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COMBUSTION CHARACTERISTICS OF HYDROGEN - CARBON MONOXIDE BASED GASEOUS FUELS

David J. white, Alan J. Kubasco, and Richard T. LeCren
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San Diego, California

and

Joseph J. Notardonato
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio

ABSTRACT

An experimental rig program has been conducted with the objective of evaluating the combustion

performance of a family of fuel gases based on a mixture of hydrogen and carbon monoxide.

These

gases, in addition to being members of a family, were also representative of those secondary fuels

that could be produced from coal by various gasification schemes.

In particular, simulated

Winkler, Lurgi, and Blue-water low and medium energy content gases were used as fuels in the ex-

perimental combustor rig.

E-1434

fuel,
range.
eration.

be utilized in future commercial gas turbines,

INTRODUCTION

Secondary fuels derived from coal, especially
low and medium eneray content gases, have taken on
great importance as the petroleum supplies of the
United States of America have daminished. These
gases are particularly suitable as fuels for gas tur-
bines, although they sometimes inc:ude higher levels
of nitrogen containing species than conventional fuel
gases such as natural gas or propane. When these
gases containing high concentrations of nitrogen com-
pounds are burned 1in gas turbines the oxides of
nitrogen (NOx) emission levels in the exhausts are
usually high.

In general, NOx emissions are produced by two
separate pathways. The first 1s purely thermal and
involves the fixation of atmospheric nitrogen, while

the second takes place via a nitrogen containing
free radical mechanism, the radicals being produced
from those fuel molecules that contain nitrogen.

This latter mechanism, depending on the concentration
of nitrogen in the fuel, can dominate the NOx emiss-
ions. It has been found that the most successful
combustion concept that minimizes NOx from both ther-
mal and fuel-nitrogen sources 1s a staged combustion
approach. The pramary zone of this staged combustion
system 18 designed to operate in a fuel rich mode
(at an equivalence ratio greater than one), while
the secondary zone 18 designed to be sufficiently
fuel lean to maintain the reaction temperatures below
1540 C (2804°F). This latter temperature 1s main-
tained to ensure that minimal thermal NOx 18 produced.
Above this temperature substantial thermal NOx can

The combustor used was originally designed as a low NOx rich-lean sys-
tem for burning liquid fuels with high bound nitrogen levels.
fuels this combustor was operated in a lean-lean mode with ultra long residence times.
water gas was also operated in a rich-lean mode.
bility of the existence of an "optimum" jas turbine hydrogen - carbon monoxide based secondary
Such a fuel wovld exhibit low NOx ani high efficiency over the entire engine operating

It would also have sufficient stability range to allow normal light-off and engine accel-

Solar Turbines Incorporated would like to emphasize that the results presented here

have been obtained with experimental rig combustors.

when used with the above gaseous
The Blue-

The results of these tests indicate the possi-

The technologies generated could, however,

be produced by nitrogen fixation. For clean fuel
gases (non-nitrogen containing) an effective approach
is to utilize a lean primary 2zone with a premixed
air-fuel charge. Low NOx can be obtained with such a
combustion system.

The goals of the work described herein were to
obtain NOx emissions of 75 ppm corrected to 15 per-
cent 0y for fur’' bound nitrogen levels up to one
percent by weight and 37 ppm at 15 percent 0, for
the fuels with essentially no fuel bound nitrongen.
These emission goals were to be attained without any
sacrifice in engine efficiency. Thus, 1limits on
combustion efficiency (99.0%), pressure drop (6%),
and pattern factor (0.25) were imposed at all condi-
tions including base load power and peak power condi-

tions. Allowances for cycle efficiency and engine
size were permitted as per the Federal Register
(Ref. 1).

These goals and limits were to be met while

operating at a set of conditions that simulated those
that would be produced at the combustor by a nominal
12:1 pressure ratio industrial gas turbine. Table 1
shows the operating conditions estimated for a typical
12:1 pressure ratio engine that has been adopted for
test purposes.

A novel approach that o»rovides effective rich
primary zone cooling had been developed for the
combustor utilized. The basic new contribution to
combustor wall cooling technology was the use of
primary zone regenerative cooling. All the primary
combustion air in this arrangement was first used to
cool the primary zone walls. After cooling the
walls the preheated alr at temperatures in excess
of 4B2 C (900°F) passed into the combustor, mixing
with the fuel in a short internal passage. By the
time that the combustion reactions were 1initiatedqd,
the fuel was well mixed with the air. This system
avoided external premixing of air and fuel with its
attendant problems of autoignition and flashback.
In addition it largely eliminated the normal high
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Table 1. Adopted Combustor Test Conditions rearvard cooling the rear conical portion of the
primary zone. This secondary air enters the combus-
Engine Power Condition tor via holes in the throat of the transition piece
cu‘:‘:::nr v.:\:.x‘.,.a T v | ovtmnieg | oota :ctu:n the primary and secondary zones. The remain-
anla er of the secondary air enters through ports at the
—gendicions 1 Power ) Raselesd | Power ffover { Idle fract rear of the secondary zone. These ports are angled
:;:"“"' *in 319 1213 1058 9o 103 1903 forward and the jets of air produced inside the secon-
dary zone merge at the centerline. Two rasultant
Temperature In 376 e 34 08 14 Asb jets are produced from the interaction of these
Tin % secondary air jets, one flowing on the axis toward
Temperature Out 1057 982 832 810 546 649 the transition piece and one flowing toward the exit
Tout °C of tile secondary zone. The jet flowing toward the
frergy Fuel 220 198 175 154 140 178 transition exit contains the major portion of the
Ratio GJ/kgyqr secondary air mass flow. In addition, the momentum
ALr Plow ky/s 103.7 100 90 81 3 3 of this major derived jet (which decreases rapidly
to approximately 60 percent of the initial jet mo-
Note; 100\ air flow cocresponda to 1.59 kg/s/can menta) is .rr‘nged to balance the momentum of the
gases exiting from the transition piece within the

