General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



DOE/NASA/13111-12
*'ASA TM-82987

Combustion of Coal Gas Fuels
in a Staged Combustor

(NASA-TM-82987) COMBUSTION OF COAL GAS NB3-10556
FUELS IN A S7AGED COMBUSTOR (NASA) 14 p
uC AOZ/HF A0 CSCL 10B

Unclas

GJi/44 35540

T. J. Rosfjord and J. B. McVey
United Technologies Research Center
United Technologies Corporation

R. A. Sederquist
Power Systems Division
United Technologies Corporation

and
D. F. Schultz

National Aeronautics and Space Administration
Lewis Research Center

Work performed for

U.S. DEFARTMENT OF ENERGY

Fossil Energy

Office of Coal ULiilization and Extraction

Prepared for
Joint Power Conference
Denver, Colorado, October 17-21, 1982

pa— -




Combustion of Coal Gas Fuels
in a Staged Combustor

T. J. Rosfjord and J. B. McVey

United Technologies Research Center
United Technologies Curporation

East Hartford, Connecticut

R. A. Sederquist

Power Systems Division

United Technologies Carporation
South Windsor, Connectlicut

and

D. F. Schultz

National Aeronautics and Space Administration
Lewis Research Center

Cleveland, Ohio 44135

Work performed for

U.S. DEPARTMENT OF ENERGY

Fossil Energy

Office of Coal Utilization and Extraction
Washington, Lw.C. 20545

Under Interagency Agreement DE-AIO1-77ET13111

Prepared for
Joint Power Conigrence
Denver, Colorado, October 17-21, 1982

DOE/NASA/13111-12
NASA TM-82987




E-1419

Oldeils L L
OF poCH QUiultY

COMBUSTION OF COAL GAS FUELS IN A *TAGED COMBUSTOR

T. Js Rosfjord and J. B, McVey
United Technologics Research Center
United Technologies Corporation
East Hartford, Connecticut

R. A. Sederquist
Power Systems Division
United Technologies Corporation
South Windsor, Connecticut

D. F. Schultz
NASA Lewis Resecarch Center
Cleveland, Ohio

ABSTRACT

Gasecus fuals produced from coal resources have
been considered for uae in industrial gas turbines.
Such fuels generally have heating values much lower
than the typical gascous Fuel, natural gasj the low
heating value could result in unstable or inefficlent
combustion. Additionally, coal gas fuels may contain
ammonia which 1if oxidized in an uncontrolled manner
could result in unacceptable NO, exhauat emission
levels. Pravious investigations have indicated that
staged, rich-lean combustion represents a desirable
approach to achieve stable, efficient, low NO,
emission operation for coal-derived liquid fuels
containing up to 0.8-wt pet nitrogen. An experimen-
tal program has been conducted to dotermine whether
this fuel tolerance can be extended to include coal-
derived gaseous fucls. The results of tests with
thrao nityvogen~frae fucls having heating values of
100, 250, and 350 Btu/scf and a 250 Btu/scf heating
value doped to contain 0,7 pct ammonia ave presented.

NOMENCLATURE

EHV - Enhanced heating value fuel (349 Btu/SCF)
f/a ~ Ovarall fuel=air ratio

K15 ~ Factor to correct emissions to 15%

oxygen in exhaust
LHv - Low heating value fuel (103 Btu/SCF)
MUV - Medium heating value fuel (258 Btu/SCF)

MHV=FN = MHV fucl containing fuel-bound nitrogen

T/C - Type B thermocouple
¢P ~ Primary zone equivalence ratio
INTRODUCTION

Coal represents an abundant energy resource
in the United States. Currently, technology is
being developed to optimize the manner in which
this fuel will be utilized. Several alternatives
exist including combusting the solid fuel in
furnaces, liquefying or gasifying the coal for
use in furnaces or gas turbine combustors, or
some combination of these strategies. Selection
of the most desirable approach will depend on
many factors, one of which will likely be the

environmental impact of the fuel combustion
process, Of particular concern will be the lavel
of undasireble combustor exhaust emisaions,
including nitric oxides (NO,), carbon monoxide
(c0), and smoke,

