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Abstract

Effects of N, CO; Dilution on
Emission Characteristics of

Partially Premixed Syngas Flame

Jaeyo Oh
Department of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

Coal thermal power generation had advantage in plenty reserves and low cost, but
it had pollution problem. Integrated coal-gasification combined-cycle power system
(IGCC) is improved power generation technology which reduce sulfur oxides,
nitrogen oxide, and carbon oxide largely. IGCC has been being developed and
constructed globally, also domestically Taean IGCC plant is now being constructed.
Gasified fuel called syngas contains Ha, so to prevent flash-back combustion should
be non-premixed. In this study, dilution is investigated to control NOx formed in
non-premixed combustion.

We conducted combustion test in model gas turbine combustor equipped with
copied GE7EA nozzle varying diluent and dilution placement to understand which

factor affects emission characteristics in dilution condition. Concentration of



emission was measured in exhaust pipe, cross section of flame was attained by Abel
transformed photograph of OH chemiluminescence.

Result of diluent comparison test showed that there was other factor which affected
emission characteristics in addition to temperature decrease caused by diluent,
through flame structure analysis the factor was identified as degree of mixing
determined by fuel-air jet momentum ratio. Comparing dilution placement, fuel-side
dilution reduced more NOx because proportion of diluent that passed through flame
front was bigger in fuel-side dilution than that in air-side dilution. CO was emitted
below 10 ppm over almost the whole operation region, but CO emission increased
sharply at low equivalence ratio dilution condition in which CO incompletely

combusted.

Keywords: IGCC, Gas turbine, NOx, Diluent, Dilution placement, Flame

structure, Jet momentum ratio

Student Number: 2013-22485
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Chapter 1 INTRODUCTION

1.1 NOx emission

Nitrogen oxide is one of air contaminants. It is compound of nitrogen and oxygen.
There are some kind of nitrogen oxide, for example nitric oxide (NO), dinitrogen
trioxide (N»O3), dinitrogen pentoxide (N2Os). Among them, nitric oxide (NO) and
nitrogen dioxide (NOy) is formed during combustion and they are referred to as NOx.
In atmosphere NOx is harmful to human, it reacts with water to form acid rain, and
it is one source of photochemical smog. Therefore NOx emission must be restricted.

During combustion, NOx is formed by four mechanism — thermal or Zeldovich
mechanism, the Fenimore or prompt mechanism, the N>O intermediate mechanism,
and the NNH mechanism [1]. In these mechanism nitrogen that takes part in reaction

comes from not fuel but air.

1) Thermal mechanism
Three steps of Zeldovich mechanism are shown below. First two steps are
Zeldovich’s and by adding third reaction it is referred to as extended Zeldoich

mechanism.

0+N, ©NO+N (1.1)
N+0, o NO+0 (1.2)
N+ OH & NO + H (1.3)



Temperature affects this mechanism largely. First step of the mechanism need large
activation energy (319,050 kJ/kmol), so this mechanism is important at high

temperature above 1800 K.

2) Prompt mechanism
Prompt mechanism is related to combustion of hydrocarbons. During combustion
of hydrocarbons, NOx is formed early before it is produced by thermal mechanism.

This NOx formation is caused by reaction between hydrocarbon radical and nitrogen.

CH+N, & HCN + N (1.4)

C+N, & CN+N (1.5)

These products form NO consequently.

3) NO intermediate mechanism
This mechanism is operated mainly in low equivalence ratio (¢ < 0.8) and low
temperature. Therefore, it is considered importantly lean premixed combustion in

gas turbine combustor.

0+N,+M © N,0+M (1.6)
H+ N,0 & NO + NH (1.7)
0+ N,0 & NO + NO (1.8)

2



4) NNH mechanism

NNH mechanism consists of two steps.

N, + H © NNH (1.9)

NNH + 0 < NO + NH (1.10)

This mechanism is important in oxidation process of hydrogen and hydrocarbons

which have high proportion of hydrogen.

