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Abstract: From the viewpoints of securing a stable supply of energy and protecting our
global environment in the future, the integrated gasification combined cycle (IGCC) power
generation of various gasifying methods has been introduced in 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 calorific value of the gasified fuel varies according to
the gasifying agents and feedstocks of various resources, and ammonia originating from
nitrogenous compounds in the feedstocks depends on the synthetic gas clean-up methods.
In particular, air-blown gasified fuels provide low calorific fuel of 4 MJ/m’ and it is
necessary to stabilize combustion. In contrast, the flame temperature of oxygen-blown
gasified fuel of medium calorie between approximately 9—13 MJ/m’ is much higher, so
control of thermal-NOx emissions is necessary. Moreover, to improve the thermal
efficiency of IGCC, hot/dry type synthetic gas clean-up is needed. However, ammonia in
the fuel is not removed and is supplied into the gas turbine where fuel-NOx is formed in
the combustor. For these reasons, suitable combustion technology for each gasified fuel is
important. This paper outlines combustion technologies and combustor designs of the high
temperature gas turbine for various IGCCs. Additionally, this paper confirms that further
decreases in fuel-NOx emissions can be achieved by removing ammonia from gasified
fuels through the application of selective, non-catalytic denitration. From these basic
considerations, the performance of specifically designed combustors for each IGCC proved
the proposed methods to be sufficiently effective. The combustors were able to achieve
strong results, decreasing thermal-NOx emissions to 10 ppm (corrected at 16% oxygen) or
less, and fuel-NOx emissions by 60% or more, under conditions where ammonia
concentration per fuel heating value in unit volume was 2.4 x 10 ppm/(MJ/m®) or higher.
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Consequently, principle techniques for combustor design for each IGCC were established

by the present analytical and experimental research. Also, this paper contains some

findings of the author’s previously published own works and engages in wide-ranging

discussion into the future development of gasification technologies.

Keywords: gas turbine; combustor; gasification; low calorific fuel; medium calorific fuel;

ammonia; fuel-NOx emissions; thermal-NOx emissions; low-NOx combustion; two-stage

combustion; nitrogen direct injection
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1. Introduction

Molar ratio of carbon monoxide to hydrogen in fuel
Conversion rate from ammonia to NOx [%]

Decomposition rate from NH; or NO to N,

Higher heating value of fuel at 273 K, 0.1 MPa basis [MJ/m’]
Lower heating value of fuel at 273 K, 0.1 MPa basis [MJ/m’]
Combustion intensity at 273 K basis [W/(m*-Pa)]

The third body

Nitrogen over fuel supply ratio [kg/kg]

NOx emissions corrected at 16% oxygen in exhaust [ppm]
Thermal NOx emissions [ppm]

Reaction pressure in tubular flow reactor [MPa]

Dynamic pressure at cross-sectional surface of combustor-exit
Adiabatic flame temperature [K]

Temperature of supplied air [K]

Average temperature of combustor exhaust gas [K]
Temperature of supplied fuel [K]

Temperature of supplied nitrogen [K]

Averaged reaction temperature in tubular flow reactor [K]
Averaged reaction time in tubular flow reactor [s]

Mean velocity of cross-sectional flow of air at 273 K basis [m/s]
Average equivalence ratio at combustor exhaust

Average equivalence ratio in primary combustion zone

Total pressure loss coefficient (characteristic section is combustor-exit)

The human race relies on energy mostly from fossil fuels, which emit harmful carbon dioxides. To

obtain a stable energy supply and protect the global environment, not to mention high-efficiency

technology of existing fossil-based power generation as being important, and the reexamination of

unused resources, waste material utilization, and the effective use of such resources is of vital
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importance. Discoverable reserves of low grade resources such as tar bitumen and low-rank coal are
several times larger than that of conventional energy resources (Figure 1 [1]). Methane hydrate
reserves are thought to lie under the seas worldwide, and their original gas in place is estimated to
reach to 21 x 10’ trillion m’, or the equivalent of dozens of times the total recoverable reserves of
conventional natural gas [2,3]. Research is also being conducted on various types of energy originating
from biomass. To cite further examples of Japanese municipal waste treatment, a power-generation
infrastructure has been installed for the incineration of about 60% of waste, and the thermal-efficiency
is on average only around 10%. When introducing high-efficiency technologies into waste incinerators,
electricity corresponds to around four percent of the power demand on the electric power industry, or
one second of hydroelectric generation. Developments in integrated gasification combined cycles
(IGCC) continue worldwide; such technologies enable high-efficiency generation from 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 oil, oil sand and oil shale [1]. Numerical value in
each bar graph is expressed by the unit of hundred million barrels.
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Figure 2 shows a time sequence from 1980 to 2004 for global net electricity generation by region [4].
During this time, the amount of electricity generated in 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 power generation method [4]. Of those,
conventional thermal electricity generation covers 78% of the demand increase, with hydroelectricity
and nuclear power generation each at about 11%. Human life is currently linked to the amount and
availability of fossil fuels. Japan in particular depends upon, and is greatly influenced by, imported
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. Time-line of electricity generation with respect to generation method in

Asia and Oceania.
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When citing Japan as an example, it should be noted that the primary energy resources of coal,
liquified natural gas (LNG), and oil for thermal power plants, supplied 60% of all the public power
demand in fiscal 2004. In response to the oil crisis of the 1970s, the Japanese government, and its
electric companies, shifted emphasis from crude oil, unevenly distributed in the Middle East, to
resources of coal and LNG, which was globally abundant and expected to be a secure and stable
supply in the future, as shown in Figure 4. In recent years, the developing world has intensified its
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demand for coal, oil and LNG, along with international competition over the development of new
energy sources in oil and gas fields around the world. To secure primary energy, the reclamation of
new energy resources, and the development of high-efficiency utilization technologies, will become
increasingly important throughout the world. For these reasons, each industry in the fields of energy
resources, power generation and global environmental protection, deal with IGCC power generation
technologies for every raw material and gasification melting furnace. Gasification technologies enable
highly effective use of unused resources in low-rank coal, tar crude, and oil shale, each of which is
equivalent to several times the amount of proven oil reserves. Moreover, the world’s energy industries
project that unused resources, such as the biomass fuel of greenhouse gas-free energy and waste, could 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 fossil-based gasified fuels and three types of gases: blast
furnace gas (BFG), coke-oven gas (COG), and converter gas (Linzer Donawitz Gas: LDG), produced
in iron works. Similarly, Table 2 shows examples of various gasified fuels using non-fossil resources,
such as various types of wood [12], solid municipal waste, refuse-derived fuel (RDF), and black liquor.
Each gasified fuel contains CO and H, as the main combustible components, as well as small amounts
of CH4. Trace constituents of nitrogenous compounds and sulfur are heavily dependent upon upgrade,
or cleanup processes, for gasified fuels.

Figure 4. Transition of composition ratio for electric power generation in Japan.
(Numerical value in parentheses shows constituent ratio [%])

1000 ;
| - ©4)
5 800fF---+----
o
§ - [ % Co0al(10)
~= 600|5 ixe o
S &2)
Q < i E T il
[e) g i (10) HHH th
8 % 400 § O %@% Ogagrfuels
ﬁ 200 7$\\b\\ INCONENCNENED
@7)
0 Hydro (12) 10) 10) )
1990 1995 2000 2005

Year

The non-fossil energy of thinly-distributed biomass and waste is expected to provide CO,-free
energy in local production for local consumption. For that reason, upgrade or cleanup processes must
be simplified, and those gasified fuels contain tar and dust. Fuel calorific values vary widely
(2—-13 MJ/m® of HHV basis), from about 1/20 to 1/3 those of natural gases, depending upon the raw
material of feedstock, the gasification agent and the gasifier type. For one thing, gaseous fuels derived
from solid municipal waste and water-coal 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 fossil-base gasifiers and furnaces.

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 BGLI4] BC|5] IGCJ6] Shell|7] HYCOL[8] Texaco[9] Texaco CRIEPI|[11]
Oxidizer 0, Air Air 0, 0, 0, 0, 0,
Composition
CO[%] 20 6 75 564  7.9-147 276 259 678 695  552-59.4 40.9 51.7 43.5
H, [%] 3 56 - 256  132-150 94 109 288 31.0  31.1-33.7 29.9 43.1 42.2
CH,4[%] - 30 -8 6.6 1528 05 14 001 0.03 1.0-2.0 0.1 0.2 0.4
CO,[%] 20 -f 13 28  10.0-120 54 67 23 1.0 7.6-10.4 9.5 3.2 11.8
H,O[%] - - -¢ -¢ 11.5-184 -¢ -¢ . . -8 12.3 . .
NH;[ppm] f f -8 - 500-1000 1000" 100 600 -8 -8 -8 -8
H,S+COS[ppm] - - - ¢ 20 -8 714 404 1.1% 0.14% -¢ -8 1.6% 1.35%
Others[%)] N,  GHee. Oy, N, 8.6  459-473 561 542 @ -¢ - & -8 7.3 0.2 0.75
CO/H; mole ratio 7 0.1 f 2.2 -8 2.9 2.4 2.1 2.4 1.6-1.9" 1.4 1.2 1.0
HHV[MJ/m’ ] 2.9 21" 9.5t 13.0 -8 49 52 122 125 12.0" 9.0 12.1° 11.0°
LHV [MJ/m’ ] 2.9 19" 95t 12.0 3641 36 39 117 119 11.3" 7.4 11.3° 10.2°

“BFG: Blast furnace gas; > COG: Coke-oven gas; ° LDG: Converter gas;

41 High-sulfur bituminous coal, 2: Moura coal, 3: Taiheiyo coal, 4: Illinois No.5 coal, 5: Sufco mine, 6: Taiheiyo coal, 7: Moura coal;

" Unknown; € No description; " Estimated values; ' Dry Base.
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Resource Wood Waste* RDF™ Black Liquor
. Planer Bark Waste .
Feedstock type Planer chip Mill ends . . Pellet Round timber chip Chip
briquette chip
Moisture content[%] 133 45 27 15 8 9 £ £ £ £ 15-40 - - £
Gasifier type Kiln Fixed-bed down-draft 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 Air Air Air Air (08 Air+steam Air Air+0, 0,
distillation steam
Composition
CO[%] 36.1 26.0 9.7 146 20.6 19.8 179 19 20 46 25 22 40 8.0-15.0 6 30 38.08
H, [%] 20.2 30.1 11.2 143 16.7 152 145 16 10 13 40 22 40 8.0-12.0 1.6 22 39.17
CH4[%)] 16.6 2.5 1.2 1.4 1.3 1.9 1.3 12 5 10 10 -¢ -¢ 4.0-8.0 0.9 0.4 1.34
CO,[%] 15.8 17.9 -8 -8 -8 -8 -8 2 14 23 22 11 20 13.0-18.0 12.4 4.1 19.05
H,0O[%] -8 -8 1.3 0.7 2.8 0.9 1.8 -8 -8 -8 -8 -8 -8 7.0-15.0 23.4 5.9 0.18
N, [%] 5.6 179 569 535 502 499 521 51 51 8 - 45 - - -f -f 0.24
NH; [ppm] _e _e _e _g _e _e _g _e _g _e _e _e _e _e _f _f _e
H,S+COS[ppm] _8 _8 _8 .8 _8 _8 .8 _8 .8 _8 _8 _8 _8 _8 _f _f 19,400
Others[%] 5.7 5.6 -8 -8 -8 -8 -8 -8 -8 .8 -8 -& -8 -8 N», CoHy ete. Ny -
Tar [mg/mS] 25,000 5 261 438 95 400 103 100 - -8 - -0 -0 -8 -f -f 115
Dust [mg/m’] 11,000 <2 -¢ -8 -¢ -¢ -8 -¢ . -¢ -e e <5 f f -¢
CO/H, mole ratio 1.8 0.9 0.9 1.0 1.2 1.2 1.2 1.2 2 3.5 0.6 1.0 1.0 -8 3.8 1.4 1.0
HHV[MJ/m3] - -8 - -8 - - -8 -8 -8 - -8 - - - 1.8 6.8 10.3
LHV [MJ/m3 ] 15.2 7.5 3.1 4.0 5.0 5.1 4.5 5.4 6.3 11.7 13.8 63 105 4-6 1.2 6.2 9.5

f Unknown; € No description; kMunicipal solid waste; ™ RDF: Refuse derived fuel.
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This paper outlines each combustion technology for high-temperature IGCC gas turbines being
developed in the world as high-efficiency power generation systems applied to gasification melting
furnace technologies for solid waste and RDF of unused resource. Developed technologies can also
be applied to blast furnace gas-fired (BFG) gas turbines. Also examined here is the influence of fuel
composition on the reduction of combustion characteristics in fuel-NOx originating from fuel-bound
nitrogen and thermal-NOx oxidization of N at high-temperature conditions, in carbon monoxide (CO),
hydrogen (H;) and methane (CH4) mixture fuels such as 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 industries, and its combustion characteristics, are also described.
In this paper, author develops an argument based on the author’s own works in a comprehensive and
systematic fashion. Thus this paper contains some findings of the previously published papers of the
author’s own works and engages in wide-ranging discussion that leads to the future development of
gasification technologies.

2. Background of IGCC Development in the World

Figure 5 provides an outline of a typical oxygen-blown IGCC system. In this system, raw materials
such as coal and crude are fed into the gasifier by slurry feed or dry feed with nitrogen. The synthetic
gas is cleaned through a dust removing and desulfurizing process. The cleaned synthetic gas is then fed
into the high-efficiency gas turbine topping cycle, and the steam cycle is equipped to recover heat from
the gas turbine exhaust. This IGCC system is similar to LNG fired gas turbine combined cycle
generation, except for the gasification and the synthetic gas cleanup process, primarily. IGCC requires
slightly more station service power than an LNG gas turbine power generation.

With regard to the innovation of gas turbine combined cycle power generation, thermal efficiency at
plants has thus far been improved by enhancing turbine inlet temperature. An attempt was made to
raise the turbine inlet temperature at the rate of about 20 °C (20 K) per year over a 30-year-period, as
shown in Figure 6. As a result, the thermal efficiency of the combined cycle power generation with the
gas turbine was shown to rise by about 15% in those 30 years (shown in Figure 7). In recent years, the
1450 °C (1723 K)-class natural gas fired gas turbine combined cycle power plant has been introduced at
the Tohoku FElectric Power Co., Inc. in Japan; its thermal efficiency exceeds 50% (on the HHV basis).

Figure 5. Schematic diagram of typical IGCC system.
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Figure 6. Transition of turbine inlet temperature of gas turbine combustor for electric

power generation. (Signs indicate names of gas turbine models.)
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Figure 7. Transition of thermal efficiency of gas turbine combined cycle power plant.

(Signs indicate names of gas turbine models.)
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2.1. Progress in IGCC developments worldwide

2010

The development of the gas turbine combustor for IGCC power generation received considerable

attention in the 1970s. Brown [15], summarized the overall progress of IGCC technology worldwide

up until 1980. The history and application of gasification was also mentioned by Littlewood [16].

Concerning fixed-bed type gasification processes, Hobbs et al. [17] extensively reviewed the technical

and scientific aspects of the various systems. Other developments concerning the IGCC system and

gas turbine combustor using oxygen-blown gasified coal fuel include: The Cool Water Coal

Gasification Project [18], the flagship demonstration plant of gasification and gasified fueled gas



Energies 2010, 3 344

turbine generation; the Shell process [8] in Buggenum—the first commercial plant, which started test
operation in 1994 and commercial operation in 1998; the Wabash River Coal Gasification Repowering
Plant [19] in the United States, in operation since 1995; the Texaco process at the Tampa power station
[20], in commercial operation since 1996; a HYCOL gasification process for the purpose of hydrogen
production developed in Japan [9]; and an integrated coal gasification fuel cell combined cycle pilot
plant, consisting of a gasifier, fuel cell generating unit and gas turbine, in test operation since 2002 by
Electric Power Development Co. Ltd. in Japan. Every plant adopted the oxygen-blown gasification
method. With regard to fossil-based gasification technology as described above, commercially-based
power plants have been developed, and new development challenges toward global carbon capture
storage [21,22] are being addressed.

Meanwhile, from 1986 to 1996, the Japanese government and electric power companies undertook
an experimental research project for the air-blown gasification combined cycle system using a 200-
ton-daily pilot plant [23]. Recently, the government and electric power companies have also been
promoting a demonstration IGCC project. For the future commercializing stage, the transmission-end
thermal efficiency of air-blown IGCC, adopting the 1773 K (1500 °C)-class (average combustor
exhaust gas temperature at about 1773 K) gas turbine, is expected to exceed 48%(on HHV basis),
while the thermal efficiency of the demonstration plant using a 1473 K (1200 °C)-class gas turbine is
only 40.5%. IGCC technologies would improve thermal efficiency by five points or higher compared
to the latest pulverized coal-firing, steam power generation. The Central Research Institute of
Electric Power Industry (CRIEPI), developed an air-blown pressurized, two-stage entrained-flow coal
gasifier [24], a hot/dry synthetic gas cleanup system [25], 150 MW, 1573 K-class [26], and 1773 K
(1500 °C)-class gas turbine combustor technologies for low-Btu fuel [27]. In order to accept the
various IGCC systems, 1773 K-class gas turbine combustors of medium-Btu fuels by wet-type or
hot/dry-type synthetic gas cleanup methods have undergone study [28-36].

The energy resources and geographical conditions of each country, along with the diversification of
fuels used for the electric power industry (such as biomass, poor quality coal and residual oil), are
most significant issues for IGCC gas turbine development, as has been previously described: The
development of biomass-fueled gasification received considerable attention in the United States and
northern Europe in the early 1980s [37], and the prospects for commercialization technology [14]
appear considerably improved at present. Paisley and Anson [38] performed a comprehensive
economical evaluation of the Battele biomass gasification process, which utilizes a hot-gas
conditioning catalyst for dry synthetic gas cleanup. In northern Europe, fixed-bed gasification heating
plants built in the 1980s had been in commercial operation; the available technical and economical
operation data convinced small district heating companies that biomass or peat-fueled gasification
heating plants in the size class of 5 MW were the most profitable [39]. However, during the period of
stable global economy and oil prices, non-fossil-fueled gasification received little interest. Then, in the
early 2000s when the Third Conference of Parties to the United Nations Framework Convention on
Climate Change (COP3) invoked mandatory carbon dioxide emissions reductions on countries,
biomass-fueled gasification technology began to receive considerable attention as one alternative.
CRIEPI has begun research into the gasification technology of orimulsion™ (emulsion of Orinoco tar)
fuel [11] and biomass. With the exception of Japan (which has a national research and development
project in an air-blown, entrained flow IGCC system using a pilot plant with a capacity of 200 tons per
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day), almost all of the systems using the oxygen-blown gasification are in their final stages for
commencing commercial operations overseas [40].

The calorific values of gasified fuels differ according to the type of gasification agents used in the
gasifier. If the gasification agent is air, then gasified fuel forms a low calorific fuel of about 4 MJ/m’, but
if the agent is oxygen, then the fuel becomes a medium calorific fuel between approximately 9—13 MJ/m”.
To increase the thermal efficiency of IGCCs, it is necessary to use the hot/dry type synthetic gas
cleanup system. However the nitrogenous compounds, in the form of ammonia (NH3) mostly, in the
gasified fuel derive from fuel-bound nitrogenous constituents in their raw materials, and are not
removed in the hot/dry type gas cleanup process. This NH; is then fed into the gas turbine where it
forms fuel-NOx in the combustion process. For this reason, technology to suppress fuel-NOx is
important. From the viewpoints of both high operating costs and initial costs of removing the NOx in
exhaust gas derived from the gas turbine system, the electric power industry aims for low-NOx
combustion technology, or NH; removal technology from the gasified fuels. Hot/dry gas cleanup
technologies promise higher thermal efficiency and more environmentally-sound options.

This paper will propose and review the fundamental studies into the basic characteristics of
two-stage combustion for low-NOx emissions, and the method for ammonia removal from gasified
fuels, and will demonstrate how gas turbine combustors achieve low-NOx and stable combustion
under the following gasification methods:

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

2.2. Subjects of gas turbine combustors for IGCCs

The typical compositions of gasified fuels produced in air-blown or oxygen-blown gasifiers, and in
blast furnaces, are shown in Tables 1 and 2. Each type of gaseous mixture fuel consists of CO and H;
as the main combustible components, and small percentages of CHy4. Fuel calorific values vary widely
(2-13 MJ/m’), from about 1/20 to 1/3 those of natural gas, depending upon the raw materials of
feedstock, the gasification agent and the gasifier type (e.g., a gasified fuel derived from biomass
contained 30—40% steam.)

Figure 8 shows the theoretical adiabatic flame temperature of fuels which were: (1) gasified fuels
with fuel calorific values (HHV) of 12.7, 10.5, 8.4, 6.3, 4.2 MJ/m?; and (2) fuels in which methane is
the main component of natural gas. Flame temperatures were calculated using a CO and H, mixture
fuel (CO/H,; molar ratio of 2.33:1), which contained no CH4 under any conditions, and the fuel
calorific value was adjusted with nitrogen. In the case of gasified fuel, as the fuel calorific value
increased, the theoretical adiabatic flame temperature also increased. Fuel calorific values of 4.2
MJ/m’ and 12.7 MJ/m® produced maximum flame temperatures of 2050 K and 2530 K, respectively.
At fuel calorific values of 8.4 MJ/m® or higher, the maximum flame temperature of the gasified fuel
exceeded that of methane, while the fuel calorific value was as low as one-fifth of methane. As the fuel
calorific value increased, the equivalence ratio that indicates the maximum flame temperature also
increased; this is because the effect of thermal dissociation increases as the adiabatic flame
temperature increases. Furthermore, each quantity of CO and H, constituent in the gasified fuels
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differed, chiefly according to the gasification methods of gasifying agents, raw materials of feedstock,
and water-gas-shift reaction as an optional extra for carbon capture system. However, it could be said
that the theoretical adiabatic flame temperature was affected very little by the CO/H, molar ratio in the
case of each fuel shown in Tables 1 and 2, while the influence of the CO/H, molar ratio on the flame
temperature causes a 100 K difference, as the maximum value under highly specific conditions. That is
to say, in air-blown gasified fuels, fuel calorific values are so low that flame stabilization is a problem
confronting development of the combustor.

Figure 8. Relationship between equivalence ratio and adiabatic flame temperature for
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On the other hand, in the case of oxygen-blown gasified fuels, flame temperature is so high that
thermal-NOx emissions must be reduced. Therefore, in oxygen-blown IGCC, N, produced by the air
separation unit is used to recover power to increase the thermal efficiency of the plant, and to reduce
NOx emissions from the gas turbine combustor by reducing the flame temperature. Furthermore, when
hot/dry synthetic gas cleanup is employed, ammonia contained in the gasified fuels is not removed, but
converted into fuel-NOx in the combustor. It is therefore necessary to reduce the fuel-NOx emissions
in each case of air-blown or oxygen-blown gasifiers. Krishnan et al. [41] performed a comprehensive
survey to identify potential ammonia removal processes through: (1) catalytic decomposition of
ammonia, (2) sorption/reaction of ammonia with metals and oxides, (3) partial oxidation of ammonia
to nitrogen, or (4) staged combustion with reduction combustion in the first stage. They determined in
1989 that catalytic decomposition and the staged combustion processes offered potential for practical
utility. However, nearly every demonstration plant worldwide now employs the wet type synthetic
gas cleanup method.

Because fuel conditions vary depending on the gasification method, many subjects arose in the
development of the gasified fueled combustor. Table 3 summarizes the main subjects of combustor
development for each IGCC method.
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Table 3. Subjects for combustors of various gasified fuels.

Synthetic gas cleanup
Wet type Hot/Dry type

-Combustion stability of ~~ Combustion stability of

Air - low-calorific fuel
i i low-calorific fuel *Reduction of fuel-NOx
Gasification
agent O, ‘Surplus nitrogen supply *Surplus nitrogen supply

*Reduction of thermal-NOx +Reduction of thermal-NOx and
fuel-NOx emissions

2.3. De-NOx technologies of gas turbine combustors for IGCCs

As previously described, gas turbines for IGCCs perform the important tasks of both decreasing
NOx emissions and increasing combustor exhaust temperature to improve the thermal efficiency of
IGCCs that use air-blown or oxygen-blown gasifiers. In hot/dry synthetic gas cleanup systems, it is
necessary to decrease fuel-NOx emissions originating from ammonia in the gasified fuels. Those NOx
emissions would be denitrated as well as the thermal-NOx emissions in the denitrification equipment
that use NOx removal catalysts and ammonia.

In 1940, Temkin and Pyzhev [42] proposed a decomposition reaction equation for ammonia, and
Amano and Taylor [43] confirmed the ammonia decomposition on a Ru/AL,O; catalyst in 1954.
However, the major impediment to using this process for gasified fuel clean-up appears to be the
deleterious effects of the gasified fuel constituents on catalytic activity. For example, sulfur tolerance,
steam resistance and deterioration of the catalysts were problematic until quite recently. Research into
catalyst oxidation technology of NHj in gasified fuels to N, [44], or catalytic partial-combustion of
gasified fuels where NHj is directly oxidized to N, [45], has been developed in recent years. But those
two cases are costly in terms of catalyst use, and NOx removal equipment is currently the most trusted
technology. Moreover, it is necessary to increase catalyst durability under high temperature conditions.

The following section reviews combustion technologies to decrease thermal-NOx emissions or
fuel-NOx emissions, and the non-catalytic reduction technologies of ammonia from each gasified fuel.
In Chapter 3, the above technologies receive detailed treatment. A demonstration of the combustor
adopted to develop low-NOx combustion technology, suited for each gasification method, is described
in Chapter 4 and chapters following.