Coal-derived fuels can represent a signifi-
cant challange to attempts to control these
species, Coal-derived fuels can be hydrogen
deficient, promoting increased smoke emissions,
and can contain levels of nitrogen which, if
fully oxidizad, will result in unacceptable NO,
levels, Fuels produced by a coal gasification
process would be deficient In volumetric heating
value, possessing energy densities from 10 to 35%
of the heating value of natural gas, Combustor
stability and efficiency may be affected by
utilizing this product, Additionally, the
gascous fuel may contain ammonia (its presence is
depondent on the fuel cleanup process employed)
which could be oxidized to undeairable levels of
NO,. Recent test results (1) with a staged,
rich/lean combustor have indicated a considerable
toleranca for variation in the liquid fuel
properties while rvetaining a low exhaust emission
characteristic, In this combustor, the fuel is
firal partially-oxidized in a2 fuel-vich chamber
which favors the conversion of fuel nitrogen to
molecular nitrogen rather than NO,. The balance
of the total airflow is rapidly mixed in a quench
se~tion with the rich chamber ¢ffluent, Rapid
wir' 3 of the secondary air (quench air) and rich
¢crewoe gases is necessary to avoid long flow
o.eudonce times for near-gtoichiometric mixtures
and, consequently, to avoid significant formation
of NOy by a thermal fixation mechanism, The
mixture is subsequently fully oxidized in a
fuel=lean combustor designed to permit consumption
of residual hydrocarbons and CO. Such a rich-lean
combustor has demonstrated the ability to achieve
stable, efficient, low-smoke combustion with
distillate fuels with hydrogen content down to 9%
(wt), while restricting NO, emissions to 40 ppm
despite fuel nitrogen levels up to 0,.8% (wt).

The program objective was to determine if
this fuel tolerance could be extended to include
coal gas fuels,

Four test fuela were investigated including
three non=nitrogen-bearing gas mixtures with
higher heating valuas of B4, 210, and 284 kJ/mol
(95, 238 and 322 Btu/sc{), and a 210 kJ/mol
heating value fuel doped with ammonia to produce
a fuel nitrvogen content of 0.5% (wt). The tests
were performed at four conditions representative
of industrial gas turbine operating conditions.

TEST APPARATUS

The test apparatus is shown schematically in
Figure 1, The rig consisted of an air inlet
section, a model rich/lean combustor and an
exhaust section. Air was supplied to the test
cell at flow rates up to 1.8 kg/s at pressures up
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Fig. | Synthetic fuel combustor rig

to 4.0 MPa.

capable of heating airflows in excess of

An electrical resistance~type heater
1.8 kg/»
to 644°K was used; lesser airflows could be
heated to higher temperatures (e.g., 1.1 kg/s
heated to B11°K),
the heater was divided into a primary airflow,

The airflow which exited

which fed the rich-stage combustor, and a second-
ary airflow which was injected through the
combustor quench section, Variations in the
primary-secondary airflow split were achieved by
actuating a pneumatic control valve located in
the primary air line; a high temperature gate
valve located in the secondary air line provided
the supply system pressure drop necessary for
control, A calibrated venturi was located in the
primary line to meter the primary airflow and
hence permit calculation of the rich combustor
equivalence ratio, The secondary airflow rate
was calculated as the difference of the total und

the primary airflow rates.

The model combustor used in this study

consisted of four components (Figure 2)

Fuel preparation section
Fuel=rich combustion section
Alr quench section

Fuel~lean combustion section

The fuel preparation section consisted of a
injector which was centrally mounted
The 5.08-cm

swirler was constructed from 18 equally-

single fuel
in an annular, vane~type swirler,
diameter
spaced vanes oriented at a 45" angle to the

combucstor axis; it was recessed approximately
1,05 ¢m from the rich chamber inlet.
A direct injection technique was used in
this program, No attempt was made to premix the
fuel with air prior to injection into the combus~
tor., Rather, the gaseous fuel vas injected from

a simple noszle directly into the rich combustion

TORCH IGNITOR

FUEL-RICH CL)NBUSY7

£~ RECESSED K QUENCH SECTION
SWIRLER
FUELLEAN COMBUSTOR

Fig. 2 Subscale rich~lean combustor hardware

chamber. The device used was a 2.5%cm diameter
closed~end tube containing eight equally-spaced
holes around the tube circumference at the closed
end and nine small holes in the end cap (Figure

1). The total injection area was specified to

DIAMETER BODY

5ecmrOom)

