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Reduction of NO_Emission from Gas TURBINE
COMBUSTOR Applying Fuel-Staged Combustion
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A two-stage lean/lean gas turbine combustor was developed with low NO,
characteristics in each stage using a small radial swirler of 40-mm outlet diameter
in the pilot stage. Both flame tubes were arranged in series with the smaller
combustor (76 mm inside diameter) as the pilot stage and the larger combustor
(140 mm inside diameter) as the main stage. The pilot stage was fuelled via
vane passage fuel injector, while the main stage was fuelled around the wall of
the exit plane of the pilot stage, using wall fuel injectors.

Low NO,_ emissions were obtained when using fuel staging for methane fuel, as
low as 6 ppm. A NO, reduction of more than 40 % was obtained at equivalence
ratio of near 0.7, when using fuel staging compared to the non-fuel-staging test.
Tests were conducted using methane as fuel. This was achieved at very small
increase in carbon monoxide emissions especially near the rich region and with
almost no increase at all in the unburned hydrocarbon emissions at the same

equivalence ratio.
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INTRODUCTION

The effects of increased levels of NO_in the
atmosphere are wide reaching. In the atmosphere,
NO is rapidly oxidized to NO, and in this form,
plays an essential role in the formation of
tropospheric ozone and photochemical smog. It is
oxidized to form nitric acid that may then be
deposited as acid rain [1]. At ground level,
increased concentrations (above 0.06 ppm) of NO,
can cause respiratory problems [2].

The legislation of NO, emission limits in many
parts of the world has substantially complicated
the process of combustor design. Attempts at
lowering NO, emissions by reducing the flame
temperature will lead to reduced flame stability
or increased CO emissions. Unacceptable
stability problems or CO emissions always limit

the lowest NOx emission obtainable in a given
configuration. Thus, the combustor design has
become a trial-and-error, multi-parameter
optimization process {3].

Basically there are two techniques of
controlling NO_: those which prevent the
formation of nitric oxide (NO) and those which
destroy NO from the products of combustion. In
the present work both methods are employed: lean
combustion for low thermal NO_ followed by
second stage fuel injection for combustion in the
combustion products of the lean zone, which can
destroy first stage NO, through a reburn
mechanism.

The methods that prevent the formation of NO
involved modifications to the conventional
combustor designs or operating conditions, such
as lean primary zone, rich primary zone, rich/lean,
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GRC-Marconi sertes 2000 rotameters with a
cornhined range of 0-680 liters/min. The rebum
fuel was metered using a smaller range rotameter
of .58 Hlers/min manuiactured by KDG
MOBREY Serigs 20000

Theve were two systems of supplying aly
different alr requiremeants: one of which k-‘idﬁfd an
alr blowsr and the other used the laboratory
compressed air supply, The higher volume
requiremeants of air, wsually needed for gas turbing
concitions, used the fan blower, whereas the
ionerey volume requirements of aln usuaily needed
for donmestin central heating burmer systems, used
the compressed aly supply from the laboratory.
In the vrasent work, the former adr supply system
was adapted,

The compressed aly was passed through a
variable ares flow meter, A pressure tapping was
used o monitor the intet stalic pressure 1o the
rofameter. The inlet tempersture was manitored
by a chrome-atumel type-K thermocouple fixed
between the rotameter and the control valve.. The
aly flow rates were then caleulated, corrected for
irdet ternparadure and pressuve deviation from the
rotarmaeter calibration values of 150 and 760mm
mercury barometrio pressure,

The meterad air was heated to the desired aly
inlet termperature using three eleciresl heaters of
3 WW each that were arranged in serles totalling

up to 9WW of heat, In this case, the preheat

temperaiure is 600 K. The heater elements were

cornecied o the airsupply plenum chamber by a
90¢ connector. The heater and the plenum
chamber connected fo the combustor were
tharmadly insulated with hanm thick kaowool in
order to prevent heal lossgs, The insulated
sections alse were coverad with & refleciing {oll
racked gavze material, The pre-heated aly was
then admitted into the combustor via the plenum
chamber and the radial swirler, The funciion of
the plenum chamber was to provide & unilorm
aly distribution prior @ entering the rmdiat swirler.
The preheated aly temperature was measured
using & chrome-alumel ype-l thermocouple
positioned on the central axiy ang 100mm
upstream of the combustor inlet plane. The inlet
static pressure of the combustyr was measured
using four static pressure tappings with the same
manifold positioned 150mm upstream of the
combustor inlet plane.