levels of carbon monoxide, unburned hydrocarbons,
and smoke at low power conditions. Even at ambient
light-off conditions combustion efficlencies in ex-
cess of 99 percent were obtained. This latter effect
was due primarily to the significant increase in the
effective inlet aiv temperature.

COMBUSTOR DESIGN

The combustor used for evaluation of the low and
medium energy content hydrogen/carbon monoxide gases
was the rich-lean combustor as described in Reference
2. The combustor as developed during this referenced
previous work is shown mounted in the rig casing in
Figure 1. Although this latter figure is schematic
in form, it does display all the salient features of
the combustor. In this particular combustor all the
primary air and part of the secondary air first enters
into an annular cooling passage surrounding the pri-
mary zone proper. The primary air flows forward tow-
ard the dome, cooling the main part of the primary
zone and ctnen enters the primary zone via a radial
inflow swirler. The secondary air, that enters with
the primary air separates from the latter and flows
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secondary zone proper. This latter effect is utilized
to ensure that the transition through stoichiometric
takes place within the secondary zone for rich-lean
operation. Opposed jet-on-jet mixing is also one of
the more effective methods of mixing two fluids
rapidly. Rapid mixing is required to ensure trat the
time period spent by the reacting gases at stoichio-
metric (during rich-lean combt3stion) is minimzed.
This minimization of the residence time at stoichio-
metric in turn minimizes the thermal NOx production.

The rich-lean combustor used for the tests had
stoichiometry or air flow splits that were designed
for typical petroleum and coal-based liquid fuels
having stoichiometri- fuel-air ratins {n the range
of 0.067 to 0.0é68. This latter geometry allowed
only the medium energy content fuel to be burned in
the primary zone in a rich mode. The two low energy
content gases effectively were burned in a lean-lean
mode of operation, even though the combustor would
commonly be referred tc as a rich-lean system. This
can be ppreciated better by recognizing that the
gimulated Winkler gas 4,097,811 J/m3 {110 Btu/sct)
and the simulated Lurgi gas 6,183,968 J/m3 (166
Btu/scf) have stoichiometric fuel-air ratios by weight
of 0.55 and 1.04 resgpectively. Wwhen compared to the
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Fig. 1 Rich-Lean Combustor
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Advanced Gas~-Ligquid Fuel Injector

combustor primary rone equivalence ratio design point
range of 1.2 to 1.4, based on an average stoichiomet-
ric fual-air ratio of 0.0675, it is obvious that
aven allowing for the reductions in heating value
compared with conventional fuels, that neither could
be operated in a rich mode. The "Blue-Water"” gas
on the other hand, could and was operated in a rich-
lean fashion due to the relatively low value of its
stolchliometric ratio (0.248) and its high lowey heat-
ing value 10,207,272 J/md (274 Btu/scf).

Fuel Injection

To ensure the maximum of fuel flexibility an
injector was Jdesigned from the outset to handle low,
medium and high ~nergy content gases together with
mogt liquid fueis. This injector is shown in Figure
2. In the low energy content gas combustion rode,
gas would be injected via both the central passage
(atr assist in liqid fuel operation) ani the annular
passage jmmediately surrounding it. When operating
with medium and hiagh energy content gases either the
central passage or the surrounding annular passage
could be  used depending on whether rich or  lean
combustion is Jdesired, For lean combustion the annu-
lar passage would be utilized for gas injection
while air would be introduced through the central
passage which has a sawirler to ensure rapld mixing
of gas and air. For rtich combustion the central
passage could be used. Liquid fuel would be injected
through the outermost series of passages and holes,
while air would be introduced through the center
passage with a swirling motion. This latier sawirling
air ia required during liquid fuel injectisn to ensure
atable film formation and subsoquent fine a*omization
from e sharp edge of the injector,

For dual-fuel (liquid’gas) operation, liquid
fuel would be injected as described above while the
medium or high ene gy content gas could be injected
concurrent ly throvgh the annular pasrage srurrouniting
the central air-assiat supply tube., 1In the case of
dual fuel (liquid‘gas) combuation where the gas is a
low eanergy content fuel a more complex mode of npera-
tion would be required. As outlined above, the low
anergy content gas would be {njected through both
the central air-asaiat tube and the surrounting annu-
lar passage. During the change to liquid fuel opera-
tion the agas flow in the central tube would be turned
down as the liquid fuel was introduced and air intro-
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duced as a replacement fluid. Only after air had
been subat tuted for all the low snergy gas in the
central tube, would the gas flow in the sarrounding
wnnular passage be reduced. This staged action would
snsure that the liquid fuel film would remain in a
stable condition.