DIRECT INJECTION
HOLES

END CAP COOLING HOLES

Fig. } Gaseous fuel injector

achieve a desired pressure drop; the end cap open
to pass 103 of the fuel flow to both
cool the cap and blow off recirculating flow
regions which might contribute to the stabiliza~
tion of flame at the injector

Area was sel

face, Combustor
shakedown tests were conducted using a propane/
nitrogen mixture having a heating value of 265
kJ/mol. These tests indicated that stable
combustion was not achieved under certain condi=
tions due to what appeared to be feed-system-
coupled flow instabilities. A high pressure-drop

injector (approximately 0.95 MPa at the baseload



fuel flow) alleviated this condition to a large
de
hereafter, the reported data were acquired with

ee. Except for the one instance noted

injectors which operated with this pre e-drop
level. At the end of the experimental program,
an additional test was performed to determine
wvhether a lesser injector pressure drop would be
acceptable for use with the CO/H,/CO, gas
mixture (which was expected to provide greater
stability than the propane-nitrogen gas used when
instability was observed)., The v

burner ults

(Section 111) indicated that stable combustion

could be sust

ined for an injector pressure drop
as low as 1.4 kPa. Two different injectors were
used in the test program. For the medium and
enhanced heating value fuels, 0,.24~cm diameter
injection holes were specified, For the low
heating fuel, which required considerably greater
mass flow rates, 0.46-cm diameter injection holes
were specified. Each fuel injector was located
in the rich combustion chamber such that the
injection plane was 7.62 c¢m downstream from the

swirler

The fuel=rich combustion chamber was a
12.7-cm diameter cylindrical section, 30, 2-cm
long, with 3, 0-cm long conical sections at both
The total volume

the inlet and exit (Figure &),

of this chamber was 4540 \n‘, the surface area
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Fig. 4 Subscale rich-lean combustor configuration

was 1616 .n“ The entire chamber was double~
jacketed to allow a nominal |.58~1/s water
coolant flow rate. An H,/0, torch was
incorporated for use as ;n ‘l[l\l(fl. The quench
section was a 7.62-cm diameter cylindrical
section, 7.62-cm long, ~ontaining eight pairs of
slots through which the secondary airflow was
admitted (Figure 5), The fuel-lean combustor
consisted of a 26.9-cm long conical diffuser
followed by a 12.7-¢cm diameter cylindrical
section The overall length from the quench
section exit to the exhaust measurement plane was
45.7 ¢m The lean combustor was also double-
jacketed, the water coolant used for the rich
burner was routed in series fashion to the

lean burner,

QUENCH AIR -
INJECTION
SLOTS

Fig. 5 Quench section of subscale combustor

The exhaust section contained two important

component s a viewporlt and a back pressure

valve, The viewport contained a 7,

“cm diameter
quarts window which provided direct observation
of the combustor exit plane via an available
closed=circuit television sysitem The video
image was monitored in the control room and
recorded with an audio track to provide a perma~
nent record of the test sequence, A remotely
operated back pressure valve was used to control
the test section pressure A high pressure water
quench was used (o reduce the gas temperatures

upstream of the valve to less than 700°K,
TEST FUELS AND FUEL DELIVERY SYSTEMS

The four test ftuels used in this investiga-
tion are specified in Table |, The mixtures
ranging in higher heating value from 88,2 to 309
kJ/mol are representative of the products of coal

gasification processes. The baseline fuel was a

40% CO/40% H,/20% €O, (vol) mixture supplied
by a vendor :u a m\lll.l|‘lf' tube trailer. Analyses
of the delivered mixture indicated that the
deviation from the above nominal values was less
than 7 percentage points, This mixture had a
higher heating value of 227 kJ/mol and was
referred to as the medium heating value (MHV)
fuel. It represented the heating value from an
oxygen-blown gasifier such as a Texaco gasifier
(see Table | for typical gas compositions), The
other three fuels were prepared by mixing an
additional component to the baseline fuel,
Nitrogen was added to the baseline fuel to
produce a low heating value LHV) fuel with a
heating value of 91 kJ/mol. This product is
typical of that produced by air-blown gasifiers,
Propane was blended with the baseline fuel to
produce an enhanced heating value (ENV) fuel with
JO8 kJ/mole,

a hydrocarbon resulted in a heating value repre-

a heating value of The addition of

sentative of the higher heating value product
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from an oxygen=blown moving=bad LURGY gasifier
(a0a Table ! for typical gas compoaitiona). The
major hydrocarbon conatituent in this type
gasifior product gas is wothane, Propane was
used in these tasta because of its availability
at the tost stand, Ammonia was added to the
basaline fual at a level sufficient to produca a
fuel nitrogen content of 0.5% by weight. Amwonia
{s a potential gasifier product, dapanding on the
gaa cloanup ayatam omployed, The level of
convaraion of ammonia to NO, exhauat emiasions
wan documantod by tests with this wedium heating
value = fuel nitvogan (MUV=FN) fual.

