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CATALYIC COMBUSTION OF ACTUAL LOW AND MEUIUM HEATING VALUE GASES -~~~ -

by Daniel L. Bulzan

Natfional Aeronautics-and Space Adaintistration
Lewis Research Center .
Cleveland, Ohio

INTRODUCTION

Lewis Research Center is currently evaluating
catalytic combustion as part of the Critical Re-
search and Advance? Technology Support Project spon-
sored by the D.0.E. Office of Fossil Energy, Divi-
sion of Coal Utilization. Catalytic combustion has
been shown to be capable of high combustion effi-
ciency and low thermal NO, emissions when operated
on fuels which contain negligible amounts of fuel-
bound nitrogen (1,2). Catalytic combustion of
residual fuels has also been reported in the litera-
ture (3 to 5). Premixing and prevaporizing the re-
sidual fuels was found to be a problem and a major
drawback for their use as catalytic combustor fuels.

Because of the current interest in increasing
the use of coal as an energy source, coal-derived
fuels may become important fuel sources for sta-
tionary gas turbines. Catalytic combustion of coal-
gerived liquids was reported (6,7). High combustion
efficiencies were reported. However, conversion of
fuel-based nitrogen to NOy was also fairly high.
Conversion rates ranged from apott 50 to 100 per-
cent. Since the coal-derived liquids contained up
to 1 percent nitrogen by weight, NOx emissions
were consequently very high. Coal gasification is
an attractive method of utilizing coal without the
environmental problems usually associated with the
use of coal. Coal grsification can provide a fuel
gas which, although lower in heating value than a
conventional gaseous fuel such as natural gas, can
be relatively free of contaminants such as sulfur
and ammonia. The use of a gaseous fuel can also
simplify the fuel preparation system required for a
catalytic combustor compared to using a liquig fuel.

Catalytic combustion of simulated low- and
medium-heating-value gas has been reported in
(8,9). A 2.5-cm-diameter catalytic reactor wa
evaluated using simulated low, 4.5 tg 6.7 M)
(120 to 180 Btu/scf), and medium, 7.5 to 12 Mi/wd
(200 to 320 Btu/scf), heating-value gases at
pressures up to 4x105 Pa. Combustion efficiencies
greater than 99 percent were measured. Flashback
into the premixing zone upstream of the catalytic
reactor was reported, however, which required the
use of a flashback arrestor upstream of the cata-
lytic reactor. The present paper presents a summary
of the more important results obtained from the
experimental evaluation of two catalytic reactors
using actual coal-derived low- and medium-heating-
value gases at conditions representative of station-
ary gas turbines (10,11). NASA Lewis provided two
contractors with essentially identical test hardware
to perform the testing. A fluidized bed gasifier,
operated by Westinghouse at Walz Nill.ﬂgennsylvm:a,
was used to produce both low, 5.96 MJ/m3 (160
Btu/scf), and medium, 9.7 M)/, (260 Btu/scf),
heating value gas. A fixed-bed gasifier with a
complete product gas stream cleanup system, operated
by General Electric at Schenegtady, New York, was
used to produce low, 3.7 MJ/m° (98 Btu/scf),
heating-value gas. Testing was performed in 12 cm
inside diameter test rigs at inlet fuel-air mixture
tel?eratures from 500 to 700 K, refegence velogcities
of 10 to 30 m/s, pressures from 5x10° to 15x1
Pa, and adiabatic reaction temperatures from about
1100 to 1450 K. Temperatures, catalytic reactor and
fuel injector pressure drop, and emissions of CO,
€02, unburned hydrocarbons, NOx, and 02 were
measured.

EXPERIMENTAL DETAILS

Test Ri

A schematic drawing of the test rigs is shown
in Fig. 1. The test hardware and test rigs were
essentially identical for both contractors. Inlet
air was indirectly preheated and entered the test
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section as shown in Fig. 1. Intet atr temperatures
were measured at a plane just upstream of the. fuel
injector. The test hardware was constructed of
15.24 ca diameter stainiess steel-pipe which was
internally insulated with TI0R fiberfrax tube
insulation to provide a flow diameter of 12 cm. The
fuel injector was composed of two sections mounted
in flanges which were bolted together to form the
complete unit. One fl contained the fuel

tubes. The second contained the fuel injector base
into which diffuser passages were machined. The
fuel injector is shown in Figs. 2(a) to (d).
Schematic drawings of the fuel injector base showing
the diffuser passage arrangement and associated
dimensions are shown in Figs. 2(a) and (b). A
photograph of the fuel injector base mounted in its
flange is shown in Fig. 2(c). A photo?raph of the
fuel injector tubes mounted in their flange is shown
in Fig. 2(d). Coal-derived ~as was injected through
19, 30.5-cm-long tubes into .he center of each of
the 19 diffuser passages. For the Westi se
fluidized-bed gasifier, t.e fuel tubes had a 0.46cm
inside diameter and a we il thickness of 0.09 cm.
For the General Electric fired-bed gasifier, the
fuel tubes had a 0.77 ce-inside~diameter and a wall
thickness of 0.09 ca for the first 28 cm in length
which was reduced to a: inside diameter of 0.56 cm
and a wall thickness cf 0.036 cm for the final 2.5
cm in length. Total blockage of the fuel injector
plane was constant at 72 percent for both fuel
injectors. The fuel was mixed with air in the
20.4-cm-1ong premixing zone which contained a single
thermocouple located approximately 0.4 cm from the
wall to detect flashback or autoignition. The
catalytic reactor was composed of six, 12-cm-dia-
meter, 2.54-cm-long elements. Catalytic reactor
element descriptions are provided in tables I(a) and
(b) for the catalytic reactor used with each
gasifier. All elements contained a noble metal as
the catalyst which was applied to identical subs-
trates. tach element was separated by a 0.32 cm gap
which contained at least one thermocouple as shown
in Fig. 1. Downstream of the catalytic reactor were
four thermocouple planes and a water-cooled, fixed-
position, gas-sampling probe with a 0.37 cm inside
diameter sampling passage located at the duct
centerline. Samples flowed through heated sample
lines to continuous gas analyzers. Samples were
analyzed for CO, CO2, NOyx, unburned hydro-

carbons, and 0p. Water was injected downstream of
the reactor to quench the combustion products before
passage through a back pressure valve.

