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Abstract

Lean premixed combustion has the potential for reducing NOx emissions from gas
turbine combustors. Since NOx formation decreases drastically with decreasing flame
temperature, efforts have been devoted to preparing more homogeneous fuel-air
mixtures and to burning at leaner conditions as possible. Very lean premixed
combustion, however, often results in an unacceptable increase in the emissions of CO
and HC. Therefore, lean premixed combustion can only achieve low NOx emissions and
complete combustion (low emissions of CO and HC) in a very narrow range of
equivalence ratios. As a new approach for extending the operating range of low NOx
emissions without using complicated devices or control means, “lean-lean two-stage
combustion” was proposed.

The primary stage burns lean mixture to completion. In the secondary stage, lean or
ultra-lean mixture, is injected into the hot burned gas produced from the primary stage
combustion. When the temperature of the secondary zone is higher than a threshold,
even secondary mixtures which are much leaner than the lower limit of inflammability,
can be completely reacted. Some researchers have shown that ultra-low NOx emissions
were achieved over afairly wide range of gas turbine operations by using the reactions
of mixtures of very lean to ultra-lean fuel compositions injected into the hot product
from the lean-burn primary stage. In the present study, to extend the operating range of
ultra-low NOx emissions more, “lean-lean multi-stage tubular flame combustion” is
proposed.

Good flame stability of the primary stage at lean fuel compositions is very important
to achieve ultra-low NOx emissions while maintaining low CO and HC emissions. The
tubular flame was employed for the staged tubular combustor since it has the potential
to stabilize flame at conditions close to the normal flammability limit.

This paper describes the effects of the number of stages, the air split between stages
and over-al equivalence ratios on the emissions and combustion characteristics. It is
shown that the staged lean-premixed tubular flame combustion has a potential to
achieve complete combustion over a wide range (more than 1:2) of overall equivalence
ratios while maintaining ultra-low NOx emissions.

In addition to the above-mentioned experiment, another staged combustor emissions
and combustion characteristics was investigated. The tubular flame was employed for
the primary stage. The secondary and tertiary mixtures were injected into the burned gas
from the primary and secondary stages, respectively, through injection hole on the
cylindrical combustor wall.
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Fig.2.1.2 Photograph of three-stage combustor.
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Fig.2.1.4 Photo of tubular flame in primary stage.
(@ 1=0.7 Way=Wax=Wag=10 g/s)
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Fig.2.1.6 Photographs of X-shaped gas-sampling
probe.



Fig.2.2.1 Photographs of gas analyzer and pen recorder.
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on CO and THC emissions.

(Way:War:Wa=10:10:10(g/s) and 10:10:20(g/s))
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Fig.2.3.11 Melted parts of the combustor.
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(Continued)
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Fig.3.1.2 Photo of three-stage combustor.
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Fig.3.1.2 Photo of three-stage combustor.
(Continued)
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Fig.3.1.3 Photo of three-stage combustor.
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Fig.3.1.3 Photo of three-stage combustor.
(Continued)
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Fig.3.1.4 Photographs of primary stage (top) and secondary
stage (bottom).
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Fig.3.1.5 Block diagram of air and fuel supply system.
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Fig.3.1.6 Photograph of experimental apparatus.
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Fig.3.3.3 .Photo of secondary stage.
(Close 1/2)

75



35

30

25

Wat(g/s)
N
o

[N
(¢,]

10

y=75705x - 21779

y=4.0988x + 02276

y=10.851x + 0.6556
| ]

/ Z4

y = 39828x + 04122
y = 3.8701x + 0.3376

/

+ Secondary(close 1/2
= Tertiary(close 1/2)

v Pin(mmAq)

Primary ]
/ / Secondary
- x Dilution ]
0 2 4 6 8 10 12

14

Fig.3.3.4 Correlation of air flow rate with square root of air pressure.

(Case 3)

76



Wat(g/s)

35

30

25

N
o

[N
[3)]

10

y = 3.4587x - 0.337 y=2.6309x - 0.0148

y=39828x + 04122 /

-~

/ y = 23688x - 00735

¢ Primary close 1/2, with flange

® Primary with flange

Primary(close 1/2, without flange) | |

Primary without flange

Vv Pin(mmAq)

Fig.3.3.5 Correlation of air flow rate with square root of air pressure.

(Case 4)

77

10 12

14



35

30

25

Wat(g/s)
N
o

[N
(¢, ]

10

y =5.6532x + 1.0508 y =4.0988x + 0.2276

y=38701x + 0.3376
y = 3.4587x - 0.337

= 37846x - 2.7255 . .
/ y X + Primary(with flange _

= Secondary(close 1/2)

/ / Tertiary(close 1/2)
/ € Dilution(4 hole) —

v Pin(mmAqg)

Fig.3.3.6 Correlation of air flow rate with square root of air pressure.

78



0.8

0.61
X
%
_ %
X
P 3
S 0.4+ SRVERR S
X o O
- O 6
0.2r
Tin=473K I
Dilution holes
- Blue without flange O 4holes
Red with flange X  closed
O " | " | " |
0 ) 10 15
Us (m/s)
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Fig.3.3.8 Photographs of dilution hole.
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Fig.3.3.11 Photograph of dilution hole.
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Fig.3.3.14 NOx emissions and combustion efficiency for

different secondary equivalence ratio.
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Fig.3.3.17 CO and THC emissions and combustion efficiency
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