The fuel mixtures wave propared on~line
uaing a systom in which each component was
individually motorad and regulated, Actuation of
the proper asubayatems rasulted in the desived
tast fuel., All mixturas passod through a
0,68 MPa saturated stoam heat exchanger to
alovate the fusl temperature to approximately
433°K.  Combustors which are closuly coupled to
coal gasifiers will vecaivo heated fuel; the
loval of heating depends on the fuel ¢leanup
technique {tomparature) and energy vevovery
(rogonarative heat exchange) in the aystem, The
433°K leval used in the present prograw veflected
a facility limit for the required fuel {lowrates.

2 (V‘“

coaad

INSTRUMENTATION

Tlo test appavatus was instrumented in
accordance with standard practices; dataila are
published in Raf., 2. The total airflow was
wmatared using a calibrated venturi located
upastraam of the air heater; the venturi was afred
to aperate in the choked wode for all teat
conditions, The primary airvflow was matexaed by
anather calibrated vanturi; this venturi operated
with pressure ratios batween 0,55 and 0,75, The
flowrates of the baseline fuel, nitrogen and
ammonia wora wmatared by venturis; propana flowrate
was dotermined uaing a calibrated turbine mater.
Prassures and temperatures wara moasured at
various locations by usa of pressurs transducers
and thermocouples having appropriate calibration
rangas, Tho combuator exit conditions ware
documanted by use of a five~port ganged sampling
proba, a three=point thermocouple rake, and a
smoke probe (Figure 6),

The water=cooled sampling probe spanned the
combustor diamoter, and contained five, 0,86=cm
diamator inlet orificas, The probe was dasigned
to achieve an aarodynamie guick-quanch of the
captuvaed streams it order to minimize chemical
reaction within the probe. The captured sample
was Lransferrvad through an alactrically~hoated
sample line to an emissions analysis system
capable of continuously wonitoring the emiassions

TABLE 1.  COAL GAS TEST FUELS

o s amre w s

- m

Commarcial Gasifiars

Typical GComposition

UTC Simulation

Composition

(vol X) TEXACO LURGT MHV LV EHV MHV-FN

(&4 50.0 61.1 40 16 k1l 39
g 37.5 26.8 40 16 38 »
€0y 10.7 4.8 20 8 19 20
Ny 1) 0.7 0 60 0 0
Cylg - - 0 0 & 0
NHy - - 0 0 0 0.7
oy 0.3 6.4 0 0 0 0

Highar

Hydrocarbons - 0.2 0 0 0 0

Lower

Haating Value

(Btu/act) 266 328 238 95 322 238

rsnns sy

e
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of carbon monoxide, oxygen, carbon dioxide,
unburned hydrocarbons, and oxides of nitrogen, A
vater=cooled smoke probe was designed in accord-
ance with specification SAE ARPIL79., The

proba, which had a sample inlat diamotes of 1,9
v, was sizad to isokinetically sample the gas
atream at the basaload condition,

Threa PTORR/PTIORR thermocouples and vanted
vadiation shialds were mounted on a water-cooled
atrut. The watavial used for the exposad portions
of tha tharmocouple sheath and the rvadiation
shiald was a platinum alloy which provided
a significant tomporature safety margin (maximum
operating temparvature of 1867°K).