The exbaust gaswas samplad continuoushy by
the gas analyzers, These analyzers were capable
of a complete on-the-spot analysis of OO, UHC,
GO, NG, NG and G The sampling system was
designed and constructed to ensure that a
representative samples werg delivered to the
various instraments,

An-K configuration gas mmp[ing probe with
44 holes on centre of equal areas was used for
mean gl sampling, 1t consisted of two stainless
steal tubes welded eccentrically with water
circulating in butween the tubes to vool the
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Table 1 @&w Analysls Instromentation,

Gas Component | Method of Analysis | Reading Ranges Mamufacturer
Co, Non-dispersive 4 ranges ADC,
Infra-Red 0-0.1%
0-15%.
0 Mon-Dispersive ’-% FADgES AN,
Infra-Red ?ﬁ@ppm :
i} - 1000ppm |
0-1%. -
- 109
CUHC Flame lon Detection T ranges Signal Instrument
0 - T00ppm
0-10% -
NO/NG, Cherluminescent 7 ranges B.0.C. Luminox
{Catbon Converter) 0 - dppm
{J - 400ppm
0, Paramagnetic 0 - 100% Tavior Instrument
NErvomes

exhaust gases and the probes, The sample was
tx'az'z%m“acﬁ e ‘2‘1'";@ qaf maaiwmﬂt a‘i{:m 3 it 'Z‘° ﬁfﬁ».‘c'm

vy

;}L,zmp&:ﬂé o m.a.a GuEr o draw 4&3.1“‘&@%&-‘3 é{n the
anaipsers, The sample gas was fiteved in the oven
and kept at 150°. The sampie gas was then fed to.
the anadysers 1o be measdred. The gas Instrument
usad and thelr detection ranges are summarised
in Table ¥,

The gas was analyzed for CO and GO, using
an Analysis Development Go. ron-dispersive infra
rect, NDIR, analysers. The CO and CO, infra ved
anziysers had two cglls and two electrical
ampiification ranges. The OO analvaer had four
ranges between 0-100 ppra and 0-10%, the. CO,
analyrer alse had four ranges but z?ww www
betwesrn 0.1 % and 0.15%, .

Flame lonization detectors (FI were used
ta measure hydrocarbon (UHC) concentration in
the samnde gas. Fuel for the flame in the FID was
a cocktall of 60 percent hydrogen and 40 percent
helium burning in zero grade alr which was used
to reduce the sensivity of the Fitl quzzws to the
sample oxpgen level, In FID), analyzers prouded
the electrical resistarice of a H-He flame is

monitored and when & sample gas that confaing
sorapound with O-F bonds s inbroduced to the
flame jonization ocours with & subsequent
reduction in the resistance of the flame. The
rgsistance reduotion is divectly proporticnel to the
concerntration of UROC molecules presens in the
sapnpde gas that s introduced to the flame. 1o
prevent condensation of heavier hydrocarbon in
the sample gas the sample gas lines to the FI
anatyser are kept heated at F50C,

The oxygen concentration in the sample gas
was measured by a2 Servomex paramagnetic
analyser with a single rangs of 0-100%. It was
nowered by self-contained batteries. Uxygen has
the property of being paramagnetic due © the
motecules unpaired electrons, The analyzer
measures the paramagnetic susceptibility of the
sample gas with oxygen content by means of a
proven magneto-dynarmic type measuring cell,