FUELS AND FUEL SYSTEM

Three different simulated fuel gases that can
be obtained from coal were chosen for investigation.
These covered the range of energy con*ents in terms
of lower heating value that lay betwee- 4,097,811 and
10,207,274 3/m3 (110 and 273 Buuw/ftd) and formed
a family of fuels consisting mainly of CO/Hy mixture.
Table 2 shows a wide range of gaseous fuel composi-
tions that could be produced from coal through reac-
tion with air c¢r oxygen and steam in various combina-
tions. The three that were chosen for testing were
the Winkler (air blown), Lurgi (air blown) and Blue-
Water gases. Each of these fuels were simulated by
mixing the appropriate pure compounds together irn a
five component on-line mixer. Typically thesa gases
included hydrogen (H,), carbon monoxide (CO). methane
(CH4), carbon dioxide (CO;), and nitrogen (Ny). The
nominal compositions adoptud for each of the gases
ie provided in Tables 3, 4 and 5.

All of the component gases needed with the ex-
ception of the carbon monoxide were obtained from
existing tacility sources. The carbon monoxide was
delivered in tube-trajiler lots. In operation the
tube-trailer gas manifold was connected to a mating
tube f{tting mounted on a stanchion that also anchored
the trailer. A schema'ic of the carbon monoxide
fuel systom as developed on the program is shown in
Figure 3. Saft copper tubing and siilver soldered
brass-fittings were used throughout to ensure rinimal
leakage. Multiple remotely controlled regulator val-
ves were installed to provide fine control of the
flow rates. Fast acting shutoff valves were also
installed as a safety measure. Hydrogen was also
delivered by tube-trajler, but {in this case the
qas was transferred to an existing r~mltiple tube
fixed facility when delivered. As in _‘he case of the
carbon monoxide, undergound heavy wali soft copper
pipe was used to convey the hydrogen to the test
cell. All fittings were of brass or ccooper and were
either brazed or silver-soidered together. Multiple
pressure requlator valves were alao used to ensure
precise flow control., See Figure 4 for a schematic
of the line.

Exlating facility sources of methane (CH,), car-
bon dioxide, and nitrogen were utilized. Each of
these facility sources were "piped™ to the test cell
using copper tubing as in the case of hydrogen and
carbon monoxide. Fuel line schematics for these
three gases are shown in Figqure S5, together with the
mixer. Entry points for hydrogen and carbon monoxide
are shown,

Each Of the gases was fed 1nto the on-line mixer
or blender (see Fig. 6). This mixed the gases ¢t a
level of plus or minus one percent of the minor
component. To control the total mixed fual gar mass
flow entering the combustor, each of the individual
gas flows was reduced or increased together as neces-
sary for the range near the maximum flow require-
ments. Combuation low flow conditions were obtained
by bleeding a portion of the flow to a flare which
burned the gas 1 ambient air.  "n typical operation
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Table 2. Gaseous Fuels From Coal Analyses and Properties
Class Low Btu Gas Madium Btu Gas
Producer | Blast rluidized| mureau of Coal Gas
Gas Sod Nines Slue Water | (Vertical Rmetor Roppers
Process rram Cosl | Gas rgl turgl { coal Gas BOM 7644 winkler 81| Gas w/Bteaming) Winkler #2 | Lurgi | Totmek
Adr
Oly'“
. R W
Stean
Analysis (% of Vol)
0y - -- - -- -- - - -- 0.4 - .- -
", 52.4 60 40.26 | 3.2 |%0.4 54.5 $5.3 4“5 6.2 1 0.32 1.13
€0y . " .18 | 0.7 [o.8 7.2 10 (W 4 19 20.87 | 6.21
co 29 27 16.70 | 10.7 |31.8 2.0 2 'y 1] 8 19.%2 | 55.11
Hy 12 2 22.98 | 15.7 [ 15.6 15,8 12 ] 49.4 40 38.80 | 37.18
ci 2.6 - 4.97 4.4 j0.5 2.8 0.7 0.8 20 2 L RES
Catg - - == it - - - - 2 - - -
CyMg -- - -- - -- .- -- -- -- - - --
Celyo -- - -- - -- - - -- -- .- -- -
Cyhy2 - - - b - - - == == = == -
Ha0 - -~ 0.257 |37.8 0.3 [ - - -- -- 0.26 | 0,37
N8 -- -- 0.63 0.5 [o0.7 [ - -- -- - 1.0 °
Ml we (kg/x sol) 25.2 29.28  {29.08 |22.4 |23.97 24.8 2.4 15.9 1.7 20.4 27.94 | 30.9t
v
(Mu/sct) 150 92.3 166 121 154 132 110 7 422 250 2m 279
(stu/1b,) 2250 1194 2646 | 2041 {2429 2021 1578 6504 | 11,626 4641 4058 | 5476
(AT) stolch ( C) 2871 2208 1986 | 2312 {1007 2638 2438 3769 3601 3501 2087 | 2500
(?/A) stoich
(by we} 0.7 1.462  |0.5519 | 0.712 [0.674 0.770 1.040 ¢.248 0.120 0.344 0.3486| 0.299
(by vol) J.017 1.448 0.6684 | 0.923 |0.815 0.899 1,141 0.450 0.252 0.488 0.3871| 0.44-
Puel Plow Mass Ratio |9.56 18.0 8.1 10.5 |8.8% 10.6 1., LIS Y] 1.8% 4.6 5.30 | 3.93
Wobbe Indax 161 91.8 166 138 169 143 1s 170 614 298 282 274
Fuel Plow Volume Ratio | 5.88 10.3 $.70  [6.86 }5.60 6.62 A.23 2.50 i 1.54 3.1 3.15 3.48
Mt/1baiy aroich 1600 1746 1460 1453 | 1637 1556 1641 1613 1395 1597 1415 1637
Limite of Plammabi.ity
Lover Izs 17.38 37,99 12,6 18.0 15,18 16,6 20.% 6.38 5.6 7.48 7.50 | 7.%6
Higher Ugg 66 73.06 [st.8 [60.57 [69.80 £4.95 7,17 69,97 8.8 66.7 45.89 | 72.6
ratio 3.m0 1.94 4 3,36 |4.64 3.9 3.4 10,96 6.91 8.92 6.12 | 9.60
Hy/CO (by vol) 0.414 0.074 1,375 1 1.467 |7.78 7.7% 0.545 1.198 lz.vnn 1.083 1.988 | 0.675
Table 3. Air-Blown Lurgi Gas Table S. Blue-water Gas
Component Composition (%) Volume Component Composition (%)} Voluine
! Nitrogen N, - 40.5% Nitrogen Ny - 4.5%
| Carbon Dioxide €O, = 14.5% carbon Dioxide O, - 4.5%
carbon Monoxide co - 17.0% Carbon Monoxide co - 41.0%
Hydrogen Hy = 23.00 Hydrogen Hy = 49,0%
Methane CH4 - 5.0% J Methane CHgq = 1.5%
Lower heating value 116 Btu/{c3 Lower heating value 274 Btu/ft3