5 PORT
SAMPLING
RAKE
SAE SMOKE b/
PROBE / 3 POINT
R4 TIC RAKE
D
2 Haoded
. V@ @ ®
13 19 |
{TYP)
)
25
ryey | !
)

12 7 DIAMETER
EXHAUST FLOW

ALL DIMENSIONS IN CENTIMETERS

Fig, 6 Bxit plane instrumen
DATA ACQUISITION AND REDUCTION

Tast data were rocordad by means of an
autowatic data acquisition system which recorded
the information on magnetic tape for subsoquent
computer proceasing, Porformance pavamoter
dafinitions ware those conventionally used, Tha
concentration of exhaust species was corrected to
reflect a standardized gas stream containing 15
parcant oxygen according to:

(Corracted concontration = measured concantration
* K15)

K15 = 0.209“6“‘ 0.175
0.2096 - X02

The heat flux, representing both convective and

radiative contributions to the primary combuator
coolant was caleulated from the tompavatura tise
of the coolant.

itation (viewed downstream)

TEST CONDITIONS

Tosts ware porforwad ovey the matvix of
conditions indicated {n Table YII, The ganeral
fntent was to establish emissaions and heat load
characteristics for sach test fuel to detavmine
the affaect of combusting coal=derived gasaous
fuels in a staged burner, The conditions included
dasigp=point conditions (Conditions 1, 2 3)
voprasanting burner operation at poeak, baseload,
and 50=pavcant powar levels for a typical indus-
trial gas burndar. The fourth condition was
reduced=pressura scaling of the paakepowar dasign
point (Peak=Low P); both prossure and airfiow
wara raduced to maintain constant combustor
residanca tima, This condition also served as
the basis for two additional teats (Conditions §,
6) to datormine the affect of changing the
primary combustor equivalance ratio (b,) on the
combuator emissions. Togethaer, thase khrnn tests
vare reaferved to as a signatuve savies, and werve
gonerally pevformad by holding the total aivflow
and the split of airflow betwoen the primary and
secondary combustors constant whila varying the
fual flow, This approach parmitted changes in
¢ while keeping the primary combustor vesidence
tlmo constant, This technigue is the desived one
to datermine tho effactivenuss of the primavy
combustor to minimize production of NOL by
vither conversion of fuel nitrogen to NO, ov
formation of NO, because of locally nenr
stoichiomotric fuol-uxr vatios., With this
approach the vverall fuel-air ratio [(£/a) ov],
and hence the secondavy temperature, varied as
by was changod., Bacause of the vaviation of
loan combust ion tomporatuve levels assoclated
with this mode of testing, the rvesulta should be
used only to judge the NO, behavior, not the GO
amission behavior, of the ;umbustor Thesa six
testy wore porformed for all test fuels and are
reforred to as Lhe basic test conditions. Some
of the preliminavy test rosults indicated that CO
control, not NO control, was tho greater
challenge, In urdur to assoss the influence of
¢, on GO omission levels for a constant (f/adov,
a different signature toest was performed,

In these tests, the total airflow and the fuel
flow wore hald constant, but the aivflow split
betwaen the two combustion chambers was varied to
attain ¢ changes. In this approach the

primary combustor residence time and the quench
2008 mixing process changed because of differing
primary and secondarvy airflow vates.

RESULTS

Common Combust ion Characteristics

Thera werd two comwon chavastevistics for
all cowbustion tests performed in this program.
First, no smoke emiagions were datected for any
of tha tast fuels. Samples acquired according to
ARP 1179 would ba ovaluated as having an SAR
amoke number of two or lags.
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Sacond, the test fuels ignited casily and
burned stably. Ignitability was not rigorously
evaluated as the torch ignitor syatem deliveraed
enargy lavels in oxcess of that available from
conventional spark devicaes., It was obaerved,
however, that unlike the propane/nitrogen fuel
mixture used during shakedown testing, the coal
gas fuals ignited promptly at all of the test
conditiona, Stabla combustion was always achiaved,

Test Results for Medium Heating Value (MHV) Fuel
Tosts werae performed with the baseline MUV
fuel to detormine the emissiona and heat load
characteristica. Tests were porformed under aix
basic test conditionas (Table II)}, and at addition-
al conditions malacted to provide information
on the influence on parformance and emisaslons of
injector pressure drop and higher combustor exit
temperalure.