A&t
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1.2 Jet in crossflow

Jet in crossflow is that a flow which jets from an orifice intersects with the fluid
which is running over the orifice and two flows interact with each other. It can be
applied in many area such as fuel injector, dilution in gas turbine combustor, V/STOL
aircraft, cooling of gas turbine blade. The main parameter which determines the
characteristics of the flow is jet to crossflow momentum ratio or momentum flux

ratio [2]. Jet to crossflow momentum flux ratio, r, is

2 \1/2
PjUj

Here p is density, U is velocity, and subscripts j and cf present jet and crossflow

respectively. In the case of intersection between same density flow,
r=—L (1.12)

Various properties of the flow are changed depending on the momentum ratio.
Among them, penetration of jet into surrounding flow and mixing between jet and
the flow grow as the ratio increases. A schematic of this phenomenon is shown in

figure 1.1.
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Figure 1.1 Schematic of jet in crossflow (a) at low jet momentum ratio,

(b) at high momentum ratio.



1.3 Overview of present works

Coal thermal power generation has been being used to supply energy for a long
time. Coal has advantage in plenty reserves and low cost, But this power generation
also has problem as well. When coal is burned directly many contaminants are
emitted, and among these sulfur oxide, nitrogen oxide, and carbon dioxide are
representative pollutants. Integrated coal gasification combined cycle (IGCC) is
developed to solve this pollution problem. By gasification, carbon capture and
storage process, coal becomes syngas and significant amounts of sulfur oxide,
nitrogen oxide, and carbon dioxide are removed before combustion. Pre-combustion
process as this also reduces cost for decreasing emission of pollutants. Syngas
produced by gasification consists of H> and CO. because H; has high flame speed,
combustor must be non-premixed to prevent flashback. But in non-premixed
combustion flame temperature is higher than that in premixed combustion, to control

formation of NOx dilution is applied.

Liu and Sanderson conducted combustion test in actual Siemens gas turbine
combustor. The combustor was premixed type, they varied Wobbe Index (WI) by
dilution and the diluents were N, and CO,. NOx emission characteristics was
investigated, momentum ratio of fuel jet to air was mentioned as one factor because
it seemed affects pre-mixedness between fuel and air. Comparison of diluents shown

that more NOx was produced with N, dilution [3].

Fackler et al. investigated dilution effect of N», CO, conducting experimental and
numerical studies. As a result of comparison between N> and CO, as diluent, it was

confirmed that N, dilution produced more NOx than CO; dilution. Chemical reactor



network model was used to understand the effects of N> and CO: to reaction [4].

Lee et al. studied NOx emission characteristics in partially-premixed model gas
turbine combustor comparing N», CO,, and steam as diluent. NOx reduction caused
by dilution was different according to diluent because diluent heat capacity was
different respectively. From this result, it was shown that NOx reduction graph

expressed as function of diluent heat capacity was almost same for three diluents [5].

Weiland and Strakey conducted combustion test in lean direct injection (LDI)
combustor using hydrogen as fuel. Effect of dilution placement — fuel-side dilution
and air-side dilution — was investigated in several respects. For NOx emission
characteristics, it was shown that dilution placement affected peak flame temperature,
consequently NOx was influenced by dilution placement and the degree varied

depending on equivalence ratio [6].

In this study emission characteristics of partially premixed H»/CO syngas in
dilution and factors which affect the characteristics were investigated. Diluent was
divided into N> and CO,, dilution placement into fuel-side and air-side. To confirm
which factor affected NOx emission, flame structure was analyzed and the flame
image was gained by photograph of OH chemiluminescence and abel transform. In
dilution placement comparison, it was confirmed that dilution effect varied
depending on the dilution placement due to peak flame temperature and it was based
on the result of Weiland and Strakey. From these results, we suggested that these
results could be applied in nozzle design and in determination of combustor

operation range.



Chapter 2 APPARATUS AND EXPERIMENTAL

METHOD

2.1 Apparatus

T
[ ) ) N
B B B B B
o kUUU}
Mass Flow >§- o Silencer
Controller o | 22
N J =2
(o) Q
=
}
GE7E
Combustor Gas
Sampling

Figure 2.1 Schematic of model gas turbine combustor.