‘Table 4. Air-Blown Winkler
Component Composition (V) Volume
Nitrogen Ny = 55.5%
Carbon Dioxide COp = 10.0%
Carbon Monoxide CoO =~ 22.0%
Hydrogen Hy = 12.0%
Methane CHg = 0.5%

Lower heating value 110 Btu/fe3

W S

all five gases would be set to the flow conditions
corresponding to the maximum fuel-air ratio of the
combusto: at the simulated power-point.

The gas flows would then be reduced together in
a series of 1ecrements to lower the fuel/air ratio
and thus obtain emission data as a function of fuel/
air ratio. At some point the specie with the lowest
concentration reaches a flow detection or measurement
limit. At “his point, part of the flow leaving the
mixer was diverted to the flare. By adjusting the
flow to the flare the desired range of combustion
fuel/air ratios could he obtained.

a wide
each

To ensure the complete combustion of
range of low and medium energy content gases,
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Fig. 4 Schematic of the Hydrogen Supply System

having widely ranging flow rates, the flare was equip~-
ped with a permanent natural gas fueled pilot. This
latter pilot flame was arranged to entrain the gases
to be burned before entraining the necessary air for
combustion.

EXPERIMENTAL APPARATUS

The arrangement of the rich-lean combustion sys-
tem used in the experimental evaluation has been
shown earlier in Figure 1. A photograph of the test
rig Is shown in Figure 7. The combustor (s mounted
as shown in a casing Iin a reverse flow configuration,
The forward end of the combustor is rigyidly attached
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Fig. 5 Generalized Piping Diagram

Fig. 6 Stainiess Steel Gas Mixer

to a mounting plate which bolts to one end of the rig
casing. The rear end of the combustor is supported
by a slip joint which accommodates axial movement
induced by thermal expansion of the combustor. ALl
rombustor instrumentation is routed through the com-
bustor mounting plate via removable instrumentation
ports. This allows the combustor to be removeld from
the mounting plate without removing the instrumenta-
tion. Figure 8 ghows the rich=lean combustor with
instrumentation attached. The removable instrumenta-
tion ports can be seen at the top of the combustor.

The combustor was instrumented with chromel/
alumel (Type K) thermocouples and static pressure
taps to measure: (1) liner wskin temperatures; (2)
alr temperature, pressure and pressure drop across
the primary alr swirler; and (3) combustor pressure
loss from the combustor inlet to the combustor throat.
The skin thermocouples were tack welded to the akin
in an open junction fashion and then covered with
Inconel foil which was also tack welded to the com=
bustor.
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Fig. 7 Combustor Test Rig

“ombustor

Fig. 8 Rich-Lean

The 1/16 inch diameter thermocouple leads were

strapped to the rombustor wit} Inconel foil and

loops were provided for thermal expansion. Static
pressure lines from the combustor throat were simi-

larly routed.

During operation all skin temperatures were con-
tinuously monitored to avold damage to the combustor
liner. ‘ombustor pressure drops were used to indicate
any mechanical fatlures. ™Me primary swirler air
temperature, pressurae Alid  pressure irop were also
used to calculate primary air flow.

The combustor r«ig ase was a high pressure pipe
gection made of mild steel. This was insulated on
the inside with ceramic fiber, hel place by a thin
sheet 0f stainless steel 114) .