The NO, emissions corresponding to an
exhaust with 15 percent oxygen obtained from
teats at the basic aix conditions are pletted in
Figure 7. Ultra~low NO, levaels were attained
for all conditions, with the highest being
25 ppm at peak condition, The uncorrected N0,
data revealed a square root dependence on combus=
tor pressurs, idantical to the commonly accepted
presaure dopendence for thormally-produced NO..
No stroug dependence of NO, on &, was observed
from the signature test results although there
was a alight decroease in NO, with increas-
ing ¢.. The absonce of a astrong dopandence
coupled with the low NO, levels obsecved and
the previously noted thermal-NO, pressure
dependence indicated that little NO, was
digcharged from the rich stage and exhaust lavels
resulted from production of NO, in the quench
and fuel=lean combustor sections, Therefore,

further NO, reduction would likely not result
from rich-stage optimization, but rather from
quench and lean-combustor optimization,

The CO emisaions ware 150 ppm at the peak
teat condition, increasing to 500 ppm at the 50
percant power condition. This latter value would
likely not be acceptable for a practical install-
ation as it reflecta a 0.5 percent combustion
incfficiency, An improved lean burnar design
(e.g,, longor reaidence time, air ataging to
produce a higher temperature secondary zone)
could reduca the CO emissiona levels.

100
TEST CONDITIONS: O PEAK
O BASELOAD
O 50%
g - A PK—LOWP
! FUEL: MHV GAS (238 Btu/sct)
® 60—
0
e
@)
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E 40—
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g o
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PRIMARY COMBUSTOR EQUIVALENCE RATIO — ¢p

Fig. 7 NOx dependence on primarvy combustor
equivalence ratio for MHV fuel

TABLE II. TEST CONDITIONS

= Total Inlaet Combustor Exit

Aivflow Tewperature Pressure Temperaturo .
Condition kg/s g MPa K by
1. Peak 1.36 672 1.37 1356 1.6
2. Baseload 1.18 644 1.24 1367 1.6
3. 50 Percent 0.7 533 0.69 1367 1.6
4. Pk-Low P 0.34 672 6.34 1367 1.6
5. Signature 0.34 672 0.34 Variable 2.4
6, Signature 0.34 672 0.34 Variable 1.4

*Primary combustor equivalence ratio (&,) target valuas rre indicated.
Actual test values deponded upon emission characteristics determined from

signature test sories,
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The ovarall heat load on the primary combus-
tor wall was dotermined from the temperatuve rise
in the primary combustor coolant., An average
heat flux of 4,73 X 10° J/ufs was transferred
to the wall in the signature tests, indepen=
dont of ¢ . Tosts with liquid fuela (Ref. 1)
bave indicated a dependonce on ¢, because of
the genoration of carbon particles., The absonce
of amoke emisaions and this independence of heat
load are wutually consistont features expected
whon combuating coal gas fual, The heat load
nearly doudbled for vperation at the peak condi=
tion, bucoming 8.2 x 10% J/mia, This is
attributed both to an incveased convective heat
tranafer because of higher airflows, and increasad
radiative heat transfer due to the emisaivity
incvease aswociated with pressuro elovation,
Calculations indicate that the contribution
from both proceases approximately doubled,

A signature test sories was performed to
dotermine the influence of elevating the combustor
exit temporatura to approximately 1646°K on the
oxhaust emissions. In this aignature sevies, the
ovarall fuol=air rativ was held constant with
&, varviation achigved by changing the ditision
ol airflow botwoen the primary and secondary
combustors., Figure 8 depicts the corrected
NO, and CO levels attained for operatinn at
oxit tempovaturves of 1664°K and 1367°K. Ultra-
fow values of these spociea were attained for the
1367°K temperature test sevies. The NO,

FUEL' MHV GAS (238 Btuiseh)
SPECIE & NO,
o Co

QPEN SYMBOLS -~ EXIT TEMPERATURE = 1370K
CLOSED SYMBOLS — EXIT TEMPERATURE = 1650K
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at exit temperatures of 13708 and 165K

Comparigon ol exhauat emiasions for aperation

incroased as ¢, approached unity suggeating

that some thermal fixation of unitrogan wan
occurcing in the vich combustor, Testa at the
olevated temperature vesulted in increased lavels
for both NOy and €O, When analyeed, this reault
implied that the combuator fluid wechanics have
boan mignificantly altered, Deapite the higher
lean=burnar temperatuve, and consequantly accels
erated CO consumption vates, higher €O lovels
were recovded, Thereforae, the level of €O
ontering the loan buvnor wust have boen higher
than oxpevienced for the 13J67°R temperature tosta
andfor the CO and secondary air muat not have
boon woll mixed in the quench section, It was
likely that both of these influcuces evxisted. To
achiove the higher exit temporature. the fuel
flow was increased by approximately 50 poveont.
Additionally, to achieve the same &, the

