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Kitajima et al., 1995; Ishii, 1999; Akita; 1999), series fuel staging
(Sato, 1999), and variable geometry systems, such as, inlet guide
vane modulation (Smith, 1992), air bleed (Etheridge, 1994), and
swirler inlet air control (Smith, 1992; Smith et al., 1991).
However, parallel or series fuel staging requires individual
fuel supply devices for each group of burners, and variable
geometry systems have problems with reliability and durability,
since movable parts are needed in the high-pressure,
high-temperature gas stream. Furthermore, neither can respond
smoothly to rapid load changes.
In order to solve these problems, a new fuel supply concept
has been proposed (Wakabayashi, 2001). This concept uses
automatic fuel distribution achieved by an interaction between the
fuel jet and the airflow. A schematic diagram of the new concept is
shown in Fig. 1. A fuel supply unit is placed at the forward part of a
combustor. This unit has an outer main region for lean premixed
combustion and an inner pilot region for stable combustion. Fuel is
supplied through only one line. A fuel passage hole (b) is located at
the outer position of a fuel injection nozzle (a). There is a gap
between these parts, and pilot combustion air flows through this
gap. At high loads, the fuel jet has so much momentum that it
penetrates the airflow through the gap. More fuel is supplied to the
main region than to the pilot region and consequently the rate of
lean premixed combustion increases. At low loads, the fuel jet has
low momentum. More fuel is supplied to the pilot region than to the
main region and consequently the combustion becomes stable.
Further, this combustion system can offer good response for rapid
load changes, because the fuel distribution automatically changes
when the load of the gas turbine is changed.
The authors previously assessed the fuel distribution ratio
between the main and pilot regions and conducted pressurized
combustion tests of a prototype combustor. However, it was not
clear to what extent the modifications of the fuel supply element

ABSTRACT
This paper describes the effects of specifications of a fuel
supply unit with a new fuel supply concept for a dry low NOx gas
turbine combustor. From experiments made with a plane model,
most of the specifications of the fuel supply elements strongly
affected the fuel distribution ratio between the main and pilot
regions, which could affect combustion performance.
However, the distribution ratio was hardly changed by the
main plates attached at the exit of fuel passage holes, though the
fuel distribution in the main region was greatly changed by the
plates. From the pressurized combustion test, the main plates
decreased NOx emissions at high loads, not affecting any harmful
influence on combustion efficiency, BOT, and the pattern factor at
high loads. It was estimated that the cause of low NOx could be the
uniformity of the equivalence ratio in the main region in the
circumferential direction.

INTRODUCTION
The reduction of NOx emissions from stationary gas turbines
is necessary to meet the increasingly stringent emissions standards
imposed by regulatory agencies worldwide. Current practices
involve the injection of water or steam and the use of selective
catalytic reduction. These methods have specific limitations and
problems, including high installation and operating costs and the
requirement of large installation space.
Lean premixed combustion is an effective way to reduce NOx,
and development programs for dry low NOx combustors using lean
premixed combustion concepts are being actively conducted by
several gas turbine manufactures (Solt et al., 1993). However, the
stable operating range narrows when this method is applied without
any supplementary control. Many techniques have been developed
to solve this problem: parallel fuel staging (Aigner et al., 1993;
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which could affect the fuel distribution ratio between the main and
the pilot regions, are changed:
z Gap size;
z Diameter of the fuel injection nozzles;
z Eccentric length between the fuel passage holes and the
fuel injection nozzles; and
z Outer shape of the fuel passage parts.
The specifications of fuel supply elements (types A to H) are
shown in Table 1, when the fuel passage holes are made D mm. The
diameter of the fuel passage holes for any fuel supply element is the
same as that for "A". The outer shapes of fuel passage parts are
shown in Fig. 4. All the height of fuel supply passage parts is the
same (8.0 mm), and it corresponds to about 30 percent of the height
of the main region. A positive value for the eccentric length like the
"F" element means that the fuel injection nozzles are set upstream
of the fuel passage holes.
The specifications of the modified fuel supply element are
shown in Fig. 5. The objective of this modification is that the
uniformity of the equivalence ratio in the main region in the X
direction (see Fig. 2), which is at a right angle to the airflow
direction, is heightened by the main plates at the exit of the fuel
passage holes. These main plates function to diffuse the fuel from
the fuel passage holes in the X direction. In actual gas turbine
combustors, the X direction corresponds to the circumferential
direction.

