactor

Figure 27 shows the measurements @astrwise temperature distribution of the central axis of the
reactor under conditions in which the sample fluid wa®N\3.1x10 *kg/s; the temperatures were set
at1273 K, 1073 K and 8B K, respectively.

Temperature distribution was measured by insedispeatttype thermocouplel.5 mm in diameter
into the reactor. A uniform temperature zone was maintained throughout approximately G&0tmem
reactor except at the entrance and exit portions. When the temperature was38tlafthe residence
time of gas in the uniform temperature was about 1.1 seconds; the total residence time was about 2.;
secondsincluding both the entrance and exit portions. In the case of reaction temper&tdr8 ¢,
the Reynolds number was calculated as low as 120 ankthcity entry region was as short asi.1
[103]. Since the distance from the inlet of the reactor to the heating origin isr).i7s logical to
assume that the flow developed fully at the point of heating origin.

In the case of numerical analysesscribed laterthe axial temperature distribution in the reactor
was given by the test results wherg fliéwed at the rated gas flow ratehile the following sample
gases reacted and produced reaction heat. The amount of oxygen added in the reastiwwasgsse
small that the heat of reaction was small enough to be considered.
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Figure 27.Measured temperature distributions in regdtowing N, gas at rated condition
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To investigate the validity of theumerical analysis used in this studpmparative calculations
were performed under the same conditions as in experiments by{14jorconcerning noftatalytic
reduction of NOx in exhaust gas by Bidjection.

Figure 28 shows a agparison between the @erimental results obtained by Lyon and the analytical
results obtained by Hasegawtal. [93], concerning mixed gas consisting of 388m NHs, 225 ppm

NO, 380ppmHo>, 2% O, and the dilution of gas as;N

Figure 28 Comparison of model prediction with thexperimental data of Lyofi74] on

concentration of Ngland NO in the NFNO© H , system as the condition of selective
noneatalytic reduction of NOx
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These analytical results accurately predicted thaatemh characteristics of Nf-and NQ and the
NO reproduction profile in high reaction temperature agreed with the experimental results by Lyon.
Based on the above resulsimilar calculations were expected to be useful in the prediction of the
oxidationmechanisms of Niwith NO. Furthermorgas described latgthe production and reduction
behaviors of NH and NO in the CE&H,-O»-NH3-NO-N, system of gasified fuels agreed with the
analytical resultsexcept for the bl higher constituent conditions. That ihe reaction model and
scheme adopted here could be expected to describe the reaction phenomena of various gasified fuel
except in the case of a specific condition.

3.2.2 Influence of various factors omemonia removal characteristics
Effects of reagbn temperature

Hasegawaet al.[93] experimentally investigated the optimum level of reaction temperature for the
selective oxidation of Nklwith NO to N, in a simulated gasified fuel. Figure 29 shows the effects of
thereaction temperature on the redanticharacteristics of NHand NO within the range from normal
room temperature th273 K by adding5000 ppm of O, and1000 ppmof NO to a simulated gasified
fuel consisting of 24.0% C®.1% H,, balanced N and1000 ppm of NHs;. The NH; concentration at
the reactor exit began to decrease when the reaction temperature reached a level a@oKnd 67
and decreased up to 3pPm when the temperature reachg&é73 K. The concentration of NO at
the exit showed a similar trend to that of ;lHhe higher the reactioremperaturethe greater the
decreases in concentration.

Figure 29. Effect of reaction temperature on decomposition of;ldkid NO in aitblown
gasified fuel as defined by experiments
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Effects of adding @and NO

In the test data in Figure 2080 reducton in NH; constituent was observed in either case where O
or NO was absent in the system at each reaction temperitwas found that coexistence of, O
constituent was needed for an oxidation reaction of With NO to N, in the decomposition of NiHn
gasified fuels.

Figure 30 shows the effects of addegd d@ncentration in a simulated gasified figehich is the
same composition as in Figure, 2%cept for the @concentration)on the reduction characteristics of
NH3; and NO under the reaction temperatof1273 K (TFN means total concentration of remaining
NH;3; and NO without decompositionJhe concentrations of NJINO and TFN decreased asg O
concentration increased. When, €oncentration wa$000 ppm, NH3z decreased to 35ppm, NO
to 250ppmand TFNto 600ppm The effects of @concentration on the reduction of RHNO and
TFN heightened as the concentration of addedc@nstituent increased. Howeydrecause of the
danger of injecting @in the actual IGCC planin the following examinationthe G concentration
limit was assumed to 00 ppm,which decreased TFN by about 40%.

Figure 30. Effect of @ concentration on decomposition of Aldnd NO in aitblown
gasified fuel as defined by experiments
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Figure 31 experimentally shows the effects amided NO concentration. NHconcentration
decreased as added NO concentration increased and remaininghid® was not decomposed
increased rapidly when added NO became &id or more. As a resyladded NO concentratipby
which TFN was minimizedexisted and becamE00 ppmunder this condition.
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Figure 31. Effect of NO concentration on decomposition of N&hd NO in aitblown
gasified fuel as defined by experiments
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Effects of combustible components

The main combustible components of gasifieels are CO and Hthe gasified fuels also contain a
small amount of CH In a selective noratalytic reduction of NO with Nl under the coexistence of
O, the influence of an Fconstituent on the reaction temperature for the decomposition of NOlis wel
known. The influence of § CO and CH, combustible components in the gasified fuels on
decomposition characteristics of hlahd NO are resolved in the following.

(1) Effects of CO constituent

As indicated in Tabkel and 2 the gasified fuels containkagher concentration of CO. There have
been investigations on CO constituents which have concentrated on the effect of very small quantities
of CO on flue gas denitration reactions by Nid other amines. Herle influence of CO in the fuels
on the seletive oxidation of NH with NO to N, and behavior of chemical species are discussed.

Figure 32 experimentally shows the effects of CO on the decomposition characteristicgafdNH
NO under the reaction temperaturel@”3 K. The test gasesvhich contaned 1000 ppm NH3, 1000
ppm NO, 5000 ppm O, and CQ were diluted with N so that each component was set at the required
concentration. The NHof 99% or more was decomposed at each CO concentration while the
decomposition ratio of Nfidecreased slightly asoncentration of CO increased. CO hardly affected
the decomposition characteristics of NH

On the other handhe decomposition ratio of NO differed from that of NHs ratio decreasing
rapidly against CO concentration in the range of 1.5% or lesg. idieng shown local minimal value
NO decomposition ratio rose when CO became 1.5% or more.



Energies201Q 3

Figure 32. Relationship between both decomposition ratios of; dHd NQ and CO
concentration in the NMO© £0 system as defined by experiments
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Figure 33illustrates the behavior of Nf-and NO concentrations against reaction time through the
reaction analysis in a NHL000 ppnNO 1000 ppn® , 5000 ppN , balance systepand systems to
which 1.5% and 10% CO were added respectiieyure 34 indicates the ptaction rates of OHO
and H radicals against reaction time in the same system as Figure 33 by reaction anal@ian®H
radicals are produced at the same time as decomposip@MHNQ and those production rates are
increased as CO concentrationrgases. Moreovethe production rates of H and O radicals exceed
the OH radical when a slight percentage of CO is added into the mixedtgkesthe production rate

of the OH radical is higher than H and O radicals in a system which does not contain CO.

Figure 33 Mole fractiontime profiles of NHs;, NO radicals compaing CO= 0%, 1.5%

and 10% added in the NBNO©O , system as defined by calculation. Reaction

temperature 14273 K.
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Figure 34. Mole fractiontime profiles of OH O, H radicals compaing CO = 0%, 1.5%
and 10% added in the NBNOO , system as defined by calculation. Reaction
temperature 14273 K.
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When CO is added to the systetime oxidation and decomposition reaction of J\Hifts from the
reaction systemwhich is activated by the Olradical to one which is activated by both O and H
radicals. That isNH3 and NO are decomposed intg by the following reactions.