primavy airflow was incroased by a similar
percentage rosulting in wove than twice the mass
flow through the rich burner for the elevated
temporature vondition, The reduced rvesidence
time at this vombustor loading could curtail
oxidation of the €O, vesulting in excossive €O
lovols exiting the vich combustor. 7This concept
iy supported by the observation of a decreasing
€O leval as &, approached unity. The mixing
processes occurring in the quench section were
also dograded., The higher primary aircflow
resulted not only in a greater vich combustor
efflucnt but alse in a reduced quonch airflow,
The percentage peurtration of the air jeta
emanating from the gquench slots would do decreased
and the mixing with the primary combustor gases
would be less vigovous, Hence, sowe portions of
the gas stream may have been deficient in oxidizer
while others were over-otidized (an over=cooled
by the quench air). The obsevved RO levels
support this chavacterization, The substantial
N0, incrcase for the high exit tewperature

tests roflocted a aluggish transition frow
fuel=rich to fuel=lean conditions, permitting
additional formation of thormal NOy. It is
apparent {rom these rosults that achievement of
lower NOy and €O emissions at the higher
combustor exit temperature would requive re-design
of tho combustor to optimize the rich zone
vesidence time and ponetration of secondary air
in the quenca pone.,

Comparison of Test Results for Medium Heating
Value = Fual Nitrogen (MHV~FN) And MHV Fuola

The NO, levels obtained fur both the NHV
and MHV=FR fuel are presentad for comparison in
Figure 9. The MHV fuel did not contain ammoniaj
the MUV=FN contained 0.7 percent (vol) Biy to
achieve a fuel nitrogen content of 0.5 percent
{wt), Substantially higher N, emissions were
attained with the MHV-FN fuel reflecting conver=
sion of the added ammonia to NO,, although
N0, emissions well below the EPA limit can
still bs roadily achieved. The incroase in NO
does not reflect a high absolute value of conver-
sion rate, however, That is, because of the
vrolatively low heating value of the fuel (i.e.,
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approximately 25 pevcent of the heating value of
natural gas) relatively large valuea of fuel=air
vatio were roquired to reach the desived exit
temperature. The quantity of aw onia added
ropresented a potential NO increase of between
650-1000 ppm if it wore fully converted, whereas
actual incroasas ranged between 25-80 ppm. At
low=rich=zong equivalence ratios where CO emission
levala ara acceptable, a NH3 conversion level

of leoss than 5 percent was measuved,

COMPARISON OF TEST RESULTS FOR ENHANCED HEATING
VALUE (ENV) AND MHV FUELS

A metered quantity of propane was added to
the MHV fuel to produce BHV fuel siwulating a
hydrocarbon containing a product gas heating
value reprosentative of a woving=bed gasifier
such as a LURGI coal gasifier. The EHV fuel
mixture contained approximately 4 porcent (vol)
propang, a quantity sufficient to raise the
heating value from 227 to 308 kJ/mol but not
encugh to result in any unburned hydrocarbon or
awoke exhaust emission,

The NO, levels attained using tha EHV fual
ave compared to the MHV fuel reaults in Figure
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Fig, 10 Comparison of NOx signature for MHV and
ENV fucls

10, Very little change was evident} ultra~low

NO, levels wore again attainad. The NO,
emissions were slightly higher at all conditions
than achieved for the MHV fual because of slightly
higher flame temporatures associatad with the
heating valua enhancemant.

The carbon monoxide emissions and tha
combustor heat load ware also slightly higher
than achiavad for the MHV fusl. CO emiaaiona
reached 250 ppm and 680 ppm at ths peak and 50
percent power test conditions, respectively.

This result was contrary to axpectation, as
higher vich-combustor temperaturas would be
expected for the KRV fuel and the mixing processes
would not be altered, sinee it was not required
to make lavge changes in the primsry/quench
airflow split. It is noted that the reported CO
value for the 50 porcent condition was obtainad
at & = 1,7, higher than the corresponding

value in the MHV test data, Haence somawhat
higher €O would be axpected for this condition,
The heat load increased approxiwately 10 percent,
reaching 9.1 x 10° J/m?s at the peak condition,
reflecting the increased combustion temparatures,