specifications would influence the fuel distribution ratio which
could affect combustion performance.
This paper describes the effects of modifications of the fuel
supply unit specifications on the fuel distribution ratio. In order to
examine the fuel distribution ratio when the specifications were
modified, such as the gap size, the injected fuel velocity and so on,
the authors used a plane flow path model, and examined the fuel
distribution ratio in a non-combustion state. Further, pressurized
combustion tests of a prototype combustor with a modified fuel
supply unit were conducted in order to examine the combustion
performance.

FUEL DISTRIBUTION CHARACTERISTICS
Plane Flow Path Model
The plane flow path model is shown in Fig. 2. In order to
mainly assess the fuel distribution to the main and pilot regions,
there is one of the eight fuel supply elements of the prototype
combustor, and the cross-section of the flow path is plane. The
shaded portion corresponds to a fuel supply element. The upper
region corresponds to the main region, and the lower corresponds to
the pilot one. In actual gas turbine combustors, the X direction
corresponds to the circumferential direction, Y corresponds to the
radial direction, and Z corresponds to the airflow direction.
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Fig. 2 Structure of the rectangular flow path model. The
SA-SA cross-section is in the middle; the SB-SB
cross-section is at the bottom.
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H (Flat) type is on the right.
Fig. 4 Structure of the outer shapes of fuel passage parts. The
A (Wedge) type is on the left; the H (Flat) type is on the right.

Specifications of Fuel Supply Elements
One of the fuel supply elements is shown in Fig. 3. Two fuel
passage holes are located at the upper part of two fuel injection
nozzles. There is a gap between these two parts, and the pilot air
flows through this gap. In this model, the following specifications,
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Fig. 5 Structure of modified fuel supply element "J"

Eccentric length

Operating Conditions
The operating conditions of the plane model were estimated
from the operating conditions of a prototype combustor that the

Fig. 3 Structure of a fuel supply element
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equivalence ratio in the main region, the sampling probe was set in
the main region. The sampling probe has nine holes, each
measuring 1.0 mm in diameter.

authors previously manufactured (Wakabayashi, 2001). The
operating conditions are shown in Table 2.
The main air flow velocity at the fuel supply element (Um) was
60 m/s, and the pilot air flow velocity (Up) was 75 m/s. The air
temperature (T) was set to 623 K. These values are almost the same
as those for the prototype combustor. However, air pressure in this
model (P) was set to 0.13 MPa(A). This value is lower than that in
the prototype combustor (0.8 MPa(A)) due to limitations of the
experimental apparatus.
The plane model has only one of the eight fuel supply
elements of the prototype combustor, in which the maximum total
equivalence ratio (including dilution and cooling air) and the air
pressure are set to be 0.30 and 0.8 MPa(A), respectively. Therefore,
the maximum fuel flow rate in the plane model was decided in
consideration of the operating pressure, the number of the fuel
supply elements, and the maximum total equivalence ratio of the
prototype combustor. Methane (denoted as CH4) and natural gas
(denoted as NG, methane: 88%, ethane: 6%, propane: 4%, and
butane: 2%) were used as the fuel. In the case of methane, the
maximum flow rate in the model was 50.5 NL/min, and in case of
natural gas, 43.7 NL/min.