Figure 2.1 shows a schematic of overall experimental apparatus. The main
components are air compressor, air heater, mass flow controller, and model gas
turbine combustor. The air compressor supplies compressed air to combustor. The
mass flow controller controls mass flow rate of provided fuels and air. The
compressed air passes through the air heater and is heated to test condition. The
model gas turbine combustor consists of a swirl injector, quartz tube which enable

optical access, and exhaust duct in which exhaust emissions are measured. And to



have a general idea of temperature tendency during combustion in combustor, seven
thermocouples were equipped. One of the thermocouples that is located closely after
flame is R-type that can measure up to about 2000 K, and the others are K-type that
is durable up to about 1300 K. Exact flame temperature could not be measured, but
tendency of temperature change depending on dilution and equivalence ratio could

be understood. Figure 2.2 shows the location of the temperature measurement point

briefly.
Y
TC1 TC3 TC4 TCS TC7 TC : Thermocouple
Te2 | [P |
Quartz
Tube Multipoint TC

Figure 2.2 Location of the thermocouples.

In order to investigate the characteristics of the non-premixed H»/CO syngas flame,
1/3 scaled-down model of GE7EA partially premixed nozzle was used. We studied
for one can combustor of whole burner. The nozzle is the axial-flow type swirl
injector which has 14 swirl vane and 45° swirl angle. In addition to number of swirl
vane and degree of swirl angle swirl number is also important parameter of swirl
injector because it represents swirl intensity. Swirl number S, is determined by the

geometry of the injector and calculated by following equation.



3
1_( Dswirl—in )
— 2 Dswirl—out
n

= | tan ¢ (2.1

1_( Dswirl—in
Dswirl-out

Dswirk-in, Dswir-out, and @ are iner and outer diameter of swirler, and swirl angle. The

swirl number of this swirl injector calculated by the equation is 0.83 [7]. The front

view of the swirler is shown in figure 2.3.

¢

A\

)~'
-

T
\
\
" .\ ¢ ; /

& .
N -

SRS

L

Figure 2.3 Front view of the swirler.

The swirl is main stream, it is air-stream. The fuel is injected to air stream being

crossed like jet-in-crossflow to enhance mixing of the supplied air and fuel before

combustion. Figure 2.4 shows the schematic of the flow.

10



This nozzle is partially-premixed type and mixing length is about 2.7 mm. Mixing
length is the distance between fuel hole and dump plane. In the nozzle the geometry
that affects the degree of mixing is fixed, but mixedness can be changed by the

characteristics of the jet-in-crossflow.

11



2.2 Experimental method

2.2.1 Emission measurement

In order to understand the emission characteristics of H,/CO syngas flame, we

measured concentration of exhaust gas as NOx, CO, and O; etc. in the exhaust duct.

The measurement was conducted using TESTO 350K. The specification is presented

in table 2.1.

NOx

0.1 ppm

Resolution
CO

1 ppm

Sampling rate

1 Hz

Table 2.1 Specification of TESTO 350K

The emissions were measured for 5 seconds after they reached stable state. The value

of NOx concentration were almost same at the stable state, but CO emission did not

reach the very stable state. The exhaust O, concentration was measured to correct

emission concentration. The emission concentration unit is ppm (v), parts per million

(volume), it depends on the mass of emission and total volume of exhaust gas. So,

in order to compare emission of a gas turbine with emission of other equipment or

other conditions in same device measured emission concentration must be corrected

by a standard. The standard is 15% O in exhaust gas for gas turbine, while 3% O»

for boiler. According to definition, measured emission concentration is corrected by

following equation [1].

12



Niotal, raw
Ci, corrected to 15% 0, — Ci, measured (N (2.2)
total, correctedto 15% O3

Ci is concentration of component i, Ny is number of total moles in product gas.