The NGO emissions in the sample gas were
mmmz@d nsing & B.O.C. chemiluminescent
analyzer (Luminox). The analysis of NO_in the
sonple gas is based on the emission of light
rachiadion resulbting from the reaction between NO
and U, The intensity of the light emitted is
THEESTY u:% by & photon detector and is proporiional
o MO concentration. A carbon-molybdenum
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converter was used to convert NU, from the
samnmie gas to NO ahead of the reag nma chamber
arcd s termperatire was controlled s 40000, The
ozone was generated from pero grade alr from
the air purification systern [APS) The aly purifier
was manufactured by Signal Instruments Contred,

Prior to any data being taken, all the analysers
had to be calibrated. The analysers were
calibrated using high accuracy calilbwation gases,
A tuplcar wrmrmmi.{m of the calibration gas
manufactured by Bediont Sclentific Lid.

The raw data recorded was then fed to 2 huge
computer programme 10 calculate the parameters
required such as fuel mass Bow, gas analysis based
eguivalence ratios, alr hurnidity, adisbatic Jame
temperature, combustion nefficiency, and
corrected MO emissions.

Fosubts and BHecussion

Figures 1-4 show the plots of corrected NO|
emission o 15 % owvgen, combustion mefficiency,
carbon monoxide and unburned hydrocarbon
emissions plotted against operating eguivalence
ratios,

The general frend can be sean that by applying
fuel staging or reburning, NOQ_ernissions are lower,
This car be seen clearly in Flaure 1, for the entire
range of operating equivalence mitos.  Mowsver,
on the leaner side, Le. al lower eguivalence ratios,
NO_emissions tue to rebuming seem to be higher
than that when not applying fuel staging. There is
no logleal explanation for this phenomenon, butan
ervor during recording the emissions data may have
caused this problem.

& corrected MO emission of lower than 20 ppm
was achieved af equivalence ratic of .7 when using

Frgure ¥, Combustion Inefflciency se, Bpdoadene
Batle for MVP=2.4

fuel staging. Ultra-low NG of & ppm was also
achigved af the leanest condition. NQ | reduction
of G478 % was oblained at enuivalence vatio of 0.7 .
when using fuel staging compared to the non-fuel
staging tests,

wn Figure 2, again, the general frend was
apparent when sopiving fuel staging. T ¢an be
sgan that when applving fuel staging, the
combustion efficiencies were higher than when
ned appiving fuel staging over the enthve range of
operating equivalence ratios. Combustion
efficiencies of greatay than 99.9 % were achieved
wpr to near (.7 equivalence ratios implying the very
good mixing of the fuel and alr prior fo ignition
wis achieved., This can be athributed o 'ii“m
insartion of ovifice plate at the exit plane of the
racdial swirler,

Eyen Tor earbon monoxide (000 emissions,
the fuel staging results show lower values than
when not applying fuel staging (Figure 33, Thisis
a very good indication since novmally, any
technigues to reduce NQ_ emdssions will tend to
increase OO, However, in the present work, it is
fournd that even GO emissions were veduced when
applying tuel staging.

Figure 3 shows CO emissions of less than 100
pomt and was obtained over a wide range of
eguivalence ratios up to 0.67. This is very close
o the condition Wi‘i}mm fw t‘i‘i&li‘{iﬁ g ‘%—‘f@wwwg

than 100 ppm for s?z::gumaimce ratio of dbt}v&ﬁ 0.67
due to the lower residence fime with reburn and
the lower oxygen availability,

Usnburned hydrocarbon {UHC) emissions
were alst lower when applying fuel staging
compated to that when not using fuel staging. This
was achieved over a wide range of operating
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eouivalence ratios. UMC of less than 10 pom was
achieved for the entire range of operating
eguivalence radlos when applying fuel staging.
This s spparent in Figure 4.

CLANGLUSIONS

A NG reduction of more than 40% could be
achieved when applying fuel-staged combustion
with & very lean primary zone. Very good
combnution efficiencies were also obiained with
siemificant dewrense, in OO and UMHC emissions.
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