Results and Discussion regarding the Basic Specifications
The fuel distribution ratio to the main region is shown in Fig. 7
when the gap size was changed. The gap size of the "A" element is
0.46 D mm, "B" is 0.31 D mm, and "C" is 0.62 D mm. The
horizontal axis is the total equivalence ratio converted to a
prototype combustor (It). As the gap size becomes larger, the fuel
distribution ratio becomes lower and the minimum equivalence
ratio at which the fuel is started to be supplied to the main region
(Is) becomes higher. The effect of the gap size to Is was almost
linear.
The fuel distribution ratio to the main region is shown in Fig.
8 when the diameter of the fuel injection nozzles, which relate the
fuel injection velocity, was changed. The diameter of the "A"
element is 0.62 D mm, "D" is 0.50 D mm, and "E" is 0.42 D mm. If
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Table 2 Operating conditions in the rectangular model
Main Air Flow Velocity at the Fuel Supply Elements

60 m/s

Pilot Air Flow Velocity at the Fuel Supply Elements

75 m/s

Air Temparature

623 K

Pressure of Air
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Total Air Flow Rate

1970 NL/min

Equivalence ratio converted to the
Max Fuel prototype combustor
Flow Rate
(Methane: CH4)

50.5 NL/min

(Natural Gas: NG)

43.7 NL/min
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Fig. 7 Fuel distribution ratio for different gap sizes
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Fig. 8 Fuel distribution ratio for different diameters of the
fuel injection nozzles
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Experimental Apparatus
The experimental apparatus in the plane model is shown in
Fig. 6. Air from the blower was heated to 623 K by the electric
heater. The heated air was introduced to the fuel supply elements
through the rectification duct, which has a honeycomb grid. The
main and pilot lines downstream from the plane flow paths have
static mixers to uniform the mixture and orifices to estimate the air
distribution ratio between the main and pilot regions. The air
distribution was calculated from the air flow rate in each region
when fuel was not supplied. The butterfly valve was set only on the
main line to adjust the air distribution. Methane and natural gas in
gas cylinders were used as fuel. THC and O2 concentrations in the
main and pilot mixtures after the orifices were measured by the gas
analyzer in order to calculate the average equivalence ratios in each
region.
The fuel distribution ratio was estimated from both the
average equivalence ratios in each region and the air distribution
ratio.
Moreover, in order to evaluate the distribution of the
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Fig. 6 Experimental apparatus in the plane model

Fig. 9 Fuel distribution ratio for different eccentric lengths

-3-

9 when the eccentric length between the fuel passage holes and fuel
injection nozzles was changed. A positive value for the eccentric
length like the "F" element means that the fuel injection nozzles are
set upstream of the fuel passage holes. The Is of the "F" element is
almost the same as that of "A". However, the Is of "G" is much
higher than that of "A". The fuel distribution ratio to the main
region of "F" is slight higher than that of "A". However, the fuel
distribution ratio to the main region of "G" is much lower than that
of "A".
The fuel distribution ratio to the main region is shown in Fig.
10 when the outer shape of fuel passage parts was changed, such as
A (Wedge) and H (Flat). In the case of the "H" element, fuel is
easily supplied to the main region. It is estimated that the main air
might eject fuel in the case of "H", while the main air presses the
fuel in the case of "A". However, the fuel distribution ratio of "H" at
It of 0.30 was almost the same as that of "A".
Most of the specifications of the fuel supply elements, such as
the gap size, diameter of the fuel injection nozzles, eccentric length
between the fuel passage holes and fuel injection nozzles, and the
outer shape of the fuel passage holes strongly affect the fuel
distribution ratio between the main and pilot regions, which could
affect combustion performance.

the reciprocal number of the fuel injection cross-section of the "A"
element is 100%, the reciprocal numbers of "D" and "E" become
150% and 200%, respectively. As the diameter of the fuel injection
nozzles becomes larger, the fuel distribution ratio becomes lower
and the Is becomes higher. The effect of the reciprocal number of
the fuel injection cross-section to Is was not linear.
The fuel distribution ratio to the main region is shown in Fig.
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Fig. 10 Fuel distribution ratio for different passage parts