NH3;+O NH;+ OH (36)
NH;+H NH,+H, (37)
NH,+NO Nz +H0 (9)
NH,+NO  NNH + OH (10)
NNH +NO N, +HNO (11)

A part of NH; produced with decomposition of Nk oxidized into HNO by the O radical through
Reaction {6). Some HNO produced IReactions 11) and (16)is decomposed intoNand the rest is
oxidized into NO by the following reactions.

NH,+O HNO+H (16)
2HNO  N,O+H,0 (17)
N,O+H N,+OH (18)
HNO+OH NO+H,0 (19)
HNO+H NO+H; (20

Therefore the NO decomposition rate decreases as CO concentration in the mixed gas increases ir
the range of 1.5% or less. Howeyathen CO concentratn exceeds 1.5% or mor€O consumes an
O radical byReaction 88), because @concentration is 0.5%. Because of an O radical shqr#Qds
reduced to an N radical with oxidization of CO to {38y Reaction 21), and the N radical promotes
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the reduction bNO by Reaction {5). As a resujtthe decomposition rate of NO rises again as CO
concentration increases.

CO+0+M CO+M (38
NO+CO CO,+N (21)
N+NO N,+O (15)

Figure 35 indicates the decomposition characteristics of &ffd NO against reaction temperajure
using CO concentration as a parameter through the reaction analysis. When CO is not incheled in t
mixed gasthe decompositions of N-and NO begin from abodD23 K and most of the Nkand NO is
decomposed at aboiit73 K. The reaction temperature necessary for the oxidation gfAithl NO to N,
decreases as CO concentration increases. In eacho@¢ntration systemNO shows the same
decomposition tendencies as HHp to the temperature that minimizes the remaining NO concentration
in the mixed gas. The influence of addeglif low concentration on the reaction temperature is well
known in the cse of a nortatalytic reduction of NO from exhaust g&%]. That is the optimum
reaction temperature window for the NO reduction decreases as the concentration of low delekdcH
to the system rises. The effects of CO in higher concentration onntiperegure windowshown in
Figure 35 are similar to the case in which added, lth low concentrationlowers the reaction
temperature windowust as H, CO decreases the decomposition reaction temperature;aidHNO.

Figure 35. Effect of CO concentrain on the temperature window as defined by calculation
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Figure 36 indicates the production rates of, ®Hand O radicals against reaction time using CO as
a parameter through reaction analyasin Figure 34. The reaction temperature 8 R7When @ is
not contained in the systereach production rate of QHD and H radicals is 1& or less and
therefore is not indicated. With added Cthe OH O and H radicals are produced at a lower
temperatureand NH; and NO are decomposed. ThatG@O is oxidized with OH radical and produces
H radical through thé&keaction 89), concurrentlyto oxidation of NH. This H radical promotes the
following ReactionsZ9), (30) and (37).
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Figure 36.Mole fractiontime profiles of OH O, H radicals comparing CO= 0%, 1.5%
and 10% added in the NHNOO , system as defined by calculatioReaction
tempeature is 93 K.
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CO+OH CO,+H (39
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O,+H O+OH (30)
NHs+H NH;+H; (37)

This decomposition reaction of Nkvith NO begins from a low temperature because CO oxidation
occurs actively from about 8K.

(2) Effects of H constituent

In each gaified fuel the mixing molar ratio of CO/Hdiffers according to the types of gasification
and raw materials of feedstqcés shown in Tabkl and 2. In BFG and COG used for power
generation planfghe CO/H molar ratio differs according to the mixingtio of COG with BFGsince
the required fuel calorific value differs according to the plants.

Next the effects of Hin the fuel on the selective oxidation of Rli#ith NO to N, are described.
Figure 37 shows the effects of Eoncentration on the dec@wsition characteristics of NfHwhere a
combustible component wa&) only H, (b) mixing ratios of CO and Hat 1/3 1, 3. The other test
conditions were pursuant to the case shown in Figure 32.

The horizontal axis in Figure 37 is the ¢ébncentrationn the mixed gases. NHlecomposition was
dominated by the Hconcentratiopregardless of the coexistence of Ghen H was contained in the
mixed gas. That jghe NH; decomposition ratio was almost 100% in the range of 1% or less in H
concentration ah decreased rapidly as,Honcentration increased to 1% or more. When H
concentration became 40% or mokH3; was hardly decomposed. The calorific values ofbtwn
gasified fuels produced from various types of gasifiers were almost the lsai@O/H molar ratios
were different. That isits CO/H, molar ratio ranged from about 0.5 to 1.0 in the fluidibed type
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gasifier and its ratio was from about 1.0 to 3.0 in the entrait®a type gasifier. The oxygehlown
gasified fuel also contained as mual 30% of H. Since H concentrations in the ablown,
entrainedflow type gasified fuels were as low as 9is NH; removal method was more effective in
air-blown, entrainedflow gasifiers than in other cases. With this-ldivwn, entrainedflow gasified
fuel, the decomposition ratio of NHeached nearly 60%.

Figure 37. Relationship between decomposition ratio of N&khd H concentration in
combustible components as defined by experiments
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Figure 38 shows the relationship between the NO decompostitaracteristics and ,H
concentration in the mixed gases. The test conditions were the same as the case in Figure 37.

Figure 38. Relationship between decomposition ratio of NO andcbincentration in
combustible components as defined by experiments
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Figure 39 shows an expansion of the range of 5% or less icohtentrationas indicated in
Figure 38. The NO decomposition ratio depended pondrdcentration regardless of the coexistence of
CO, as well as the case of NHVithin a H concentration rangef 2% or lessthe NO decomposition
ratio showed a minimum valué0-70% when H concentration was about 0.3%. In this regane
local minimal value of NO decomposition deteriorated with a rise in the mixing ratio of LLO/H
Additionally, the H concentrdon at which NO decomposition ratio took the minimum tended to
decrease slightly with a rise in the CQ/khixing ratio. The NO decomposition ratio showed a
maximum value of 95% whenyldoncentration was about 2%.

Figure 39. Relationship between decompasit ratio of NO and Kl concentration in
combustible components as defined by experiments: same as Figure 38 except that the
range of xaxis is within 5%
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These results show that the higher the CO concentration in the mixethgasnaller the NO
decompsition ratio. Moreoverthe NO decomposition ratio decreased asdtcentration increased in the
range of 2% or morelust as Nkl NO was reduced nearly 70% in the case ablawn, entraineeflow
gasified fuel in other cases of gasified fugksuch asthe airblown, fluidized-bed gasifier and the
oxygenblown, entrainedflow gasifiers the decomposition ratio of NO decreased further.

As shown abovethe influence of CO concentration on NO decomposition characteristics was
apparently canceled when caging with H, while CO exerted a different influence from an H
constituent on the decomposition characteristics of &0ndicated in Figure 32.

The decomposition ratio of NO was also basically dominated by tleeritentration. In this regard
howeve the NO decomposition itself was affected by the CO constituent in a multilayered way.
Therefore the characteristics concerning the local minimal value of NO decomposition were
marginally affected by the COgHmixing ratig too. That is to sayin Figure 32, the 1.5% CO
constituent minimized the NO decomposition ratio. Aleathin the range of 0.3% or less of;H
concentration in Figure 3%he local minimal value of NO decomposition decreased as a result of CO
constituent addition. The CO reacted with N¥D, N, and NO to produce intermediate NC@nd
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some CO reacted with N to produce CN that would be oxidized to NCO. These NCO were
decomposed to CO and; Hy the following reactions. Thuaddition of CO constituent in low range
formed the circulating gaway of N chemical species and inhibited the decomposition of NQ.to N

NCO+H, HNCO+H (40
HNCO+H NH,+CO (41)

Furthermorethe reaction behaviors shown in FigaB¥, 38 and 39 have been in agreement with
the results of kinetic analyses under the condition whemHhicentration was 40% or below. However
the above reaah trends have basic agreement with the analytical results under higher H
concentration conditions.