Generally, without dilution, the formula is expressed as

20.9-15
Ci, @ 15% O, [ppm] = Ci, measured [PPT] * < ) (2.3)

20'9_(:02, measured [%]

But if this equation is used in dilution condition, some error will occur because
measured concentration of i and O, will become small due to augmented total mole
number of exhaust gas. So, using equation (2.3) at dilution condition, emission
concentration seems to be smaller than actual value. Therefore other formula which
corrects measured concentration of emission exactly is needed. The correction

equation which refers to Elkady [8] is shown in equation (2.4).

(a+2.381)

Ci@15% 0, [ppm] = Ci, measured[PPM] + |0.02278 - ] (2.4)

(a—coz, measured)

a is mole fraction of O in oxidizer containing diluent. This formula is matched to

the H»/CO syngas fuel composition. The derivation is presented in appendix A.

13



2.2.2 Flame image acquisition

Flame image was captured by a high-speed ICCD camera through quartz tube. In
order to visualize the flame we took a photograph of OH chemiluminescence emitted
during combustion because OH radical indicates reaction region. The emitted
radiation has particular wave length, so to measure the chemiluminescence the
camera was equipped with an optical band pass filter. The high-speed ICCD camera
is shown in figure 2.5 and the specification of the optical band pass filter is presented

in table 2.2.

Figure 2.5 Princeton instrument PI-MAX 2 (16bit ICCD)

Optical filter | Center of wavelength Band-pass wavelength

OH* 307.1 nm 15 nm

Table 2.2 Specification of the optical band pass filter

The captured chemiluminescence image is overlapped image of a 3D flame. In

order to obtain a cross section of the central axis, abel transform was used [9]. The

14

)

1

[Tl



gained flame image shows the flame structure and represents the flame temperature,

reaction rate, and heat release rate.

15



2.3 Test condition

Item Value Unit
H,:CO 29:71 (Taean) vol %
Air flow rate 0.015 Kg/s
Inlet air temperature 300, 400, 500, 600 K
Equivalence ratio 04~1.0
Diluent Nz, CO,
Dilution placement Fuel-side, Air-side
Dilution ratio 0~200 %

Table 2.3 Test condition

Table 2.3 shows overall test condition. In this test, fuel composition copied that of
Taean IGCC plant. For investigating the emission characteristics of H»/CO syngas
flame, inlet air temperature and equivalence ratio was changed. The air flow rate was
constant, the fuel flow rate was changed to determine the equivalence ratio.

For understanding the factor which affects the emission characteristics of H./CO
syngas flame diluent, dilution placement were chosen as main variable. As diluent,
Nz and CO» were used for some reasons. First, N2 and CO; have different properties
as molecular weight, specific heat. And they have actual applications in industrial
field. N, is used in IGCC mainly because N, is produced in air separation process
that supplies O- to gasifier and it can be used in gas turbine combustor. CO; is also
used in gas turbine facility, and in biogas, for example in landfill gas, there are large

amount of CO, so CO; is important diluent too. Dilution method is varying

16



depending on the dilution placement. There are various dilution placement as fuel-

side, air-side, and direct dilution etc. in this study, fuel-side and air-side dilution were

examined. Figure 2.6 shows the two dilution placements.

Tﬁ

ol

(@ Air + Diluent ' -
@ Syngas + Diluent

@ : Air-side dilution
@ : Fuel-side dilution

=

r

d

Figure 2.6 Schematic of the dilution placements of the combustor

17
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Chapter 3 RESULTS AND DISCUSSION

3.1 NOx emission characteristics

NOx emission characteristics of partially premixed syngas flame was investigated
and it was based on fuel-side N, dilution case. As shown in figure 3.1, NOx emission
increased as inlet air temperature increased and in figure 3.2, NOx emission rose as
equivalence ratio rose. Inlet air temperature and equivalence ratio influence flame
temperature. When inlet air temperature is low, more heat is lost so flame
temperature decreases. For equivalence ratio, flame temperature is related on heat
input. We tested with same air flow so increased equivalence ratio meant augmented
heat input and flame temperature. Also, in both figure, dilution reduced NOx
emission because diluent operated as heat sink and it made flame temperature
decrease. From these results, we confirmed that thermal NOx produced by Zeldovich
mechanism in which temperature strongly affects NOx formation [1] was dominant

in this partially premixed syngas flame.