2.3.1. Low-NOx combustion technology

As shown in Figures 6 and 7, the thermal efficiency of a plant has been improved by enhancing the
turbine inlet temperature, or combustor exhaust temperature. The thermal-NOx emissions from the gas
turbines increase, however, along with a rise in exhaust temperature. In addition, gasified fuel
containing NH; emits fuel-NOx when hot/dry gas cleanup equipment is employed. It is therefore
viewed as necessary to adopt a suitable combustion technology for each IGCC in the development of a
gas turbine for each gasification method.
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Dixon-Lewis and Williams [46], expounded on the oxidation characteristics of hydrogen and
carbon monoxide in 1969. The body of research into the basic combustion characteristics of gasified
fuel includes studies on the flammability limits of mixed gas, consisting of CH4 or H, diluted with N,
Ar or He [47]; a review of the flammability and explosion limits of H, and H,/CO fuels [48]; the
impact of N, on burning velocity [49]; the effect of N, and CO, on flammability limits [50,51]; and the
combustion characteristics of low calorific fuel [52,53]; studies by Merryman et al. [54], on NOx
formation in CO flame; studies by Miller er al. [55], on the conversion characteristics of HCN in
H,-O,-HCN-Ar flames; studies by Song et al. [56], on the effects of fuel-rich combustion on the
conversion of the fixed nitrogen to Nj; studies by White et al. [57], on a rich-lean combustor for
low-Btu and medium-Btu gaseous fuels; and research of the CRIEPI into fuel-NOx emission
characteristics of low-calorific fuel, including NH3 through experiments using a small diffusion burner
and analyses based on reaction kinetics [58-61]. It is widely accepted that two-stage combustion, as
typified by rich-lean combustion, is effective in reducing fuel-NOx emissions [62,63].

On the other hand, with respect to the combustion emission characteristics of oxygen-blown
medium calorific fuel, Pillsbury et al. [64] and Clark et al. [65] investigated low-NOx combustion
technologies using model combustors. In the 1970s, Battista and Farrell [66] and Beebe et al. [67]
attempted one of the earliest tests using medium-Btu fuel in a gas turbine combustor. Concerning
research into low-NOx combustion technology using oxygen-blown medium calorific fuel, other
studies include: Hasegawa ef al. [28], investigation of NOx reduction technology using a small burner;
and studies by Dobbeling ef al. [68], on the premixed combustion characteristics of medium-Btu
gaseous fuel in a fundamental small burner for low NOx emissions. Because the burning velocity of
medium-Btu fuel was about six times greater than that of conventional natural gas, a premixed
combustion for low NOx emissions has so far proven difficult to adopt. Other studies include
Dobbeling ef al. [69], on low NOx combustion technology (which quickly mixed fuel with air using
the double cone burner from ABB (Asea Brown Boveri) Ltd., called an EV burner); Cook et al. [10],
on effective methods for returning nitrogen to the cycle, where nitrogen is injected from the head end
of the combustor for NOx control; and Zanello and Tasselli [70], on the effects of steam content in
medium-Btu gaseous fuel on combustion characteristics. In almost all systems, surplus nitrogen was
produced from the oxygen production unit and premixed with a gasified medium-Btu fuel [71], for
recovering power used in oxygen production and suppressing NOx emissions. Since the power to
premix the surplus nitrogen with the medium-Btu fuel is great, Hasegawa et al. studied low-NOx
combustion technologies using surplus nitrogen injected from the burner [29,30] and with the lean
combustion of instantaneous mixing [31]. Furthermore, Hasegawa et al. developed a low-NOx
combustion technology for reducing both fuel-NOx and thermal-NOx emissions, in the case of
employing hot/dry synthetic gas cleanup with an oxygen-blown IGCC [32-36].

In section 3.1 on mixture fuels composed of CO, H,, CHs, N,, those basic combustion
characteristics, and the combustion technologies of low thermal-NOx and fuel-NOx emissions, are
reviewed. Fundamental characteristics of combustion emissions are greatly affected by the
configurations of combustor and burner. It is difficult to compare absolute figures of fundamental
emission characteristics among different experimental apparatuses. Thus a systematic knowledge is
outlined here, which has been acquired by the authors in a consistent manner.
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2.3.2. Ammonia removal technology from gasified fuels

As described in Section 2.2, the nitrogenous constituents in raw materials of feedstock are
converted to NH3 and hydrogen cyanide (HCN), in each gasification process. Walsh [72], summarized
concentrations of nitrogenous compounds such as NH; and HCN in various coal-gasified fuels derived
from various gasification processes. Employing the hot/dry synthetic gas cleanup in each IGCC, the
NH; contained in the gasified fuels is supplied to the gas turbine combustor, without being removed,
and oxidized into fuel-NOx. The fuel-NOx emissions comprise a large percentage of the NOx
emissions discharged from the plant. Therefore, if the NH3 in the gasified fuels could be removed in
advance of supplying the gasified fuels to the gas turbine combustors through a dry method, it would
be easier to develop low-NOx combustion technologies for gas turbine combustors in IGCCs.

Other studies on the high temperature gas phase reaction of NHj include: Lyon [73,74], and
Lyon et al. [75], on selective non-catalytic reduction of NOx from the combustion exhaust gas; results
by Muzio et al. [76], on the effects of urea and other amines on NOx reduction in exhaust gas, where
under fuel rich conditions, selective reduction is achieved only at temperatures above 1373 K [77,78];
Chen et al. [79], on the effects of various selective reducing agents on NOx reduction in staged-air
added coal-fired combustors; Kasaoka et al. [80], on NHj; decomposition characteristics in
fluidized-bed combustion of coal or mud; and Zhao et al. [81], on the effects of small amounts of CO
and H, on NH; reduction in pulverized coal combustion. However, these studies dealt with NH;
decomposition characteristics in an atmosphere of low CO and H, concentration, and high oxygen
conditions; they made several efforts to reduce NO to N, with NHj in the exhaust, or to decompose
NH; to N in fluidized-bed combustion. No studies have been conducted on the gasified fuels.

By applying a selective non-catalytic reduction of nitrogen oxides with NH; for the purpose of NOx
removal from exhaust gas, shown by the following overall reaction, section 3.2 clarifies that NH;
contained in the gasified fuel could be reduced when a very small amount of O, and NO coexist.

NH; + NO + 1/40, & N, + 3/2H,0 (1)

And the following effects on NH; decomposition characteristics in gasified fuels were investigated
through reaction kinetics, based on an elementary reaction model and experiments using a tubular flow
reactor: (1) the effect of reaction temperature, (2) the effects of added O, and NO concentrations, and
(3) the effects of CO, H, and CH4 constituents, which are combustible components in gasified fuel.

3. Basic Investigation of De-NOx Technologies for IGCCs

The gasified fuel derived from each gasifier contains between hundreds and thousands of ppm of
NHj3, shown in Table 1. If the gasified fuel contained only 1000 ppm of NHj, and all NH; were
oxidized to NOx, the fuel-NOx emissions would reach 150 ppm (corrected at 16% O;). On the other
hand, many BFG-firing, 1423 K (1150 °C)-class gas turbines are now operated in iron works. Since
the fuel calorific value of BFG mixed with a part of COG is adjusted between a low calorific value
of 4 and 5 MJ/m’ (at 273 K, 0.1 MPa), the thermal-NOx emissions from the gas turbine are
restrained 25 ppm or less (although the diffusion combustion method is adopted in gas turbine
combustors). In recent years, a 1573 K-class gas turbine combined cycle power plant has been
launched for iron works with a thermal-efficiency as high as 47% (on an HHV basis). The BFG
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firing 1573 K-class gas turbine adopted a dry low-NOx combustion method, and thermal-NOx
emissions were restrained to as low as 20 ppm (corrected at 16% O,). If a higher temperature gas
turbine could be adapted to BFG fuels, thermal efficiency would be improved. For this purpose, it is
important to control thermal-NOx emissions. Moreover, waste 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 as NH3; and HCN under situations in which various functional plastics
are expected to mix with the reducing agent of coking coal. That is, combustion technology using a
reducing flame to reduce fuel-NOx emissions then becomes increasingly important.

Combustion characteristics and low-NOx emission technologies of low-Btu fuels and medium-Btu
fuels are first investigated in section 3.1 below. Next, studies conducted for further improvement of
fuel-NOx emission characteristics, the selective non-catalytic reduction method for ammonia
constituents in the fuel are explained. Section 3.2, reviews the advantages of ammonia reduction 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. Experimental device and methods of small diffusion burner
Experimental device

Figure 9 outlines the basic experimental device [82]. Combustion air is controlled to the required
amount by an orifice meter and flow control valve, heated to the prescribed temperature by an electric
heater, and then blown into the combustor. Primary air is injected into the combustor through a
primary air swirler, positioned around the fuel injection nozzle, and secondary air is supplied through
air holes in the sidewalls of the combustor.

CO and H; (the main combustible components of the fuel), are mixed in the prescribed blend ratios
and loaded into a cylinder. The combustible components are diluted with N, to adjust the required
calorific value, heated to the prescribed temperature by an electric heater, and fed through the fuel
injection nozzle. The small amounts of NH3; and CH,4 are controlled by a thermal mass flow controller,
and premixed with the fuel before reaching the fuel injection nozzle. When adding CH,, the fuel
calorific value is adjusted depending on the amount of the N, dilution, while maintaining the CO/H;
molar ratio constant.

Exhaust gases are sampled from the exit of the combustor through a water-cooled stainless steel
probe and continuously introduced into an emission console that measures CO and CO; by infrared
analysis, NOx by chemiluminescence analysis, O, by paramagnetic analysis, and hydrocarbons by
flame ionization. The sampling probe is located about 1.5 m downstream from the burner.
Concentrations of calibration gases for CO, CO,, O,, NO, and CHy are 270 ppm, 18%, 20%, 20 ppm
for low-range of NO and 180 ppm for high-range NO, and 90 ppm respectively. Each repeat of the
analyzer is between —0.5 and +0.5% of full-scale range, linearity is between —1.0 and +1.0% of
full-scale range or between —2.0 and +2.0% of measure readings, and noise is less than 1.0% of
full-scale range.
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Figure 9. Schematic diagram of basic experimental device.
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Figure 10 shows a vertical sectional view of the combustor and tested diffusion burner [82]. The
combustion apparatus consists of a cylinder-style combustion chamber with an inner diameter, D,
of 90 mm and a length of 1000 mm, and a primary air swirler and fuel injection nozzle. The
combustion chamber is lined with heat insulating material and the casing is cooled with water. There
are four sections for secondary air inlets on the side wall of the combustion chamber, along the
direction of flow, to simulate a two-stage combustion, or secondary air of the combustor. Secondary
air inlets are used at a distance from the edge of the fuel injection nozzles of 3 x D. The diameter of
the secondary air inlets at the entry to the combustion chamber is 13 mm, and six inlets are positioned
on the perimeter of one cross-section. The tested burner consists of a fuel injection nozzle and a
primary air swirler. There are twelve injection inlets with a diameter of 1.5 mm on the fuel injection
nozzle, with an injection angle, 0, of 90 degrees. The primary air swirler has an inner diameter of 24.0
mm, an outer diameter of 36.4 mm, and twelve vanes with a swirl angle, 0,, of 45 degrees. Swirl
number, S, calculated from the following equation, is 0.84.

3
S:gx1—3
3 1-B?

xtand, (2)

where B (boss ratio of swirl vane) = 0.66.
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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 fossil-based, or non-fossil-based resources,
BFG etc. are shown in Tables 1 and 2. Each fuel contained CO and H, as the main combustible
components, and small amounts of CHa, except in the case of COG. Fuel calorific values varied widely
(2-13 MJ/m’), from about 1/20 to 1/3 that of natural gas, depending upon the raw material of
feedstock, the gasification agent and the gasifier type. For example, gasified fuels derived from
biomass or solid municipal waste contained high concentration steam, between 20-40% of total
volume. In recent years, a converter gas (LDG: Linzer donawitz gas), which produces at intervals but
has double the heat capacity of the BFG, will also be used for power generation in iron works.
Compositions and calorific values of gaseous fuels for BFG-fired gas turbines vary according to the
plant configuration of iron works.

Table 4 shows the typical supplied fuels and test conditions. In the tests, fuel calorific values are
varied between 2.9 and 12.7 MJ/m®, the CO/H, molar ratios in the fuels are set to values of 0.43, 1.00
and 2.33, and the small quantities of NH3; and CHy in the fuels are varied to investigate the typical
combustion characteristics of the gaseous fuels produced from various gasification systems and plants.
Temperatures of supplied fuel and air, and fuel injection velocity are set at constant for each
experiment. All experiments are conducted under atmospheric pressure conditions. Based on the
experiments and analyses, the fuel-NOx emission characteristics are examined in diffusion combustion

and supplied-air staging combustion.



Energies 2010, 3 353

Table 4. Standard test conditions and supplied fuels.

Fuel properties/Conditions Fuel standard conditions
Constituent
CO [vol%] 243~133 173 104 16~70 23.1 464 63.0
H, [vol%] 104~5.7 173 242 7~30 9.9 199 27.0
CH, [vol%]™ 0~5.0 0, (2.6) 0
CO; [vol%] 0
H,0 [vol%)] 0
NH; [ppmv] 0, 1000, (0~3000)
N; [vol%] Balance™
CO/H,molar ratio 2.33 1.00 043 233(1,043%) 233 233 233
HHV[MJ/m®](at 273 K, 0.1 MPa) 4.4 2.9~12.7 4.2 8.4 11.4
LHV[MJ/m®](at 273 K, 0.1 MPa)  4.2~4.1 4.1 39  4.0~12.1 4.0 8.0 10.9
Truer [K] 423,298 633
Tair [K] 673 643
Vel [m/s] 92,32 92
Pressure Atmospheric pressure condition

*1: In the case of varying CH,4 concentration in the fuel, the CO and H, constituents were adjusted
to maintain the fuel calorific value and the CO/H, molar ratio constantly.

*2: The fuel calorific values were adjusted by N, dilution.
*3: The cases of CO/H, molar ratios of 1.00 and 0.43 were investigated as well as 2.33 of CO/H..

3.1.2. NOx emission characteristics of low-Btu fuel
Effects of equivalence ratio

Figure 11 shows the relationship between the equivalence ratio, ¢ ., and both the conversion rate
of NH; in the fuel to NOx, C.R., and NOx emission concentrations, when a higher heating value of
fuel is set to 4.4 MJ/m’ (at 273 K, 0.1 MPa), and when 1000 ppm of NH; and no CH, are included in
the fuel [82]. Figure 11 also shows thermal-NOx emission concentrations when NHj is not included in
the fuel. All combustion air is provided from the primary air swirler that surrounds the fuel injection
nozzle. During the test, the temperature of the combustion air, T, is preset and maintained at 673 K
and the temperature of the fuel, Trel, at 423 K. The equivalence ratio is adjusted by controlling the
flow of combustion air while maintaining a constant fuel flow. The fuel injection velocity, Ve, 1s set
and maintained at 92 m/s. The conversion rates of NH; in the fuel to NOx are calculated from the
measured values of the thermal-NOx and the total NOx emissions. The concentration of thermal-NOx,
[NOx], is first measured after stopping the supply of NH3, and the concentration of total NOx, [NOx],
is measured while NHj3 is supplied. Finally, fuel-NOx is calculated by deducting the concentration of
thermal-NOx from that of total NOx. The conversion rates are given by the following equation:

B (INOx-NOx¢])*(volume flow rate of exhaust)
CR.= [NH3]*%(volume flow rate of fuel) 3)
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As shown in Figure 11, the conversion rates of NH; in the fuel to NOx indicated a value higher
than 80% when the equivalence ratio was less than 1.0 of stoichiometric conditions. When the
equivalence ratio exceeded 1.0, the conversion rate rapidly dropped. It is expected that the combustion
technology using the reducing flame is effective in reducing the fuel-NOx emissions in the case of CO
and H, mixture fuels. Measured concentrations of emitted thermal-NOx and total NOx (dry base),
reached maximum values of approximately 10 ppm and 520 ppm, respectively, when the equivalence
ratio was around 1.0. That is, low-Btu fuel of around 4 MJ/m’ was focused in large part on the
decrease of fuel-NOx emissions in the gas turbine combustor development. The reason the
thermal-NOx emissions were low depended absolutely on a lower maximum flame temperature of
around 2000 K.

Figure 11. NOx emissions characteristics in low-Btu fueled combustion.
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Effects of fuel constituents
(1) Effect of CO/H; molar ratio in fuel

The production characteristics of fuel-NOx, derived from NHj in the fuel, are expected to be
significantly affected by the characteristics of the flame zone in which the combustion chemical
reaction progresses. It is conceivable that the characteristics of the flame zone, such as the local
temperature distributions, the local equivalence ratios, and the reaction behaviors of fuel constituents
and radicals (O, OH, H, etc.) [63] are affected by the fuel constituents.

Figure 12 shows the correlation between the equivalence ratio, ¢ ., and the conversion rate of NH;
in the fuel to NOx, C.R., with the fuel CO/H; molar ratio as a parameter, when the NH3 concentration
in the fuel and the calorific value are set and maintained at 1000 ppm and 4.4 MJ/m’ respectively [82].
The tested fuels contain no CH4 and have CO/H, molar ratios of 0.43, 1.00 and 2.33. The fuel calorific
values are adjusted by N, dilution. When the equivalence ratio was less than 1.0 (i.e., fuel-lean
conditions), the conversion rate of NH3 in the fuel to NOx was almost constant at any CO/H; molar
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ratio. However, when the equivalence ratio became more than 1.0 (i.e., fuel-rich conditions), the
conversion rate decreased rapidly. Concerning the effect of the CO/H, molar ratio, when the
equivalence ratio is less than 1.0, the higher CO/H, molar ratios increased the conversion rate.
However when the equivalence ratio is more than 1.0 (i.e., fuel-rich conditions), no significant impact
of CO/H;, molar ratio is observed. This is explained both because H; is oxidized more rapidly than CO,
and the preferential diffusion rate of H; in the presence of excess air increases as CO/H, molar ratio
becomes higher. That is, when the CO/H, molar ratio increases, O, consumption rate decreases.
Consequently, NH; is oxidized under conditions of higher O, concentration, and then the NOx
production rate increases. On the other hand, when the equivalence ratio is more than 1.0,
O, is consumed by the oxidation of CO and H,, and the production of NOx by the oxidation of
NHs3 is restrained.

Figure 12. Effects of CO/H; molar ratio on conversion rate of NHj in fuel to NOx defining
by experiments.
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As described above, the influence of the CO/H, molar ratio on the fuel-NOx emissions shows
different tendencies between the cases of fuel-lean combustion conditions and fuel-rich, reducing
combustion. Hasegawa et al. [28,82], therefore investigated the influence of CO/H, molar ratio on
fuel-NOx emission characteristics in diffusion flames under fuel-lean conditions, before examining
effects of the two-staged reducing combustion on fuel-NOx emissions.

Figure 13 shows the relationship between the fuel calorific value and the conversion rate of NHs to
NOx , with the CO/H, molar ratio as a parameter [28]. Each fuel contains 1000 ppm NH; and no CHa,
the average exhaust gas temperature, Ty, 1S set and maintained at a 1773 K constant. When the fuel
calorie is changed, calorific value and equivalence ratio are adjusted by N, dilution and airflow rate,
respectively, maintaining the CO/H, molar ratio in the fuel at each constant value of 0.43, 1.00
and 2.33. During the tests, all combustion air is provided from the primary air swirler around the fuel
injection nozzle, and all fuel is from that fuel injection nozzle. The temperature of the combustion air,
Tair, 1 preset and maintained at 643 K and the temperature of the fuel, Ty, is 633 K. The fuel
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injection velocity, Vi, is set and maintained at a 96m/s constant by controlling the N, dilution and
supply of CO and H; constituents. The equivalence ratio is adjusted by the flow rate of combustion air
to make T at 1773 K constant while maintaining a constant fuel volume flow.

In each case of fuel CO/H, molar ratio, the conversion rate of NH; to NOx indicated a similar
tendency with the rise in fuel calorific value: in the lower fuel calorie range, the conversion rate rose
rapidly with the rise in fuel calorie and showed each local maximum value except in the case of a
CO/H; molar ratio of 0.43. When the fuel calorie increased further, conversion rates decreased and
indicated local minimal values; then those conversion rates rose slightly with fuel calorie increases.

It is generally accepted that a decrease in dilution with inert gases, or an increase in the
concentration of nitrogenous compounds, suppresses the conversion rate of nitrogenous compounds
into NOx [83-86]. In Figure 13, the NH; concentration is constant, but the ratio of NH; to combustible
components NH3/(CO + H;), decreases with a decrease in N, dilution. In the case of the above
mentioned phenomena however, three overall reactions appeared in a multilayered way against the
foregoing research results. After an exhaustive study of the above phenomena through analyses based
on full kinetics, it was clear that the behavior of nitrogenous compounds in the CO and H, mixture
fuels were greatly affected by an H, constituent. As a result, Hasegawa [36] has reorganized the data in
Figure 13 to observe the effects of an H, constituent on fuel-N conversion.

In Figure 14, the horizontal axis indicates H, concentration in each fuel, or variances in fuel calorie
supplied to the combustor while maintaining an average Tex constant [36]. In the range where the
CO/H; molar ratio is between 0.43 and 2.33, the conversion rates of NH3 to NOx vary, depending on
H, concentration, without relying on CO concentration: The conversion rate is inversely proportional
to H, concentration in a range of 10-30% of H,. And when H, concentration increases to 30% or
higher, the conversion rate increases slightly, in proportion to the H, concentration.

As described in Figure 13, it is said that similar findings are observed in lower concentrations of H;
in CO and H, mixture fuels, and with the conversion rate of NHj3 inversely proportional to H,
concentration in the range of H, 30% or lower. However, the reverse tendency takes place under
conditions where H, concentration is 30% or higher: Where the decrease in the amount of N, dilution,
or the increase in the H, concentration in fuel, raises the conversion rate of NH; to NOx slightly,
without relying on a CO constituent. Consequently, the conversion rate of the fuel-N compounds to
NOx greatly depends on the ratio of fuel-N compounds to the combustible component of H, under
conditions where the amount of fuel-N compounds is constant. Except in the case of higher
concentrations of CO with nominal amounts of N, dilution, the conversion rate of NHs; to NOX is
decided only by H, concentration at any CO/H, molar ratio. In the case of a diffusion flame, both the
oxidation reaction rate and preferential diffusion of H, are much faster than those of CO, and radicals
such as OH and O are produced early; so the conversion rate is greatly affected by the H»
concentration without relying on a CO constituent. This does not necessarily mean that a CO
constituent has no effect on the conversion rate. When the CO concentration in the fuel increases more
than five out of ten times, the influence of a CO constituent becomes relatively higher at any CO/H,
molar ratio. The higher the CO/H; molar ratio, the more the conversion rate shows an overall trend to
increase equally with the H, concentration.
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Figure 13. Effects of gasified fuel calorie on conversion rate of NH; to NOx in each case
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Figure 14. Effects of H; constituent in fuel on conversion rate of NH3 to NOx. Data in
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Moreover, under conditions of higher H, concentration in the fuel, the counter trend of the

examination by Fenimore [85] takes place, or a decrease in the amount of N, dilution increases H;

concentration in the fuel and slightly raises the conversion rate of fuel-N compounds to NOx.

One of the main reasons for the above phenomenon is that the local flame temperature is relatively

higher in a flame zone, and the reduction reaction of fuel-N compounds becomes slower, although the

atmosphere in the overall combustor is a fuel rarefied environment. In this case, of fuel including

lower combustible components, the maximum flame temperature becomes low, but a small amount of

H, constituent increases the production of OH and O radicals in flame and lowers the temperature of
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selective reduction of fuel-N to N in the presence of an O, constituent. Therefore, the conversion rate
is strongly affected by the H, constituent and decreases with a rise in H, concentration under
conditions of lower H, concentration in the fuel. But a large amount of H, component in the fuel
should suppress the decomposition of fuel-N compounds and delay the reduction reaction of fuel-N to
N,. Consequently, the intermediates obtained by decomposition of the fuel-N are exposed to an
atmosphere of higher O, concentration, and the conversion rate increases reversely.

(2) Effect of NH; concentration in fuel

NH; concentrations in the fuels strongly depend on the gasification type, raw materials of
feedstock and gasification conditions. In a steel plant, refused derived plastics have been partially used
instead of coal for coke production by the iron ore reduction process, or BFG and COG can include
nitrogen-containing species.

Figure 15 shows the correlation between NH; concentration in the fuel and both the conversion
rates of NH3 to NOx and the NOx emission characteristics, with CHy4 concentration and CO/H, molar
ratio as parameters. The equivalence ratio of ¢ « is set to 0.44; fuel calorific value is 4.4 MJ/m3, or
exhaust gas temperature is about 1573 K [82]. When changing CH4 concentration, fuel calorie is
adjusted by N, dilution while maintaining fuel CO/H; molar ratio at 0.41. In each case where the NHj3
concentration in the fuel is changed, the increase in NH; concentration 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 into NOx [83-86].
Similar findings are observed in CO, H,, CH4, NH3 and N, mixture fuels.

When fuels contain CHy4 of 2.6%, no significant effect by fuel CO/H; molar ratio on NOx emission
characteristics was detected. If fuel containing 2.6% of CH,4 is compared with fuel containing no CHa,
under conditions where the fuel CO/H, molar ratio was 0.41, the CH4 of 2.6% raised the conversion
rate by about 25%, regardless of NH; concentration in the fuel. So, when the equivalence ratio was
less than 1.0, the conversion rate not only maintained the higher value, as shown in Figure 12, but the
conversion rate also decreased, depending on the increase in NH3 concentration in fuels.