Comparison of Teat Results for Low Heating Valua
(LHV) and MHV Fuels

A low heating value (LHV) fuel was produced
on-line by mixing approximately 40 percent (vol)
MHV fuel with 60 parcent (vol) nitrogen. The low
heating value of this mixture requirved fuel
flowrates quadruple the MUV fuel flowrates
to achieve the same combustor exit temparature.
This factor is greatar than the ratio of fuel
heating values because the addit{onal fuel flow
vepresents a significant mass addition which also
must be heated,
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Ultra=low KO, values were achiaved for all
toats using LAV (ua\, no reading groater than 9
ppm waa observed. This characteristic wvas
attributed to the fuel composition. Bven whon
roacted iun stoichiometric proportions, the
fuel could only produce a 1300°R tewperature rise
bavause the nitvrogen, acting as a diluent,
absorbed some portion of the enorgy released
during roaction. Hence, it prohibited the
oxistence of high temparature vegions nevessary
for aigmificant RO, formation,

The fuol characteristics also contributed to
the presance of high levela of CO in the cowbuator
oxhauat,.  The axhaust €O concantration depends
upon the lovel of €O entering the loan buruner and
the vate of €O consumption within the lean
burner. The high fuel flowrates, and associated
higher primary airf{.ow vate, resulted iu rich=
combustor reaidence Limes shorter than oxperienced
for MUV fuel, with tho gases at lowor tempora=
tures, Honce, it would be expected that highor
CO concentrations would axiat at the rich combuse
tor exit. Additionally, as with the MHV fuel
toste at vlovatod oxit temporatuves, the incvoases
primary aivflow dograded the quench section
affoctiveness, Thus, while rapid CO burnup might
hava been possible, incoumplete mixing would limit
tha wfficiency, Those tvouds woro supported by
the data obtained. Imitial teats with &
values near 1,6 resulted in €O cnncentrnliunu
oxveeding 5000 ppa,  Subscquent teats were
pevformod at lower & id an attewpt to praise
the CO oxidation vatea in the rich combustor.
Figure 11 displayvs the €O levels for deasign point
test vonditions with & near unity.  As can be
soon, small changosa in & dramatically affocted
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equivalenve ratio for LHY {uel

the €O lavel., Furtheemora, it wes indicated that
winimal €O lavels would he wbtained for ¢ 8 1
That is, fuel=rich opuration waa uudeuirn&lc for
the LUV fual bocsuse of tha attendant €O levels,
In limited additional tasts, it was determined
that a CO level down to 9 ppm conld be achieved
at &, = 0,75, The cowbustor was stable at this
condition, and bacause of the low flame tompora=
tures the N0, lovel was still only 8 ppm.

The oxtrema senajtivity of €O lavel te
primavy stage wquivalence vatio is explained in
large maasure by the asonaitivity of primary zone
CO production to primary sone vquivalence ratio.
If rveactions proceeded to cowpletion, tha
oquilibrium levels of CO shown in Figure 12 would
exiat at the primary sone exit, As indicated,
equilibrium €0 levels for LUV fuel drop by three
orders of magnitude as the primavy zons equiva-
lewwo ratin is changed from a value of 1,2
te 0.8, The levels of CO wmoasured are close to
the theoretical equilibrium levels which indicates
that for LHVY fuel woat of the chemical veaction
ovcurs in the primary zone, and little veaction
in tho lean zone,
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CONCLUSTONS

The vbjective of this study was to avaluate
the performance and emission characteristics of @
rich=laan staged combustor fired on coal gas
fual. Tests wore porformed using four test fuels
ineluding three chemically bound nitrogan-
froe fuels with heating values of 84, 210, 284
kJ/mol (95, 238, 322 Beulsel, rvespectivaly) and a



S,

&

OF Fouw

210 kJ/mol (258 btu/scf) fuel doped with & 7
porcent (vol) ammonia, The test results pumit
the following conclusions to be drawn:

1. Staged, rich~lean combustion represents
the desirable approach to achieve
ultra=low NO, and CO emissions for
coal gas fuala with heating values of
210 kJ/wol (238 Btu/scf) or higher,

2. Lean combuntion represents the desirable
approach to achieve ultra-low NO, and
CO emissiona for coal gas fuels with low
heating values (84 kJ/mol (95 Btu/scf)),

3. Staged combustion has the ability to
limit Ny to NO, conversion rates to
less than 5 pzrcent, NO, emissions
below the BPA limit can readily be
achiaved,
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