Results and Discussion regarding the Modified Specifications
The fuel distribution ratio to the main region of the modified
fuel supply element "J" is shown in Fig. 11. The main objective of
this modification is that the uniformity of the equivalence ratio in
the main region in the X direction is heightened. This was a result
of using methane. The Is of the "J" element is slightly higher than
that of "A". It is estimated that the main plates in "J" became an
obstacle to the fuel supply to the main region. However, the fuel
distribution ratio of "J" at It of 0.30 was almost the same as that of
"A". This tendency of methane was not different from that of
natural gas. Thus, this modification hardly affects the fuel
distribution ratio to the main region.
Next, the distributions of the equivalence ratio in the main
region at It of 0.30 are shown in Figs. 12 and 13. The fuel is
methane. The coordinate axes are shown in Fig. 2.
Figure 12 shows the Y-axis distribution of "A" and "J"
elements at Z=20 mm, 70 mm and 120 mm (X=0 mm). A few data
of "A" at Z=20 mm are not displayed because the THC
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Fig. 11 Fuel distribution ratio of the modified fuel supply
element
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Fig. 12 Equivalence ratio in the main region in the Y-axis direction. The left figure is at Z=20 mm, middle at Z=70 mm, and
right at Z=120 mm.
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Fig. 13 Equivalence ratio in the main region in the X-axis direction. The left figure is at Z=20 mm, middle at Z=70 mm, and
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Fig. 14 Cross-section of the prototype combustor and test rig

concentrations were over the maximum measurement range of 20%.
In the case of "J", the equivalence ratio on the bottom side is higher
than that on the topside. The maximum equivalence ratio of "J" at
Z=120 mm is a little higher than that of "A". If the flow rate in each
area is not considered, this modification of "J" may increase NOx.
Figure 13 shows the X-axis distribution of "A" and "J"
elements at Z=20 mm, 70 mm and 120 mm. When the height of the
main region is made h, the measurement position of "A" and "J" are
Y=0 mm and Y= –0.3 h mm, at which the equivalence ratios are
comparatively high. A few data of "A" at Z=20 mm are not
displayed because the THC concentrations were over the maximum
measurement range of 20%. At Z=20 mm, the fuel in "J" was
distributed in a wider area than in "A". Therefore, at Z=120 mm, the
uniformity of the equivalence ratio of "J" is much higher that of "A".
If the flow rate in each area is not considered, this modification of
"J" could decrease NOx.
Therefore, if the effect of the uniformity of the equivalence
ratio in the X direction (the circumferential direction in an actual
combustor) is much stronger than that of the increase of
equivalence ratio in the Y direction (the radial direction in an actual
combustor), it is possible that the modification of "J" can function
to decrease NOx at high loads. Therefore, a pressurized combustion
test of a modified fuel supply unit like "J" was conducted.
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Fig. 15 Structure of the fuel supply unit
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COMBUSTION CHARACTERISTICS
Structure of Combustor and Test Rig
Figure 14 shows a cross-section of the prototype combustor
and the test rig. This combustor is one of six can-annular type
combustors (4000 kW class). The maximum equivalence ratio is set
to 0.30. This combustor has a fuel supply unit, a liner (ID: 142.3
mm) and a transition piece.
Figures 15 and 16 show the details of the fuel supply unit and
the fuel supply element. Two fuel passage holes (b) are located at
the outer part of two fuel injection nozzles (a). There is a gap
between both parts, through which the pilot combustion air flows.
These devices were positioned axially at each of eight locations
arranged in a circle. At the exit of the fuel passage hole of "J",
cylindrical plates denoted as main plates are also attached. The "A"
fuel supply unit does not have any main plates. The picture of the
fuel supply unit with the main plates from the upstream view is
shown in Fig. 17.

I32mm I40mm

Fuel Injection Nozzle (a)

Fig. 16 Structure of the fuel supply element

Fig. 17 Picture of the fuel supply unit with the main
plates from the upstream view (J)