Figure 40 illustrates production rates of OBl and H radicals against reaction time through the
reaction analysis in NH1000 ppmNO 1000ppmO, 5000 ppmN, balance systeyrand systems to
which 1% and 10% Kis added respectively. When the concentration of addeith the mixed gas
increasedOH, O and H radical production rates occurred eardind the decomposition ratios of jH
and NO increasedoreove, the effect of H addition hastening the production rates of the activated
radical was greater than in the case of CO addition in Figure 34. In addilien a slight percentage
of H, was added to the mixed gaise production rate of the H radical egded the OH radicalvhile
the production rate of the OH radical was higher than O and H radicals in a system which did not
contain H. Because @concentration was 0.5%he O radical was consumed by oxidation efwhen
H. concentration became 1% or moBecause of the O radical shortatygl; was oxidized to Nbl
mainly with the H radical biReaction 87), partly with the OH radical bReaction 42). Moreoverthis
NH, has reacted with the H radical and decomposed into the NH radi&egdntion {2). Hovever,
because the forwarReactiors of (37) and (12) may produce,HNH; decomposition was disturbed
when H concentration increased in the mixed,gasexperimental results show in Figure 37.

Figure 40.Mole fractiontime profiles of OH O, H radicals comparing H= 0%, 1% and 10%
added in the NBNO© , system as defined by calculation. Reaction temperata&y K.
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NH; + H NH, + H, (37)
NH3 + OH NH, + H,O (42)
NHo+H  NH + H, (12)

Figure 39 shows the effects of Hn NO decomposition. Whet, concentration was 0.3% or less
the amount of NO reproduction increased rapidly agaipsioHcentrationand the NO decomposition
ratio decreased rapidly. This was also true where the system did not coptasnsHown in Figure 32.
However when H concentration increased from 0.3% to 280 N radical was produced from an NH
radical throughReaction {4), and the reduction of NO with N radical IReaction {5) contrarily
increased againstioncentration.

NH+H N+H; (14)
N+NO N;+O (15)

When H concentration increased to 2% or more in the mixed tiasforwardReactios (37)
and (12) were restrained in the high reduction atmosphere and the production afidNNH radicals
necessary for decomposingONdecreased rapidlyurther reducing the NO reduction ratio. Figure 41
shows the decomposition characteristics of sN#thd NO against reaction temperature using H
concentration as a parameter through reaction analysis. When both CQ amednidt contairgkin the
mixed gas decompositions of NiHland NO start from about023 K, with most NH and NO
decomposing at aboutl73 K. However when 1% of H is included in the mixed gasxidation
reaction of NH with NO starts from 73 K, with almost 100% of Nklbeing decomposed at 8X. In
short the decomposition reaction temperature ofs;Nlécreases about 330 and its temperature
window become narrower ogared with systems that do not contaip H

On the other hand\NO indicates the same tendency as3Nig to he temperature at which the
remaining NO concentration reaches its minimunreither case of 1% 4br no H. NO concentration
which remains without decompositiogradually increases when the reaction temperature rises further.
As is widely known H, in low concentrations has the effect of decreasing the reaction temperature
window at which selective oxidation of NKvith NO to N, under the coexistence of,Jeaches its
maximum. H in higher concentrations has the effect of decreasing the reactionrameavindow of
selective oxidation of Nklwith NO to N, under the coexistence of,Gand the effect of His larger
than that of COshown in Figure 35. Though not shown hexeperimental results under the above
mentioned conditions show close agreenweitih the analytical resulisuch as a starting temperature
and the optimum temperatures that minimize the concentrations efaNéi NO. In this regard
however when H concentration increases to about 1G#e temperature window vanishes and the
concentations of NH and NO tend to decrease slowly with a rise in the reaction temperature.

As shown in Figures 40 and 4he OH O and H radicals would be produced in large quantity under
the high temperature 4273 K, and used for NgldecompositiorReactiong16) and (19). If the reaction
temperature decreased to39R, each production rate of QD and H radicals decreased Yor less
under conditions where ;Hs not contained in the NHLO00 ppmNO 1000 ppmO, 5000 ppm-N,
balance systemust as in the e of Figure 36where the influence of CO was investigated by
numerical analysis.
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Figure 41.Effect of H, concentration on the temperature window as defined by calculation
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As in the case of a CO constitugtite OH O and H radicals were produced dbwer temperature
of 973 K by adding H, and they promoted decomposition of Nahd NO. That iswhen H was
contained in the mixed gathe OH radical was produced witkeaction 81), and this OH radical
reacted with Hand Q by chainReactions §2), (30), (33), and (29) and produced OHO, H and HQ
radicals thereby activating the system.

O,+H, 20H (31)
OH+H, H)O+H (32)
O,+H O+OH (30)
O+H, OH+H (33)
H+O,+M HO+M (29)

The reaction system was activated from the low temperature becaws@detion occurs actively
from about 63 K.

(3) Effects of CH constituent

Almost all of the gasified fuels contain a slight percentage of ®kth concentrations lower than
those of CO and H Since the oxidation mechanism of £l more complicated than those of CO and
H,, the effects of CHon the selective oxidation of NHvith NO to N, were examined when CO and
H, are not included in the mixed gas. Figure 42 shows the effects @f o@Hhe oxidation
characteristics of Ngwith NO to N, using reaction temperature as a parameter when the test gases
which containedl000 ppm NH3, 1000 ppm NO, 5000 ppm O, and a slight percentage of GHare
diluted with N.. In the case of 4093 K reaction temperatuyeNH; and NO revealed the same
decomposition characteristics. That tke decomposition ratios of NHand NO revealed higher
values 100%and 87% respectivelyithin the narrow range of 0.08.1% in CH concentrationwhile
NH3; and NO were hardly decomposed outside of this range. When the reaction temperature rose tc
1273 K, NH3 decomposition characteristics displayed tendencies whichratiffieom the case of NO.
The NH; decomposition ratio was almost 100% within the range of 0.4% or less afdbigdentration
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and it decreased rapidly as £ebncentration increased to 0.4% or more. On the other, tiaadNO
decomposition ratio showed a mimim value of 50% when CHoncentration was about 0.15%
maximum decomposition ratio of 100% when [aidncentration was about 0.5%nd it decreased as
CH, concentration increased in the range of 0.5% or more.

Figure 43 shows the effects of gHoncentrdion on the decomposition and formation
characteristics of C(H, and CH, using reaction temperature as a parameter under the same conditions
as Figure 42. In a reaction temperaturd@d3 K, CO and H produced from Cllby pyrolysis reacted
with OH, O andH radicals which were produced by @ecompositionand produced more QI and
H radicals; they also promoted the oxidation reaction of Wkh NO in the range of 0.1% or less of
CH, concentrationas shown in Figure 42.

Figure 42. Relationship betwee both decomposition ratios of NHand NQ and CH
concentration at reaction temperature4@¥3 K and1273 K, as defined by experiments
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Figure 43. Effect of CH, concentration on production of some species at reaction
temperatures df093 Kand1273 K, as defined by experiments
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In the Figure 43CO and H were produced through GHlecomposition in the overall reaction
processand oxidized to C@and HO respectively at exit of the reactor; at this po@®, H, and CH,
constituents were hardly detable. Howeverwhen the ChH concentration increased to 0.1% or more
the remaining Chklconstituent that was not decomposed by pyrolysis increasddeach concentration
of CO and H, which was produced by pyrolysis of GHlecreased rapidlyand the oxidtion reaction
of NH3z with NO was controlled.