18
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Figure 3.1 NOx concentrations with respect to inlet air temperature.
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Figure 3.2 NOx concentrations with respect to equivalence ratio, Tine=600K.
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3.1.1 Comparison of diluents

For finding factors that affects NOx emission characteristics of partially premixed
H,/CO syngas flame, we conducted fuel-side N> and CO- dilution test. We figured
NOx as a function of diluent heat capacity. Diluent heat capacity is defined as

following equation.

Diluent heat capacity = Myjiyent * Cp,gituent 3.1

Myjiuene 1 Mass flow rate of diluent and C, gijyen: 1s specific heat at constant
pressure of diluent. Diluent heat capacity is proportional to flame temperature
decrease caused by dilution, hence diluent heat capacity is a factor which affects
NOx emission characteristics. Also Lee et al. shown that NOx reduction caused by
dilution is function of diluent heat capacity [5]. But as shown in figure 3.3 and figure
3.4, at same diluent heat capacity, less NOx was emitted with CO- dilution than that
with Ny dilution. From this result, we assumed that there could be other factor to
NOx emission characteristics. And we found that the difference between NOx
emission with N, dilution and that with CO, dilution was bigger at high (=1.0)
equivalence ratio compared to the difference at low (=0.6) equivalence ratio. We
analyzed flame structure to find the factor and a reason for the different difference

along equivalence ratio.

20
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Figure 3.4 NOx concentrations with respect to diluent heat capacity, ¢=1.0,
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Figure 3.5 is flame image of this combustor and figure 3.6 shows flame structure
change as jet momentum ratio increases. Expression of jet momentum ratio is shown
in equation (3.2)

. uel jet momentum MW £ye1U Fuel
Jet momentum ratio = L1 = —Juel fue (3.2)
air jet momentum MW qirUqir

MW is molecular weight and U is jet velocity. As mentioned in the nozzle
description, injected fuel crosses air stream. So, they have similar flow
characteristics with jet in crossflow. In jet in crossflow, when jet momentum ratio
increases, also penetration and mixing increase. Jet momentum ratio increases as fuel
stream flow rate rises and it can be achieved through addition of fuel or diluent flow
rate. So, as shown in figure 3.6, when dilution ratio increased, jet momentum ratio
also rose and fuel penetration length increased. As a result, flame moved outward.
From this result, we could infer that dilution augmented mixedness of fuel and air
and it could affect NOx formation. To confirm this, we analyzed NOx, jet momentum

ratio and flame images.

22



Figure 3.5 Flame image of the combustor.
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Figure 3.6 Flame structure change depending on jet momentum ratio, Tine=600K.
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Figure 3.8 shows jet momentum ratio-diluent heat capacity graph. Jet momentum
ratio for CO, dilution is bigger than that for N dilution because molecular weight of
CO; is 44 and that of N is 28. To see figure 3.7 and 3.8, there are two circled points.
This two points are CO, dilution ratio 50%, N> dilution ratio 100% at equivalence
ratio 1.0 separately. In these points, although diluent heat capacity values are
different, NOx emission and jet momentum ratio have similar values and it can be
seen in flame structure. Table 3.1 shows flame images including these two points. To
see images of these two points, they have similar flame structure. From this result,
we confirmed that another factor that affected NOx emission characteristics was
degree of mixing and it is determined by jet momentum ratio. To compare N, and
CO, dilution, jet momentum ratio of CO; is bigger than that of N, at same diluent
heat capacity, so mixedness is bigger with CO, dilution and NOx formation is less

with CO; dilution also.
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Figure 3.7 NOx concentrations with respect to diluent heat capacity, ¢=1.0,