Experimental Apparatus and Conditions
The pressurized combustion test facility is shown in Fig. 18.
Taking actual gas turbine operating conditions into consideration,
the inlet air temperature (T) was 623 K and the air volume flow
velocity at the liner (Uc), defined as the value that the air volume
flow (including dilution and cooling air) was divided by the
cross-section of the liner, was 24 m/s, and the compressor discharge
pressure (P) was 0.8 MPa(A). Natural gas was used as the fuel.
The concentrations of NOx, O2, CO, CO2 and UHC in the

exhaust gas were measured by standard gas analysis procedures. A
water-cooled sampling probe was mounted at a location about 1 m
downstream from the combustor exit. This probe was designed to
mix equal amounts of exhaust gas sampled from seven holes, each
measuring 1.0 mm in diameter. The combustion efficiency and total
equivalence ratio (It) were calculated from the measured exhaust
gas compositions.
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The average temperature of the exhaust gas at the combustor
exit, called the BOT (burner outlet temperature), was measured by
50 thermocouples (R-type, Inconel sheath, 1.6 mm in diameter, see
Fig. 14).
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Results and Discussion
Figure 19 shows the correlation between NOx emissions (at
15% O2) and It. The NOx of each combustor begins to decrease
over It of 0.15, and in the range of It up to 0.2, the NOx of "J" is
almost the same as that of "A". However, over It of 0.2, as the It
becomes higher, the NOx of "J" becomes lower compared to that of
"A". At It of 0.28, the NOx of "J" is 2/3 of that of "A". The reason
for this performance is estimated as follows: From the experimental
results of the plane model, more fuel is supplied to the pilot region
than to the main region in the range of It up to 0.15. Conversely,
more fuel is supplied to the main region than to the pilot region over
It of it. Therefore, as the It becomes higher, the NOx of each
combustor becomes lower. Furthermore, in the range of high It, like
over 0.2, it is considered that the effect of uniformity of the
equivalence ratio in the circumferential direction generates much
more strongly than that of the increase in the equivalence ratio in
the radial direction by the attachment of the main plates. Therefore,
in the range of high It, the NOx of "J" is lower than that of "A".
Figure 20 shows the correlation between the combustion
efficiency and It. In the range It from 0.20 to 0.28, as the It
becomes lower, the combustion efficiency becomes lower.
However, even if It decreases in the equivalence ratio of 0.15 to
0.20, the combustion efficiency does not decrease. The reason for
this is assumed to be that, in this range, the fuel distribution ratio to
the pilot region increases intensely when It decreases from the
experimental results of the plane model. Therefore, stable
combustion is achieved at low loads, and the combustion efficiency
does not decrease. Moreover, only in the range of It from 0.15 to
0.20, the combustion efficiency of "J" is slightly higher than that of
"A". It is considered that the main plates of "J" become an obstacle
to the fuel supply to the main region, so the combustion in the pilot
region is stronger. However, the combustion efficiency is low,
especially around It of 0.10. Since fuel is supplied only to the pilot
region under It of 0.15, the modification of the pilot specification
could improve the combustion efficiency. This improvement is our
next task.
Figure 21 shows the correlation between BOT (burner outlet
temperature) and It. The BOT of "J" is almost the same as that of
"A". Furthermore, the pattern factor of "J" over It of 0.25, which is
important to the durability of 1st vanes, was less than 0.13, and
almost the same as that of "A".
Therefore, it is considered that the main plates decreased NOx
emissions at high loads, and did not cause any harmful influence on
combustion efficiency, BOT, and the pattern factor at high loads. It
is estimated that the cause of low NOx at high loads could be the
uniformity of the equivalence ratio in the main region in the
circumferential direction.
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CONCLUSION
The effects of specifications of the fuel supply unit with a new
fuel supply concept for a dry low NOx gas turbine combustor on
fuel distribution were evaluated using a plane model.
Most of the specifications of the fuel supply elements, such as
gap size, diameter of the fuel injection nozzles, eccentric length
between the fuel passage holes and fuel injection nozzles, and outer
shape of the fuel passage holes strongly affect the fuel distribution
ratio between the main and pilot regions, which could affect
combustion performance.
However the distribution was hardly changed by the main
plates attached at the exit of the fuel passage holes, though the fuel
distribution in the main region was greatly changed by the plates.
From the pressurized combustion test using a prototype combustor,
the main plates decreased NOx emissions at high loads, and did not
cause any harmful influence on combustion efficiency, BOT, and
the pattern factor at high loads. It is estimated that the cause of low
NOx at high loads could be the uniformity of the equivalence ratio
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in the main region in the circumferential direction from
experiments with the plane model.
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