On the other hand, the CH4 constituent has a great considerable impact on the conversion rate; it not
only raises the conversion rate, but also removes the influence of the fuel CO/H; molar ratio on the
conversion rate in each NH; concentration. Meanwhile, the temperature in a fuel CO/H, molar ratio
of 0.41 is a maximum 40 K lower than other cases under test conditions of Figure 15, and the
temperature of fuel containing no CHy is about 40 K higher than fuel containing 2.6% CHs. Since the
temperature differences among the test cases are very small in comparison to the flame temperature
itself, and the thermal-NOx emissions are very small compared to the fuel-NOx emissions, as shown in
Figure 11, it is speculated that the temperature differences have no noticeable impact on NOx
emission characteristics.
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Figure 15. Effect of NH; concentration on conversion rate of NHj; in fuel to NOx with CHy4

concentration and CO/H;, molar ratio as parameters defining by experiments.
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3.1.3. Fuel-NOx emission characteristics in supplied-air staging combustion

Two-stage combustion with reducing flame (which has a primary combustion stage under fuel-rich
conditions and a secondary stage in which remaining unburned fuel combusts completely), is widely
accepted as a combustion technology for suppressing fuel-NOx production in conventional
fuels [62,63,87]. It is also known that the fuel-NOx production mechanisms of conventional
hydrocarbon fuels, such as CHy, are different from those of non-hydrocarbon fuels, such as CO
and H, [88-91]. So gasified fuels consisted of CO and H, as the main combustible components contain
thousands of ppm and a small percentage of CHy, and indicate a complex fuel-NOx production
mechanism, while non-hydrocarbon fuels produce very few species of HCN.

In Section 3.1.2, the effects of H, on fuel-NOx production in the conventional diffusion combustion
of CO and H, mixture fuels were quite clear, as shown in Figure 14. However, as shown in Figure 15,
the effects of CO and H, on fuel-NOx production were clearly controlled by the existence of a CHy4
constituent in the fuel. Therefore, in order to effectively adopt the two-stage combustion to the CO, H,
and CH4 mixture fuels, it is necessary to establish appropriate conditions for two-stage combustion
depending on fuel constituents. That is, the influence of the CO/H, molar ratio in the fuels on fuel-
NOx production differs between fuel containing CH4 and fuel without CHa, because, fuel containing
CHa, HCN is produced in fuel-rich and lower temperature conditions.

This section reviews the influential factors of fuel constituents, and equivalence ratio in the
primary-stage combustion zone, on fuel-NOx reduction using a small diffusion burner, shown in
Figure 10. In accordance with a series of results, a prediction methodology for fuel-NOx emissions is

then clarified from an engineering viewpoint.
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Eftects of fuel constituents
(1) Effects of CO/H; molar ratio in fuel

Figure 16 shows the correlation between the primary equivalence ratio, ¢, in two-stage
combustion and the conversion rate of NHj3 in the fuel to NOx, using the CO/H; molar ratio as a
parameter under conditions where the average equivalence ratio at the combustor exit (¢ ¢x), i set
to 0.44 for each case of fuel containing 2.6% of CHs, and fuel containing no CHa.

In each case, the fuel calorific value is maintained at 4.4 MJ/m’> and the NH; concentration
is 1000ppm. When the fuel contained no CHy, the fuel CO/H, molar ratio had a significant effect on
the conversion rate of NHj3 to 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 0.44, the conversion rate was 47% in the case where the fuel CO/H; molar ratio
was 0.41, while the conversion rate was 68% in the case of a CO/H, molar ratio of 2.33; it meant that
the conversion rate tended to increase proportionately to the CO/H, molar ratio. The difference in the
conversion rates between CO/H, molar 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 1.0, the difference in the conversion rates decreased with the rise
in the primary equivalence ratio. Those conversion rates then approached each other and showed equal
value when the primary equivalence ratio was 2.5. However, when the fuel contained 2.6% CHy, no
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/H; molar ratio and CH4 concentration on conversion rate of
NH; to NOx in two-stage combustion.
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The reason that significant effects were expected of the CO/H, molar ratio in a diffusion flame of
fuel with no CH4 was that CO oxidized more slowly in the flame front than Hj; so the higher the
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CO/H; molar ratio, the slower the O, consumption rate in the flame sheet. Consequently, NH3 oxidized
under conditions of higher O, concentration and NOx production rate increased, as shown in Figure 16.

This however, differed from the non two-stage combustion. The conversion rate of NH; to NOx
was slightly affected by the CO/H; molar ratio, even when the primary equivalence ratio exceeded 1.0
because a small portion of secondary-air flowed backwards into the primary-combustion zone and
slightly decreased the primary equivalence ratio; the higher primary equivalence ratio tended to
increase the quantity of secondary-air backward flow relatively; and oxidation of CO and reactions of
the intermediate products produced in the primary, fuel-rich combustion zone actually progressed by
small portions of the secondary-air supplied into the primary zone.

On the other hand, with fuel containing CH4, the CO/H, molar ratio did not wield have a significant
effect on the fuel-NOx emission characteristics. This is because intermediates CH; (i = ,12,3), produced
in the oxidation process of CHy, affected the decomposition of NHjs, rapidly, producing HCN and
NH; i=0,12), etc. in the flame zone, which quickly oxidized to NOx in the secondary combustion zone.

From the above mentioned results, it was clear that the relationships between the primary
equivalence ratios and the conversion rates of fuel-N compounds in CO, H, and CH4 mixture-fueled,
two-stage combustion, were greatly affected by a CH4 constituent.

Next, the effects of a CHy4 constituent will be discussed in detail.

(2) Effect of CH4 concentration in fuel

Figure 17 shows the correlation between the primary equivalence ratio, ¢, in two-stage
combustion, and the conversion rate of NHj in fuel to NOx with CH4 concentration as a parameter,
under conditions where the fuel calorific value is set to 4.4 MJ/m’, the NH; concentration in the fuel
is 1000 ppm, and the fuel CO/H; molar ratio is 2.33 [82].

When the CH4 concentration is changed, the fuel calorific value is adjusted by N, dilution, while
maintaining the CO/H, molar ratio at a constant value of 2.33. In the examination range of Figure 17,
the measured thermal-NOx emissions were as low as 10 ppm, because the maximum theoretical
adiabatic flame temperature of gasified fuel with a fuel calorie of 4.4 MJ/m’® was lower than 2000 K.
When the primary equivalence ratio was less than 1.0, the conversion rate of NH; to NOx increased in
direct proportion to the CHs concentration. And when ¢, was more than 1.0 (or the primary
combustion zone was in a fuel-rich condition), the conversion rate decreased as the primary
equivalence ratio increased, in CHy-free fuel. Meanwhile, fuel containing CH4 had an appropriate
primary equivalence ratio, ¢ p*, at which the conversion rate dropped to a minimum, and ¢ p* varied
with the CH4 concentration. That is, ¢ p* increases as the CHy concentration decreases.

From these results, it can be concluded that an appropriate primary equivalence ratio, ¢ p*, must be
determined depending on CH4 concentration when applying two-stage combustion to gasified fuels
containing CHj4 to suppress fuel-NOx emissions.

The influence of a CHy4 constituent on the conversion rate of fuel-N compounds in CO, H,; and CH4
mixture-fueled, two-stage combustion, has already been discussed by way of experiment. This
phenomena will be discussed in greater detail again from the viewpoint of reaction kinetics, and a
basic principle for a prediction methodology regarding fuel-NOx emissions will be proposed.
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Figure 17. Influence of CHs concentration on conversion rate of NH; to NOx in
two-stage combustion.
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(3) Numerical analysis using an elementary reaction model for gauging the effects of a CH4 constituent
on fuel-NOx formation

The phenomena shown in Figure 17 was caused by a selective reduction reaction of NHj in fuel
with NO originating from N in the atmosphere and fuel-bound nitrogen. NH3 and NO are decomposed
into N, , under the coexistence of O, in the reducing conditions, by the following overall Reaction (1);

NH; + NO + 1/40, & N, + 3/2H,0 (1)

The selective reduction between NH3; and NO is influenced by the reaction temperature, NH3/NO
molar ratio, O, concentration, and fuel constituents of CO/H, molar ratio and CH4 concentration in the
flame zone. As a result, the rate of overall Reaction (1) rises steeply to maximum in a narrow
temperature range, or temperature window. The activated chemical species, such as OH, O and H
radicals, promote the oxidation decomposition reactions of NH3; and CH4 and produce the intermediate
products of NH; (=0,12) and CH; ;= 12,3). HCN is produced by interactions between the intermediates of
nitrogenous compounds and those of hydrocarbons in the reducing combustion conditions, as well as
the above mentioned selective reduction of NH3 with NO.

In the primary, fuel-rich combustion zone, HCN production increases proportionally to the
concentration of CHj in the fuel, and HCN is oxidized into fuel-NO with the secondary-air
supply. Consequently, it is expected that reduction of NHj; into N, is restrained with a rise
in CHy concentration in the fuel, and the optimum primary-equivalence ratio that minimizes the
conversion rate of NH; to NOx declines and approaches stoichiometric conditions, while the
conversion rate increases.

The above mentioned phenomenon 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 non-catalytic reduction of ammonia using
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NO [93], and oxidation of ammonia by premixed methane flame [92], has been confirmed by
comparison with test results, as will be described in detail in Section 3.2.1.

The reaction scheme is composed of 248 elementary reactions, and 50 species are taken into
consideration. Miller and Bowman described both a detailed scheme of the oxidation of C; and C,
hydrocarbons under most (not too fuel-rich), conditions, and an essential scheme for ammonia
oxidation. Hasegawa et al. [93], united those two schemes 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 system, and those
elementary reaction models and rates require sustained confirmation and revisions. For example,
Glarborg et al. [94], investigated the reaction of ammonia with NO, through a flow reactor and
detailed reaction kinetics, Bromly ef al. [95], examined effects of NO on oxidation of H,, and Dagaut
et al. [96], studied effects of NO and SO, on oxidation of CO-H; mixtures. Recently, Smith et al. [97],
have proposed new schemes that need not be used because the gasified fuel contains a small percent of
CH4 and no C, hydrocarbon.

Thermodynamic data is taken from the JANAF thermodynamics tables [98], and the values of other
species not listed in the tables are calculated based on the relationship between the Gibbs' standard
energy of formation (AG®), and the chemical equilibrium constant (K).

AG° =R x T x In(K) 4)

In the above formula, the value of AG® is obtained from the CHEMKIN database [99]. This study
uses the GEAR method [100], for numerical analysis, as an implicit, multi-stage solution.

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

Correctly solving reaction processes with flow processes at the same time is at present confined to a
simple axisymmetric laminar jet flow field [101], with numerical analysis. In order to precisely clarify
here the reaction processes in two-stage combustion, the oxidation and reduction 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 method, from a macroscopic standpoint.

Figure 18 shows the behavior, over time, of chemical species NH3;, NO, HCN and CH4 in two-stage
combustion, with primary equivalence ratio as a parameter, under conditions where the averaged
equivalence ratio at the combustor exhaust, ¢, is set to 0.45, or equivalent to the theoretical
adiabatic flame temperature of 1573 K. In this figure, a comparison is made between two cases in
which the primary equivalence ratios, ¢ ,, are 0.6 and 2.0. In these analyses, the residence time in each
combustion zone is calculated on the assumption that each mixing gas temperature is regarded as the
adiabatic flame temperature corresponding to each equivalence ratio. When the primary equivalence
ratio is set at 0.6, the residence time in the primary combustion zone is about 0.11 seconds, and 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 18 shows the case where the primary equivalence 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 of O, H and OH were rapidly
formed before the decomposition of NH;. The NHj in the fuel reacted with those radicals and
decomposed to NH; (i=o,1,2), before being oxidized into NO. Following the decompositions of CH4 and
NHj3, the intermediate product HCN was formed in the primary combustion process in each case.
When the primary equivalence ratio was 2.0 (fuel-rich conditions), both the decomposition of CH4 and
NHs, and the NO production were delayed, and HCN was produced in higher concentration. The
reasons for the delay in the initiation reaction in the case of ¢, of 2.0 is attributed to both lower
temperature than other cases, and reductive conditions in the primary combustion zone. This HCN
oxidized slowly in the primary combustion zone in the reductive atmosphere, while the HCN rapidly
decomposed into NO where the primary equivalence ratio was 0.6.

Following the decomposition of HCN, NH3; and CH4 were reproduced, while the decomposition
into N> through HCN and NHj progressed in the reducing primary combustion zone (¢, = 2.0).
Consequently, a portion of NHj in the fuels was reduced to N, in the primary combustion zone when

the primary equivalence ratio was set to 2.0.

Figure 18. Mole fraction-time products, comparing ¢ , = 0.6, 2.0 in two-stage combustion

as defined by calculation.
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Because both the intermediate HCN continued to decline, and the reproduced NHj increased in the
primary combustion zone, lengthening the residence time of the combustion gas in the primary zone
within the range where the NH3 reproduction does not exceed the HCN concentration might produce
further denitration. However, when the primary equivalence ratio rose higher, NH; was reproduced
more by the decomposition of HCN in the primary combustion zone. NH; was oxidized to NOx in the
secondary combustion zone and the conversion rate of NH3 to NOx increased.

From the above, there is an appropriate primary equivalence ratio where the conversion rate reaches
a minimum depending on the CH4 concentration conditions, as shown in Figure 17.

It has been widely reported that HCN is not produced in non-hydrocarbon flame, even if the fuels
contain nitrogenous compounds such as NHj3, except if fuels including hydrocarbons such as CHy, the
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HCN are produced [91]. In the hydrocarbon flame, HCN is produced from nitrogen in the air by
Reaction (5), and is rapidly oxidized and promptly produces NO; this is referred to as the “prompt
NO”.

CH; i=12) T N2 < HCN + NH;, (%)

R-CH + NH; <& HCN + R-H;, (R-: alkyl group) (6)

With fuel including NH3, following the decompositions of CH4 and NHj3, if HCN was produced by
Reaction (6) in the fuel-rich region of flame of fuel including hydrocarbons, then that HCN oxidizes to
NO in the fuel-lean region. The nitrogen of NHj3 in the fuel has weaker bonding power than N;. In the
combustion process, NH3 reacts with the OH, H and O radicals and then easily decomposes into the
intermediate NH; (- ,1 2) by the following reactions (as reported by Miller ef al. [102] ).

NH; + OH (O, H) © NH, + H,O (OH, H») (7)

NH; =12+ OH (H) © NH;; + H,O (Hy) (8)

NH; =0,12) is oxidized into NO in conventional combustion processes, under ample air conditions.
When hydrocarbon is not contained in the fuel, NH; can be converted into N, by reacting with NO in
the fuel-rich region. The overall Reaction (1), is manifested as the following elementary reactions.

NH, + NO © N, + H,0 9)
NH, + NO €& NNH + OH (10)
NNH + NO € N, + HNO (11)
NH, + H & NH + H, (12)
NH +NO © N, + OH (13)
NH+HE N+ H, (14)
N+NO©N,+0 (15)

Also, part of the NH,, produced as a product of decomposition of NHs, is oxidized into HNO by the
O radical through Reaction (16). Some HNO, produced by Reactions (11) and (16), are decomposed
into N; by Reactions (17) and (18), and the remainder are oxidized into NO by Reactions (19) and (20).

NH, + O & HNO +H (16)
2HNO © N,0O + H,0 (17)
N,O+H & N, + OH (18)

HNO + OH & NO + H,0 (19)

HNO + H & NO + H, (20)
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Because of the high concentration of CO in the gasified fuel, NO is reduced to an N radical,
with oxidization of CO to CO; by Reaction (21); the N radical promotes the reduction of NO into
N3 by Reaction (15).

NO+CO & CO,+N (21)

N+NOSN,+0 (15)

On the other hand, if fuel contains CHy, the intermediate HCN is produced by Reactions (5) and (6),
in the fuel-rich primary-combustion zone.

When the primary equivalence ratio is a fuel-rich condition, both the decompositions of CH4 and
NH;, and the NO production are both delayed and HCN is produced in higher concentrations. The
reasons for the initiation reaction being delayed in fuel-rich conditions are due to both lower
temperature and reductive conditions. HCN is oxidized slowly in the primary combustion zone of the
reductive atmosphere, while it rapidly decomposes into NO where the primary equivalence ratio is less
than 1.0 of stoichiometric conditions.

Following the decomposition of HCN, the NH; and CH,4 are reproduced, while at the same time, the
decomposition into N, through those HCN and NHj partially progresses in the primary zone of the
reductive atmosphere. Consequently, the reduction of NH; into Nj is inhibited.

Some HCN is oxidized into NO by Reactions (22) and (23), the rest decompose into an N radical
by the Reaction (24), in the fuel-lean secondary zone. The NH radical decomposes into NO by
Reactions (25), (26) and (27).

HCN + OH € CN + H,0 (22)
CN + 0, © CO +NO (23)
CN+0 & CO+N (24)
NH + OH © N + H,0 (25)
N+0, & NO+0 (26)
N+OH & NO+H (27)

HCN production in the reducing primary combustion zone increases with rises in the ratio of
hydrocarbons to amino groups under the same conditions of the primary equivalence ratio. That is, the
two phenomena appear multilayered. With a rise in the primary equivalence ratio over stoichiometric
conditions, the conversion rate of NHz to NOx decreases. At the same time, raised CH4 concentration
in the fuel, increases HCN produced in the reducing primary combustion zone, and NOx emissions
originating from HCN in the fuel-lean secondary combustion zone increase. Moreover, when the
primary equivalence ratio rises higher, NOx production through HCN exceeds the reduction of NHj to
N, and the conversion rate rises inversely. Therefore, there is an optimum primary equivalence ratio
where the conversion rate reaches a minimum, depending on CH4 concentration conditions, as shown
in Figure 17. The optimum primary equivalence ratio decreases and comes close to stoichiometric
conditions, and its conversion rate increases with a rise in CH,4 concentration.
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Figure 19 shows the relationship between the primary equivalence ratio, ¢, in two-stage
combustion, and both the conversion rate of NH; to NOx and the CO emission concentration with the
CH4 concentration as a parameter, in the case where the average equivalence ratio at the
combustor-exhaust, ¢ o, 1S set to 0.44. As the CHy4 concentration in the fuel was varied, CO and H,
content was adjusted to maintain fuel calorific value at 4.4 MJ/m’ and CO/H, molar ratio at 2.33.
When the fuel did not contain CH4, the CO emission concentration peaked under conditions where the
primary equivalence ratio, ¢, was approximately 1.2. As ¢, increased further, the CO emission
concentration tended to decline slowly. When the fuel contained 2.6% of CH, and ¢ , was 1.5 or less,
the CO emission characteristics were almost the same as fuel that did not contain CH,4. However, in the
case of ¢ , values between 1.5 and 2.1, the CO emission concentration increased rapidly with a rise in
¢, and showed the maximum when ¢, was at approximately 1.7. Then the CO emission
concentration decreased gradually and showed almost the same value as fuel that contained no CHy4
when ¢, reached 2.1. When ¢, was increased further, the CO emission concentration tended to
increase slightly, because it was surmised that values of ¢ , above 2.1 delayed the oxidation reactions
of intermediate hydrocarbons.

If fuel included CH4 of 2.6%, the HCN produced in the fuel-rich primary combustion zone oxidized
rapidly in the secondary combustion zone and produced both NO and CO, leading to a rapid increase
in the CO emission concentration where ¢ , was between 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 zone, then CO emissions decreased at the same time NOx emissions tended to increase.
Values of ¢, above 2.1 destabilized combustion slightly in the primary combustion zone and
suppressed the decomposition of CHy in the primary combustion zone, leading to a gradual increase in
the CO emission concentration at the exit of the combustor.

Figure 19. Effect of CH4 concentration on both conversion rate characteristics and CO
emissions in two-stage combustion defining by experiments.
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Figure 20 shows the correlation between ¢, and the CO emission concentration in two-stage
combustion with the CH, concentration in the fuel as a parameter, when the averaged equivalence ratio
at the combustor exhaust, ¢ , is set at 0.44. As in the case of Figure 17, when changing the CHy
concentration in the fuel, the CO and H; constituents were adjusted to maintain the fuel calorific value
at 4.4 MJ/m3, and the fuel CO/H, molar ratio at 2.33. Other test conditions were pursuant to the case
shown in Figure 17.

Figure 20. Effect of CH4 concentration on CO emission characteristics in two-stage
combustion defining by experiments.
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The CO emission characteristics showed similar tendencies at any CH4 concentration, or CO
emissions had the two local maximal values except for fuel containing no CHy. At first CO emissions
indicated the maximum when the primary equivalence ratio was 1.2, regardless of CH4 concentration
in the fuel. Those CO emission concentrations became higher with rises in CH4 concentration in fuels
containing CHy4. For a second time, CO emission concentration reached a maximum at each ¢ , that
was higher than 1.2 and different by CH4 concentration. The two maximal values of CO emissions
increased in direct proportion to CH,4 concentration. The certain range of the primary equivalence ratio,
at which the CO emissions indicated a steep rise for the second time, was almost equivalent to that of
the rising phase of the conversion rate of NHs to NOx, as shown in Figure 17. There was a negative
correlation between CHy4 concentration in the fuel and the optimum primary equivalence ratio of ¢ p*.
As the CH4 concentration increased, the quantity of air supplied to primary combustion increased
under conditions of the same primary equivalence ratio, and the local flame temperature tended to
decrease. In an example of the analytical results, shown in Figure 18, HCN was produced and NH; was
reproduced in the reducing primary combustion zone. The production of HCN and NH3 increased at
the lower primary equivalence ratios of a reducing atmosphere with a rise in CH4 concentration, as
described in Figure 17; oxidation of the fuel constituents were delayed. Then the HCN and reproduced
NH; were oxidized to NOx with certainty in the secondary combustion zone of the oxidation
atmosphere. Therefore, NOx production and CO emissions increased through HCN production, and
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NH; reproduction, by foregoing Reactions (22)—(27), with a rise in CH4 concentration. The phenomena
shown in Figure 17 proved the above mentioned reaction mechanisms of NH; in the CO, H, and CH4
mixture-fueled, two-stage combustion.

(4) Prediction methodology of fuel-NOx emissions

Figure 21 rearranges the experimental data shown in Figure 17 by the following Equation (28).
AC.R.=C.R. - C.R.(CH,-0) (28)

The following data, AC.R., shows the difference between the conversion rate of NH3 to NOx in the
case of fuel containing each CH4 concentration, and that in the case of fuel containing no CHa, where
C.R.(CH,-0) designates the values of C.R. in fuels with no CHy4. That is, AC.R. indicates the conversion
rate of NH; to NOx through the intermediate HCN which depends on CH4 constituent. In each CHy
concentration condition, correlation between the primary equivalence ratio in two-stage combustion,
¢ p, and the conversion rate difference, AC.R., showed a similar tendency.

When the primary equivalence ratio ¢ , was less than 1.0 (i.e., fuel-lean conditions), the conversion
rate difference AC.R. increased slightly with the rise in ¢ , and the higher CH4 concentration increased
the values of AC.R.. On the other hand, when the primary equivalence ratio ¢ , was more than 1.0 (i.e.,
fuel-rich conditions), the conversion rate difference of AC.R. decreased rapidly. After having shown
each local minimal value, AC.R. reversely increased in proportion to ¢, at any CH4 concentration.
Compared with the same ¢, conditions, AC.R. tended to increase in proportion to the CHy

concentration, too.

Figure 21. Effect of CH4 concentration on difference in conversion rates between each
case of fuel including methane and that including no methane in two-stage combustion.
Data in Figure 17 was rearranged.
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Particularly since AC.R. showed lower values than zero in the narrow range between 1.0 and 1.5 of
¢ p, it could be said that the CHy4 content in fuel promoted the decomposition of NH3 to N. In this
narrower range of ¢, the following overall Reaction (1) of a selective mutual reduction, where
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prompt NO and early produced fuel-NO react with NH3 to form N, progress preeminently. That is,
NO production through HCN promotes the NH; decomposition.

NH; + NO + 1/40, < N, + 3/2H,0 (1)

On the other hand, HCN production increased with a rise in ¢ , over stoichiometric conditions and
HCN reacted with OH radical ef al. to NOx in the secondary combustion zone. With the rise in ¢,
over stoichiometric conditions, both the decomposition of NHj to N, and the oxidation of NHj3 to NOx
through HCN proceeded. Then the C.R. took each minimum value at each appropriate primary
equivalence ratio, ¢ p*, depending on the CHy4 concentration in fuel, as shown in Figure 17. In the
same way, at each CH4 concentration, there was a peculiar primary equivalence ratio, ¢ ,', that
minimized the value of AC.R. And the value of ¢ ,' decreased and came close to the stoichiometric
mixture ratio with a rise in CH4 concentration. This phenomena was caused both by increment of HCN
production originating from NHj3 at higher reducing conditions and by the selective mutual reductions
of NH3; and NO. When the CH4 concentration became relatively higher in comparison to that of H,
constituent, the forward reacting doses of the following Reactions (29)—(33) decreased markedly in the
reducing reaction field, the production of OH and O radicals originated form H, constituent in
the chain initiation reaction decreased, and HCN production through oxidation reactions of CHy
and NHj; increased.

H+0,+M & HO, +M (29)
0,+H& O+O0OH (30)
0O, +H, & 20H (31)

OH+H, © H,0+H (32)
O+H,©®OH+H (33)

Prompt NO and fuel-NO produced in the primary combustion zone of a reductive atmosphere, and
those nitrogen compounds promote the selective mutual reduction (1). Reaction (1) has an attribute
where the overall reaction rate scores higher under conditions of a specific temperature, called
“temperature window”, and a specific equivalence ratio. The selective reduction Reaction (1) generally
depends on reaction temperature, NH3/NO molar ratio in fuel, and concentrations of O, and H», and its
reaction forms the specific temperature window conditions that maximize the rate of Reaction (1).
When increasing the CH4 concentration in the fuel, the quantities of prompt NO and fuel-NO derived
through HCN increase, followed by a progression of the overall reduction Reaction (1). Therefore, the
higher concentration of CH4 lowered the minimum value of the conversion rate difference AC.R.
below zero, but the peculiar primary equivalence ratio ¢, was limited to the narrower range
between 1.0 and 1.5 within the experimental conditions. Consequently, the ¢ ,' values varied
depending on the CHy4 constituent, and simultaneously came close to the stoichiometric mixture ratio
with a rise in CH4 concentration, just as the case of ¢ p* in Figure 17.
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With arise in ¢, over 1.5, however, HCN production in the primary combustion zone substantially
increased as compared with NH; decomposition to N, and the NO production through HCN caused a
sharp rise in AC.R.