Tin1e1:600K.
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Figure 3.8 Jet momentum ratio with respect to diluent heat capacity, ¢=1.0.
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Dilution $ 1.0

ratio N dilution CO; dilution

0%

20 %

50 %

100 %

Table 3.1 Flame structure change depending on

dilution ratio (jet momentum ratio) , Tine=600K.
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We found another factor but there was still one more question why the difference
between N, and CO» dilution was bigger at high equivalence ratio than that at low
equivalence ratio. It is matter of mixedness and figure 3.9 accounts for this. Figure
3.9 shows flame structure map that indicates a boundary line for flame structure
change. We fixed a boundary through flame image analysis. When jet momentum
ratio was small, flame anchoring point was inside of nozzle. As jet momentum ratio
increased, another flame root was formed, and when jet momentum ratio reached
value of 4.8, inside root broke and we fixed it as the boundary. The boundary jet
momentum ratio value was regular over all equivalence range but boundary diluent
heat capacity decreased as equivalence ratio increased due to augmented fuel flow
rate. And figure 3.10 and figure 3.11 show the boundary indicated in NOx graph. To
see NOx emission characteristics with dilution, at first NOx is reduced sharply by
dilution, but after some degree of dilution the slope become small. To compare two
equivalence ratio, the boundary line is positioned in sudden drop region at
equivalence ratio 1.0, but it is located after that region at equivalence ratio 0.6. So,

mixing effect is bigger in the former.
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Figure 3.9 Flame structure map, Tine=600K.
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3.1.2 Comparison of dilution placement

It is known that NOx emission characteristics changes for different dilution
placement. To confirm effect of dilution placement in this combustor, we conducted
fuel-side and air-side N, dilution test separately. As a result, we gained NOx-dilution
ratio graph as figure 3.12 and figure 3.13.

NOx emission was lower in fuel-side dilution than that in air-side dilution. But, as
equivalence ratio increased, the gap became small and when equivalence ratio
reached 1.0, they have same value of NOx emission. The reason why NOx emission
in fuel-side dilution was low is that in fuel-stream dilution all diluent passes through
flame, but, in air-stream dilution some part of diluent do especially at low
equivalence ratio because it is non-premixed combustor and air participate in
reaction partly. For this reason effect of flame temperature reduction by dilution is
bigger in fuel-side dilution. But, at equivalence ratio become 1, all air react with fuel
so all diluent contact the flame front, so the difference between two dilution
placement disappears. Weiland and Strakey shown this as peak flame temperature
[6]. As mentioned above, this explanation can be verified through figure 3.12 and
figure 3.13. In addition, values of NOx emission were similar between fuel-side 50%
dilution and air-side 100% dilution at equivalence ratio 0.5. It shows that effect of
fuel-side dilution is twice as large as that of air-side dilution and this offers another

evidence of the explanation.
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We found the other proof in flame image shown in table 3.2. As mentioned before,
these images are OH-chemiluminescence image, so high intensity means many OH
radicals. In flame, OH radical is formed in reaction region so we can relate it to
temperature. Therefore high intensity in image means high temperature. As shown
in table 3.2, OH intensity in fuel-side dilution case was less than that in air-side
dilution case at equivalence ratio 0.4, but there was little difference at equivalence
ratio 1.0. In this combustor, NOx consists of thermal NOx so these images support

the explanation.
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equivalence Dilution ratio 20 %

ratio Fuel-side dilution Air-side dilution

0.4

0.6

0.8

1.0

Table 3.2 Flame intensity change depending on dilution placement and dilution

ratio, Tine=600K.
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3.2 CO emission characteristics

We studied CO emission characteristics of partially premixed H»/CO syngas flame
in fuel-side N, dilution. As shown in figure 3.14 and figure 3.15, CO emission was
below 10 ppm over almost the whole region except equivalence ratio 0.4. CO
emission increased sharply as dilution ratio rose and the slope increased as inlet air
temperature decreased. In this combustor CO emission seems to be caused by
unburned CO because CO emitted largely at lean and cold condition in which CO is
combusted incompletely.