The inlet to the casing was a six-inch diameter
stainless steel pipe positioned at right angles to
the casing. Located in this inlet section were six
static pressure taps, six exposed junction chromel/
alumel (Type K) thermocouples, and six Kiel type
total pressure probes. Each of the probes and thermo=-
couple was located at the center of a series of equal
areas. This allowed a weighted average of esach of
these measurements to be obtained. Located upstream
of the inlet was an ASME standard sharp-edged orifice
mass flow measuring device. This utilized the normal
upstream diameter tap and downstream half diameter tap
system. Air was supplied to this six=-inch diameter
orifice run by an eight-inch pipe which brought
indirectly heated high pressure facility air into the
test cell. The maximum flow, pressure, and tempera-
ture conditions were 1.59 kg/s (3.5 1lb/s), 1213 kPa
(176 psia) and 301°C (682°F) for this particular air
flow.

Ignition of the main combustor was accomplished
using a spark ignited natural gas tirch which was
mounted on the rig casing. A flame ‘r~.. this torch
entered the primary air swirler and ignited the fuel
in the primary combustion zone. The torch natural
gas flow rate was measured using a turbine-type flow
meter and torch ignition was verified by observing
the temperature at the torch exit, using a Type K
thermocouple.

At the exit of the combustor the exhaust gases
passed through a water-cooled instrumentation ring.
This ring contained emissions sampling probes which
allowed exhaust gases to be drawn from many points in
the gas flow area to obtain an average sample. Figure
9 gshows these probes in the instrumentation ring.
These gases then flowed through a heated line to an
emissions analyzer. Also in the instrum':ntation
ring were 12 exposed junction Type K thermocouples
located at the centers of equal areas in the exhaust
flow stream. These are not shown in Figure 9,

The cooling water from the inegcrumentation ring
was dumped irnto the exhaust gas flow downstream of
the emissions probes. This water served to cool the
exhaust gases before they reached the butterfly valve

Fig. y

Instrumentation Rig
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used to control back pressure and air flow through
the rig. After passing the back pressure valve, the
exhaust gases flowed through a silencer and then rose
through an exhaust stack and exited to the atmosphere.

The emissions analyzer contained equipment for
measuring unburned hydrocarbons ,carbon monoxide, car-
bon dioxide, nitrous oxides, oxygen and amoke. Un=-
burned hydrocarbons were measured continuously using
a Beckman Model 402 Flame Ionization Detector (high
temperature). Carbon monoxide and carbon dioxide
were measured by the nondispersive infrared method
using a Beckman Model 315 Dual Stacked Cell Infrared
Analyzer. Oxides of nitrogen were determined by the
chemiluminescence method using a Thermo Electron .cr=
poration Chemiluminescent Analyzer Model 10A. Oxygen
was determined by measuring an electrical current
developed by an amperometric sensor in contact with
the sample. This sensor was electrically connected
by a multi-conductor shielded cable to a Beckman
Model 742 Oxygen Analyzer. Smoke war measured Oon a
continuous basis using the Von Brand methoa. When

smoke was detected the standard ASME (ROSECO) smoke Fig. 11 Control Pa. -’
analysis system was brought on-line to provide a
detailed definition of the lovels. testing: First the rig was heated by flowing air
through with no combustion occurring in the test com-
Testing was conducted from a control room separ- bustor. The air was heated to the desired inlet
ated from the actual rig. A window allowed visual test temperature by an indirect-fired heat exchanger.
inspection of the rig during testing. A view of the Once the desired inlet test temperature was reached,
flame was provided by using a mirror inside the cell the test combustor was lighted by the means of a
to look through a window located in the back end of torch i1gnitor at low airflow and nesr ambient pres-
the test rig. This window consisted of two 2-172 sure. The airflow rate and inlet test pressure were
inch diameter quartz glass lenses. The cavity between controlled by a system of valves in the inlet plumb-
these war pressurized with nitrogen to prevent leakage ing and, a butterfly type back pressure valve down-
from the rig. Figure 10 yhows this quartz window. stream of the rig. For any one series of tests the
Pressures were observed on a combination of mechanical airflow, inlet pressure, and temperature were held
gauges and both water and mercury manometers. Temper- constant and the fuel flow rate varied. Data points
atures were monitored on both analog and digital were selected in order to allow determination of the
meters and on a CRT output from a data acquisition emission signature of the test combustor at the par-
system. Air, natural gas and liquid fuel flows were ticular operating condition and on the narticular
observed on digital panel meters and were controlled test fuel. The data consisted of basically three
entirely from within the control room. Figure 1 groups. First combustor skin, fuel and air ¢t era-
shows the cvntrol room. tures were continually monitored and then 1r1ecorded
on pranted paper tape. Second, the rig operating
Test Procedures data were recorded by hand. These data included
pressures, nressure drops, flowrates and some adda-
The following procedure was used to conduct the tional temperatures. Thira, the emissions data were

monitored on both strip chart recorders and digital
meters and recorded by hand. wWhen one series of
tests was completed then the inlet air temperature
was varied by changing the preheater setting and the
airflow pressure condition schieved by manipulating
the inlet control and backpressure valves. Shutdown
consisted of extinguishine the flame 1n the test
combustor, turning off the preheater, and cooling the
rig by continuing to flow air through 1it.

PEST RESULTS AND DISCUSSION

Emission signatures f loped rich=lean

combustor were determined range of sim-

ulated engine conditions Specifically
rombustor exhaust emission levels  NOx, 0, UNC,
anoke and CO» wero determined for each of the enagine
test points with eac! f the three fuels. ese
three fuels were treated approximately equally in

terms Oof the test hours associated with each of them.
Ammonia was added to one W the gases and certain
test points were retested, to provide a romparative

NOx emission level. was found that the generated

ammonia pressure could not be increased sufficliently

to allow yperation at the maximum power condition.