As in the case shown in Figure 21, under the conditions of a specific reaction temperature and
equivalence ratio, the selective mutual reductions between NOx originating from prompt NO and early
produced fuel-NO, and NH; to N, in coexisting O, by the overall Reaction (1) progressed from an
early period of combustion. Conversion rates then decreased with increases in CH4 concentration
under specifically narrower conditions that were affected by a number of factors. That is to say, there
are specific conditions where the conversion rate differences of AC.R. become negative, and the value
of AC.R. and the primary equivalence ratio that minimize AC.R. decline with an increase in CHy
concentration. The selective reduction Reaction (1) particularly depends on reaction temperature,
NH3/NO molar ratio in fuel, and concentrations of O, and H,, and its reaction forms the specific
“temperature window” conditions that maximize the rate of Reaction (1). The phenomena shown in
Figure 21 ultimately result in both a temperature window that depends on the production of radicals
such as OH, and the production of intermediate HCN which depends on CH4 concentration.

Figure 22. Prediction of relationship between CH,4 concentration in fuel and characteristics
of conversion rates of NH3 to NOx in two-stage combustion. C.R.(CH, =0) ; values of C.R.
in cases where fuels contain no CHj.
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In the case of typical NH; reduction methods with a combustion air staging supply, it is expected
that the influence of a temperature window on fuel-NOx production is weaker than that of NOx
production through HCN production. In order to make a clear correlation between CH4 concentrations
in fuels and the corresponding conversion rates, Figure 22 indicates a difference value that subtracts
the quotient, which is obtained by dividing each conversion rate difference AC.R. by the
corresponding CH4 concentration from the value of C.R.(CH, = 0) in each case of ¢ ,. The calculated
amounts of the vertical axis are in inverse proportion to the primary equivalence ratio of ¢, and it
could be approximated by the following expression (34), in the range of ¢ , between 0.44 and 3.00.
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The ¢, of 0.44 is the minimum value in this case of the air-staging supply combustion, or indicates

non-staged combustion.

C.R.ccH,-0)— AC.R./[CH4] = —46x ¢ , + 90 (34)

CR.(CH,-0)=f(dp) (35)

The term of “AC.R./[CH4]” means the conversion rate of NH; to NOx through intermediate HCN
per unit CH4 concentration and can be described by the function of ¢ , at any CH4 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 17. And also, the left-hand side of equation (34), “C.R.(cH,-0) — AC.R./[CH4]”,
can be expressed as a function of ¢, and the expression (34) shows accurate straight-line
approximation. AC.R. is the conversion rate through HCN and tends to increase depending on both the
CH4 concentration and ¢ ,. Since AC.R./[CHy4] is “C.R. — C.R.(ccH,-0)” per unit CH4 concentration,
“C.R.(cH, - 0) — AC.R./[CH4]” equals to “2 x C.R.ccH, = 0) — C.R.” in case of fuel with unit CH4
concentration of 1%. If each of C.R.(cH,=0) and C.R. was approximated by quadratic function of ¢ ,,
leading coefficient of second-order term of approximation of C.R. was twice of that of the case of
C.R.ccH, - 0). As a result, the coefficient of second-order term of quadratic approximation of the
left-hand side of equation (34) come out even, and the equation (34) can be approximated by a linear
function of the ¢ ,, where the gradient is “—46” and y-intercept is “+90”. The standard deviation of the
approximation equation (34) was within 4.8%. It is believed that the deviation of experimental value
from the approximation of a mean square method is caused mainly by selective mutual reductions
where prompt NO and early produced fuel-NO react with NH; in the range of a primary equivalence
ratio between 1.0 and 1.5. However, the expression (34), could be supposed to have a range of both the
gradient and the y-intercept occupied by two-staged combustion designs and exhaust temperature. The
expression (35) as a function of ¢ , exhibits some range with the fuel CO/H, molar ratio, as shown
in Figure 16, too.

When vertical axis of “C.R.(cH,-0) — AC.R./[CH4]” in Figure 22 equals zero, conversion rates in
fuel containing no CHy of “C.R.(CH,-0)” become equal to the partial conversion rates of NH; to NOx
through HCN of “AC.R./[CH4]” under the conditions where fuel contains each CHs. In other words,
AC.R. is in proportion to the CH4 concentration with proportionality factor of 1.0 under the condition
of 2.0 of ¢, and the conversion rate of NH; to NOx through HCN accounts for half of the total
conversion rate at unit CH4 concentration of 1%. And negatives of “C.R.(cH,-0) — AC.R./[CH4]”
indicate that the conversion rates of NH; to NOx through HCN account for over half of the total
conversion rates of NH; to NOx.

In the case of adopting two-staged reducing combustion into CO, H,, a small percent CH4 and N,
mixture fuel to reduce fuel-NOx, the dominant setting conditions of the primary equivalence ratio
(which minimizes the conversion rate of fuel-bound nitrogenous compounds to NOx), must be
determined linearly depending on the CHj concentration. Fuel constituents depend on the raw
materials of feedstock, the gasification agents, gasifier types, and plant operations. Expressions (34)
and (35) show that the conversion rate of nitrogenous compounds in the fuel to NOx, as part of the
combustor’s performance, could be guessed in the case where the fuel contained a CH4 constituent at
any given concentration, if experimental data on the intended gas turbine combustor was preliminarily
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obtained both in fuel containing no CHy4 and in a typical example of fuel containing an CHy at two ¢,
conditions each. In terms of its engineering implications, it is noteworthy that the above mentioned
method can be applied to various fuels, as shown in Tables 1 and 2.

3.1.4. Combustion emission characteristics of medium-Btu fuel
Thermal-NOx emission characteristics

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

Figure 23 shows a correlation between the equivalence ratio, ¢ ., and thermal-NOx emissions,
NOxy,, with fuel calorific value as a parameter, when NH3 and CH4 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 in fuels of constant 2.33. The thermal-NOx emission concentration increased as the
fuel calorific value increased. When the fuel calorific value was set to 4.2 MJ/m’, the thermal-NOx
produced was 10 ppm or less under the conditions of the equivalence ratios between 0.1 and 3.0. When
the fuel calorific value was raised to 11.4 MJ/m3, the thermal-NOx emissions reached a maximum of

approximately 280 ppm.

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

thermal-NOx emissions.
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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 medium-Btu fuels and BFG fuels, both
fuel-NOx and thermal-NOx emissions must be simultaneously controlled. In the case of BFG fuels, it
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 two-staged reducing combustion was effective in reducing the
fuel-NOx emissions in the case of low-Btu fuel, but its effect on thermal-NOx emissions proved too
small to be apparently significant. On the other hand, the medium-Btu fuels abounded in thermal-NOx
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emissions. The effects of the two-stage combustion on the thermal-NOx emissions of the
oxygen-blown gasified, higher calorific fuels were then investigated. Figure 24 shows the thermal-
NOx emission characteristics in two-stage combustion with the fuel calorific value as a parameter. The
averaged equivalence ratio of combustor exhaust, ¢ ., is set for each fuel calorific value, so that the
combustor exhaust gas temperature is set and maintained at 1773 K. The horizontal axis is the primary
equivalence ratio of ¢ ,. The other test conditions are pursuant to the values shown in Figure 23.

At any fuel calorific value, the thermal-NOx emission concentration indicated maximum when the
primary equivalence ratio was approximately 1.0. In each case, thermal-NOx emissions decreased by
raising the primary-equivalence ratio higher than stoichiometric mixture conditions, while the higher
calorie fuel increased thermal-NOx emissions under the same exhaust temperature conditions. Then,
there was an optimum primary-equivalence ratio that minimized thermal-NOx emissions with respect
to each fuel calorific value. That is, it is possible to reduce thermal-NOx emissions by using a
two-stage reducing combustion in which ¢ , is optimized for the each calorie fuel. When, for example,
the fuel calorific value increased to 11.4 MJ/m’, the two-staged reducing combustion could decrease
the thermal-NOx emissions approximately by half.

Figure 24. Influence of fuel calorific value on relation between the primary-equivalence
ratio and thermal-NOx emissions in two-stage combustion.
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Fuel-NOx emission characteristics

In low-Btu fuel consisting chiefly of CO, H, and a small percent of CH4, the optimization of the
two-stage combustion relates closely to the CH4 concentration in the fuel. The influence of CHy
concentration was investigated on the effectiveness of the two-stage combustion to suppress fuel-NOx
emissions in the case of the higher calorific fuel.

Figure 25 presents a relationship between the primary equivalence ratio, ¢ ,, and the conversion
rate of NH; to NOx, C.R., in two-stage combustion with CH4 concentration in the fuels as a parameter.
In tests, the average temperature of the exhaust, T, is set to 1773 K, the fuel calorific value
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is 11.4 MJ/m’, and the fuel contains 1000 ppm of NHs. As in Figure 17, when changing the CHy
concentration in the fuel, the CO and H, content was adjusted by N, dilution in order to maintain the
fuel calorific value at constant and the fuel CO/H, molar ratio at 2.33. The other test conditions are
pursuant to the values shown in Figure 24.

Figure 25. Effect of CH4 concentration on conversion rate of NH3 to NOx in two-stage
combustion of medium-Btu fuel.
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In the same way as the case of the low-Btu fuels in Figure 17, the optimum primary equivalence
ratio that minimizes the conversion rate of NH3 to NOx was affected by the CH4 concentration in the
fuel. That is, the conversion rate indicated a higher value with the rise in the CH4 concentration in the
fuel under conditions where the primary-equivalence ratio was the stoichiometric mixture ratio or less.
By raising the primary-equivalence ratio higher than stoichiometric, the conversion rate decreased
rapidly at any CH4 concentration in the fuel. Furthermore, there was an optimum primary-equivalence
ratio that minimized the conversion rate with respect to each fuel CH4 concentration. The higher the
CHy4 concentration in the fuel, the lower the optimum primary-equivalence ratio and the higher the
conversion rate. This means that the optimum primary-equivalence ratio must be adjusted in the
narrow range in higher CH4 constituent fuels.

In the low-Btu fuels in Figure 17, the conversion rate of C.R. decreased rapidly by raising the
primary-equivalence ratio of ¢ , higher than stoichiometric conditions, and indicated the minimum
value. Unlike the low-Btu 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 each CH,4 concentration. One of
the main reasons the conversion rate did not show a steep rise within the higher ¢, was that the
concentration of H, constituent in the medium-Btu fuel was sufficiently high at any CH4 concentration
condition, compared to the low-Btu fuel. That is, the tested medium-Btu fuel contained about 24% of
H, when the CH4 concentration was 3%, while the low-Btu fuel cited in Figure 17 contained H, 10%
or less in fuel containing only 0.5% of CHs.

In these diffusion flames, both the oxidation reaction and the preferential diffusion of each fuel
constituents have a great influence on the selective mutual reduction between NH3 and NO under
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coexisting O, conditions, as prescribed in Section 3.1.2. Oxidation rate and preferential diffusion rate
of H, are faster than CH4 and CO, and the elementary reactions that involve H, drive the oxidation of
the fuel constituents. Thus, in the diffusion combustion of the H,-rich fuel, such as oxygen-blown
gasified medium-Btu fuels, the elementary reactions that produce H, molecule are inhibited and the
oxidation of H; contributes to the production of OH, O and H radicals in the flame front under lower
temperature conditions. These radicals promote the oxidation reactions of the fuel constituents of Hy,
CO and CHy, and consequently NO production through both HCN and the reproduced NH; =0,123), as
chain carriers hardly occur. Medium-Btu fuels have large amounts of CO and H, compared to the CH4
constituent, and burning of the CO and H, constituents have the potential to reduce NO under both
primary fuel-rich conditions and secondary fuel-lean conditions.

3.2. Non-catalytic reduction of NH; from gasified fuel

In this section, the selective, non-catalytic reduction technology of NHj [93], from gasified fuels is
described under the coexistence of small amounts of O, and NO by applying well known selective,
non-catalytic NOx removal techniques in the exhaust. The effects of added NO and O, concentration,
and the influence of CO, H, and CHy4 in gasified fuels on the decomposition characteristics of NH; and
NO, have been examined by experiments using a tubular flow reactor, and 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 this study. The flow tube
reactor was made of a very pure quartz tube having a 17 mm inner diameter and a reacting section
length of 1000 mm; the exterior wall of the reactor was insulated. To heat the reactor evenly, the
heaters of the tubular furnace were divided into three blocks in an axial direction. Each component of
the reactant gases was controlled by a mass flow controller, mixed evenly by a mixer and supplied to
the reactor at room temperature. The accuracy of the mass flow controller flow rate, based on
repeatability and linearity error, was within about +1.5% of each range full scale, using each range
controller according to the required flow rate.

At the reactor exit, each gas component—such as NHj3;, NO and O,—was measured using an
ion-selective electrode method, a chemiluminescent method and a galvanic cell method, respectively.
The H,, CO and CH4 were measured by the gas chromatograph method, using a thermal conductivity
detector (TCD). The analyzers were calibrated, each with standard gas, before use. The measured
values are valid within about £10 ppm in volume, practically, with the above mentioned analyzer
repeatabilities of £3.0%, +1.0%, £2.0%, and +1.0% of each full scale range, respectively. Appropriate
ranges were selected for the measuring devices, and each calibration gas was used for each
measurement object as needed, to assure that experimental error and uncertainly would be minimal.
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Figure 26. Schematic diagram of experimental apparatus designed to yield
homogeneous reactions.
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As indicated by the fuel compositions summarized in Tables 1 and 2, the gasified fuels, produced in
air-blown gasifiers and oxygen-blown gasifiers, and BFG, had CO and H, as their main combustible
components, with small amounts of CH; and NHj;. The calorific values of gasified fuels were
between 2 and 13 MJ/m’.

At first, the main components of the test gas in the present study were CO and H,, diluted with Ny,
so that its calorific value and component could be adjusted in the same way as typical air-blown
gasified fuel. The effects of CO and H,, in high concentration on the oxidation reaction of NHj3 with
NO to N,, were examined in order to investigate the adaptability of this NH; removal method to
oxygen-blown gasified medium-Btu fuel and each gaseous fuel. The effects of CHs in low
concentration on the NH; oxidation were also examined. Other components found in the operational
gaseous fuels, such as CO, and H,0, were not considered.

Temperature distribution in reactor

Figure 27 shows the measurements of stream-wise temperature distribution of the central axis of the
reactor under conditions in which the sample fluid was N, of 3.1x10 kg/s; the temperatures were set
at 1273 K, 1073 K and 873 K, respectively.

Temperature distribution was measured by inserting a sheath-type thermocouple, 1.5 mm in diameter,
into the reactor. A uniform temperature zone was maintained throughout approximately 650 mm of the
reactor, except at the entrance and exit portions. When the temperature was set at 1273 K, the
residence time of gas in the uniform temperature was about 1.1 seconds; the total residence time was
about 2.2 seconds, including both the entrance and exit portions. In the case of reaction temperature
of 1273 K, the Reynolds number was calculated as low as 120 and the velocity entry region was as
short as 0.1 m [103]. Since the distance from the inlet of the reactor to the heating origin is 0.17 m, it is
logical to assume that the flow developed fully at the point of heating origin.

In the case of numerical analyses described later, the axial temperature distribution in the reactor
was given by the test results where N, flowed at the rated gas flow rate, while the following sample
gases reacted and produced reaction heat. The amount of oxygen added in the reaction gases was so
small that the heat of reaction was small enough to be considered.
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Figure 27. Measured temperature distributions in reactor, flowing N, gas at rated condition.
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Analysis model and validity of numerical analysis

To investigate the validity of the numerical analysis used in this study, comparative calculations
were performed under the same conditions as in experiments by Lyon [74], concerning non-catalytic
reduction of NOx in exhaust gas by NHj injection.

Figure 28 shows a comparison between the experimental results obtained by Lyon and the
analytical results obtained by Hasegawa et al. [93], concerning mixed gas consisting of 380 ppm NH3,
225 ppm NO, 380 ppm H, 2% O, and the dilution of gas as N,.

Figure 28. Comparison of model prediction with the experimental data of Lyon [74.] on
concentration of NH3 and NO in the NH3-NO-O,-H; system as the condition of selective,

non-catalytic reduction of NOx.
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These analytical results accurately predicted the reduction characteristics of NH3 and NO, and the
NO reproduction profile in high reaction temperature agreed with the experimental results by Lyon.
Based on the above results, similar calculations were expected to be useful in the prediction of the
oxidation mechanisms of NH3 with NO. Furthermore, as described later, the production and reduction
behaviors of NH3; and NO in the CO-H;-O,-NH3-NO-N; system of gasified fuels agreed with the
analytical results, except for the H, higher constituent conditions. That is, the reaction model and
scheme adopted here could be expected to describe the reaction phenomena of various gasified fuels,
except in the case of a specific condition.

3.2.2. Influence of various factors on ammonia removal characteristics
Effects of reaction temperature

Hasegawa et al. [93] experimentally investigated the optimum level of reaction temperature for the
selective oxidation of NH3 with NO to N; in a simulated gasified fuel. Figure 29 shows the effects of
the reaction temperature on the reduction characteristics of NH; and NO within the range from normal
room temperature to 1273 K by adding 5000 ppm of O, and 1000 ppm of NO to a simulated gasified
fuel consisting of 24.0% CO, 9.1% H,, balanced N, and 1000 ppm of NHj;. The NH3 concentration at
the reactor exit began to decrease when the reaction temperature reached a level around 673 K,
and decreased up to 350 ppm when the temperature reached 1273 K. The concentration of NO at
the exit showed a similar trend to that of NHj: The higher the reaction temperature, the greater the
decreases in concentration.

Figure 29. Effect of reaction temperature on decomposition of NH; and NO in air-blown
gasified fuel as defined by experiments.
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Effects of adding O, and NO

In the test data in Figure 29, no reduction in NHj constituent was observed in either case where O,
or NO was absent in the system at each reaction temperature. It was found that coexistence of O,
constituent was needed for an oxidation reaction of NH3 with NO to N, in the decomposition of NHj in
gasified fuels.

Figure 30 shows the effects of added O, concentration in a simulated gasified fuel (which is the
same composition as in Figure 29, except for the O, concentration), on the reduction characteristics of
NH3; and NO under the reaction temperature of 1273 K (TFN means total concentration of remaining
NH; and NO without decomposition). The concentrations of NH;, NO and TFN decreased as O,
concentration increased. When O, concentration was 5000 ppm, NH; decreased to 350 ppm, NO
to 250 ppm and TFN to 600 ppm. The effects of O, concentration on the reduction of NHs, NO and
TFN heightened as the concentration of added O, constituent increased. However, because of the
danger of injecting O, in the actual IGCC plant, in the following examination, the O, concentration
limit was assumed to be 5000 ppm, which decreased TFN by about 40%.

Figure 30. Effect of O, concentration on decomposition of NH; and NO in air-blown
gasified fuel as defined by experiments.
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Figure 31 experimentally shows the effects of added NO concentration. NH3 concentration
decreased as added NO concentration increased and remaining NO, which was not decomposed,
increased rapidly when added NO became 500 ppm or more. As a result, added NO concentration, by
which TFN was minimized, existed and became 1000 ppm under this condition.
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Figure 31. Effect of NO concentration on decomposition of NH3; and NO in air-blown
gasified fuel as defined by experiments.
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Effects of combustible components

The main combustible components of gasified fuels are CO and Hy; the gasified fuels also contain a
small amount of CHa. In a selective non-catalytic reduction of NO with NH3, under the coexistence of
O,, the influence of an H; constituent on the reaction temperature for the decomposition of NO is well
known. The influence of H,, CO and CH,, combustible components in the gasified fuels on
decomposition characteristics of NH3; and NO are resolved in the following.

(1) Effects of CO constituent

As indicated in Tables 1 and 2, the gasified fuels contain a higher 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 NH; and other amines. Here, the influence of CO in the
fuels on the selective 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 characteristics of NH3 and
NO under the reaction temperature of 1273 K. The test gases, which contained 1000 ppm NH3, 1000
ppm NO, 5000 ppm O; and CO, were diluted with N, so that each component was set at the required
concentration. The NHj3 of 99% or more was decomposed at each CO concentration while the
decomposition ratio of NHj3 decreased slightly as concentration of CO increased. CO hardly affected
the decomposition characteristics of NHs.

On the other hand, the decomposition ratio of NO differed from that of NHs, its ratio decreasing
rapidly against CO concentration in the range of 1.5% or less. After having shown local minimal value,
NO decomposition ratio rose when CO became 1.5% or more.
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Figure 32. Relationship between both decomposition ratios of NH3; and NO, and CO
concentration in the NH3-NO-0O,-CO system as defined by experiments.
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Figure 33 illustrates the behavior of NH3; and NO concentrations against reaction time through the
reaction analysis in a NH3 1000 ppm-NO 1000 ppm-O, 5000 ppm-N, balance system, and systems to
which 1.5% and 10% CO were added respectively. Figure 34 indicates the production rates of OH, O
and H radicals against reaction time in the same system as Figure 33 by reaction analysis. OH, O and
H radicals are produced at the same time as decomposing NH; and NO, and those production rates are
increased as CO concentration increases. Moreover, the production rates of H and O radicals exceed
the OH radical when a slight percentage of CO is added into the mixed gas, while the production rate
of the OH radical is higher than H and O radicals in a system which does not contain CO.

Figure 33. Mole fraction-time profiles of NH3, NO radicals, comparing CO = 0%, 1.5%
and 10%, added in the NH3-NO-O; system as defined by calculation. Reaction temperature
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Figure 34. Mole fraction-time profiles of OH, O, H radicals, comparing CO = 0%, 1.5%
and 10%, added in the NH3;-NO-O, system as defined by -calculation. Reaction
temperature is 1273 K.

1 Conditions:

E ! NH3=1000ppm
[ | NO =1000ppm
3 co=10% 02 =5000ppm
i / 1.5%

N2 : Balance gas
Pr=0.1MPa
Tr=1273K
OH | —

[o N I
H - -

Mole fraction

_________________________

10.0
Reaction time s
When CO is added to the system, the oxidation and decomposition reaction of NHj shifts from the

reaction system, which is activated by the OH radical, to one which is activated by both O and H
radicals. That is, NH3 and NO are decomposed into N, by the following reactions.

NH; + O © NH, + OH (36)
NH; + H © NH, + H, (37)
NH, + NO & N, + H,0 (9)
NH, + NO < NNH + OH (10)
NNH + NO & N, + HNO (11)

A part of NH, produced with decomposition of NHj3 is oxidized into HNO by the O radical through
Reaction (16). Some HNO produced by Reactions (11) and (16), is decomposed into N, and 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 in
the range of 1.5% or less. However, when CO concentration exceeds 1.5% or more, CO consumes an
O radical by Reaction (38), because O, concentration is 0.5%. Because of an O radical shortage, NO is
reduced to an N radical with oxidization of CO to CO, by Reaction (21), and the N radical promotes
the reduction of NO by Reaction (15). As a result, the decomposition rate of NO rises again as CO

concentration increases.
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CO+0+M& CO, +M (38)
NO +CO & CO, +N Q1)
N+NO &N, +0 (15)

Figure 35 indicates the decomposition characteristics of NH3; and NO against reaction temperature,
using CO concentration as a parameter through the reaction analysis. When CO is not included in the
mixed gas, the decompositions of NH; and NO begin from about 1023 K and most of the NH3 and NO is
decomposed at about 1173 K. The reaction temperature necessary for the oxidation of NH; with NO to
N, decreases as CO concentration increases. In each CO concentration system, NO shows the same
decomposition tendencies as NHj, up to the temperature that minimizes the remaining NO concentration
in the mixed gas. The influence of added H, in low concentration on the reaction temperature is well
known in the case of a non-catalytic reduction of NO from exhaust gas [75]. That is, the optimum
reaction temperature window for the NO reduction decreases as the concentration of low level H, added
to the system rises. The effects of CO in higher concentration on the temperature window, shown in
Figure 35, are similar to the case in which added H,, in low concentration, lowers the reaction
temperature window, just as Hy, CO decreases the decomposition reaction temperature of NHz and NO.

Figure 35. Effect of CO concentration on the temperature window as defined
by calculation.
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Figure 36 indicates the production rates of OH, H and O radicals against reaction time using CO as
a parameter through reaction analysis, as in Figure 34. The reaction temperature is 973 K. When CO is
not contained in the system, each production rate of OH, O and H radicals is 1071 or less, and
therefore is not indicated. With added CO, the OH, O and H radicals are produced at a lower
temperature, and NH3 and NO are decomposed. That is, CO is oxidized with OH radical and produces
H radical through the Reaction (39), concurrently to oxidation of NH;. This H radical promotes the
following Reactions (29), (30) and (37).
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Figure 36. Mole fraction-time profiles of OH, O, H radicals, comparing CO = 0%, 1.5%
and 10%, added in the NH3-NO-O, system as defined by calculation. Reaction temperature
is 973 K.
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CO+O0H® CO,+H (39)
H+0,+M & HO, +M (29)
0,+H& 0+0H (30)
NH; + H © NH, + H, (37)

This decomposition reaction of NH3 with NO begins from a low temperature because CO oxidation
occurs actively from about 673 K.

(2) Effects of H; constituent

In each gasified fuel, the mixing molar ratio of CO/H; differs according to the types of gasification
and raw materials of feedstock, as shown in Tables 1 and 2. In BFG and COG used for power
generation plants, the CO/H, molar ratio differs according to the mixing ratio of COG with BFG, since
the required fuel calorific value differs according to the plants.