On the other handwhen the reaction temperature rose1®3 K, CH, decomposed almost
completely to CO and Hn the range of 0.5% or less of ¢Ebncentration. The OHD and H radicals
which were produced ithe oxidation process of CO and,gromoted the oxidation of NHwvith NO
to N, as shown in Figure 42. The decomposition characteristics gfaddd NO in this case were
similar to those in a system that contained both CO apdasishown in Figure 39. @his H,
produced by pyrolysis of CHargely affected the decomposition of pléhd NO. If 0.15% of Chithat
locally minimized the NO decomposition ratio was perfectly decomposed to 0.15% CO and £.3% H
the 0.3% of H corresponded to the conditions tminimized the NO decomposition in Figure 39.
When CH concentration increased to 0.5% or madte decomposition rate of GHy pyrolysis
decreased rapidly and each concentration of CO anhavirich were produced by pyrolysis of GH
decreased rapidly. Othese groundsthe production rates of QHD and H radicalsnecessary for
decomposing Nk} decreasedand the oxidation of NgHwith NO to N, was controlledjust as in the
case of al093 K reaction temperature. In the case of 0.5%,GRe 1% H could beproduced to
maximize the NO decomposition. Howeyer the range of 0.5% CHor higher the characteristics
that NH; and NO decompositions deceased rapidly differed from the cases of CO,anixthre
fuels in Figure 39.

Figure 44 shows the decompositioharacteristics of NFHand NO against reaction temperatures
using CH concentration as a parameter. While the oxidation reaction temperature window wfthlH
NO to N, decreased by about A& when 0.1% of Chlwas included in the mixed gda contraste a
system that does not contain glthe reaction temperature rose oppositely in a system that contained
CH, of 0.5% or more.

Figure 44.Effect of CH, concentration on temperature as defined by experiments
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In the range of 0.1%roess of CH concentrationCO and H into which CH, was almost all
completely decomposed by pyrolystaused the reaction temperature to decrease and promoted the
oxidation reaction of Nglwith NO to N.. However when the CH concentration increased @5% or
more the remaining Chi which was not decomposed by pyrolysigreased and caused the reaction
temperature to rise. Therefothe oxidation reaction of Nd-ith NO to N>, was inhibited.

From the above examinatiom smaller amount of CHn thegasified fuelscompared to CO and b
hardly affected the oxidation reaction of pith NO to N.. Since the gasified fuels contained CO and
H. in higher concentrationshe decomposition rate of GHvhich produced CO and;Hby pyrolysis
was inhibited.Therefore the temperature window of a selective oxidation reaction of Wikh NO to
N, was dominated by Hand not by both CO and GH

3.2.3.Scope of application

In order to develop a caosffective solution for employing hot/dry synthetic gas clearquppment
for IGCCs innovative technology for the selectjweon-catalytic reduction of Nklin gasified fuels
before supplying gasified fugb the gas turbine combustotsas been investigated. The optimum
conditions of added NO and,Oand the influenceof fuel constituents on the decomposition
characteristics of NfFland NO into N have been clarifiedand the total concentration of remaining
NH3 and NQ or total fuetN, could be decreased by about 40% in typical cases-biaim gasified
low-Btu fuel.

However the optimum reaction temperature and the concentrations of added NG, amastObe
rigorously controlled in order to adapt the described technology to each gasified fuel effectively. In
addition decomposition of total fuel could not be decread when the gasified fuels contain higher
concentrations of j For these reasopargets for applying the described technique will be confined to
gasified fuels and BFG that contain as little as 20%0&Hkd their reaction in chemical plants.

The following sections review combustion characteristics and performance-stéldl combustors
or halfscale combustors of multan type gas turbines for each gasified fuel.

4. TestFacility and Method for Demonstration and Combustion CharacteristicEvaluation of
Gasified Fueled Combustors

The preceding chapter reviewed combustion characteristics apdedtttion mechanisms of CO
H, CH; and NH mixture fuel basically through experiments using a small diffusion burner and
numerical analyses. Based on this \kiexlge the Japanese government and electric power industries
have demonstrated a sevenahdred MW-class multicantype gas turbine combustor through a
singlecan combustor test.

This chapter will describe a typical example of a facility and methodsimfighe-can combustion test
using simulated gasified fuels. Following chapters will indicate the characteristics of the various
combustion technologies developed in Japan. IrCiveclusionsvarieties of combustor performance
are cited which can benmediately achieved for the gasified fuels classified into four types in Table 3.
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4.1.Test facilities

The schematic diagram of the test facilities is shown in Figure 45. The raw db&ied by
mixing CQO, and steam with gaseous propawere decomposed 60O and H in the fuel reforming
device. A hydrogen separation mgrane was used to adjust the C@blar ratio. N was added to
adjust the fuel calorific value to theescribed calorieand then various simulated gasified fuels
were produced.

Figure 45. Schematic diagram and specifications of test facility
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This facility had another nitrogen supply line by which nitrogen was directly injected into the
combustor. Air supplied to the combustor was provided using asfage cenifugal compresor.

Both fuel and air were supplied to the gas turbine combustor after being heated separately with
preheaters to the prescribed temperatures.

The combustion test facility had two test rigach of which was capable of performing fathle
atmospheric pressure combustion tests of a stagtefor a severdiundredMW-class multicantype
gas turbine combustoas well as hatscale high-pressure combustion tests full-scale highpressure
tests for around a 10@W -class multicantype canbustor.

Figure 46 shows a crosectional view of the comistor test rig under pressurized conditions. After
passing through the transition piedbe exhaust gas from the combustor was introduced into the
measuring sectignvhere gas components and tenmaures were measured. An automatic gas analyzer
analyzed the components of the combustion gases. Aftethtbagas temperature was lowered through
a quenching pousing a water spray injectionssgm.

4.2. Measurement system

Exhaust gases were sampledm the exit of the combustor through wateoled stainless steel
probes located on the centerline of a vertical crossoseof the measuring duct. The sample lines of
exhaust gases were thermally insulated with heat tape to maintainntbéngasysem above the
dewpoint of the exhaust gas. The exhaust gases were sampled from an area at averaged points in tl
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tail duct exit face and continuously introduced into an emission cqnsbieh measured CQCO,,
NO, NOx, O, and hydrocebons by the same mett® as the test device for basic studies using the
small diffusion burner.

Figure 46. Combustion test rig
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The simulated gasified fuels were sampled from the fuel gas supply line at the inlet of the
combustor and constitueis of CQ H;, CH; H;O, CO, and N were determined by gas
chromatography. Heating values of the simulated gaseous fuels were monitored by a calorimeter and
calculated from analytical data of gas components obtained from gas chrapiayogr

The temperaturesf the combustor liner walls were measured by sheathed thewplesowith a
diameter of 1mm attached to the liner wall. The thermocouples were fixed by thevsgded
stainlesdoils. The temperature distributions of the combustor exhaust gas wereraeteagh an array
of three pyrometer®ach of which consisted of five sheathed Higimperature theratouples.

5. Combustor for Air -Blown Gasification System with Hot/Dry Type Synthetic Gas Cleanup
5.1.Design concept of combustor

Figure 47 shows the reian between the combustor exhaust gas temperature and the air distribution
in the gas turbine combustor using loalorific gasified fuel. To calculate air digiution the overall
amount of air is assumed to be ¥Q0The amount of air for combustionfisst calculated at 1.2 times
of a theoretical air ( = 0.83); 3@ of the total air is condered as the cooling air for the combustor
liner wall, and the remaining air is considered as diluting air.
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Figure 47. Air distribution design of gas thine combustor that burns leBitu
gasified fuel
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According to this thinkingas the gas turbine tempire riseso 1773 K, the ratio of cooling and
diluting air decreases significantland the flexibility of the combustor design is minimized. To
summarize these characistics, it could be said that ¢hdesign concept of the gasbine combustor
utilizing low-calorific fuel, should consider the folaing issues when the gas turbine temperature rises:

(1) Combustion stability. It is necessary to siab the flame of lowcalorific fuel.
(2) Low NOx enmssion technology to restrain the production of fiNéx from NH; in the fuel.
(3) Cooling structure to cool the mbustor wall efficiently with less amount of air.

Figure 48 presents characteristics of the designed and tE&t8K-class combustor. Figer49
illustrates the external view of the burner of the combustor.