ORIGHEEL PATE 'S
OF POOR QUALITY

To obtain high asmonia pressures the cylinders con-
taining liquid ammonia were immersed in #n electri-
cally heated water bath. The pressure obtained at
120°F (the maximum safe operating tumperature of the
cylinders) was of the order of 1930 kPa (280 psia).
Although this pressure should have been sufficient
to inject and mix the ammonia into the fuel gas,
an unforsseen phenomeron occur:ed that reduced the
pressure substantially. It was found that at high
pressures ammonia reactsd with the seal materials
used in the flow measurement system, even though
these materials were recommended fur ammonia operc-
tion. At normal low pressure conditions the reaction
rates between ammonia and the polymeric seal materials
apparently are very low, however, at higii pressures
these reaction riates .. creace dramaticallv. The pro-
ducts of the reaction quickly blocked the lines and
prevented ingress of the ammonia into the gas mixer.
A need to redesign the ammonia system was thus appar-
ent. However, Lbscause of limitations imposed by the
schedule, redesign was not accomplished, and operation
at lower presmures was all that could be achieved.

Fuels

Three fuels all based on CO/H; rnixtures, were
chosen for experimental purposes and -hege are des-
cribed in detail in the Fuels and Fuel System section
above. Two of the fuels were low energy content
gages and a third was of medium energy content. The
lowest energy content gas chosen was that produced
by the combined air and steam blown Winkler gasifier.
This was a gas that had a lower heating value of
4,097,811 J/m? (110 Btusscf) making it difficult
to burn although it typified gases produced by exis-
ting technology. Integrated gas turbine and gasifi-
cation units could readily use the Winkler (simple
fluidized bed) technology wrich was one of the rea-
sons for choosing it. The integration may require,
however, a pressurized fluidized bed rather than the
true Winkler system which is atmospheric. It is
believed, howaver, that the gas compositions oroduced
would not vary significantly with pressure. The
second gas was that typically provided by an air
blown (fixed bed) Lurgli system, and had a lower
heating value of 6,183,468 J/m? (166 wtu/scf). This
system also has the potential of being integrated
with a gae turbine.

Essentially tha low energy content gases derived
from coal would have to be utilized at the source,
because the costs of tranasportation quickly exceed the
energy value delivered. Generally a supply radius
of 50 miles is considered to be the limit. Thue it
1s anticipated that low energy content gas producers
wi1ill have total 1integration with an on-iite gus
turbine. This would allow the two units to share
“waste-heat” so as to 1improve the overall cycle.
Typically this would 1irvolve using the gas turbine
exhaust waste heat (and possibly the exhaust gases
directly) to preheat the reactants entering the gas-
ifier. Additionally heat exchange between the hot
fuel gases and the compresscr discharge air prior
to gas cleaning could also aid 1in improving the
combined unit efficiency.

Medium energy content gases could be considered
transportable and, if produced, are likely to be used
at some distance from the generating source. Many
of these gases are close relatives of the low energy
content gases. The difference 18 that ovvoen 18
substituted for the air used in che gasifier, when a

medium energy content gas is desired. The majority
of medium energy content gases rely on the reaction
betweer. coal and steam to produce a mixture of hydro-
gen and carton monoxide. This reaction is endothermic
and various means of supplying the necessary energy
are utilized. we.svally oxygen (air for low energy
gases) is introduced in parallel with the steam; and
the exothermic combustion reactions that take place
offset the endotharmic reactions.

Blue-Water gas is a medium energy content gas
that is produced by the acti{ .n of steam on coal with
the energy for the reaction supplied externally. Thus
this gas can be considered as a baseline medium energy
gas in that it is not coutaminated with combustion
products.

Because of this characteristic, it was chosen
as a baseline fuel. 1In addition because of its lack
of "inerts"™ and high flame temperature it was felt
that this would be one of the more difficult fuels
in which to obtain low NOx emisgsions.

Rich-Lean Combustor Results

Sixteen test conditions each involving a minimum
of five test points (differing fuel-air ratios) were
defined to provide a series of detailed emission
signatures of the "rich-lean combustor”™, when opera-
ted on each of the three test fuels. These test
conditions are provided in Table 6 with each set of
conditions referenced to an «ngine power point. This
latter engine being a hypothetical 12:1 compression
ratio simple cycle industrial gas turbine, based on
the Solar Centaur.

The simulated Winkler gas was chosen as a typi-
cal, difficult-to-burn low energy content, coal gas
produced by combined air/steam blowing in a fluidized
bed. It vas found that this gas was difficult to
burn in a contrclled manner in the rich-lean combustor
below the inlet pressures and tamperatures associated
with 6:1 compression. Apparently the concentration
of carbon dioxide and nitrogen was sufficiently high
tify it eijnlilicantly reduced the flame speed or
reaction kinetics. Only at conditions above 690 kPa
(100 psia) (and its associated compression tempera-
ture) were the reaction rates sufficient to provide
normal stable combustion. These reduced reaction
rates created conditions sguch that the performance
(that is ytability and efficiency, not NOx emissions)
was gensitive to changes in the fuel gas composition,

Table 6. Rich-Lean Combustor Test Matrix
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eapecially to the hydrogen concentration. Increases
in hydrogen concentration caus?d increases in the
overall reaction rats, and thig, in turn, altered
the erficiency. Small changes in inlet temperature
also significantly changud stability and the combue-
tion efficlency. Thin latter esffect presumably was
produced by changes in reaction rate created by devi-
ations in the inlet temperature.