Next, the effects of H, in the fuel on the selective oxidation of NH; with NO to N, are described.
Figure 37 shows the effects of H, concentration on the decomposition characteristics of NH3, where a
combustible component was: (a) only Hj, (b) mixing ratios of CO and H; at 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 H, concentration in the mixed gases. NH; decomposition was
dominated by the H, concentration, regardless of the coexistence of CO, when H; was contained in the
mixed gas. That is, the NH3; decomposition ratio was almost 100% in the range of 1% or less in Hj
concentration and decreased rapidly as H, concentration increased to 1% or more. When H,
concentration became 40% or more, NH; was hardly decomposed. The calorific values of air-blown
gasified fuels produced from various types of gasifiers were almost the same, but CO/H; molar ratios
were different. That is, its CO/H, molar ratio ranged from about 0.5 to 1.0 in the fluidized-bed type
gasifier, and its ratio was from about 1.0 to 3.0 in the entrained-flow type gasifier. The oxygen-blown
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gasified fuel also contained as much as 30% of H,. Since H, concentrations in the air-blown,
entrained-flow type gasified fuels were as low as 9%, this NH3 removal method was more effective in
air-blown, entrained-flow gasifiers than in other cases. With this air-blown, entrained-flow gasified

fuel, the decomposition ratio of NH3 reached nearly 60%.

Figure 37. Relationship between decomposition ratio of NH; and H, concentration in
combustible components as defined by experiments.
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Figure 38 shows the relationship between the NO decomposition characteristics 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 and H, concentration in
combustible components as defined by experiments.
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Figure 39 shows an expansion of the range of 5% or less in H, concentration, as indicated in
Figure 38. The NO decomposition ratio depended on H, concentration regardless of the coexistence of
CO, as well as the case of NH;. Within a H, concentration range of 2% or less, the NO decomposition
ratio showed a minimum value, 60-70% when H; concentration was about 0.3%. In this regard, the
local minimal value of NO decomposition deteriorated with a rise in the mixing ratio of CO/H,.
Additionally, the H, concentration at which NO decomposition ratio took the minimum tended to
decrease slightly with a rise in the CO/H, mixing ratio. The NO decomposition ratio showed a
maximum value of 95% when H, concentration was about 2%.

Figure 39. Relationship between decomposition ratio of NO and H, concentration in
combustible components as defined by experiments: same as Figure 38 except that the
range of x-axis is within 5%.
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These results show that the higher the CO concentration in the mixed gas, the smaller the NO
decomposition ratio. Moreover, the NO decomposition ratio decreased as H, concentration increased in the
range of 2% or more. Just as NHs, NO was reduced nearly 70% in the case of air-blown, entrained-flow
gasified fuel, in other cases of gasified fuels, such as the air-blown, fluidized-bed gasifier and the
oxygen-blown, entrained-flow gasifiers, the decomposition ratio of NO decreased further.

As shown above, the influence of CO concentration on NO decomposition characteristics was
apparently canceled when coexisting with H,, while CO exerted a different influence from an H»
constituent on the decomposition characteristics of NO, as indicated in Figure 32.

The decomposition ratio of NO was also basically dominated by the H, concentration. In this regard,
however 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 CO/H, mixing ratio, too. That is to say, in Figure 32, the 1.5% CO
constituent minimized the NO decomposition ratio. Also, within the range of 0.3% or less of H,
concentration in Figure 39, the local minimal value of NO decomposition decreased as a result of CO
constituent addition. The CO reacted with NH, NO, N, and N,O to produce intermediate NCO, and
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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 H, by the following reactions. Thus, addition of CO constituent in low range
formed the circulating pathway of N chemical species and inhibited the decomposition of NO to No.

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

Furthermore, the reaction behaviors shown in Figures 37, 38 and 39 have been in agreement with
the results of kinetic analyses under the condition where H, concentration was 40% or below.
However, the above reaction trends have basic agreement with the analytical results under higher H,
concentration conditions.

Figure 40 illustrates production rates of OH, O and H radicals against reaction time through the
reaction analysis in NH3; 1000 ppm-NO 1000 ppm-O, 5000 ppm-N, balance system, and systems to
which 1% and 10% H, is added respectively. When the concentration of added H, in the mixed gas
increased, OH, O and H radical production rates occurred earlier, and the decomposition ratios of NH;
and NO increased. Moreover, 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 addition, when a slight percentage
of H, was added to the mixed gas, the production rate of the H radical exceeded the OH radical, while
the production rate of the OH radical was higher than O and H radicals in a system which did not
contain H,. Because O, concentration was 0.5%, the O radical was consumed by oxidation of H, when
H, concentration became 1% or more. Because of the O radical shortage, NH3; was oxidized to NH,,
mainly with the H radical by Reaction (37), partly with the OH radical by Reaction (42). Moreover,
this NH, has reacted with the H radical and decomposed into the NH radical by Reaction (12).
However, because the forward Reactions of (37) and (12) may produce H,, NH; decomposition was
disturbed when H; concentration increased in the mixed gas, as experimental results show in Figure 37.

Figure 40. Mole fraction-time profiles of OH, O, H radicals, comparing H, = 0%, 1% and
10%, added in the NH3-NO-O, system as defined by calculation. Reaction temperature
is 1273 K.
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NH; + H < NH, + H, 37)
NH; + OH < NH; + H,O (42)
NH,; + H < NH + H; (12)

Figure 39 shows the effects of H, on NO decomposition. When H, concentration was 0.3% or less,
the amount of NO reproduction increased rapidly against H, concentration, and the NO decomposition
ratio decreased rapidly. This was also true where the system did not contain H», as shown in Figure 32.
However, when H, concentration increased from 0.3% to 2%, an N radical was produced from an NH
radical through Reaction (14), and the reduction of NO with N radical by Reaction (15) contrarily
increased against H, concentration.

NH+HSN+H, (14)
N+NOSN,+0 (15)

When H; concentration increased to 2% or more in the mixed gas, the forward Reactions (37)
and (12) were restrained in the high reduction atmosphere and the production of NH; and NH radicals
necessary for decomposing NO decreased rapidly, further reducing the NO reduction ratio. Figure 41
shows the decomposition characteristics of NH3; and NO against reaction temperature using H»
concentration as a parameter through reaction analysis. When both CO and H, are not contained in the
mixed gas, decompositions of NH; and NO start from about 1023 K, with most NH; and NO
decomposing at about 1173 K. However, when 1% of H; is included in the mixed gas, oxidation
reaction of NH3; with NO starts from 773 K, with almost 100% of NH; being decomposed at 8§23 K. In
short, the decomposition reaction temperature of NHs decreases about 350 K and its temperature
window become narrower compared with systems that do not contain H,.

On the other hand, NO indicates the same tendency as NH; up to the temperature at which the
remaining NO concentration reaches its minimum, in either case of 1% H, or no H,. NO concentration,
which remains without decomposition, gradually 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 NH; with NO to N», under the coexistence of O,, reaches its
maximum. H; in higher concentrations has the effect of decreasing the reaction temperature window of
selective oxidation of NH; with NO to N, under the coexistence of O,, and the effect of H, is larger
than that of CO, shown in Figure 35. Though not shown here, experimental results under the above
mentioned conditions show close agreement with the analytical results, such as a starting temperature
and the optimum temperatures that minimize the concentrations of NH; and NO. In this regard
however, when H, concentration increases to about 10%, the temperature window vanishes and the
concentrations of NH3 and NO tend to decrease slowly with a rise in the reaction temperature.

As shown in Figures 40 and 41, the OH, O and H radicals would be produced in large quantity under
the high temperature of 1273 K, and used for NH; decomposition Reactions (16) and (19). If the reaction
temperature decreased to 973 K, each production rate of OH, O and H radicals decreased 10'° or less
under conditions where H, is not contained in the NH; 1000 ppm-NO 1000 ppm-O; 5000 ppm-N;
balance system, just as in the case of Figure 36, where 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 constituent, the OH, O and H radicals were produced at a lower temperature
of 973 K by adding H,, and they promoted decomposition of NH; and NO. That is, when H, was
contained in the mixed gas, the OH radical was produced with Reaction (31), and this OH radical
reacted with H, and O, by chain Reactions (32), (30), (33), and (29), and produced OH, O, H and HO,
radicals, thereby activating the system.

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

The reaction system was activated from the low temperature because H, oxidation occurs actively
from about 673 K.

(3) Effects of CH4 constituent

Almost all of the gasified fuels contain a slight percentage of CH4 with concentrations lower than
those of CO and H,. Since the oxidation mechanism of CH,4 is more complicated than those of CO and
H,, the effects of CHy4 on the selective oxidation of NH; with NO to N, were examined when CO and
H, are not included in the mixed gas. Figure 42 shows the effects of CH4 on the oxidation
characteristics of NH3; with NO to N, using reaction temperature as a parameter when the test gases
which contained 1000 ppm NH3, 1000 ppm NO, 5000 ppm O; and a slight percentage of CHy, are
diluted with N;. In the case of a 1093 K reaction temperature, NH; and NO revealed the same
decomposition characteristics. That is, the decomposition ratios of NH3; and NO revealed higher
values, 100% and 87% respectively, within the narrow range of 0.05-0.1% in CH4 concentration,
while NHj3; and NO were hardly decomposed outside of this range. When the reaction temperature rose
to 1273 K, NH; decomposition characteristics displayed tendencies which differed from the case of
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NO. The NH; decomposition ratio was almost 100% within the range of 0.4% or less of CHy
concentration, and it decreased rapidly as CH4 concentration increased to 0.4% or more. On the other
hand, the NO decomposition ratio showed a minimum value of 50% when CH4 concentration was
about 0.15%, a maximum decomposition ratio of 100% when CH4 concentration was about 0.5%, and
it decreased as CHy4 concentration increased in the range of 0.5% or more.

Figure 43 shows the effects of CHj; concentration on the decomposition and formation
characteristics of CO, H, and CHj4 using reaction temperature as a parameter under the same conditions
as Figure 42. In a reaction temperature of 1093 K, CO and H; produced from CH4 by pyrolysis reacted
with OH, O and H radicals, which were produced by O, decomposition, and produced more OH, O and
H radicals; they also promoted the oxidation reaction of NH; with NO in the range of 0.1% or less of

CH,4 concentration, as shown in Figure 42.

Figure 42. Relationship between both decomposition ratios of NH; and NO, and CHy
concentration at reaction temperatures of 1093 K and 1273 K, as defined by experiments.
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Figure 43. Effect of CH4 concentration on production of some species at reaction
temperatures of 1093 K and 1273 K, as defined by experiments.
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In the Figure 43, CO and H, were produced through CH4 decomposition in the overall reaction
process, and oxidized to CO; and H,O respectively at exit of the reactor; at this point, CO, H, and CH4
constituents were hardly detectable. However, when the CH4 concentration increased to 0.1% or more,
the remaining CHjs constituent that was not decomposed by pyrolysis increased, and each
concentration of CO and H,, which was produced by pyrolysis of CH4, decreased rapidly, and the
oxidation reaction of NH; with NO was controlled.

On the other hand, when the reaction temperature rose to 1273 K, CH4; decomposed almost
completely to CO and Hj; in the range of 0.5% or less of CH4 concentration. The OH, O and H radicals,
which were produced in the oxidation process of CO and H,, promoted the oxidation of NH; with NO
to N, as shown in Figure 42. The decomposition characteristics of NH3 and NO in this case were
similar to those in a system that contained both CO and H,, as shown in Figure 39. That is, H,
produced by pyrolysis of CHy largely affected the decomposition of NH3 and NO. If 0.15% of CHj4 that
locally minimized the NO decomposition ratio was perfectly decomposed to 0.15% CO and 0.3% H,,
the 0.3% of H, corresponded to the conditions that minimized the NO decomposition in Figure 39.
When CH4 concentration increased to 0.5% or more, the decomposition rate of CH4 by pyrolysis
decreased rapidly and each concentration of CO and H,, which were produced by pyrolysis of CHa,
decreased rapidly. On these grounds, the production rates of OH, O and H radicals, necessary for
decomposing NHj3, decreased, and the oxidation of NH3 with NO to N, was controlled, just as in the
case of a 1093 K reaction temperature. In the case of 0.5% CHy, the 1% H; could be produced to
maximize the NO decomposition. However, in the range of 0.5% CH4 or higher, the characteristics
that NH3; and NO decompositions deceased rapidly differed from the cases of CO and H, mixture
fuels in Figure 39.

Figure 44 shows the decomposition characteristics of NHz and NO against reaction temperatures
using CHy4 concentration as a parameter. While the oxidation reaction temperature window of NHj
with NO to N, decreased by about 100 K when 0.1% of CH4 was included in the mixed gas, in contrast
to a system that does not contain CHy, the reaction temperature rose oppositely in a system that

contained CHy4 of 0.5% or more.

Figure 44. Effect of CH4 concentration on temperature as defined by experiments.
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In the range of 0.1% or less of CH4 concentration, CO and H; into which CH4 was almost all
completely decomposed by pyrolysis, caused the reaction temperature to decrease and promoted the
oxidation reaction of NH; with NO to N,. However, when the CH,4 concentration increased to 0.5% or
more, the remaining CH4, which was not decomposed by pyrolysis, increased and caused the reaction
temperature to rise. Therefore, the oxidation reaction of NH3 with NO to N, was inhibited.

From the above examination, a smaller amount of CHy in the gasified fuels, compared to CO and H,,
hardly affected the oxidation reaction of NH; with NO to N,. Since the gasified fuels contained CO
and H, in higher concentrations, the decomposition rate of CHs4, which produced CO and H, by
pyrolysis, was inhibited. Therefore, the temperature window of a selective oxidation reaction of NHj
with NO to N, was dominated by H, and not by both CO and CHa.

3.2.3. Scope of application

In order to develop a cost-effective solution for employing hot/dry synthetic gas cleanup equipment
for IGCCs, innovative technology for the selective, non-catalytic reduction of NHj in gasified fuels
before supplying gasified fuel to the gas turbine combustors, has been investigated. The optimum
conditions of added NO and O,, and the influence of fuel constituents on the decomposition
characteristics of NH3; and NO into N, have been clarified, and the total concentration of remaining
NH; and NO, or total fuel-N, could be decreased by about 40% in typical cases of air-blown gasified,
low-Btu fuel.

However, the optimum reaction temperature and the concentrations of added NO and O, must be
rigorously controlled in order to adapt the described technology to each gasified fuel effectively. In
addition, decomposition of total fuel-N could not be decreased when the gasified fuels contain higher
concentrations of Hy. For these reasons, targets for applying the described technique will be confined
to gasified fuels and BFG that contain as little as 20% of H,, and their reaction in chemical plants.

The following sections review combustion characteristics and performance of full-scale combustors
or half-scale combustors of multi-can type gas turbines for each gasified fuel.

4. Test Facility and Method for Demonstration and Combustion Characteristic-Evaluation of
Gasified Fueled Combustors

The preceding chapter reviewed combustion characteristics and NH; reduction mechanisms of CO,
H, CH4 and NH; mixture fuel, basically through experiments using a small diffusion burner and
numerical analyses. Based on this knowledge, the Japanese government and electric power industries
have demonstrated a several-hundred MW-class, multican-type gas turbine combustor through a
single-can combustor test.

This chapter will describe a typical example of a facility and method of a single-can combustion
test using simulated gasified fuels. Following chapters will indicate the characteristics of the various
combustion technologies developed in Japan. In the Conclusions, varieties of combustor performance
are cited which can be immediately 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 fuels, obtained by
mixing CO, and steam with gaseous propane, were decomposed to CO and H; in the fuel reforming
device. A hydrogen separation membrane was used to adjust the CO/H, molar ratio. N, was added to
adjust the fuel calorific value to the prescribed calorie, and 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 a four-stage centrifugal compressor.
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 rigs, each of which was capable of performing full-scale
atmospheric pressure combustion tests of a single-can for a several-hundred MW-class, multican-type
gas turbine combustor, as well as half-scale, high-pressure combustion tests, or full-scale high-pressure
tests for around a 100 MW-class, multican-type combustor.

Figure 46 shows a cross-sectional view of the combustor test rig under pressurized conditions. After
passing through the transition piece, the exhaust gas from the combustor was introduced into the
measuring section, where gas components and temperatures were measured. An automatic gas
analyzer analyzed the components of the combustion gases. After that, the gas temperature was
lowered through a quenching pot, using a water spray injection system.

4.2. Measurement system

Exhaust gases were sampled from the exit of the combustor through water-cooled stainless steel
probes located on the centerline of a vertical cross section of the measuring duct. The sample lines of
exhaust gases were thermally insulated with heat tape to maintain the sampling system above the
dewpoint of the exhaust gas. The exhaust gases were sampled from an area at averaged points in the
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tail duct exit face and continuously introduced into an emission console, which measured CO, CO,,

NO, NOx, O, and hydrocarbons by the same methods 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 constituents of CO, H,, CHjs, 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 chromatography.

The temperatures of the combustor liner walls were measured by sheathed thermocouples with a
diameter of 1 mm attached to the liner wall. The thermocouples were fixed by the spot-welded
stainless foils. The temperature distributions of the combustor exhaust gas were measured with an
array of three pyrometers, each of which consisted of five sheathed high-temperature thermocouples.

5. Combustor for Air-Blown Gasification System with Hot/Dry Type Synthetic Gas Cleanup

5.1. Design concept of combustor

Figure 47 shows the relation between the combustor exhaust gas temperature and the air
distribution in the gas turbine combustor using low-calorific gasified fuel. To calculate air distribution,
the overall amount of air is assumed to be 100%. The amount of air for combustion is first calculated
at 1.2 times of a theoretical air (¢ = 0.83); 30% of the total air is considered 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 turbine combustor that burns low-Btu

gasified fuel.
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According to this thinking, as the gas turbine temperature rises to 1773 K, the ratio of cooling and
diluting air decreases significantly, and the flexibility of the combustor design is minimized. To
summarize these characteristics, it could be said that the design concept of the gas turbine combustor,
utilizing low-calorific fuel, should consider the following issues when the gas turbine temperature rises:

(1) Combustion stability. It is necessary to stabilize the flame of low-calorific fuel.
(2) Low NOx emission technology to restrain the production of fuel-NOx from NHj3 in the fuel.
(3) Cooling structure to cool the combustor wall efficiently with less amount of air.

Figure 48 presents characteristics of the designed and tested 1773 K-class combustor. Figure 49

illustrates the external view of the burner of the combustor.

Figure 48. Design concept of 1773 K-class low-Btu fueled combustor.
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Figure 49. Tested burner.

The main design concept of the combustor is to secure a combustion of low-calorific fuel in a wide
range of turn-down operations, low NOx emissions, and enough cooling-air for the combustor liner.
The combustor is designed for advanced rich-lean combustion that is effective in decreasing fuel-NOx
emissions resulting from fuel bound nitrogen.

5.1.1. Assurance of flame stabilization

To assure flame stability of low-calorific fuel, an auxiliary combustion chamber is installed at the
entrance of the combustor. The ratio of the fuel allocated to the auxiliary combustion chamber is 15%
of the total amount of fuel. The fuel and the combustion air are injected into the chamber through a
sub-swirler with a swirling angle of 30 degree. By setting the stoichiometric conditions in this chamber
under rated load conditions, a 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 the auxiliary combustion
chamber.

5.1.2. Fuel-NOx reduction

To restrict the production of fuel-NOx that is attributable to NH; contained in the fuel, the two-
stage combustion method (rich-lean combustion method) is introduced. The tested combustor has a
two-chamber structure, which separates the primary combustion zone from the secondary combustion
zone. In addition, the combustor has two main design characteristics for reducing fuel-NOx, as
indicated below:

(1) Air to fuel ratio in primary combustion zone

The equivalence ratio of the primary combustor is a determined setting at 1.6, based on the basic
combustion tests of Figure 17, previously conducted using the small diffusion burner [82].

From the basic combustion test results, it is known that the conversion rate of NH; to NOx is
chiefly affected by both the equivalence ratio in the primary combustion zone and the CHy
concentration in the fuel, when using the two-stage combustion method.
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When the fuels contain CH4, HCN produced in the primary-combustion zone, is easily converted to
NOx in the secondary combustion zone, along with the decomposition of NHj;. Therefore, there is the
optimum equivalence ratio, which minimizes the conversion rate.

Based on the fact that low-calorific fuels derived from the intended air-blown IGCC contained
approximately 1% of CHy, the equivalence ratio in the primary-combustion zone is set at 1.6. The
fuel and the combustion air are injected into the tested combustor through the main swirler, which
has 30 degree swirl angle and 15 degree introvert angle, to make these gases mix evenly.

(2) Introduction method of secondary air

An innovative idea is applied for secondary air introduction. With the decomposition of fuel bound
nitrogen, a large portion of the total fixed nitrogen (TFN), produced in the primary combustion zone
(including NO, HCN and NH;), is converted to NOx 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 1.6 [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 is
instantaneously mixed with the main flow; in another example, the secondary air is mixed in ten steps.
The combustor can be expressed by a modular 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 into account.

Figure 50. Relation between reaction time and equivalence ratio distribution used
in analyses.
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The reaction temperature, “7,”, in the primary zone is regarded as the adiabatic flame temperature
corresponding to the designed equivalence ratio and the reaction time, “z.”, is set at 10 ms. At the



Energies 2010, 3 399

same time (irrespective of the mixing conditions of secondary air), the reaction temperature of 7, in the
secondary combustion zone is set at 1573 K (1300 °C, which corresponds to the equivalence ratio
of 0.5) and the reaction time of #, is set at 10 ms.

As a result, it was found that the slower mixing of the secondary-air caused the conversion rate of
NH; to NOx to decline further (Figure 51 [61]). Based on this result, an exterior wall was installed at
the secondary-air inlet section in the tested combustor to make an intermediate pressure zone of the
dual structure. By providing this dual structure, the flow speed of the secondary-air introduced to the
combustor decreased to 70 m/s, compared to 120 m/s without the exterior wall; thus the secondary air
mixing was weakened.

Figure 51. Effect of secondary-air introduction methods on conversion rate of NHj3 in fuel
to NOx, defined by 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 temperature of the gas
turbine, the tested combustor is equipped with a dual-structure transition piece so that the cooling air
for the transition piece can be recycled to cool the combustor liner wall. The cooling air that flows into
the transition piece from the exterior wall cools the interior wall with an impingement method, and
moves to the combustor liner at the upper streamside.

For the auxiliary combustor and the primary combustion zone in which temperatures are expected
to be especially high, the layer-built cooling structure, which combines impingement cooling and film
cooling, is employed. For the secondary combustion zone, the film cooling method is used.

In addition to the above design characteristics, the primary air inlet holes are removed to maintain
the given fuel-rich conditions in the primary combustion zone. Also, the overall length of the
combustor including the auxiliary chamber is 1317 mm and the inside diameter is 356 mm. The
standard conditions in the combustion tests are summarized in Table 5. Combustion intensity at the
design point is 2.0 x 10> W/(m’-Pa).
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Table 5. Standard test conditions.

Tair 700 K

Tuer 633 K

Tex 1773 K

U, 16 m/s

P 1.4 MPa

d ex 0.62
Combustion Intensity 2.0 x 10° W/(m’ -Pa)

5.2. Test results

Combustion tests were conducted under atmospheric pressure conditions. Concerning the pressure
influence on the performance of the combustor, a half scale combustor, which has been developed by
halving in dimension, was tested under pressurized conditions. In tests, supplied fuels into the
combustor were adjusted the same as components of the air-blown entrained-flow gasified coal fuel
shown in Tables 1 and 2. The other test conditions were pursuant 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
conditions of fuel containing 1% of CH4 and 1000 ppm NHs. When the gas turbine load was 25% or
higher (which was the single fuel firing of gasified fuel), the conversion rate of NH3; to NOx was
reduced as low as 40% (NOx emissions corrected at 16% O, were 60 ppm), while the combustion
efficiency showed over 99.95% in each gas turbine load. Fuel-NOx emissions particularly are greatly
affected by the fuel constituent of CH4 shown in Figure 17, and the air distribution design of
combustor must be optimized in each gasified fuel containing different CH4 concentrations. Though
not shown in Figure 52, the thermal-NOx emissions were as low as 10 ppm at any gas turbine load.

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

Figure 53 shows the relationship between the higher heating value of fuel and CO emissions at the
equivalent-rated load conditions with the combustion pressure as a parameter. The combustor exhaust
gas temperature is set at a constant value of 1773 K (1500 °C), and the other test 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 characteristics. o, m: Experimental data. Broken lines correspond to exponential
approximations on a like-for-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 pressure condition, the 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 any combustion pressures. In each fuel calorific value, the CO emissions tended to decline
significantly as the combustion pressure increased. Where the fuel calorific value was 4.2 MJ/m’
(although 300 ppm of CO was emitted under atmospheric pressure conditions using the actual-scale
combustor), the CO emissions declined sharply with the rise in pressure and showed about 10 ppm
when the pressure rose to 1.4 MPa of the equivalent rated load pressure using the half scale combustor.
Thus the combustion efficiency was nearly 100% under the rated load conditions. This is because each
elementary reaction rate increases and the oxidation reactions of CO are enhanced with rises in
combustion pressure.

In the combustion tests, the influence of the fuel calorie between 3 MJ/m® and 6 MJ/m”, on both the
CO emissions and the combustion stability, were investigated at the exhaust temperature of 1773 K.
The CO emissions decreased as low as 20 ppm under the rated pressure of 1.4 MPa, where there was
no noticeable effect of fuel calorific value on CO emissions compared with the cases of lower 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 low-Btu fuel derived from the waste
gasification melting furnace, the CO emissions should decrease to around several tens of ppm at the
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elevated pressure of 1.4 MPa, while the CO emitted as high as 2% at the atmospheric pressure
condition. A high-intensity combustion of low-calorific fuel around 2 MJ/m’ in the gas turbine
combustor is not yet identified by experiment, but it is expected that the combustion stability of its
lower calorific fuel could be maintained by use of the auxiliary combustor, etc.