Figure 48 Design concept af773 K-class lowBtu fueled combustor
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Figure 49. Tested burner

The main design concept of the contiouss to secure a comkition of low-calorific fuel in a wide
range of turrdown operationslow NOx emissionsand enough coolingir for the combstor liner.
The combustor is designed for advanced-tean combustion that is effective in decreasing-N@k
emissionsesulting from fuel bound nitrogen.

5.1.1.Assurance of flame stabilization

To assure flame stability of lowalorific fuel, an auxiliary combustion chaber is installed at the
entrance of the combustor. The ratio of the fuel allocatedet@tixiiary combustion chamber is %b
of the total amount of fuellThe fuel and the comistion air are injected into the chamber through a
subswirler with a swirling angle of 30 degree. By setting the stoichiometric conditions in this chamber
under ratedoad conditionsa stable flame can be maintained. The rest of the fuel is introduced into the
main combustion zone from a main swirler surrounding the exit of theay»dombustion chamber.

5.1.2.FuekNOX reduction

To restrict the production of fudlOx that is attributable to Ndtontained in the fuethe twostage
combustion method (ricean combustion method) is introduced. The testechbogtor has a
two-chamber structurevhich separates the primary combustion zone from the secondary stimmbu
zone. In additionthe combustor has two main design characteristics for reducingNfel as
indicated below:

(2) Air to fuel ratio in primary combustion zone

The equivalence ratio of the primary combustor is ardeteed setting at 1,6ased on thedsic
combustion tests of Figure lpreviously caducted using the small diffusion burner [82].

From the basic combustion test resuttés known that the convsion rate of NHto NOXx is chiefly
affected by both the equivalence ratio in the primarylmgstion zone and the Gldoncentration in the
fuel, when using the twstage combustion method.

When the fuels contain GHHCN produced in the primargombustion zongs easily converted to
NOx in the secondary comftion zone along with the decompogin of NH;. Thereforethere is the
optimum equivalence ratigvhich minimizes the conversion rate.
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Based on the fact that lewalorific fuels derived from the intended -hilown IGCC contained
approximately % of CH,, the equivalence ratio in the primacgmbustion zone is set at 1.6. The
fuel and the cmbustion air are injected into the tested combustor through the main swinlieh
has 30 degree swirl angle and 15 degn&evert angleto make these gases mix evenly.

(2) Introduction method of seadary air

An innovative idea is applied for secondary air intrcigtun. With the decomposition of fuel bound
nitrogen a large portion of the total fixed nitrogen (TFEN)yoduced in the primary combustion zone
(including NQ HCN and NHi), is converted tdNOx in the secondary combustion zone. The influence
of secondary air mixing conditions on the NOx production is examined from the viewpoint of
reaction kinetics.

Figure 50 shows the equivalence ratio distribution models in the combustor when the primary
equivalence ratio ,is set at 1.§61]. The following two cases are thus assumed for the distribution of
equivalence ratios in the secondary combustion zone; one presents the case in which secondary air
instantaneously mixed with the main flow; in dmat examplethe secondary air is mixed in ten steps.
The combustor can be expressedabynodular model in which each combustion zone means a
perfect stirred reactor; neither the effect of diffusion nor the radiant heat transfer of the flame are
taken nto account.

Figure 50. Relation between reaction time and equivalence ratio distributeshiusinalyses
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The reaction temperatyr@ 70, in the primary zone is regarded as the adiabatic flame temperature
corresponding to thdesigned equivalence ratio and the reaction, fird®, is set at 10ns. At the same
time (irrespective of the mixing conditions of secondary, &im¢ reaction temperature @f in the
secondary combustion zone is setl&73 K (1300 € , which corresponsl to the equivalence ratio
of 0.5) and the reaction time Bfis set at 10ns.
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As a resultit was found that the slower mixing of the seconekiirycaused the conversion rate of
NH; to NOx to decline further (Figure §61]). Based on this resulan eterior wall was installed at
the secondargir inlet section in the tested combustor to make an intermediate pressure zone of the
dual structure. By providing this dual structutiee flow speed of the seadary-air introduced to the
combustor decreased YOm/s compared to 120m/s without the exterior wall; thus the sadary air
mixing was weakened.

Figure 51 Effect of secondargir introduction methods on conversion rate ofsNiHfuel
to NOx, definedby calculation
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5.1.3. Cooling of combustor liner wall

To compensate for the declined cooling air ratio associated with the higher demgef the gas
turbing the tested combustor is equipped with a ditialcture transition piece so that the cooling air
for the transitbn piece can be recycled to cool the combustor liner wall. THengaair that flows into
the transition piece from the exterior wall cools the interior wall withrgmingement methqgdand
moves to the combustor liner at the upper streamside.

For the auitiary combustor and the primary combustion zone in which temperatures are expected to
be especially highthe layerbuilt cooling structurewhich combines impingement cooling and film
cooling is employed. For the secondary corstinn zone the film coolng method is used.

In addition to the above design charaders, the primary air inlet holes are removed to maintain
the given fuelich conditions in the primary combustion zone. Alsoe overall length of the
combustor inclding the auxiliary chambyeis 1317 mm and the inside diameter is 3%6m. The
standard conditions in the combustion testssamamarizedn Table 5. Combstion intensity at the
design point is 2.8 10° W/(m¥Pa).



Energies201Q 3 40C

Table 5. Standard test conditions

Tair 700 K
Tmm 633 K
Tex 1773K
U, 16 m/s
P 1.4 MPa
ex 0.62
Combustion Intensity 2.0x 10°W/(m°Pa)

5.2.Test results

Combustion tests were conducted under atmospheric pressure conditions. Concerning the pressur
influence on the p&ormance of the combustar half scale combustowhich has been develed by
halving in dimensionwas tested under pressurized conditions. In jtesipplied fuels into the
combustor were adjusted the same as components of thiowir entrainedlow gasified coal fuel
shown inTables 1 and.ZThe other test conditions veepursuant to the standards shown in Table 5.

5.2.1.Combustion emission characteristics

Emission characteristics in gas turbine operations

Figure 52 shows the combustion emission characteristics under the gas turbine operational

condtions of fuel contaimg 1% of CH and1000 ppm NH3s. When the gas turbine load was’25r

higher (which was the single fuel firing of gasified fughe conversion rate of NHo NOx was
reduced as low as 20 (NOx emissions corrected at 16% ®@ere 60ppm), while the combstion
efficiency showed over 99.96in each gas turbine load. FedOx emissions particularly are greatly
affected by the fuel constituent of ¢ehown in Figure 1,7and the air distribution design of combustor
must be optimized in each gasified fuel contagndifferent CH concentrations. Though not shown in
Figure 52the thermalNOx emissions were as low as gfimat any gas turbine load.

Figure 52. Combustion emission characteristics
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Effect of fuel calorific value on COngission characteristics

Figure 53 shows the relationship between the higher heating value of fuel and CO emissions at the
equivalentrated load conditions with the combustion pressure as a parameecombustor exhaust
gas temperature is set at a constzalue of1773 K (1500 € ), and the othetest conditions are
pursuant to the equivalent standards shown in Table 5.

Figure 53. Influences of fuel calorific value and pressure inside combustor on CO
emission characteristic8, y: Experimental dataBroken lines correspond to exponential
approximations on a likéor-like basis of pressure. These lines are interpolated within the
range of experimental data and drawn by extrapolation to lower fuel calorie conditions.
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At each presure conditionthe CO emissions tended to increase with the decrease in the fuel, calorie
while the residence times of the combustion gases in the combustor were approximately constant at an
combustion pressures. In each fuel calorific valbe CO enssions tended to decline significantly as
the combustion pressure increased. Where the fuel calorific value wds/d?2 (although 30(ppm of
CO was emitted under atmospheric pressure conditions using the-saalealcombustor)the CO
emissions declinedharply with the rise in pressure and showed aboyipb@when the pressure rose
to 1.4MPaof the equivalent rated load pressure using the half scale combustor. Thus the combustion
efficiency was nearly 1088 under the rated load conditions. This is beeaeach elementary reaction
rate increases and the oxidation reactions of CO are enhanced with rises in combustion pressure.