Very low NOx eaissions could be obtained with
the Winkler gas although, in practice, there would
prohably be limited ocoperational range due to exces-
sive carbon monoxide emissions. In operation the
gas turbine would nrobably have to utilize an auril-
lary fuel (such as propanc or natural gas) for igni-
tion and engine acceleration to around the 50 percent
power paint. when this latter poinu was reachad
the Winkler gas was gradually introduced to replace
the fnitial fuel. Becaumse of the above limitations,
especially the gensitivity to fuel compoaition, {t
is felt that the Winkler type gas is not a prime
fuel for gas turbine use.

In addition to the above thermochemical problems,
it waz found during testing that the high nitrogen
flow requirements of the Winxler gaa quickly exieaded
the capability of the facility to supply vaporized
nitrogen. Thia phenomenon lead in turn to failure
of the facil ty nitrogen pumpa through iiquid nitrogen

iashing in the pump houaings. Because of the numer-
ous nitrogen pump fatlures during Winkler gas testing,
only limited emission data could be obtained. Gener-
ally when the nitrogen pumpa falled, the lower heating
value of the fuel increased rapidly ceusing overheat-
ing of the combustor wallas and consequent shut-down
of the experiment.

In licht of the above, twn oparating points were
concentrated on, the idle point and the 70 percent
power point.  The emisrions aignature &t the ldle
power point ia shown in Yigure 12, and shows a charac
teriatic typical of a lean premixed carbustion syatem
with exceptionally low tUx levels. At attempt was
made to extend this signaturs to mwh higher tuel-air
ratios to ascertain the NOx emission trends. The
Tesults of this latter experiment are shown in Figure
1. NOx emissions, although higher than before,
wers atill very low and appeared to be approaching
an asymptote., The limiting fuel-air ratio was approx-
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Fig. 13

imately 0.2 (primary szone equivalence ratio 0.875)
and at this point a combination of various mechanical
integrity problems forced the experiment to be ter-
minated.

Data at the baselcad power condition could not
be asbtained ar the nitrogen flow tejnirements exceeded
the available supply. As a consequen.e, operation at
the 70 percent power point was pursued ani the resuits
are shown in Figure 14. As previously experienced,
the NOx emissions were very low although at these
higher pressure conditions, the shape of the curves
has changed. A NOx minimum is now apparent although
it is not well defined.

In all cases the carbon monoxide {CO) emimsions
were high at conditions close to the lean extinction
limit and reasonahlie at fairly high primary zone
equivalence ratios. Thase high CO amissiona would
itmit operation Of the combustor primary gone to
s sichiometric or greater, so as to provide reason-
able combustion eff clencies vver the turn-down range.
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A Lurgi gas having a lower heating value of
61,839,583 J/m3 (166 Btu/scf) was also evaluated,
and it was found that the higher hydrogen concentra-
tion and higher heating value allowed much better
control. The emissions signature of the Lurgl gas
at the idle conditinns is shown in P.gure 15. As
can be seen, exceptionally low NOx emissions and
reasonable CO emissions can be obtained. Similar
resulcs were obtained at the 50 percent power point,
70 percent power point, and 100 percent power or
baseload condition (see Pigs. 16 and 17). Since this
gas provided adequate operating range with roasonable
efficiencies and low NOx emissions, it can be coun-
sidered to be an attractive gas turbine fuel.
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{508 Power Point)
Ammonia was injected into the Lurgi gas to pro-

duce a concentration of the order of 1% v/v. Two
sets of data were obtained with asmonia (NH3) addi-
tion, one at the idle operating conditions and the
other at the 50 percent power point. These dsta are
shown in Figures 18 and 19, raspectively. The maximum
NOx levels produced are high in both cases. They
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are of the order of 50 percent of the level that
would have been produced if alil the ammonia had been
~onverted. Thus, even though these reactions took
piace in a lean mode rather than a rich-lean staged
combust{on system, only a part of the ammonia has
been converted to NOX,
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The last gas to be evalusted on the rich-lean
combustor was the Blue-Water gas, chosen because of
its potentially high NOx emission characteristic.
This particulsr gas, because o7 its high hydrogen con-
tent, provides very high combustion temperatures, and
as a consequence it was expected to producs high
thermal NOx levelr.

Because of the stoichiometric requirements of
the Blue-Watexr gax, it could be operated in a staged
combistion rich-lean mode. The emissions signature
at ti.e idle power point (Pig. 20) shows a NOx minimum
typical of rich-lean operation, however, the range
at tivr minimum point appears to be very limitsd. A
steey gradient is also present in the NOx curve as
the primary zone fuel-air ratio is moved toward the
rcoichiometric point. At the 50 percent povir point
here is a significant shift upward in the general NOx
levels (sea Fig. 21}; although the minimum point is
still evident. Under thesa conditions it is apparent
that the NOx emission goal of 75 ppm € 158 O, could
not be obtained. Similar results were obtained at
the higher pressure conditions (s=s Figs. 22 and
23). As thu inlet pressure and temperiature increase
it can be soen that the general NOx level increases.
¢ the three gades tested this is the only one that
showed significant changes in emission signature with
inlet temperature and pressure. This lack of sensi-
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tivity to inlet or operating point conditions cf the
NOx emissions for low energy content gases may be a
factor in selecting the gas or family of gases which
is to be produced from cosal.