Thermal-NOx emission characteristics

Figure 54 shows the influence of combustion pressure on the thermal-NOx emission characteristics
of gasified, low-Btu fuel when its fuel does not contain NH3 [27]. The vertical axis represents the NOx
emissions, which are produced from the N, with the correction of 16% O,. The average equivalence
ratio in the combustor is set at 0.62, so that the average combustor exhaust temperature is equivalent to
the rated load temperature of 1773 K. The other test conditions are pursuant to the equivalent standards
shown in Table 5.

Thermal-NOx emissions increased slightly from 4 ppm under atmospheric pressure with the rise in
pressure, reaching 6 ppm under operational conditions of 1.4 MPa. That is, the combustion pressure
slightly affects the thermal-NOx emissions, unlike the case of liquid fuel combustion [104]. These
results agree with the thermal-NOx emission characteristics of 1573 K (1300 °C)-class combustor [26].
The lower influence of pressure on the NOx emissions is discussed in detail below.

Figure 54. Influence of pressure inside combustor on thermal NOx emission
characteristics at rated load condition.
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Thermal-NO is produced by both the Zel’dovich NO mechanism [105], and the prompt NO
mechanism [92]. In gasified fuels, the NOx emissions produced by prompt NO mechanism is very
small, because prompt NO originates from hydrocarbons and each gasified fuel contains few CHy
constituents, as shown in Tables 1 and 2. That is, the thermal-NO are produced almost entirely by
the following, modified Zel’dovich NO mechanism in the high temperature condition, mainly by
Reaction (43) that is the same as Reaction (15) but produces NO (in a forward reaction), and is
strongly affected by the flame temperature. It is believed that Zel’dovich NO production is very low,
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because the maximum flame temperature reached in the case where the low-Btu fuel burns under
nearly stoichiometric conditions is around 2050 K lower than that for higher calorie fuel.

N, +O© NO+N (43)
N+0,&NO+0 (26)
N+OH & NO +H (27)

On the other hand, the pressure indices, Pingex (the inclination of the logarithmic values of the
thermal-NOx emissions against the pressure, as shown by the following equation), have been shown to
be 0.2, where the subscripts 1 and 2 of the NOx emission [NOx], and the pressure in the combustor, P,
designate the respective conditions.

Pindex
INOx|, (P, (44)
| NOx |, P,

Regarding the effect of combustion pressure on thermal-NOx emissions in the gas turbine
combustor using the conventional hydrocarbon fuels, it is known that the production rate of
thermal-NOx originating from the Zel’dovich NO mechanism increases nearly proportionately to the
1.5th power of pressure (i.e., d[NO]/dtocP'?), and the thermal-NOx emission mole fraction varies in
proportion to the 0.5th power of the combustion pressure, in theory [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 the air-blown gasified, low-Btu
fuel under consideration, the thermal-NOx emissions increased in accordance with about around the
power of 0.2 of the pressure. Thus, the pressure had a smaller effect on thermal-NOx formation with
the gasified low-Btu fuel when compared to that of conventional fuels such as natural gas.

From the viewpoint of the NOx formation, it is known that NOx emissions are affected by the
super-equilibrium O-atom, and prompt NO is produced in large quantities. However, the effect of the
super-equilibrium O-atom on the NOx formation is believed to be small, because the tested combustor
is adapted to the rich-lean combustion method, which makes the primary region the fuel-rich condition;
the flame temperature of air-blown gasified, low-Btu fuel hardly rises if the pressure increases. The
prompt NO formation need not be taken into account in this study because air-blown gasified, low-Btu
fuel contains only a small percentage of CH4, and the flame temperature of the low-Btu fuel is lower
by about 500 K than that of the hydrocarbon flame, so NOx originating from N, is emitted on a low
level. Moreover, since the tested combustor is adapted by the reducing flame of rich-lean combustion
and it is designed to slow secondary-air mixing, the effect of pressure on the thermal-NOx emissions is
believed to be small, while the NOx emission mole fraction, originated from the Zel’dovich NO
mechanism, is proportional to the pressure to the power of 0.5, as mentioned above.

Flue gas emitted from the LNG fueled 1723 K (1450 °C)-class gas turbine combined cycle power
plant, introduced in 1999, was denitrated by the NOx-removal equipment, and thermal-NOx emissions
were restrained as low as 10 ppm (corrected at 16% O,) at the stack exhaust. On the other hand, by
applying developed technologies to various fuels composed mainly of CO, H,, CH4, CO; and N,
shown in Tables 1 and 2, thermal-NOx emissions could be expected to decrease to a level that
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precludes the need for NOx-removal equipment in the plant, while raising the transmission-end
thermal efficiency to 48% (on the HHV basis).

The fuel compositions are differentiated by gasifier types, gasification conditions and the raw
materials of feedstock in IGCC. In the case of the BFG-fired gas turbine, fuel compositions are
different from the mixture ratio of BFG with COG. There is also a possibility of containing fuel-bound
nitrogen, such as NH3 and 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 ore reduction process, respectively. In these cases, it is necessary to apply
the two-staged reducing combustion method to decrease fuel-NOx emissions at the same time as
thermal-NOx, as examined in the preceding chapter.

Fuel-NOx emission characteristics

The CH4 and NHj3 constituents in the fuels, and the calorific value of the gasified fuel will change
with the raw materials of the resources, the type of gasifier and the operational conditions of the
gasification plant. It is very important to evaluate the influences of those constituents in the fuel, and
the fuel calorific value on the NOx emission characteristics.

(1) Effect of CHy4 constituent

Figure 55 indicates the relationship between the averaged equivalence ratio at the combustor
exhaust and the conversion rate of NH; to NOx with the CHy4 constituent as a parameter. In tests, the
CHy4 constituent is changed while maintaining the CO/H, molar ratio in the fuel, fuel calorific value,
and the NH3 concentration constant. as in the case of Figure 17. The other test conditions are pursuant
to the standards shown in Table 5.

Figure 55. Influence of CH4 concentration on NOx emission characteristics.
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At any equivalence ratio, the conversion rate declined if the CH,4 concentration decreased. When the
CH,4 concentration decreased as low as 0.4%, the equivalence ratio had no significant effect on the
conversion rate. As shown in Figure 17, the primary-equivalence ratio has greater impact on the
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conversion rate in the case of the higher CH4 concentration so that the optimum primary-equivalence
ratio must be adjusted in a narrow range. However, its optimum primary-equivalence ratio extends
over a wide range in the lower CH4 concentration conditions.

Figure 55 shows the same tendency as mentioned above. That is, the conversion rates were strongly
influenced by the primary-equivalence ratio, or the averaged equivalence ratio at exhaust, in the cases
of the higher CH4 constituent.

(2) Eftect of fuel calorific value

The CH4 and NH; concentrations in the fuel tend to be proportional to the fuel calorific value, and
the fuel calorie changes according to the gasification operations.

Figure 56 shows the conversion rate characteristics with the fuel calorific value as a parameter
under the conditions where NH3; and CH4 concentrations are proportional to the fuel calorific value.
The other test conditions are pursuant to the standards shown in Table 5.

At any equivalence ratio, there was no significant impact of the fuel calorie and the fuel constituent
on the conversion rate. It is thought that the small changes in the fuel conditions, stemming from
the gasification operation and other causes, hardly influenced the conversion rate of NH3 to NOx.
That is, the NH; constituent reacts with CH; derived from CH4 and produces the HCN by the
foregoing Reaction (6):

R-CH + NH;j =172 < HCN + R-H;, (R-: alkyl group) (6)
Under conditions where the NH3/CH4 molar ratio is constant and the ranges of NH; and CHy
concentrations are small compared with the case of Figure 55, the HCN production rate is hardly

influenced and the parameters of the fuel calorie, the NH3 and CHy4 concentrations have no impact on
the conversion rate.

Figure 56. Influence of NHj concentration on NOx emission characteristics.
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(3) Effect of fuel-bound nitrogen

Figure 57 shows the influence of NHj; concentration in the fuel to the conversion rate of NHj3 to NOXx,
and the total NOx emissions under conditions where the averaged exhaust temperature is 1773 K and the
combustion pressure is 0.1 MPa, using the CHy4 constituent as a parameter. Other test conditions are
pursuant to the standards shown in Table 5.

Figure 57. Influence of NHj3 concentration on NOx emission characteristics with CHy

concentration as a parameter.
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In each case of CH,4 concentration, the conversion rate tends to decrease and the total NOx
emissions increased with the rise in NH3 concentration. This shows the same tendency as the basic test
results of Figure 15, conducted under the non two-stage combustion.

At each NHj; concentration, the rise in CHy4 concentration increased the conversion rate. At the case
of lower reaction temperature in the gasification process, the gasified fuel tends to contain the higher
concentration of CH4. As shown in Tables 1 and 2, it requires extra attention that gasified fuels derived
from the fixed bed gasification method contain higher concentration of CHa.

(4) Effect of pressure

Figure 58 shows the relationship between the combustion pressure and the conversion rate of NH;
in the fuel to NOx, with the fuel calorific value as a parameter, under the conditions where the
combustor exhaust gas temperature is 1773 K. The NHj; concentration in the fuel is set to be
proportional to the fuel calorific value and the CH4 concentration is constant at 2%. In varying the fuel
calorific value, the CO and H, constituents are changed and the fuel calorie is adjusted with N,
dilution, while maintaining the CH4 concentration and the CO/H, molar ratio in the fuel constant.

Figure 58 reveals that the conversion rate of NH; to NOx tends to decrease gradually with the rise
in combustion pressure in each case of fuel calorific value; and the conversion rate decreased to 40%
or below when the pressure was 0.4 MPa or higher in fuel containing 2% CHj. Moreover, the fuel
calorific value and the NHj constituent have no significant effect on the conversion rate within the test
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range. Because the CHy4 concentration is sufficiently high compared to both the NHj constituent and
the fuel constituent of H,, the HCN production rate is not influenced significantly.

Figure 58. Influence of combustion pressure on conversion rate of NH3 to NOx with fuel
calorific value and NH3 concentration as parameters.
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Xu et al. [101], investigated the effects of the combustion pressure on the conversion rate of NH3 to
NOx and the thermal-NOx emissions in low-Btu fueled diffusion combustion through numerical
analyses, taking into account reaction kinetics and multi-component diffusion. In view of the
computational load for investigating the highly-detailed elementary reaction model, its computational
analysis is aimed at a simple axisymmetric laminar jet diffusion flame where the gasified fuel jet from
a round tube nozzle is surrounded by coaxial air, as shown in Figure 59.

Figure 59. Schematic diagram of the axisymmetric laminar flame model and
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By considering flames in which axial convective fluxes are much larger than diffusive fluxes,
stream-wise diffusion can be neglected, which allows the use of boundary layer conservation equations
of mass, axial momentum, species and energy.

Mass
0 1 0
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ox (pu) - o (rpv) (45)
Momentum
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In these equations, x and 7 represent the axial and radial coordinates, respectively; u and v represent
the axial and radial fluid velocities; p is density; 4 is enthalpy; MJ and h; represent the mass fraction
and enthalpy of the j-th species; R; is rate of species production by chemical reactions; u is viscosity,
/ 1s thermal conductivity; Cpn 1s specific heat of the mixture; Djy, 1s the effective diffusivity of the j-th
species in the mixture, and n represents the number of species. Radiant heat transfer, thermal diffusion
and viscous dissipation are neglected in this analysis. Density is obtained from the ideal gas equation.
Temperature in the flame is related to enthalpy and species concentrations. The thermodynamic and
transport properties are calculated using the CHEMKIN program [99,106,107].

The numerical integration method is based on Spalding [108]. The conservation equations are
discretized by a control volume method, and a marching integration is performed. The upstream
computation boundary is set in the plane of the fuel nozzle tip. The fuel, or air, flows at the inner, or
outer, parts of 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 flat, as shown in Figure 59 [109]. The radial
velocity component is zero. The adiabatic equilibrium concentration of species and the temperature of
a stoichiometric mixture of fuel and air are given at the fuel nozzle rim of 0.4 mm thickness to initiate
the reactions. On the central axis, zero-gradient species concentration and temperature, as well as the
non slip velocity condition, are given.

Figure 60 shows the axial profiles of the conversion rates of NH; to NO and HCN with that of the
NH; reduction rate in flames of 0.1 MPa and 0.5 MPa, respectively. The conversion rate at each
section is defined as the flow rate of N in the nitrogen-containing species, divided by the flow rate of
NH; constituent in the fuel. The intermediate product HCN, which was converted from fuel-N not far
from the nozzle, reached a maximum level and then decayed rapidly, along with the flow, during
mixing with excess air. At the section of axial distance x = 50 mm, the NO production reached a
maximum level and maintained its value downstream while the HCN nearly decomposed, as shown in
the case of the atmospheric-pressure flame.
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Figure 60. Axial profiles of conversion rates of NO, HCN, NH; and total
nitrogen-containing species, TN, in axisymmetric laminar flame with combustion pressure
of 0.1 MPa (a) and 0.5 MPa (b).
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For higher-pressure flame of 0.5 MPa, the same tendency is observed, but the conversion rates of
NH; to NO and HCN are much lower than in the lower-pressure case. That is, the amount of
intermediated product HCN decreased and the fuel-NO, formed by way of the HCN, became smaller
with the rise in pressure. In other words, the dependence of the conversion of NH3 to fuel-NO on CHy
constituent became weaker when pressure was raised. One of the main reasons for the pressure effect
on the intermediate product HCN is that the concentration of each radical, such as OH, O radical,
which promotes the NH; decomposition and NOx formation, decreases with the rise in pressure.
Consequently, the reduction rate of NH; to N, increased in the fuel-rich region of the flame.

These calculation results showed the same tendency as the combustor’s test results shown in
Figure 58. Strictly speaking, the diffusion combustion in the combustion chamber is different from the
coaxial free-jet diffusion flame used for analyses. However, if the diffusion combustion in the
two-stage combustor was considered macroscopically, it could be said that the diffusion combustion in
the fuel-rich primary zone of the intended combustor corresponded to the condition in which the
fuel-jet was not yet mixed with the excess air in the case of analyses, and the secondary zone
corresponded to those in which the fuel-jet was evenly mixed with excess air. The macroscopic
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similarity concept reinforced that the analytical methods subscribed above could be applied to
investigate into the combustion reaction mechanism in the combustor.

The thermal-NOx production rate is very small compared to fuel-NOx production. So, the effects of
the intervention between fuel-NO and thermal-NO on the thermal-NO formation mechanism have
received little attention. Xu ef al. [101,109] investigated the influence of intervention characteristics on
the thermal-NOx production in axisymmetric laminar diffusion flames by numerical analysis, taking
into account detailed elementary reactions. In the calculations, fuel-NO and thermal-NO formation are
calculated separately by labeling N-containing species using the suffix “f’ and “#’ for N atoms
originating from fuel-N and N, in the air, respectively.

Figure 61 shows the radial profiles of thermal-NO concentration at each cross section in the flames
of pressure 0.1 MPa and 0.5 MPa, respectively. The profile of thermal-NO originating from N, is
shown by the solid lines, NO’, while thermal-NO, obtained in the flame without fuel-bound nitrogen, is
shown by the broken lines, NO".

Figure 61. Radial profiles of thermal-NO production at each section in flames. Solid lines:
Thermal-NO originated from N,. Broken lines: Thermal-NO in case of fuel containing
no fuel-N.
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Figure 61 shows that each of the thermal-NO production increases with the rise in the combustion
pressure, while the concentration of NO' is smaller than that of NO'. This indicates that thermal-NO
destruction reactions are promoted by the existence of fuel-bound nitrogen. The main interactions
between thermal-NO and fuel-bound nitrogen are as follows;

NHY + NO' & N, + H,0 (49)

N+NO'©N,+0 (50)

The Reactions (49), and (50), are equivalent to the elementary Reactions (9), and (15), respectively.

The amount of fuel-NO obtained by subtracting the amount of NO" from the total amount of NO
underestimates the actual amount of fuel-NO in the flames.

Furthermore, the interactions between thermal-NO' and fuel-bound nitrogen, Nf, by Reactions (49),

and (50), are promoted with the rise in pressure, because the thermal-NO production increases with the

rise in pressure. That is, it is confirmed that fuel-NO originated from fuel-bound nitrogen can be reduced

by selective reduction reactions with thermal-NO produced by both the Zel’dovich NO mechanism and
the prompt NO mechanism; the fuel-NO emissions would also decrease with 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 the combustor liner wall at the rated load condition
of exhaust temperature 1773 K, with the fuel calorific value as a parameter.

Figure 62. Combustor wall temperature distribution.
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Tests are conducted under atmospheric pressure conditions. At any fuel calories, it could be said
that the overall liner wall temperatures almost remained under 1123 K (850 °C), the allowable heat
resistant temperature of the metal liner, while the wall temperature increased to an adequate level and
combustions were expected to be stable in both the auxiliary combustion chamber and the primary
combustion zone. And this figure indicated that the combustor liner temperatures at the upstream side
decreased, and the downstream side temperatures rose with the decrease in the fuel calorific value. But
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CO emissions could be restrained as low as 20 ppm, or the combustion efficiency could remain
at 99.95% or higher at high pressure conditions, even in the cases of lower calorie fuels of 3.4 MJ/m’,
as shown in Figure 53.

From the above results, it could be expected that the rich-lean combustion with the auxiliary
combustion chamber maintained stable combustions of the low calorie fuel of 3.4 MJ/m’ or less, which
consisted of CO, H,, CH4, CO,, H,O and N,, while a reaction time needed for complete combustion
tended to increase with the decrease in the fuel calorie.

Effect of exhaust gas temperature

Figure 63 shows influence of the combustor exhaust gas temperature on the thermal characteristics
of the combustor liner wall, under atmospheric pressure conditions. When the exhaust gas temperature
is varied, fuel flow rate changes where the airflow rate is set constant at 0.9 kg/s. Combustion
temperature impacted the liner wall temperature, or the liner wall temperature increased with the rise
in the exhaust gas temperature. In addition, because the wall temperature near the main burner outlet
showed higher temperature at any exhaust temperature, it could be considered that stable combustion
was maintained at any condition.

Figure 63. Influence of combustor exhaust temperature on combustor wall
temperature distribution.
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Figure 64 shows the influence of combustion pressure on the thermal characteristics of the
combustor liner wall at the rated load condition of exhaust temperature 1773 K, using the half scale
combustor. When the combustion pressure is varied, the average residence time of combustion gas in
the combustor is set and maintained constant, the other test conditions (except for combustion intensity)
are pursuant to the equivalent standards shown in Table 5. Combustion pressure affected the liner wall
temperature of the downstream side, or the wall temperatures downstream tended to decrease with the
rise in pressure. This result alluded that a flame length became shorter macroscopically with the rise in
combustion pressure, and combustion reactions were promoted.
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Figure 64. Influence of combustion pressure on combustor wall temperature distribution.
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6. Combustor for Oxygen-Blown Gasification System with Wet Type Synthetic Gas Cleanup
6.1. Subjects of combustor

In an oxygen-blown IGCC, the employment of an air-separation unit (ASU), to produce oxygen as
gasification agent, is the main feature of the oxygen-blown gasification system from the viewpoint of
combustor development, compared with air-blown gasification. The maximum flame temperature of
medium-Btu gasified fuel, produced in an oxygen-blown gasifier, is higher than that of each air-blown
low-Btu fuel, or high-calorie gas, such as natural gas, that consists mainly of methane. Thermal-NOx
emissions are expected to increase in medium-Btu fueled combustors, as mentioned in Section 3.1.4.

Furthermore, in oxygen-blown IGCC systems, large quantities of nitrogen are produced in the air
separation unit. In almost all of the systems which adopt dry feed processes of feedstock, a part of
nitrogen is used to feed the raw materials of feedstock, such as coal, into the gasifier and so on. The
rest of the nitrogen is premixed with the gasified fuels and injected into the combustor to increase
electric power and decrease thermal-NOx emissions from the gas turbine. However, it is necessary to
boost N, to the fuel pressure level to premix with the gasified fuel. To recover power for oxygen
production, it is necessary to return N, to the cycle by less power. Analyses confirmed that the thermal
efficiency of the plant improved by approximately 0.3% absolutely, by means of N, direct injection
into the combustor, or N, premixing with combustion air, compared with a case where N; is premixed
with the gasified fuels before injection into the combustor, as shown in Figure 65.

The CRIEPI intends to inject surplus N, directly into the higher temperature regions of the
combustor from the burner and to decrease thermal-NOx emissions produced from these
regions effectively.
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Figure 65. Influence of nitrogen boosted pressure on transmission-end thermal efficiency

of the IGCC plant.
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6.2. Design concept of combustor

Figure 66 presents the characteristics of the designed, medium-Btu fueled 1573 K (1300 °C)-class
gas turbine combustor, based on the considerations described in the preceding chapters. The main

design concept for the tested combustor is to secure a low-NOx and stable combustion of medium-Btu

fuel with nitrogen injection in a wide range of turn-down operations. The overall length of the

combustion liner is 650 mm and the inside diameter is 230 mm.

Figure 66. Design concept of medium-Btu fueled combustor for wet-type synthetic

gas clean-up.
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According to the combustor cooling, a convection 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 are expected to be especially high, a dual-cooling structure is employed in which
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the cooling air is impinged from the airflow guide sleeve to the combustion liner and used as film
cooling air for the combustion liner. For the secondary combustion zone, the film-cooling method is
chiefly used.

To restrict thermal-NOx production originating from nitrogen of N, and CO emissions, the burner is
designed with a nitrogen injection function, based on combustion tests previously conducted using a
small diffusion burner [82], and a small model combustor [31].

Figure 67 presents an example of the test results using the small diffusion burner shown in
Figure 10, which indicates the influence of the primary equivalence ratio, ¢, on thermal-NOx
emission characteristics in two-stage combustion for comparing three cases: (1) a fuel calorific value
of 12.7 MJ/m’® on the HHV basis, without nitrogen injection; (2) a fuel calorific value of 12.7 MJ/m3,
where nitrogen is blended with the primary combustion air from the burner; (3) a fuel blended with

nitrogen of the same quantity as case (2), or low-Btu fuel of 5.1 MJ/m’.

Figure 67. Effect of nitrogen injection on thermal-NOx emission characteristics in

two-stage combustion, using small diffusion burner.
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From Figure 67, it is expected that nitrogen supply, which is blended with fuel or primary air
injected from the burner, drastically decreases thermal-NOx emissions; NOx emissions also decrease
with the rise in ¢, using the two-stage combustion. That is, there is the each optimum primary
equivalence ratio, which minimize thermal-NOx emissions depending on the N, supply methods.
Thermal-NOx emissions decrease significantly by setting a fuel-rich condition where ¢, is 1.3 or
higher in nitrogen premixed with fuel, and by setting ¢, at 1.6 or higher in nitrogen premixed with
primary combustion air.

On the other hand (not shown here), when nitrogen is blended with fuel, CO emissions significantly
increased compared to the other two cases. In medium-Btu fueled combustion with nitrogen injection,
it would be expected that all of the surplus nitrogen should be injected into the primary combustion
zone to reduce thermal-NOx emissions; the surplus nitrogen should not be blended with fuel. Thereby
it could be fuel-lean conditions in the primary combustion zone for a low NOx and stable combustion

in a wide range of turn-down operations.
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Figure 68 shows the combustion gas temperature distributions in the both cases of no nitrogen
injection and nitrogen injection of 1.0 kg/kg N/fuel from the burner under atmospheric pressure
conditions, using a model combustor [110]. In tests, allowing for the heat resisting performance of
thermocouples, the combustor exhaust gas temperature is set at 1373 K.

Figure 68. Effect of nitrogen injection on combustion gas temperature distributions using
model combustor.
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From Figure 68, it could be said that nitrogen injection from the burner greatly influences
decreasing hot regions by around 200 K in these test conditions. So, for nitrogen injection,
thermal-NOx produced in the hot regions was restrained to one-fifth of the case for no nitrogen
injection, shown in Figure 69, which indicated NOx production distributions in a model combustor
under the same conditions as Figure 68.

Figure 69. Effect of nitrogen injection on NOx production distributions using
model combustor.
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Based on these basic test results, Hasegawa et al. [31], arranged the nitrogen injection intakes in the
burner and adopted the quick-quenching method of combustion by combustion air, as shown in
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Figure 66. The nitrogen injected directly into the combustor has the effect of decreasing power to
compress nitrogen, compared to when nitrogen is blended with fuel or air evenly. And it is possible to
control the mixing of fuel, air, and nitrogen positively by injecting nitrogen separately into the
combustor. Nitrogen direct injection from the burner dilutes the flame of medium-Btu fuel.
Furthermore Hasegawa et al. intended to quench the flame as soon as possible, both by sticking the
combustion air injection tubes out of the liner dome and by arranging the secondary combustion air
holes on the upstream side of the combustion liner.

Design of the combustor is intended for the medium-Btu fuel; the nitrogen injection function is
combined with the quick-quenching technique for low NOx combustion. By using a quick-quenching
technique with nitrogen direct injection, under the rated load condition, NOx emissions are expected to
decrease, and by bypassing nitrogen to premix with the combustion air under partial load conditions, a
stable flame can be maintained in a wide range of turn-down operations.

6.3. Test conditions

Tables 6 and 7 show the typical properties of the supplied fuel and the rated test conditions,
respectively. Higher heating value of the supplied fuel is set at 10.1 MJ/m’, and the fuel contains
higher concentrations of 6.8% CHa. A part of surplus nitrogen produced from the air-separation unit is
used to feed coal, or char, into the gasifier and the flow rate of the rest is about 0.9-times the fuel flow
in the actual process. However, density of the supplied fuel is higher than that of the intended gasified
fuel and the temperature of supplied nitrogen is lower than that of the actual operations. Thus, the
combustor performance in the case of 0.3 kg/kg N,/Fuel ratio is investigated, in which firing
temperature of the burner outlet corresponds to the case of the actual rated operations. The rated
temperature of combustor exhaust gas is around 1700 K and the combustion intensity at the design
point is 2.2 x 10> W/(m’-Pa).

Table 6. Typical conditions of supplied fuel.