In the combustion testthe influence of the fuel calorie betweeM3/m* and 6MJ/m?, on both the
CO emissions and the combustistability, were investigated at the exhaust temperaturé7é8 K.

The CO emissions decreased as low ap@@ under the rated pressure of M#a where there was

no noticeable effect of fuel calorific value on CO emissiomspaped with the cases of lav pressure
conditions. If the tendency mentioned above could be extrapolated to the case of lower fuel calorie
of 2 MJ/m®, corresponding approximately to the case of -Btw fuel derived from the waste
gasification melting furnagehe CO emissions shalldecrease to around several tenpmh at the
elevated pressure of 1MIPa while the CO emitted as high a$62at the atmospheric pressure
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condition. A highintensity combustion of lovealorific fuel around 2MJ/m® in the gas turbine
combustor is not yetdentified by experimentbut it is expected that the combustion stability of its
lower calorific fuel could be maintained by use of the auxiliary combustior

ThermatNOx emission characteristics

Figure 54 shows the influence of combustion pressuth®thermalNOx emission characteristics
of gasified low-Btu fuel when its fuel does not contain NR27]. The vertical axis represents the NOx
emissionswhich are produced from the,Nvith the correction of 16% £ The average equivalence
ratio in thecombustor is set at 0.620 that the average combustor exhaust temperature is equivalent to
the rated load temperature bf73 K. The othetest conditions are pursuant to the equivalent standards
shown in Table 5.

ThermatNOx emissions increased slighthpm 4 ppm under atmospheric pressure with the rise in
pressurgreaching 6ppm under operational conditions of 1IMPa That is the combustion pressure
slightly affects the therma@lOx emissionsunlike the case of liquid fuel combusti¢h04]. These
results agree with the thermallOx emission characteristics 8573 K (1300 € )-class combustdi26].

The lower influence of pressure on the NOx emissions is discussed in detail below.

Figure 54. Influence of pressure inside combustor on thermal NOx emiskiaracteristics
at rated load condition
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ThermalNO i s produced by bot h t[h0B, antethedpbmpt INO h
mechanism[92]. In gasified fuelsthe NOx emissions produced by prompt NO mechanism is very
small because prompt NO originates from hydrocarbons and each gasified fuel contains few CH
constituentsas shown inTables 1 and .2That is the thermalNO are produced almost entirely by

N

the following modi fi ed Zel 6dovi ch NO mere toaditionsnainlyioyn t h

Reaction 43) that is the same a@eaction {5) but produces NO (in a forward reactiamd is strongly
affected by the flame temperature. | t ,lbesausb e | i
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the maximum flametempeature reached in the case where the-Biw fuel burns under nearly
stoichiometric conditions is aroun@®3D K lower than that for higher calorie fuel.

No+O NO+N (43
N+O, NO+O (26)
N+OH NO+H (27)

On the other handhe pressure indice$nqex (the inclination of the logarithmic values of the
thermalNOx emissions against the press@® shown by the following equatigmave been shown to
be 0.2 where the subscripts 1 and 2 of the NOx emission [N&nd the pressure in the combusir
designate the respective conditions.

JPinde»

|NC)X|2 :aio (44)
|NOX|1 Ch1~

Regarding the effect of combustion pressure on theNfX emissions in the gas turbine
combustor using the conventional hydrocarbon fyels is known that the production rate of
thermalNOx ori ginating from the Zel 6dovich NO mec
1.5th power of pressuréd. d[NOJ/dt P, and the thermaNOx emission mole fraction varies in
proportion to the 0.5th power of the combustion pressuteeory[105].

The actual numerical power described above differs according to both combustion methods and
configurations of the combustors. In the case of the combustor using-thlevamr gasified low-Btu
fuel under consideratigrihe thermalNOx emissons increased in accordance with about around the
power of 0.2 of the pressure. Thtise pressure had a smaller effect on thedN@k formation with
the gasified lowBtu fuel when conpared to that of conventional fuels such as natural gas.

From the viewpmt of the NOx formationit is known that NOx emissions are affected by the
superequilibrium Gatom and prompt NO is produced in large quantities. Howether effect of the
superequilibrium Gatom on the NOx formation is believed to be spi@lcausehe tested combustor
Is adapted to the rielean combustion methoahich makes the primary region the fuih condition;
the flame temperature of édtown gasified low-Btu fuel hardly rises if the pressure increases. The
prompt NO formation need notliaken into account in this study becausédkwn gasified low-Btu
fuel contains only a small percentage of,Cahd the flame temperature of the {&tu fuel is lower by
about 50 K than that of the hydrocarbon flaps NOx originating from Blis emited on a low level.
Moreover since the tested combustor is adapted by the reducing flame -déaititombustion and it
is designed to slow secondaaly mixing, the effect of pressure on the thermEDx emissions is
believed to be smaliwhile the NOx enission mole fractionor i gi nated from t he
mechanismis proportional to the pressure to the power of &5mentioned above.

Flue gas emitted from the LNG fuel@d@23 K (1450 € )-class gas turbine combined cycle power
plant introduced in 999 was denitrated by the N@emoval equipmenand thermaNOx emissions
were restrained as low as pPpm (corrected at 16% £ at the stack exhaus®n the other handy
applying developed technologies to various fuels composed mairGOpH,, CHs, CO, and N,
shown inTables 1 and ,2thermalNOx emissions could be expected to decrease to a level that
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precludes the need for N@gmoval equipment in the planivhile raising the transmissieend
thermal efficiency to 4% (on the HHV basis).

The fuel caonpositions are differentiated by gasifier typegssification conditions and the raw
materials of feedstock in IGCC. In the case of the Bir€l gas turbingfuel compositions are
different from the mixture ratio of BFG with COG. There is also a podsilficontaining fuebound
nitrogen such as Nkland HCN in those fuels by both adopting the hot/dry type synthetic gas cleanup
in gasification systems and using partially waste plastic (including functionality resins) as a reducing
agent in the iron oreeduction processrespectively. In these cases is necessary to apply
the twostaged reducing combustion method to decreaseNfOgl emissions at the same time as
thermalNOXx, as examined in the preceding chapter.

FuelNOx emission characteristics

The CH, and NH; constituents in théuels andthe calorific value of the gasified fuel will change
with the raw materials of the resourcéise type of gasifier and the operational conditions of the
gasification plant. It is very important to evaluate thituences of those constituents in the fuaeld
the fuel calorific value on the NOx emission characteristics.

(1) Effect of CH constituent

Figure 55 indicates the relationship between the averaged equivalence ratio at the combustor
exhaust and the conwon rate of NH to NOx with the CH constituent as a parameter. In te#te
CH, constituent is changed while maintaining the COdiblar ratio in the fuelfuel calorific value
and the NH concentration constant. as in the case of Figure 17. Thetettieronditions are pursuant
to the standards shown in Table 5.

Figure 55. Influence of CH concentration on NOx emission characteristics
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At any equivalence ratjéhe conversion rate declined if the £¢bncentration decased. When the
CH, concentration decreased as low ad$4).the equivalence ratio had no significant effect on the
conversion rate. As shown in Figure, Xlie primaryequivalence ratio has greatenpact on the
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conversion rate in the case of the higher,€bhcentration so that the optimum primaquivalence
ratio must be adjusted in a narrow range. Howengroptimum primaryequivalence ratio extends
over a wide range in the lower GEbncentration conditions.

Figure 55 shows the same tendency as meeti@bove. That jshe conversion rates were strongly
influenced by the primargquivalence ratioor the averaged equivalence ratio at exhanghe cases
of the higher Chlconstituent.

(2) Effect of fuel calorific value

The CH, and NH; concentrationgn the fuel tend to be proportional to the fuel calorific vahed
the fuel calorie changes according to the gasification operations.