It is expected that if the composition of th: med-
fum energy fuel gas were changed drastically through
through methanation, then significant changes in NOx
level would occur. Decreasing carbon monoxide and
hydrogen levels, and increasing methane levels should
resu’.~ in reduced NOx lecelc. To evaluate this
possit:ility a comparison betseen the Blue-Water gas
esissions and those of a methane-nitrogen mix of the
same lova: heating vaiue as made. Figure 24 shows
tie emissions produced ly a methane-nitrogen mix
having the sare lower heating value as the Rlue-Water
gts. As can be smeen, it is a totally different
characteristic from that provided in Figure 20, with
generally lower NOx levels. The fact that methanation
cf asdium energy content gases could provide lower
NO~ levels during their subsequent combustion may also
be a factor in both codl-gas tyme selection, and coal
gas processing.

It should bLe noted that ovar the range of condi-
tions tested none of the fue's produced wall ovey-
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Simularing Blue WAter Gas Lowsr Heating
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hsating problems that were severe enough to preclude
operation. Generally the maximum wall temperatures
were found in the thrcst, however, they never exceeded
90C°C (1650°F).

CONCLUSIONS AND RECOMMENDATIONS

The rich-lean combustor system developed by
Solar Turbines Incorporated during the ccurse of an
earlier program described in Reference 2 has shown
itself capable of burning a wide range of low and
medium sneryy content fuels, based on carbon monnxide
(Cv) and hydrogen (H,). Operation of this combustion
system jnvoived lean primary zone operation for the
iow enerqgy content fue'~ and a sich-lean mode for
tihe medium energy content fuel. The lean combustion
of the low enerqgy content fuels which wers a simula-
ted air-blown Winkler gas and an air~blown Lurgi gas
respectively, demonatrated that the combustor used
could produce low NOx leve .s. These emissions easily
met the goals of providing NOx levels below 75 ppm €
158 03, and were generally i{nsensitive to inlet
pressure and temperature conditions.

Ammoaia add tion to the Lurgi gas, to provide a
one percent oy vo'ume concentration, increas~2 the
NOx emissions ' ign ficantly to levels well above the
goals. The peak levels produced, however, were
approximately cne half of thosc that would have been
ohbtained had all the ammonia convarted into NOx.
Thus a significant reduction can be claimed.

Emissions of NOx during the combustion of the
medium enerqgy content fuel (a simulated Blue-Water
gas) weres above the goal except at low pressure con-
ditions. The emissions signature showed the expected
“rich-lean minimum" at rich primary zone conditions.
The slope of the curve, howevar, between stolichio~
metric and the NOx minimum fuel-air ratio was much
steepur than that encountered wiih conventional pet-~
roleum fueis. NCx emissions were expected to be
high with the Blve-Water gas fuel, because of its
high flame temperature characteristic. Thermal NOx
produced in the secondary zone proabably dominated
the entire emisgion signature. With increasing press-
ure and temperature, tlie shape of the NOx emission
curves remained essentially constant, however, their
general level increasad substantially. Insufficient
daca is available at present to <4xtract the true
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dependence of the NOX levels on inlet pressure and
temperature.

No severe mechanical integrity problems were
encov: tered with the three fuels at any of the opera-
ting conditions. Generally maximum wall temperatures
were below 900°C (1650°*F), which is adequate for the
cooling system employed.

It was found that the vary low energy content
gas (Winkler) had a 1limited controllable range in
that its stability and efficiency (not NOx) were very
sensitive to «mall changes in the hydrogen concentra-
tion, and inlet temperature. The Lurgli ge#s which
had a higher hydrogen coacentration did not suffer
from this problem. It can be postulated then on the
limited evidunce available rhat there is probably
an optimum fuel in the family of CO/H; gas mixtures
that !‘~s somewhere hetween the Winkler and the Blue-
wWater gas. This fuel would have good stability and
efficiency characteristics, but yet would have a NOx
characteristic insensitive to operating conditions
(unlike the Blue-Water gas).

Because of the high flame temperatures of the
i gh hydrocun content fuels such as the Blue-Water
gas, it may be advantageous to process the fuel fur-
ther before combustion. Typically, methanation could
increase the lower heating value and lower the stoi-
chiometric flame temperatures, zllowing lcwer NOx to
be produced.

It is recommended that au investigation be made
to determine the optimum low energy content coal-gas
fuel for gas turbine use. The results of similar
investigations should provide a guide to the develo-
pers of gasification systema. The optimum fuel (con-
sisting of CO, H,, CO; and Ny ) would have good stabil-
ity and efficiency with a NOx level below the goals
and would be ({rsensitive to operating conditions.
This could be achieved by investigating fuels with
differing CO/Hy; ratios and differ=nt levels of inev‘“s
(varying lower heating values).

Methanation of the medium energy content gases
should also be evaluated as a potential aid in pro-
viding a fuel with low NOx characteristics. An inves-
tigation into the effects of methane content on NOx
production could readily be implemented, and could,
as above, provide a guide to coal-gas producers as
to which gases to produce.
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