Composition CcO 30.4 vol%
H, 27.5 vol%
CH,4 6.8 vol%
CO;, 35.3 vol%

HHV (at 273 K, 0.1 MPa) 10.1 MJ/m’

Table 7. Rated test conditions.

Tair 603 K

Truel 583 K

The 333K

Tex 1700 K

N,/ fuel ratio 0.3 kg/kg

P 1.4 MPa
Combustion Intensity 2.2 x 10° W/(m’ -Pa)

6.4. Test results



Energies 2010, 3 418

Concerning the combustion characteristics of developed combustor, Hasegawa et al. carried out
research on the effects of combustor exhaust gas temperature, nitrogen injection, combustion intensity,
combustion pressure, and gas turbine load on the combustion characteristics [31].

Figure 70 shows the correlation between the combustor exhaust gas temperature and the
thermal-NOx emissions, corrected at 16% oxygen, with nitrogen flow rate of Ny/Fuel as a parameter,
when the airflow rate is set and maintained at 3.5 kg/s. In tests, the equivalent rated pressure is set to
lower level of 1.0 MPa than the value indicated in Table 7, because of restraint in the amount of
simulated fuel supply in the facility. The combustion pressures at partial load conditions are corrected
in proportion to heat quantities in the combustor, as a standard of the ratio of heat quantity-to-pressure
at the equivalent rated load condition. When changing the combustor exhaust gas temperature
equivalent to gas turbine load, the pressure is adjusted to the above mentioned corresponding value.
All of nitrogen is injected into the combustor from the burner. At any Ny/Fuel ratio, NOx emissions
increased exponentially with the rise in the exhaust gas temperature. Furthermore, the NOx emissions
decreased with the rise in the Na/Fuel ratio, when compared under the same exhaust gas temperature
condition. Because the nitrogen injection effectively lowered the flame temperature in the primary
combustion zone in which a high temperature region was expected (as in Figure 68), it was considered
that the NOx production from nitrogen could be suppressed.

Figure 70. Effect of combustor exhaust gas temperature on NOx emission characteristics.
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Nitrogen injection into the combustor results in a rise in the equivalence ratio when the combustor
exhaust gas temperature is maintained at a constant. If there was a change in the nitrogen injection
flow rate to the combustor, it was expected that the emission characteristics were affected. Figure 71
shows the relationship between nitrogen injection and the emission characteristics of both thermal-
NOx and CO, under conditions where the airflow rate is set at 2.5 kg/s, the combustion pressure is 0.7
MPa and the combustor exhaust gas temperature is maintained at 1700 K.
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Figure 71. Effect of nitrogen injection flow rate from burner on combustion
emission characteristics.
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NOx emission concentration decreased in inverse proportion to the flow rate of nitrogen injection
(No/Fuel ratio), into the combustor. It was different from NOx emission characteristics that the CO
emissions tended to increase gradually as the Nj/Fuel ratio increased but were restrained as low
as 10 ppm. This was because the equivalence ratio, which adjusted the combustor exhaust gas
temperature to 1700 K, was raised while the flame temperature in the neighborhood of the burner
decreased as nitrogen injection increased, as described in Figure 68.

Figure 72 shows the effect of the combustion intensity on the emission characteristics of both
thermal-NOx and CO, with the combustor exhaust gas temperature as a parameter, where the Ny/Fuel
ratio is set at 0.3 kg/kg. The horizontal axis of the combustion intensity is defined as the value
produced by the heat quantity in the combustor is divided by both the combustor volume and the
combustion pressure. In defining combustion intensity, there are some cases of heat quantity per unit
volume divided by the mth power of combustion pressure, and the value of m is proposed between 1.3
and 2.0 [111,112]. But here, m is defined as 1.0 in Figure 72. In tests, when changing combustion
intensity, the pressure in the combustor is changed while maintaining the fuel, air and nitrogen flow
rates at constant values. Pressure conditions are adjusted to the corresponding values, depending on the
combustor exhaust gas temperatures of gas turbine load conditions, as described in Figure 70. At any
exhaust temperature, NOx emissions gradually decreased with the rise in the combustion intensity.
On the other hand, CO emission characteristics varied according to the exhaust gas temperature. That
is, under the conditions of 1173 K exhaust gas temperature or lower, CO emissions sharply increased
with the rise in the combustion intensity, while little CO was emitted under higher temperature
conditions over 1373 K. The tested combustor showed the same tendencies as conventional
combustors, where the increase in combustion intensity is attributable to both the decrease in NOx
emissions and the increase in CO emissions, due to the decrease in residence time of the combustion
gas in the combustor.



Energies 2010, 3 420

Figure 72. Effect of combustion intensity on combustion emission characteristics.
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To estimate the combustion characteristics of the designed combustor under high-pressure
conditions, Figure 73 shows the effects of pressure on NOx emission characteristics in both nitrogen
injection of 0.9 kg/kg N»/Fuel ratio and no nitrogen injection. The horizontal axis indicates the oxygen
concentration in the combustor exhaust, O, and the vertical axis indicates the pressure index of NOx
emissions, Piygex, defined by the foregoing equation (44). In tests, the combustion pressure, or the
combustor exhaust gas temperature, are changed under conditions where the average sectional flow
velocity of the exhaust gas is kept constant.

Figure 73. Dependence of NOx emission characteristics on combustion pressure.
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At each Ny/Fuel ratio, the pressure index, Pingex, rose in direct proportion to the oxygen
concentration in the exhaust gas. That is, with no nitrogen injection, Pj,ex indicates the higher value
of 0.9 at around 13% oxygen concentration in the exhaust gas, while Pi4.x shows the lower value
0f 0.27 at around 10% oxygen concentration in the exhaust gas.
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As described in Section 5.2.1, about the effect of combustion pressure on the thermal-NOx
emissions of the conventional hydrocarbon fuels, it is known that the production rate of thermal-NOx,
originating in the Zel’dovich NO mechanism, increases in proportion to the 1.5-th power of pressure
(i.e., d[NOJ/dtecP'?) and the thermal-NOx emission mole fraction is proportional to the 0.5-th power
of pressure, in theory [105]. Actually, Sawyer et al. [113] corrected NOx emission data from a variety
of engines with varying pressure ratios the results being that NOx emissions varied with pressure to
the approximately 0.5 power at any temperature.

Blazowski et al. [114], also suggested that NOx emissions varied directly with pressure to the
power of 0.63 and Davis et al. [115], showed that the effect of pressure is to the 0.29 power.
Meanwhile, in the case where the tested combustor used simulated oxygen-blown gasified medium-
Btu fuel under consideration, the pressure indices of NOx emissions from nitrogen, Pingex, varied in
accordance with the oxygen concentration in the exhaust, Op.

Thermal-NOx emissions are controlled by the foregoing reactions of modified Zel’dovich NO
mechanism in the high temperature condition, mainly Reaction (43), and strongly affected by the flame

N, + O © NO+N (43)
N+0,&NO+0 (26)
N+OH & NO +H (27)

temperature, as already described. When the equivalence ratio declines, oxygen concentration in the
exhaust gas, O,ex, increases and the combustor exhaust gas temperature decreases. With the decrease in
the combustion temperature, Zel’dovich NO formation is restrained, and prompt NO formation
becomes relatively important. Therefore, in fuel contained hydrocarbons such as CH4, HCN is
produced in the fuel-rich region by the following reactions.

CHii=12+ N, & HCN +NH;_; (5)

Some HCN is oxidized into NO by Reactions (22) and (23), and the rest is decomposed into N
radical by the Reaction (24).

HCN + OH © CN + H,0 (22)
CN + 0, & CO +NO (23)
CN+0& CO+N (24)

Meanwhile the NH radical produced by the Reaction (5) is almost decomposed into N radical by the
Reactions (14) and (25); the rest is decomposed into N, by the Reaction (13). The N radical produced
through the Reactions (5) and (24), tends to reduce NO to N, by the foregoing Reaction (15), while the
N radical is oxidized into NO by the foregoing Reactions (26) and (27), in the fuel-lean conditions.

NH+H& N+H, (14)
NH + OH © N + H,0 (25)
NH +NO © N, + OH (13)

N+NOSN,+0 (15)
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The simulated gasified fuel contains both hydrogen as a main combustible component, which
produces Zel’dovich NO and shows in the strong dependence on the flame temperature, and 7% CHgy
that produces prompt NO mainly in fuel-rich, lower temperature regions. As shown in the above chain
reactions, the intervention between Zel’dovich NO and prompt NO must be taken into account,
compared to the foregoing air-blown gasified low-Btu fuel. This is because prompt NO is comparable
in production to Zel’dovich NO in lower-temperature reducing conditions. In the simulated gasified
fuel, it is surmised that dependence of NOx emissions on the pressure shows the different tendency in
each of the combustion conditions. For similar reasons, the pressure indices suggest various values in
the past research of conventional hydrocarbon fuels.

The nitrogen of 0.9 kg/kg Ny/Fuel ratio injected into the combustor lowers the exhaust gas
temperature by about 300 K and raises the Pjygex drastically, compared with no nitrogen supply under
the conditions where the each exhaust gas contains the same concentration of oxygen. In contrast,
comparing each of the same exhaust gas temperatures, nitrogen injection of 0.9 kg/kg N,/Fuel ratio
shifts the Pjpgex On the lower O,e side, and the Piygex declines by around 0.15. From the viewpoint of
the NOx formation, it is known that NOx emissions are affected by the super-equilibrium O-atom. By
injecting nitrogen into the high temperature region, the decrease of Oy, Or oxygen partial pressure in
the flame under the same exhaust temperature conditions, results in the significant decrease of the
super-equilibrium O-atom, and NOx emissions decrease. Therefore, in the same exhaust gas
temperature, it is surmised that the nitrogen supply decreases the oxygen concentration in the flame, or
NOx production rate decreases with the decrease in the oxygen partial pressure.

Figure 74 shows the relationship between the gas turbine load and the combustion emission
characteristics, under conditions where the combustion pressure is set to a lower level of 1.0 MPa at
the equivalent, rated load. When the gas turbine load was 25% or higher (which was the single fuel
firing of gasified fuel), NOx emissions were reduced as low as 11 ppm (corrected at 16% O,), while
the NOx emissions tended to increase slightly with the rise in the gas turbine load. Considering the
effects of pressure, it could be said that NOx emissions were surmised to be as low as 12 ppm
(corrected at 16% O,), at any gas turbine load.

Figure 74. Effect of gas turbine load on combustion emission characteristics.
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On the other hand, combustion efficiency showed around 100% where the gas turbine load was 25%
or higher, by bypassing nitrogen to premix with the combustion air at low load conditions.

7. Combustor for Oxygen-Blown Gasification System with Hot/Dry Type Synthetic Gas Cleanup

To improve the thermal efficiency of the oxygen-blown IGCC, it is necessary to adopt the hot/dry
synthetic gas cleanup. In this case, nitrogenous compounds, such as NH; contained in the gasified
fuels, could not be removed and fuel-NOx was emitted from the gas turbine. It is necessary to develop
low NOx combustion technologies that reduce fuel-NOx emissions originating from NHj3 in the fuel,
while at the same time reducing thermal-NOx emissions.

7.1. Subjects of combustor

From the characteristic of medium-Btu gasified fuel, as mentioned above, it should be noted that the
design of a gas turbine combustor with nitrogen supply should consider the following issues for an
oxygen-blown IGCC with hot/dry synthetic gas cleanup [33]:

(1) Low NOx-emission technology: Thermal-NOx emissions produced by thermochemical
reactions, mainly of the Zel’dovich NO mechanism using nitrogen injection, and fuel-NOx
emissions originating from NH; using a two-stage combustion, must be simultaneously
restrained.

(2) Higher thermal efficiency: Nitrogen injection must be tailored so as to decrease the power to
compress nitrogen, which is returned into the gas turbine in order to recover a part of the power
used for the air-separation unit.

7.2. Design concept of combustor

Figure 75 presents the configuration and its function of a designed, medium-Btu fueled 1773 K
(1500 °C)-class gas turbine combustor based on the above considerations [34]. The main design concepts
for the tested combustor are to secure the stable combustion of medium-Btu fuel with nitrogen injection
in a wide range of turn-down operations, and low NOx combustion for reducing fuel-NOx and
thermal-NOx emissions. In order to secure stable combustion, an auxiliary combustion chamber is
installed at the entrance of the combustor. To reduce thermal-NOx emissions, the nitrogen injection
nozzles are set up in the main swirler, which is installed at the exit of the auxiliary combustion chamber.
The overall length of the combustion liner is 445 mm and the inside diameter is 175 mm.

Figure 76 illustrates the axial distribution of equivalence ratio at the rated load condition. The
two-stage combustion is adopted to reduce fuel-NOx emissions in which a fuel-rich combustion is
carried out in the primary zone while maintaining the equivalence ratio of 0.66 at the exit of the
combustor, and the designed combustor has the following characteristics. Total pressure loss
coefficient, AP/q, of the combustor is so large, at 1.6 x 10°, that a discharge coefficient of each air
intake shape hardly influence each air-flow [116]. Thus, the equivalence ratio at each cross-section of
the combustor is calculated from each opening area ratio.
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Figure 75. Design concept of medium-Btu fueled gas turbine combustor for hot/dry-type
synthetic gas cleanup.
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(1) Assurance of flame stabilization

The ratio of fuel allocated to the auxiliary combustion chamber is 30% of the total amount of fuel.
Fuel and air are injected into the chamber through a sub-swirler with a swirling angle of 30 degree. By
setting the mean equivalence ratio in the auxiliary chamber at 2.4 under rated load conditions, a stable
flame can be maintained in the fuel-rich combustion zone and reduction of NH3 to N, can be improved in
lower load conditions. The remainder of the fuel is introduced into the primary-combustion zone from a
main swirler which surrounds the exit of the auxiliary combustion chamber.

(2) Nitrogen injection

From the basic combustion tests of Figure 77, it should be noted that the nitrogen supply, which
was blended with fuel or primary air, drastically decreased thermal-NOx emissions; NOx emissions
also decreased with the rise in the primary-equivalence ratio ¢ , in the two-stage combustion. That is,
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thermal-NOx emissions can be decreased significantly by setting a fuel-rich condition where ¢ ,1s 1.3
or higher in the case of nitrogen premixed with fuel, and by setting ¢ ,, at 1.6 or higher when nitrogen
is premixed with primary combustion air.

With regard to fuel-NOx emissions, however, Figure 77 indicates the effects of nitrogen injection
conditions on the conversion rate of NHj in the fuel to NOx, C.R., in the same conditions with Figure 67,
except for fuel containing NHj3.

In the tests investigating fuel-NOx emissions, 1000 ppm of NHj is contained in the medium-Btu
fuel. In the case of fuel blended with nitrogen, fuel is diluted, or its fuel calorie decreases to 5.1 MJ/m’
and NHj; concentration in the fuel decreases to 400 ppm. It can been seen in Figure 77 that with or
without a nitrogen supply, the staged combustion method effectively decreased fuel-NOx emissions, or
C.R. drastically decreased as the primary equivalence ratio became higher than 1.0, which was a
stoichiometric condition, and showed the minimum value at the appropriate ¢ p,.

Figure 77. Effect of nitrogen injection on conversion rate of NH3 to NOx in two-stage
combustion, using small diffusion burner.
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When the medium-Btu fuel was blended with nitrogen, (as well as being limited in the narrower
range with the rise in CH4 concentration for the low-Btu fuels shown in Figure 17), those optimum ¢ ,,
became lower and came close to the stoichiometric conditions.

While the optimum ¢, was in a wide range in the case of nitrogen blended with the primary
combustion air injected from the burner, the value of C.R. became slightly higher than in the nitrogen
blended with fuel. At the same time, compared with no nitrogen injection, the nitrogen blended with
primary-air has a less than significant impact on both the C.R. and the optimum ¢, under the
conditions where ¢ , is higher than the stoichiometric conditions.

It can be expected that the appropriate ¢ , is maintained in a wide range with the rise in the CHy4
concentration in the fuel, as shown in the basic combustion test results in Figure 25. Furthermore,
under lean-lean combustion conditions with a lower ¢, than 1.0, in nitrogen premixed with

medium-Btu fuel, C.R. became higher than in nitrogen premixed with primary combustion air.
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From the above, it is shown that the supply method of nitrogen premixed with medium-Btu fuel
possibly decreases total emissions of thermal-NOx and fuel-NOx, but careful attention must be paid to
the homogeneity of the mixture of fuel and nitrogen, or thermal-NOx emissions will increase.

In the case of nitrogen premixed with the primary combustion air, the minimum values of total NOx
emissions become slightly higher than in nitrogen premixed with fuel; but the power to compress
nitrogen can be decreased, or the transmission-end thermal efficiency of the plant increases. It is
necessary to blend nitrogen with medium-Btu fuel evenly in the combustor, in which the lowest power
to compress nitrogen is needed for nitrogen supply into the gas turbine, and the medium-Btu fuel
should never collide directly with combustion air.

Based on these basic experimental results, nitrogen injection intakes are arranged between fuel and
air intakes in the main swirler, surrounding the primary flame from the auxiliary combustion chamber,
for low thermal-NOx emissions. Nitrogen direct injection into the combustor decreases power to
compress nitrogen. As shown in Figure 65, the thermal efficiency of the plant improves by 0.3%
absolutely, compared with the case where nitrogen is premixed with gasified fuels before injection into
the combustor. Additionally the fuel, the combustion air and the nitrogen from the burner are
separately injected into the combustor through the swirler, (which has a 30-degree swirl angle and
a 15-degree introverted angle), so that medium-Btu fuel collides with air in an atmosphere where
nitrogen is superior in amount to both fuel and air.

(3) Fuel-NOx / Thermal-NOx reduction

In order to decrease fuel-NOx emissions, fuel-rich combustion was adopted in the primary zone and
the equivalence ratio in the primary-combustion zone was set to be determined based on the
combustion test results using the small diffusion burner shown in Figure 10.

As mentioned in the Section 3.1.3 regarding basic combustion test results, the CH4 constituent in
the fuel influenced the relation between the primary equivalence ratio and the conversion rate of NHj
to NOx in two-stage combustion; the optimum primary-equivalence ratio that minimized the
conversion rate had to be determined according to the CH4 concentration in the same manner as low-
Btu fuels. Because the supplied fuel contains 3% of CHs, the equivalence ratio in the primary
combustion zone was set around 1.9, and the equivalence ratio in the auxiliary-combustion chamber
was around 2.4, to maintain the flame stabilization in lower load conditions and simultaneously
improve reduction of NHs.

The effects of CH4 concentration on the fuel-NOx produced from NHj in gasified fuels are studied
using elementary reaction kinetics [82]. Concerning the model of the flow inside the combustor, the
Pratt model [87], is introduced and each stage of the combustion zone is assumed to be a perfectly
stirred reactor. The reaction kinetic model, numerical analysis method and thermodynamic data
employed here were subjected to the same technique as described in Section 3.1.3. In addition, it is
assumed that the species are evenly mixed; diffusion and stirring processes are not taken into
consideration in the analyses. The appropriateness of the model and its applicable scope for the
reaction of NH3 with NO in the gasified fuels [93], and the ammonia oxidation in a premixed methane
flame [92], has been confirmed by comparison with test results.
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As described in Section 3.1.3, the nitrogen of NHj in the fuel has weaker bonding power than that
of N,. In the combustion process, NHj3 reacted with the OH, O and H radicals and then easily
decomposed into the intermediate NH; by the following reactions [102].

NH; + OH (O, H) < NH, + H,O (OH, H;) (7)
NHi(i:Lz)"‘OH(H)(:}NHi_l+H20(H2) (8)

When hydrocarbon is not contained in the fuel, NH; is converted into N, by reacting selectively
with NO in the fuel-rich region. If fuel contains CH4, HCN is produced by Reactions (5) and (6) in the
fuel-rich region, and the HCN is oxidized to NO in the fuel-lean zone [89-91,117].

CHi(i-12 + N2 & HCN + NH; (5)
R-CH + NH; & HCN + R-H;, (R- : alkyl group) (6)

As described in Section 3.1.3, HCN and NH are oxidized into NO via the following reactions.

HCN + OH €& CN + H,0 (22)
CN+0, & CO +NO (23)
CN+0 & CO+N (24)
NH + OH © N + H,0 (25)
N+0,© NO+0 (26)
N+OH & NO+H (27)

With the rise in CHy4 constituent in the fuel, the HCN produced in the fuel-rich primary-combustion
zone increases, and the NOx emissions originating from HCN in the fuel-lean secondary-combustion
zone increase.

On the other hand, with low CH4 constituents in the fuel, some N and NH; (-, radicals produced
by the Reactions (5), (7), (8) and (25) react with NO, where NO is supplied by Zel’dovich NO
produced by Reactions (26), (27), (43), prompt NO produced by Reactions (5), (22-24), and fuel-NO
originating in the terminal process of fuel-N oxidation Reaction (25), and decomposed into N, by the
foregoing Reactions (9-11), (13) and (15).

NH, + NO & N, + H,0 9)
NH, + NO © NNH + OH (10)
NNH + NO € N, + HNO (11)
NH +NO & N, + OH (13)

N+NO &N, +0 (15)

Therefore, it is surmised that each increase in thermal-NOx concentration and fuel-NOx affects the
alternative decomposition reaction of the intermediate NH radical with NO, so each of the NOx
emissions originated from the nitrogen in the air or fuel-N decreases.

These new techniques, that adopt nitrogen direct injection and two-stage combustion, cause a
decrease in flame temperature in the primary combustion zone, and restrain thermal-NOx production
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near the burner. There is a concern however, that the flame temperature near the burner can become
too low to maintain stable combustion at lower load conditions. The designed combustor is given
another nitrogen injection function, in which nitrogen is bypassed to premix with the air derived from
the compressor at lower load conditions, and a stable flame can be maintained in a wide range of
turn-down operations. Also, the nitrogen dilution in the fuel-rich region affects the reduction
characteristics of NHj, or the increase in nitrogen dilution causes to raise the conversion rate of NHj to
NOx. This shows the same tendency as the case where nitrogenous compounds in hydrocarbon fuels
decrease, as indicated by previous research [83-86]. That is, the nitrogen bypassing technique is
expected to improve fuel-NOx reduction in higher concentrations of NHj.

7.3. Test results

Table 8 shows the compositions of supplied fuel used in the tests and the typical commercial
gasified fuel. Table 9 shows standard test conditions. The combustion tests are conducted according to
standard conditions shown in Table 9; influences of combustion pressure, fuel constituents of CH4 and
NH3s, and nitrogen injection are investigated with combustor performance clarified in the gas turbine
operational conditions. In addition, research has been carried out on the effects of combustor exhaust
gas temperature, volumetric loading factor of air by sectional flow velocity, bypassing nitrogen flow
rate, nitrogen injection flow rate, NH; and CHy4 concentrations in the fuel, and combustion pressure on
NOx emission characteristics.

Table 8. Comparison of supplied fuel in tests and typical case of commercial gasified fuel.

Supplied fuel in test Commercial gasified fuel
Constituent
CO 31.4 % 40.9 %
H, 28.6 % 29.9 %
CH,4 0~3.0 %" 0.1 %
CO, 32.0 % 9.5 %
H,0 0.0 % 12.3 %
N, 5.0 % 7.3 %
NH; 0~3000 ppm "> 500 ppm
HHV (at 273 K, 0.1 MPa) 8.8 MJ/m’ 9.0 MJ/m’
LHV (at 273 K, 0.1 MPa) 8.1 MJ/m’ 8.2 MJ/m’

*1: In the case of varying CH4 concentration in the fuel, the CO and H, constituents are
adjusted to maintain the fuel calorific value and the fuel CO/H, molar ratio constant, and the
combustor’s performance of commercial gasified fueled-combustion is predicted.

*2: NH; concentration is different according to the gasification methods and raw materials
of feedstock.
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Table 9. Standard test conditions.

Tair 603 K
Thuel 583K

TN, 333K

Ny/fuel 0.70 kg/kg

Tex 1773 K

d ex 0.66

P 1.2 MPa

Ic 4.0 x 10* W/(m*-Pa)

Ur 5.6 m/s (at 273 K basis)
AP/q 1.64 x 10?

7.3.1. Combustion emission characteristics
Effect of exhaust gas temperature

Figure 78 shows the relationship between the average temperature of combustor exhaust gas, Tex,
and the emission characteristics of both thermal-NOx originating from nitrogen and fuel-NOx
originating from NH; in the fuel, under conditions where the airflow rate is set and maintained
at 1.9 kg/s, nitrogen flow rate of Ny/Fuel is 0.7 kg/kg, pressure inside a combustor is 1.2 MPa, or
slightly less than the practical operation at the equivalent, rated load conditions, and NH3; and CHy4
concentrations in the fuel are 500 ppm and 3.0%, respectively.

Figure 78. Effect of combustor exhaust gas temperature on NOx emission characteristics.
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In the tests, all of the nitrogen is injected from the burner. The combustion pressure is changed,
depending on the gas turbine load in the actual plant operation, but Figure 78 is insulated from
pressure influence during the investigation of the influence of just the exhaust gas temperature. As the
average temperature of combustor exhaust gas is varied, fuel flow rate is changed to maintain airflow
rate at a constant value of 1.9 kg/s, and to maintain the flow ratio of nitrogen injection over fuel
(N2/Fuel) at a constant. Other test conditions are in accordance with the standards in Table 9.
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When the average temperature of combustor exhaust gas was raised over 1173 K, (which
corresponds to 25% of the gas turbine load or higher), the conversion rate of NHj3 in the fuel to NOXx,
C.R. increased gradually, while thermal-NOx emissions were reduced as low as 10 ppm (corrected
at 16% O,). Consequently, total NOx emissions were around 34 ppm (corrected at 16% O,), at the
rated load of 1773 K combustor exhaust gas temperatures. To improve the thermal efficiency of the
plant, it is necessary to raise the exhaust temperature of the gas turbine combustor. Even when the
combustor exhaust gas temperature was raised to around 1873 K, total NOx emissions were reduced as
low as 40 ppm (corrected at 16% O;). In fuel containing no NHj, thermal-NOx emissions were
reduced lower than 10 ppm (corrected at 16% O;). Furthermore, although not shown in Figure 78, CO
emissions were reduced as low as 20 ppm at any gas turbine load, or combustion efficiency was
maintained at higher than 99.9%.