Figure 56 shows the conversion rate characteristics with the fuel calorific value as a parameter undel
the conditionsvhere NH and CH, concentrations are proportional to the fuel calorific value. The other
test conditions are pursuant to the standards shown in Table 5.

At any equivalence ratjghere was no significanimpact of the fuel calorie and the fuel constituent
on the conversion rate. It is thought that the small changes in the fuel conditemsing from
the gasification operation and other caudesdly influenced the conversion rate of Nté NOX.

That is the NH; constituent reacts with GHlerived fran CH, and produces the HCN by the
foregoingReaction §):

REH +NHig-12 HCN+RH i, (R-: alkyl group) (6)
Under conditions where the NICH, molar ratio is constant and the ranges of ;Ndthd CH
concentrations are small opared with the casef Figure 55 the HCN production rate is hardly

influenced and the parameters of the fuel caldhie NH; and CH, concentrations have nmpact on
the conversion rate.

Figure 56. Influence ofNH3; concentration on NOx emission characteristics
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(3) Effect of fuetbound nitrogen

Figure 57 shows the influence of Alebncentration in the fuel to the conversion rate of MHNOX,
and the total NOx emissions under conditions where the averaged exhaust tempelaiGri€ sndthe
combustion pressure is OMPa, using the CH constituent as a parameter. Other test conditions are
pursuant to the standards shown in Table 5.

Figure 57. Influence of NHz concentration on NOx emission characteristics with, CH
concentration as a panater
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In each case of CHconcentrationthe conversion rate tends to decrease and the total NOx
emissions increased with the rise in N#dncentration. This shows the same tendency as the basic test
results of Figure 1xonducted undehe non twestage combustion.

At each NH concentrationthe rise in CH concentration increased the conversion rate. At the case
of lower reaction temperature in the gasification procdesgasified fuel tends to contain the higher
concentration of Cll As shown inTables 1 and,2t requires extra attention that gasified fuels derived
from the fixed bed gasification method contain higher concentration gf CH

(4) Effect of pressure

Figure 58 shows the relationship between the combustion pressure ahvikesion rate of N
in the fuel to NOx with the fuel calorific value as a parametander the conditions where the
combustor exhaust gas temperaturel 83 K. The NH concentration in the fuel is set to be
proportional to the fuel calorific value @nhe CH concentration is constant &2 In varying the fuel
calorific value the CO and kFlconstituents are changed and the fuel calorie is adjusted wihution,
while maintaining the Cldconcentration and the CO/lholar ratio in the fuel constant

Figure 58 reveals that the conversion rate o MHNOX tends to decrease gradually with the rise in
combustion pressure in each case of fuel calorific value; and the conversion rate decrea®edrto 40
below when the pressure was OW#a or higher infuel containing % CH,;. Moreover the fuel
calorific value and the N¥constituent have no significant effect on the conversion rate within the test
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range. Because the Gldoncentration is sufficiently high ogpared to both the NElconstituent and
the fuelconstituent of H, the HCN production rate is not influenced significantly.

Figure 58. Influence of combustion pressure on conversion rate of tNHNOx with fuel
calorific value and Nklconcentration as parameters
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Xu et al.[101]], investigatedhe effects of the combustion pressure on the conversion ratezdbNH
NOx and the thermallOx emissions in lowBtu fueled diffusion combustion through numerical
analyses taking into account reaction kinetics and muatimponent diffusion. In view of &
computational load for investigating the highlgtailed elementary reaction mogdiét computational
analysis is aimed at a simple axgyetric laminar jet diffusion flame where the gasified fuel jet from
a round tube nozzle is surrounded by coaxiakaiishown in Figure 59.

Figure 59. Schematic diagram of the axmyetric laminar flame model and
fuel properties
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By considering flames in which axial convective fluxes are much larger than diffusive, fluxes
streamwise diffusion can be neglecteahich allows the use of boundary layer conservation equations
of massaxial momentumspeciesand energy.

Mass
VI 1.
—(ru)+—O|i(rrv)=O
Momentum
r(uw+vﬁ)=-E+£C)‘i(rm&)+rgX (46)
X X pr Hr
Species
r My el p MMy R 4
HX W rou K
Energy
M 1 a2k il
ru +V )— (r )+ ra (7D, -—)h
r w C,, 1 ?_l Con | f/ (48)

In these equation andr represent the axial and radial coordinatespectivelyu and v represent
the axial and radial fluid velocitieg; demssity;h is enthalpy;MJ and h represent the mass fraction
and enthalpy of theth speciesR is rate of species production by chemical reactiens; viscosity
ais thermal conductivityCym is specific heat of the mixtur®; is the effective diffusivity of th¢-th
species in the mixtur@and n represents the number of species. Radiant heat trémsfiaral diffusion
and viscous dissipation are neglected in this analysis. Density ineibfaom the ideal gas equation.
Temperature in the flame is related to enthalpy and species concentrations. The thermodynamic an
transport properties are calculated using the CHEMKIN pro@@&t06,107).

The numerical integration method is based onldbépg [108]. The conservation equations are
discretized by a control volume methoahd amarching integration is performed. The upstream
computation boundary is set in the plane of the fuel nozzle tip. Theofueir, flows at the inneror
outer, partsof the nozzle rim. The axial velocity profile at the exit of the fuel nozzle is assumed to be
parabolic and the profile of air flow outside the nozzle is #atshown in Figure 59 [109]. The radial
velocity component is zero. The adiabatic equilibritsnaentration of species and the temperature of
a stoichiometric mixture of fuel and air are given at the fuel nozzle rim ahfh4hickness to initiate
the reactions. On the central gxagrogradient species concentration and temperaagavell as the
non slip velocity conditiopare given.

Figure 60 shows the axial profiles of the conversion rates gftblNlO and HCN with that of the
NHj3 reduction rate in flames of OMPaand 0.5MPa, respectively. The conversion rate at each section
is defined ashte flow rate of N in the nitrogecontaining specieslivided by the flow rate of Ng
constituent in the fuel. The intermediate product H@Nich was converted from fuél not far from
the nozzlereached a maximum level and then decayed rgpading wih the flow during mixing
with excess air. At the section of axial distaxce 50 mm, the NO production reached a maximum
level and maintained its value downstream while the HCN nearly decomjassgtbwn in the case of
the atmospheripressure flame.
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Figure 60. Axial profiles of conversion rates of NOHCN, NH3; and total
nitrogenrticontaining speciesTN, in axisynmetric laminar flame with combustion
pressuref 0.1 MPa (a) an6.5MPa (b)

(a)
100 |
N i
| \;I'N(:NO+N02+NH3+HCN) ]
\\\
° B \\___ NO 7]
= i .
o 50| \NHz -
@) i _
i HCN -
- P =0.1 MP%I
0 . > | , " : "
0 50 100
X mm
(b)
100 T T T T T T T

0 250 500
X mm

For higherpressure flame of 0.81Pa the same tendency is obserybdt the conversion rates of
NH; to NO and HCN are much lower than in the lowwesssure case. That, ihhe amount of
intermediated product HCN decreased and theN&lformed by way of the HCNbecame smaller
with therise in pressure. In other wordee dependence of the conversion ofsNéifuekNO on CH,
constituent became weaker when pressure was raised. One of the main reasons for the pressure effe
on the intermediate product HCN is that the concentration df eadical such as OHO radicaj
which promotes the N decomposition and NOx formatipwlecreases with the rise in pressure.
Consequentlythe reduction rate of Nfto N, increased in the fuelch region of the flame.

These calculation results showddleé s ame tendency as the combl
Figure 58. Strictly speakinghe diffusion combustion in the combustion chamber is different from the
coaxial fregjet diffusion flame used for analyses. Howevdrthe diffusion combustion in #h
two-stage combustor was considered macroscopjéatipuld be said that the diffusion combustion in
the fuetrich primary zone of the intended combustor corresponded to the condition in which the
fuel-jet was not yet mixed with the excess air in tase of analysesand the secondary zone
corresponded to those in which the fjedl was evenly mixed with excess air. The macroscopic
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similarity concept reinforced thahe analytical methods subscribed above could be applied to
investigate into the comBtion reaction mechanism in the combustor.