Result of comparing N, dilution and CO> dilution is presented in figure 3.16. CO
emitted largely with CO, dilution over all region. It is because heat capacity of CO»
is larger than that of N>, so flame temperature with CO- dilution is lower than that
with N> dilution. And this phenomenon was found in comparing dilution placement.
As mentioned in 3.1.2, flame temperature was lower in fuel-side dilution and figure
3.17 shows that CO emission in fuel-side dilution is larger than that in air-side
dilution. In addition, we conducted diluent pre-heat test and the temperature was set
to 600K. As aresult CO emission decreased largely because CO was combusted well
in this condition. Therefore we concluded that to avoid high CO emission, combustor

have to be operated in well combustible region.
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Chapter 4 CONCLUSION

We studied emission characteristics of partially premixed H»/CO syngas flame in
model gas turbine combustor. Especially, we investigated factors which affected
emission characteristics. For this objective, we performed experiments varying
diluent (N> and CO;) and dilution placement (fuel-side and air-side), Emission
measurement data and OH chemiluminescence image were used to analyze the
results.

In this combustor, NOx consisted of Thermal NOx mainly. So decrease of flame
temperature caused by dilution was major factor which affects NOx emission
characteristics. In addition, by comparing N, dilution and CO, dilution, we
confirmed that mixedness determined by fuel-to-air jet momentum ratio was another
factor and it worked above some value of jet momentum ratio. It is because, in the
nozzle, injected fuel and air stream intersected like jet-in-crossflow.

Dilution placement was related to dilution efficiency. In fuel-side dilution all
diluents passed through flame front but not in air-side dilution because in lean
condition some part of oxidizer contacted and reacted with fuel. For this reason,
decrease of flame temperature by dilution was bigger in fuel-side dilution and so did
NOx reduction.

CO was emitted largely when CO of fuel is hard to be combusted. Low equivalence
ratio, low temperature due to dilution and low inlet air/diluent temperature made CO
hard to be burned.

From these investigation, we suggest two applications. First, in nozzle design,

consideration for appropriate jet momentum ratio will produce additional NOx
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reduction by dilution in partially premixed combustor. Second, to maximize dilution
efficiency, low equivalence ratio will be good for operation region except the

condition in which unburned CO is emitted largely.
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Appendix A. Correction of Emission Concentration

A.1 Derivation of equation 2.3
The definition of the correction formula is

Nmix, 0,—-level 1

-

Ci, 0,—level 2 = Ci, 0,—levell " N
mix, O,—level 2

The general reaction of hydrocarbon is

CyHy + a0, +3.76aN, — xCO, + (%) H,0 + b0, + 3.76aN, + trace species

The total mole number of products is calculated as below.

y
=x+>+bh
a X 4
c _ b
Oz ATy = » L b + 3.76a

Y\ x+(1- Co,, dary)V/4
1—-4.76Co,, ary

x + (1 - COZ, dry)y x + (1 - COZ, dry)y
Nnix, ary = 4.76 4 - X = 4 - X -(2)
, dry 1—4.76Co, ary 4 021—Co, ary 4
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Substitute (2) for (1)

x +

[ (1 - COZ, d‘ry)y
4

021 = Co, ary

Y
4

C@ 15% 0, — Lmeasured —
n (1-0.15)y

4
0.21-10.15

0.79y
x + 7

0.21 — XOZ, dry
= Cmeacured 0.79y
x 7

0.21-0.15

0.21-0.15 )

= Cmeasured (0 21— X, 4
" 2 Ty

. 21—-15
= Umeasured 21 — 02‘ measured

A.2 Derivation of equation 2.4
The combustion reaction of H»/CO syngas with diluents is

xCO + yH, + a<02 +ﬁ1v2 +ZCOZ)
a a

-y
4

- (x + ga) C0, + yH,0 + b0, +§aN2 + trace species
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The total mole number of the products is

1+ Coz, dry
(—2 )x +

1- COZ, dry
2 ) Y

a-— Coz' dry

Therefore, the correction equation is

[(1+ COZ, dry 1- COZ, dry
(F52)x+ (=5 )y+§_x
a— Coz, dry 2 2
C@ 15% 0, — Umeasured 1+ 0.15 1—0.15
)+ (= )y+§_z
0.21 — COz, dry 2 2
Because x=71 and y=29 in this study
a + 2.381
Ce 15% 0, = Cmeasured 0-02278'T
a 0,, dry
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