Effect of sectional flow velocity

Early research has suggested that blowout data could be correlated by the equivalence ratio of the
blowout limit against the air loading factor of the combustor, “m, /V+-P"”, where m, designates the
airflow rate, V is a volume of the intended combustor, P is the combustion pressure, and the pressure
exponent, n, is used a value between 1.5 and 2.0.

Longwell and Weiss [118], stated that the pressure exponent, n, of 1.8, gave the smallest
root-mean-square deviation of 3.4% in equivalence ratio, but there was no consistent trend of deviation
with pressure. That is, the exponent number of pressure has been used for examining the blowout limit,
but it does not adequately designate the specific value. Since the fuel-NOx, thermal-NOx, and CO
emissions in the exhaust are strongly influenced by reaction time, the cross-sectional flow velocity is
adopted as the influencing factor here.

Figure 79 shows the effect of the cross-sectional flow velocity of the air, U,, on the NOx emission
characteristics at the rated temperature of 1773 K. The horizontal axis of U, designates the mean
airflow velocity at a cross section of the intended can-type combustor, which is corrected at
temperature of 273 K basis.

In the tests, the nitrogen flow rate of Ny/Fuel is set at 0.7 kg/kg, the pressure inside the combustor
is 1.2 MPa, and NH3; and CH4 concentrations in the fuel are 500 ppm and 3.0%, respectively, just as in
the case of Figure 78. All of the nitrogen is injected from the burner. With the rise in U,, thermal-NOx
emissions decreased slightly, while the conversion rate of NHj to fuel-NOx tended to increase. Since
the residence time of the combustion gas in the combustor declined with the rise in U;, thermal-NOx
emissions decreased 10 ppm (corrected at 16% O;) or below. On the other hand, reduction of NHj3 into
Ny in the primary combustion zone declined and the conversion rate of NH3 to NOx increased. If the
residence time of the combustion gas in the reduction combustion zone was increased, the fuel-NOx
emissions was restrained more while the thermal NOx emissions maintain 10 ppm or below.
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Figure 79. Effect of sectional flow velocity of air in combustor on NOx emission
characteristics in case of nitrogen injection.
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Effect of N, bypassing way

Nitrogen supply positions affect temperature distribution, thermal-NOx, and fuel-NOx production
in the combustor. When part of the nitrogen is injected into the combustor through the burner, and the
remainder is bypassed to premix with the combustion air injected from the burner-air nozzles and
secondary combustion air holes, NOx emission characteristics are investigated.

Figure 80 shows the relationship between the ratio of bypassing nitrogen flow rate over total
nitrogen supply, N2(BY)/N; total, and both the conversion rate of NHs in the fuel to NOx, C.R., and
NOx emissions, under the conditions where airflow rate is set at 1.9 kg/s, Ny/Fuel ratio is 0.7 kg/kg,
pressure is 1.2 MPa, and the average temperature of combustor exhaust gas is maintained at 1773 K.
The conversion rate slightly decreased with the rise in the No(BY)/N; total ratio, while thermal-NOx
emissions gradually increased to 10 ppm (corrected at 16% O,). Consequently, total NOx emission
concentrations hardly changed under the condition of NH; 500 ppm.

Effect of N, flow rate

Nitrogen flow rate varies according to the type of gasifier, and small changes occur with each
operation. When the nitrogen injection flow rate to the combustor changes, NOx emission
characteristics are investigated. Figure 81 shows the relationship between nitrogen injection and both
the conversion rate, C.R., and NOx emissions when the airflow rate is set at 1.9 kg/s, pressure
is 1.2 MPa, and the average temperature of combustor exhaust gas is maintained at 1773 K. In the tests,
all of the nitrogen is injected from the burner. With the rise in the Ny/Fuel ratio, thermal-NOx
emissions decreased, while the conversion rate increased in the lower N»/Fuel ratio, and showed
constant when the N,/Fuel ratio was 0.8 kg/kg or higher. As a result, total NOx emissions decreased
gradually with the rise in the Ny/Fuel ratio. Although not shown in Figure 81, CO emissions were
reduced as low as 20 ppm at any N»/Fuel ratio, or combustion efficiency was at around 100%.
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Figure 80. Effect of bypassing nitrogen flow rate, premixed with combustion air on NOx

emission characteristics.
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Figure 81. Effect of nitrogen injection flow rate from burner on NOX emission

characteristics.
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Effect of NH; constituent

The concentration of NHj in the gasified fuels varies depending on the types of raw materials of
feedstock, gasifiers, and gasification conditions. Therefore, a study of the effects of NH; concentration
in the fuel on NOx emission characteristics was carried out.

Figure 82 shows the relationship between NHj3 concentration in the fuel and NOx emission
characteristics under conditions in which nitrogen of 0.7 kg/kg N,/Fuel ratio is injected from the
burner, airflow rate is set at 1.9 kg/s, and combustor exhaust gas temperature is maintained at 1773 K.
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Figure 82. Effect of NH; concentration in fuel on NOx emission characteristics.
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With the rise in NH3 concentration, total NOx emissions increased, while the conversion rate of
NH; to NOx declined. It has been reported that the higher concentration of nitrogenous compounds
(mostly in the form of NHj; in the fuel), suppresses the conversion rate of those nitrogenous
compounds into NOx [85]. Similar findings were observed in medium-Btu gasified fuel. Furthermore,
when the nitrogen was bypassed and premixed with combustion air, or NH; concentration in the
primary combustion zone became relatively higher, the conversion rate resulted in a decrease, while
thermal-NOx emissions increased slightly, as shown in Figure 80. Consequently, the nitrogen
bypassing method is expected to be effective in gasified fuels with higher concentrations of NHj.

Effect of combustion pressure

In combustion tests, maximum pressure is set to 1.2 MPa of slightly less than that of the practical
operation at the equivalent, rated load conditions for restrictions of the fuel supply rate. Therefore, the
effects of the combustion pressure on the NOx emission characteristics are examined.

Figure 83 shows the relationship between the combustion pressure and the NOx emission
characteristics. In the tests, all of the nitrogen is injected from the burner into the combustor, and the
pressure inside the combustor is changed to maintain the residence time of the combustion gas in the
combustor at a constant.

The conversion rate of NH; to NOx increased slightly with the rise in pressure from 0.4 MPa
to 1.2 MPa, and the thermal-NOx emissions increased slightly. The pressure indices, Pingex, Which are
the inclinations of the logarithmic values of the thermal-NOx and total-NOx emissions against the
pressure defined by the foregoing equation (44), are shown to be 0.37 and 0.13, respectively.
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Figure 83. Effect of combustion pressure on NOx emission characteristics.
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As described in Section 3.1.3 and Section 6.4, the O radical production rate is proportionate to
the 1.5th power of combustion pressure, or the NO production rate by the Zel’dovich NO mechanism
is in proportion to the 1.5th power of pressure in theory. The thermal-NOx emission mole fraction
varies in production to the 0.5th power of combustion pressure. However, the dependence of thermal-
NOx emissions from the practical gas turbine combustor on pressure is greatly affected by the many
other influencing factors. That is, because the volume of medium-Btu fuel was greater than that of
hydrocarbon fuels, the mixing characteristics were improved. Furthermore, while the designed
combustor employed the reducing combustion in the primary combustion zone, because the gasified
fuels contained little of hydrocarbon constituents, prompt NO originating from hydrocarbons
was hardly produced. Thermal-NOx emissions characteristics of gasified fuels showed a different
tendency from the case of hydrocarbon fuels. Therefore, thermal-NOx emissions showed a weaker

dependence on pressure.
Prediction of combustor’s performance

The simulated gasified fuel produced in the test facility is slightly different from typical commercial
gasified fuel in composition due to restrictions in the fuel supply rate. Therefore, the effects of CH,4
concentration in the fuel were examined. Figure 84 shows the effects of CH4 concentration on NOx
emission characteristics under pressure 1.2 MPa, and estimates the NOx emissions under the rated load
conditions of the actual operations. Figure 84 also shows the total NOx emissions where pressure in
the combustor is varied, maintaining the CH,4 concentration at around 3% of Figure 83.
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Figure 84. Effects of CHy concentration and combustion pressure on NOx

emission characteristics.
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In the tests, the residence time of the combustion gas in the combustor is set and maintained
constant under the conditions where the average temperature of the combustor exhaust gas is set
at 1773 K, the nitrogen of 0.7 kg/kg N»/Fuel ratio is injected from the burner, and NHj3 concentration
in the fuel is 500ppm. Other test conditions are conducted in accordance with standards shown in
Table 9. In the designed combustor, the total NOx emissions increased proportionally to the pressure
to the power of 0.13, while the thermal-NOx emissions were proportional to the power of 0.37 of the
pressure, as shown in Figure 83. It was found that the pressure had less influence on the fuel-NOx
emissions than on the thermal-NOx emissions. On the other hand, the total NOx emissions decreased
with the decrease in CH4 concentration. From these experimental results, total NOx emissions could be
estimated at around 34 ppm (corrected at 16% O,) under the equivalent rated load conditions of
medium-Btu fuel which contained 0.1% CH4 and 500 ppm NHj.

Emission characteristics in gas turbine operations

From the estimation method of NOx emissions shown in Figure 84, Figure 85 shows the
combustion emission characteristics under the simulated operational conditions of the 1773 K-class
gas turbine for IGCC in which gasified fuel contains 0.1% CHy4 and 500 ppm NHj3. Considering the
effects of CH4 concentration and pressure as shown in Figure 84, it can be predicted that NOx
emissions are as low as 34 ppm (corrected at 16% O5), in the range where the gas turbine load is 25%
or higher (the single fuel firing of gasified fuel), while the NOx emissions tend to increase slightly
with the rise in the gas turbine load. Although it is not shown in Figure 85, the thermal-NOx emissions
would be expected to decrease as low as 8 ppm (corrected at 16% O,), at any gas turbine load, in tests
of a simulated fuel containing no NHs.
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Figure 85. Effect of the gas turbine load on combustion emission characteristics.
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On the other hand, it can be expected that combustion efficiency is around 100% under actual
operational conditions of a medium-Btu fueled gas turbine, because CO emissions tend to decrease
with the rise in pressure.

From these results, it appears that two-stage combustion and a nitrogen direct injection technique
will produce sufficiently low NOx emission levels in cases where oxygen-blown IGCCs employ
hot/dry synthetic gas cleanup and enable the IGCC system to achieve the full performance benefits
of the concept.

7.3.2. Thermal characteristics of combustor exhaust

Figure 86 shows combustor exhaust gas temperature distribution characteristics with the pattern
factor that indicates the uneven distribution rate of the exhaust gas temperature. Dots of fifteen in the
figure indicate the setting points of thermocouples and contour line map shows the temperature
distribution of the exhaust, obtained by interpolating the observed data through the spline interpolation.
Pattern factor is calculated from the supplied air temperature into the combustor, T, the
local-maximum exhaust temperature, Tp.x, and the averaged exhaust temperature, Te, at the
combustor exit section. The pattern factor was 7.1% under the rated load conditions of exhaust gas
temperature (about 1773 K). This result is highly satisfactory since the design of the gas turbine
requires a pattern factor of 17% or below.

Reasons for the small pattern factor include the fact that the fuel volume is large compared with the
conventional hydrocarbon fuels such as LNG, and N; is supplied to mix with fuel and air evenly; fuel,
air and N, are mixed quickly while the diffusion combustion is adopted. The local maximum
temperature of the exhaust gas is maintained as low as 1873 K, and hot section between 1873 K
and 1823 K is about 4% of total cross section of combustor exhaust gases, while the maximum
theoretical adiabatic flame temperature of the mixture of the rated supplied fuel, and N, with air under
stoichiometric conditions, is about 1840 K.
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Figure 86. Combustor exhaust temperature distribution characteristics.
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Thmax : Local maximum temperature of combustor exhaust [K]

Figure 87 shows the relation between the combustor exhaust gas temperature, Tex, and the pattern
factor. In tests, the supplied fuel quantity is varied while maintaining the supplied air quantity constant.
The other test conditions are in accordance with the standards shown in Table 9.

Figure 87. Temperature deviation characteristics of combustor exhaust.
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The pattern factors tended to decrease with the rise in exhaust gas temperature, while the pattern
factors were maintained as low as 9% under the conditions where the exhaust temperature was raised
over 1173 K, (which corresponds to 25% of gas turbine load or higher). One of the reasons for the
decrease in the pattern factor with the rise in the exhaust temperature is that the difference between the
maximum flame temperature of the mixture and the averaged exhaust gas temperature narrows as the
exhaust temperature rises.

8. Conclusions

This paper has reviewed developments in low NOx combustor technologies for gas turbines in the
field of IGCC, using the following various gasifying methods, and NH; removal technology from
gasified fuels for further decreases in NOx emissions among the following IGCC systems.
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- Air-blown gasifier + Hot/Dry type synthetic gas cleanup method
- Oxygen-blown gasifier + Wet type synthetic gas cleanup method
+ Oxygen-blown gasifier + Hot/Dry type synthetic gas cleanup method

In the paper, including the technical findings of the previously published papers of the author’s own
works, combustion characteristics of gasified fuels produced from each type of gasification method
were clarified through experiments using small diffusion burners and model combustors, and
numerical analysis, based on reaction kinetics. Based on the technical findings on combustion
technologies of various gasified fuels, a corresponding low-NOx combustion technology was proposed
for each gasified fuel, combustors were designed for the following gasification methods, and those
combustors’ performance was demonstrated under simulated gas turbine operational conditions.

Also, directed at more efficient and environmentally sound options in IGCC with hot/dry type
synthetic gas clean-up, an NH; removal technique from gasified coal fuel in a dry method was
proposed and the effects were verified through experiments using a tubular flow reactor and reaction
kinetic analyses. Results are summarized, as shown in Table 10.

(1) Non-catalytic reduction of NHj

When adopting hot/dry synthetic gas cleanup in IGCC to improve plant thermal efficiency,
significant fuel-NOx , originating in NHj3 is emitted. The NH3; removal technique from gaseous fuels
was reviewed by applying a selective non-catalytic denitration reaction. It was confirmed that NH;
reacted with the same amount of NO and decomposed into N, by 40%—70% of the total fixed nitrogen
that remained in the fuels without being removed under certain conditions, as shown in Table 10. The
NH; decomposition mechanism in gasified fuels was revealed through experiments using a tubular
flow reactor and reaction kinetic analyses; however, the method had little effect in decreasing total
fixed nitrogen when the H, constituent increased higher than 20%.

Table 10. Summary of each low-NOx combustor and non-catalytic reduction of NHj3 in

gasified fuel.
Gasification type Air-blown Oxygen-blown
Carrier type of feedstock Dry feed Dry or Slurry Dry feed

Gas cleanup method Wet type Hot/Dry type Wet type Hot/Dry type
Pl . . . . .
. Faeztusr}:tem Oxygen production unit not required In operation now Simpler system
*Thermal efficiency improvement in
comparison with IGCC adopts hot/dry ~ +2.5 points +4.5 points +1.5 points** +2.5 points**

cleanup and 1573 K-class gas turbine

«Low calorific fuel (HHV =4 MJ/m®) *Medium calorific fuel (HHV = 9~ 13 MJ/m®)

Features of gasified fuel *N, and CO, are about 70% in volume *Higher flame temperature of medium calorific fuel
Fuel contains NH; and a Fuel contains NH; and a lot of
lot of fuel-NOx emissions fuel-NOx emissions are
are discharged. discharged.

Combustion stability of low calorific Reduction of Reduction of thermal-NOx

Subjects of combustors’ fuel thermal-NOx and fuel-NOx emissions

development Reduction of fuel-NOx emissions simultaneously
emissions
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Table 10. Cont.
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Developed technologies

Non-catalytic reduction of NH; in fuel
*Reduction rate of fuel bound nitrogen
- Applicable conditions

40%~70%
*Fuel: H, = 10% and

CH; = 0.5%
+additive O,-0.5~1.5%

* Applicable to higher CO/H,
in fuel

*not available in case of H,
concentration is higher
than 20%

Low NOx combustion methods and
advantageous effect
(1) Auxiliary combustor+ Two stage

combustion
NHy/HHV*® [ ppm/(kcal/m}) 1.00 — —
[ppm/( MJ/m’)] 2.4 x 10?
*Reduction rate of fuel- NOx 60%=
* Thermal-NOx emissions =7 ppm
(2) N, direct injection _ 80%*7< _
*Reduction rate of thermal-NOx ¢ =
(3) N, direct injection+ quick quench
by combustion air — 80%*8=< —

*Reduction rate of thermal-NOx

(4) Auxiliary combustor +Two stage
combustion+N, direct in J}ectlon
*NH:/HHV *° [ppm/ (kcal/m )]
[ppm/( MJ/m™)]
*Reduction rate of fuel-NOx
*Reduction rate of thermal-NOx

<025 / 1.00=
<0.6 x 10%/2.4 % 10*°<
<40% /| 60%=
80% =<

Features of developed low-NOx
combustor

* Auxiliary combustor to *By both N, direct
stabilize combustion injection and quick
*Two-stage combustion  quench to reduce
to reduce fuel-NOx thermal-NOx
*Slow burning by *By N, premixing with
lowering secondary air  combustion air at low
flow speed in loads to stabilize
secondary combustion ~ combustion
for further reduction of
fuel-NOx

* Auxiliary combustor to
stabilize combustion

*By N, direct injection to
reduce thermal-NOx

*Two-stage combustion to
reduce fuel-NOx

*Equivalence ratios in
auxiliary combustor and
primary combustion zone are
determined depending on
CH, concentration in fuel

Combustors’ performance

Evaluation items Target
Rated exhaust o o 1873 K
temperature 1773 K (1500 °C) 1673 K (1400 °C) 1773 K (1600 °C)
. . =99.99% =99.99% =99.99%

Combustion efficiency =99.5% (CO = 20 p?)m) (CO = 20 p;)m) (CO = 20 p;)m)

NO issi *1 * * *
{f Oﬁt:;?l;s(l)?f s =60 ppm =60 ppm*? — =34ppm** =40 ppm**
Thermal-NOx =10 ppm =7 ppm =8 ppm~11 ppm =7 ppm =8 ppm

Pattern factor (P.F.*'%)

at rated load condition =15% =7% =13% =7% =7%

Maximum temperature o o

of Liner wall P =850 °C =1123 K (850 °C) =1123K =1123K =1123K

Remarks

* 1: corrected concentration at 16% O, in
combustor exhaust

* 5: in case of fuel containing NHj
*10: P.F. = (Tmax_ Tcx)/(TCx - Tair)>< 100 [%]

Tmax: Local maximum temperature of
combustor exhaust [K]

HHV: corrected at 273 K, 0.1 MPa.

» Applicable to wet-type  * 7:HHV = 9 MJ/m’
synthetic gas cleanup S:HHV = 11.5 MJ
* 2: in case of fuel /m?

containing 1000 ppm
NH;

* Applicable to wet-type

synthetic gas cleanup

* 4: in case of fuel containing
500 ppm NH;

*9: HHV = 9 MJ/m°

* 6: HHV = 4 MJ/m’

* 3: 0.3 points improve than existing N, supply way
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(2) The advantage of low NOx combustion

Based on combustion experiments using a small diffusion burner, a model combustor and numerical
analyses, the following conclusions can be made:

- Two-stage combustion was effective for decreasing fuel-NOx and thermal-NOx emissions; the
primary equivalence ratio was set depending on CHy4 concentration in the fuels.

+ Adopting the auxiliary-combustion chamber was effective for stabilizing combustion of low calorific
fuel in reducing flame.

+ In oxygen-blown medium-Btu fuels, the combustion method, in which direct injection of surplus N
by-product from the oxygen production unit was combined with rapid dilution by combustion air,
was effective in reducing thermal-NOx emissions.

* The surplus N, direct injection method improved plant thermal efficiency by 0.3 points.

+ To simultaneously reduce thermal-NOx and fuel-NOx emissions, the method that combined surplus
N, direct injection with two-stage, reducing combustion was effective. It is also necessary to adopt
an auxiliary-combustion chamber for stable combustion.

Air-blown IGCC

From single can combustion tests using 150 W, 1773 K-class multi-can type gas turbine, the
developed combustor reduced thermal-NOx emissions to 7 ppm or less and fuel-NOx emissions
by 60% or higher at any gas turbine load where fuel contained 1000 ppm of NHj3 and 1.0% of CH,.
Other required performance measures of combustion efficiency, maximum liner wall temperature, and
pattern factor were satisfied compared with those of conventional gas turbines.

Oxygen-blown IGCC

The surplus N, direct injection from the burner and the combination of N, direct injection with
rapid dilution by combustion air were effective in reducing thermal-NOx emissions. The surplus N,
direct injection, employed for medium calorific fuel of 9.0 MJ/m’ (HHV), decreased thermal-NOx
emissions to as low as 8 ppm and the combination N, , for fuel of 11.5 MJ/m’ (HHV), decreased
thermal-NOx emissions to as low as 11 ppm, respectively. Other target performance measures could
also be satisfied.

To reduce fuel-NOx emissions together, in addition to the above mentioned thermal-NOx control
method of N, direct injection, two-stage combustion, thermally-stabilized by auxiliary-combustion
chamber, was employed. Where fuel had a calorific value of 9.0 MJ/m’ (HHV), 0.1% of CH4 and NH3
of 2.4 x 107 NH3/HHV[ppm/(MJ/m3)] ratio, the developed combustor reduced thermal-NOx emissions
to 7 ppm or less and fuel-NOx emissions by 60% or higher at any load of a 1773 K-class gas turbine.
Furthermore, the developed combustor represented the required performance of a 1873 K-class gas
turbine combustor. Other target performance measures could be satisfied, as shown in Table 10.

Economical evaluation

Figure 88 shows the NOx emissions and rates of denitrification, “DeNOx”, costs in each case of
IGCC compared to air-blown IGCC that adopts hot/dry synthetic gas cleanup, and the 1573 K-class
gas turbine [26]. In this estimation of Figure 88, the intended IGCC plant was expected to generate
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output of 250 MW and an operation rate of 24 hours x 333 days per year; other trial conditions were
indicated in Figure 88. The rates of DeNOx costs are assessed on the assumption that NOx emissions
in exhaust from each IGCC are denitrated to 5 ppm (corrected at 16% O,), and the exhaust amount of a
gas turbine combustor in each IGCC method is calculated considering each thermal efficiency
improvement, as shown in Table 10. Although the temperature of the gas turbine combustor exhaust
was raised by 200 K, the NOx emissions decreased by 10 ppm (corrected at 16% O,), in the air-blown
IGCC. In oxygen-blown IGCC, where the NH; concentration was set to 500 ppm, the conversion rate
of NHj3 to NOx was higher than that of the reference case. However, with its small amount of the NHj3
constituent absolutely in the oxygen-blown gasified fuel, the NOx emissions decreased in half.

Figure 88. NOx emissions and rates of denitrification costs in various types of IGCCs.
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Gasifier type: Air—blownggsification Oxyge?;blown
gasification

Trial conditions:

IGCC plant output: 250 MW class

IGCC plant operation rate: 24 hours x 333 days per year

NH; concentrations: NH; concentrations in the cases of air-blown gasified fuel and oxygen-blown
gasified fuel are set at 1000 ppm and 500 ppm, respectively.

Rate of DeNOx cost estimation: NOx removal efficiency, NH; supply quantity and NOx removal
catalyst quantity are different for each type IGCC. DeNOx facility is based on conventional
denitration equipment; spatial velocities at DeNOx rates of 28%, 72%, 83% and 90% are set at
220,000, 50,000, 33,000 and 20,000 [hourfl], respectively. An air-blown IGCC with hot/dry
type synthetic gas cleanup adopting a 1573 K-class gas turbine is set as a standard, and the rate
of DeNOx cost is the calculated proportion of each case to the standard, due to fluctuations in
unit prices of catalysts’ supplied NH3, and exchange rates.

The DeNOx cost could be decreased to about 60% where the developed 1773 K-class gas turbine
combustor was employed for the air-blown IGCC with hot/dry synthetic gas cleanup. Because the
thermal efficiency of the plant improved by about 4.5 points and the amount of exhaust decreased by
raising the combustor exhaust temperature as much as 200 K in comparison with the reference case
under the same plant output condition, total amount of NOx emissions decreased. Therefore, amounts
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of both NHj3 supply and catalyst required for DeNOx equipment decreased. In the case of
oxygen-blown IGCC with hot/dry synthetic gas cleanup, the DeNOx cost could be decreased to
about 40%, mainly because NH3 concentration in the gasified fuel decreased in half. On the other hand,
each gasified fuel contained very little NH; constituent during the wet-type synthetic gas cleanup. In
this case, only thermal-NOx was emitted as low as 8 ppm from the gas turbine combustor and DeNOx
cost could be decreased to as little as 5% of that of the reference case. If NOx emission regulations
from the gas turbine power plant of IGCC was 10 ppm (corrected at 16% O;), the denitration
equipment itself was not rendered unnecessary and those technologies could be expected to yield high
electricity cost benefits.

From the above mentioned results, it can be stated that each developed combustor performed with
complete satisfaction with the 1773 K-class gas turbine combustor in actual operations. That is, these
combustion technologies reduced each type of NOx emission for each gasified fuel, while sufficiently
maintaining the combustors’ other design bases. Furthermore, the technologies developed represented
a possible step toward the 1873 K-class gas turbine combustor.

To secure a stable supply of energy, and protect the global environment, mankind must learn not
only to maximize the efficiency of finite fossil fuels, such as oil and coal, but also to reexamine unused
resources, reclaim waste, and develop the most effective uses for such resources. IGCC technologies
could contain the potential to use highly efficient resources not currently in wide use today for
effective and efficient power generation tomorrow.
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