The thermalNOXx production rate is very small mgared to fueiNOx production. Spthe effects of
the intervention between fublO and thermaNO on the thermalNO formation mechanism have
received little attentio. Xu et al.[101,109 investigated the influence of intervention characteristics on
the thermalNOXx production in axisymetric laminar diffusion flames by numerical analysaking
into account detailed elementary reactions. In the calculafioelsNO and thermaNO formation are
calculated separately by labelingdNont ai ni ng specifes amd ifiiogr tN eat

originating from fuelN and N in the air respectively.
Figure 61 shows the radial profiles of thersi) concentration at eachoss section in the flames

of pressure 0.MPa and 0.5MPa, respectively. The profile of therm&lO originating from N is
shown by the solid lineNO', while thermalNO, obtained in the flame without fublound nitrogenis

shown by the broken lingslO".

Figure 61 Radial profiles of thermalO production at each section in flames. Solid lines:
ThermalNO originated from M Broken lines: ThermallO in case of fuel containing no fefsl

(a) Combustion pressure0.1 MPa

[X10i4] . T T T T T T

S [ | NO : ——— P =0.1 MPa |
g NO*: -----

c 6f ]
“—

(n - -
7]

]

£ 4f -
@) i A
<

© 2k -
g x=100mm

()

c

|_

[X].OM] T T T T T T
[ | NO | —— P =0.5 MPa]

Thermal-NO mass fraction




Energies201Q 3 411

Figure 61 shows that each of the therN@l production increases with the rise in the combustion
pressurewhile the concentration of N@s smaller than that of NOThis indicates that therm&lO
destruction reactions are promotby the existence of fudlound nitrogen. The main interactions
between thermaNO and fuelbound nitrogen are as follows;

NH, + NO' Ny +H,0 (49)
N'+NO' N,+0O (50)
The Reactions49), and (50) are equivalent to the elementd&gactions g), and (15) respectively.
The amount of fueNO obtained by subtracting the amount of Ni@m the total amount of NO
underestimates thetaal amount of fueNO in the flames.
Furthermorethe interactions between thera®' and fuelbound nitrogenN f, by Reactions 49),
and (50) are promoted with the rise in pressurecause the thermBlO production increases with the
rise in pressu. That isit is confirmed that fueNO originated from fuebound nitrogen can be reduced

by selective reduction reactions withtherileD pr oduced by bot h the Zel
the prompt NO mechanisrtiie fuetNO emissions would also decreagth the rise in pressure.

5.2.2.Thermal characteristics of combustor liner wall
Effect of fuel calorific value

Figure 62 shows the temperature distribution of thalaestor liner wall at the rated load condition
of exhaust temperatue’73 K, with the tuel calorific value as a parameter.

Figure 62.Combustor wall temperature digtation
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Tests are conducted under atmospheric pressure conditions. At any fuel cdleoetd be said
that the overall liner wall temperags almost remained und&i23 K (850 € ), the allowable heat
resistant tempeture of the metal linewhile the wall temperature increased to an adequate level and
combustions were expected to be stable in both the auxiliary combustion chamber anchding pri
combustion zone. And this figure indicated that the combustor liner temperatures at the upstream side
decreasedand the downstream side temperatures rose with the decrease in the fuel calorific value. But
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CO emissions could beestrained as low as 20pm, or the combustion efficiency could remain
at 99.95% or higher at high pressure conditiewen in the cases of lower calorie fuels of 3.4 MJ/m
as shown in Figure 53.

From the above resujtst could be expected that the ritdgan combustion withthe auxiliary
combustion chamber maintained stable combustions of the low calorie fuel of 3.2 dfJéss which
consisted of COH,, CH4, CO,, H,O and N, while a reaction time needed for complete combustion
tended to increase with the decrease irfukécalorie.

Effect of exhaust gas temperature

Figure 63 shows influence of the combustor exhaust gas temperature on the thermal characteristic:
of the combustor liner wallunder atmospheric pressure conditions. When the exhaust gas temperature
is varied fuel flow rate changes where the airflow rate is set constant akgds9 Combustion
temperaturempacted the liner wall temperatyrer the liner wall temperature increased with the rise in
the exhaust gas temperature. In addjtioecause the wall tgmerature near the main burner outlet
showed higher temperature at any exhaust temperataauld be considered that stable combustion
was maintained at any condition.

Figure 63 Influence of combustor exhaust temperature combustor wall
temperature idtribution
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Effect of combustion pressure

Figure 64 shows the influence of combustion pressure on the thermal characteristics of the
combustor liner wall at the rated load condition of exhaust temperbfdBK, using thehalf scale
combustor. When the combustion pressure is vatiedaverage residence time of combustion gas in
the combustor is set and maintained congsthatotheitest conditions (except for combustion intensity)
are pursuant to the equivalent standatusvn in Table 5. Combustion pressure affected the liner wall
temperature of the downstream sidethe wall temperatures downstream tended to decrease with the
rise in pressure. This result alluded that a flame length became shorter macroscopictttly viseh in
combustion pressurand combustion reactions were promoted.
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Figure 64.Influence of combustion pressure @mbustor wall temperature digtuation
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6. Combustor for Oxygen-Blown Gasification System with Wet TypeSynthetic Gas Cleanip
6.1.Subjects of combustor

In an oxygerblown IGCC the enployment of an aiseparation unit (ASU}o produce oxygen as
gasification agents the main feature of the oxygélown gasification systerfrom the viewpoint of
combustordevelopmentcompare with airblown gasification. The maximum flame temperature of
mediumBtu gasified fuglproduced in an oxygeblown gasifier is higher than that of each dilown
low-Btu fuel, or high-calorie gassuch as natal gas that consistsnainly of methane. Therm&Ox
emissions are expected to increase in meddtinfueled combstors, as mentioned iSection3.1.4.

Furthermorein oxygenblown IGCC systemdarge quantities of nitrogen areoguced in the air
separation unit. In almost aiif the systems which adopt dry feed processes of feedstogért of
nitrogen is used to feed the raw materials of feedswmath as coalnto the gasdier and so on. The
rest of the nitrogen is premixed with the gasified fuels and injected into thbustor to increase
electric power andatrease thermalOx emissions from the gas turbine. Howevers necessary to
boost N to the fuel pressure level to premix with the gasified fuel. To recover power for oxygen
production it is necasary to returm\; to the cycle by less power. Analyses confirmed that the thermal
efficiency of the plant improved bypproximately 0.86 absolutely by means of M direct injection
into the combustgor N, premixing with combustion gicompare with a case where Ns premixed
with the gasified fuels before injection into the combuysiershown in Figure 65.

The CRIEPI intends to inject surplus Ndirectly into the higher tempaure regions of the
combustor from the burner and to decrease theNfiad emissions proded from these
regions effectively.
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Figure 65. Influence of nitrogen boosted pressure ondmaasionend thermal efficiency
of the IGCC plant
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6.2.Design concept of combustor

Figure 66 presents the characteristics of the desjgnestium-Btu fueled1573 K (1300€C )-class
gas turbine combustobased on the considerations described in the preceding chapters. The main
design concept for the tested combustor is to secure-Al@xvand stable combustion of meditBiu
fuel with nitrogen injectionin a wide range of turdown opeations. The overall length of the
combustion liner is 65m and the inside diameter is 280n.

Figure 66. Design concept of mediwBtu fueled combustor for wéype synthetic
gas clearup.
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for inner transition piece is recycled for liner wall cooling.

According to the combustor cooling cawection method is employed in the transition piece and its
cooling air moves to the combustor liner on the upstream side. For the primary combustion zone
where temperatures argpected to be especially high dualcooling structure is employed in which






































































