uestigihouse Fluidized-Bed Gasification Sgsten
SC ¢ drawing o estinghouse

flyidizea-bed coa) gasification system is shown in
Fig. 3. The gasifier was a single-stage, fluidiged-
bed unit which operated at a pressure of 16.5x10
Pa. It was cperated in both an oxygen-blown and an
ox,ggen- riched air-blown mode to produce fum,
9.7 MJ/w> (260 btu/scf), and low, 5.9 MJ/m’ (160
Btu/scf), heating-value gas, respectively. The
product gas cleanup system included a refractory
lined cyclone and a quench scrubber to remove most
of the particulate matter., The scrubber also
removed most of the ammcnia and cyanide compounds.
Sulfur compounds were not removed. Average product
as compositions are contained in tables I1(a) and
?b) A more complete description of the Westing-
house fluidized-bed coal gasification system can be
found in (10) and (12).

Genera} Electeic Finsd-fod Sasifi gt

fixed-bed gasification system is shown in Fig.
4(a). The gasifier was a f4 ad resctor which
operated at a pressure of 20x¥0® Pa, It wes
on,:sud 1n an air-blown mode to produce low, 3.68
N/’ (98 Btu/scf), heating-value gas. The
gasification system also iacluded & complete product
gas cleanup system. A schematic of the low-heating~
value gas cleanup system is shown in Fig. 4(b).
Average gas composition is contained in table III.
Sulfur compounds were resoved by the cleanup systﬂ
but ammonia levels were quite high because of the
final saturation stage. A more complete description
of the General Electric Gasification System can be
found in (11).

MEASURMENTS AND COMPUTATIONS

Reference Velocit, )
The reference velocity was computed from the

measured air and fuel mass flow rates, the mixture -
inlet temperature, the duct cross-sectional area,
and the test section inlet pressure. The fuel was
included because of the relatively large flow rates
necessary for the coal-derived gases.

Emission index
missions were measured as concentrations in
ppm by volume, corrected for water of combustion and
%?sveleﬁed to emission indices as described in
» .

Combustion Efficienc
Combustion e??*ciency was calculated from the

expression:

where

Eff = combustion efficiency, ¥
E.I.x = emission index of specie x, gn/kg fuel
HVx = = lower heating value of x, J/kg

Equilibrium concentrations of unburned hydro-
carbons and CO were extremely small for the test
conditions of this study and were therefore neglected
in the calculation of combustion efficiency. It was
also assumed that hydrogen would quickly react and
not contribute to combustion inefficiency.

Adiabatic Reaction T rature

& atic reaction temperature was computed
using the computer program ov (13) at the inlet
mixture temperature, pressure and carbon balance fuel
-air ratio. The fuel composition utilized was that
reported in tables II and III.

RESULTS AND DISCUSSION

Combustion F.fficienc*
stion efficiency data are presented in

Figs. 5(a) to (d), for the catalytic reactors
operated on low-heating-value gas produced from both
gasifiers and medium-heating-value gas produced from
the fluidized-bed gasifier. Combustion efficiency is
presented as a function of the adiabatic reaction
tesperature. In Fig. 5(a), combustion efficiency is
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shown for the catalytic reactor operated on the
low=heating-value gas from the General Electric
fixed-bed gasifier., Results are presented for inlet
mixture temperatures from 500 to 700 K, reference
velocities of 10 and 20 m/s, and pressures of 5x10°
and 10x10° Pa. At a reference velocity of 20 m/s,
combustion efficiency was increased at an inlet
temperature of 700 K compared to 500 or 600 K.
Little difference in combustion efficiency is shown
for inlet temperatures of 500 and 600 K. As ex-
pected, decreasing the reference velocity from 20 to
10 m/s increased combustion efficiency at an inlet
temperature of 500 K. Little effect of pressure is
shown for the catalytic reactor operated on the

of 5x10° and 10x10° Pa, At adiabatic reaction
temperatures above 1350 K, combustion efficiencies of
99.5 percent and above were measured for the test
conditions shown,

Figure 5(b) presents combustion efficiency data
obtained with the low-heating-value gas from the
Westinghouse fluidized-bed gasifier. OData are
presented at inlet temperatures from 525 to 650 K.,
As expected, combustion efficiency was generally
increased with increasing inlet tesmperatures except
for the 525 K inlet temperature data. These data
were obtained before the higher inlet temperature
data. The catalytic reactor operated on the coal-
derived gas from the Westinghouse fiuidized-bed
gasifier showed a decline in performance with
increasing run time. Inspection of the catalytic
reactor after testing revealed a coating of iron
oxide on all catalytic reactor surfaces which was
probably responsible for the performance decline.
Combustion efficiencies of 99.5 percent and above
were still obtained at adiabatic reaction tempera-
tures above 1350 K,

In Fig. 5(c), combustion efficiency data are
presented for the catalytic reactor operatead on
medium-heat ing-value gas produced from the Westing-
house fluidized-bed gasifier, At a reference
velocity of 20 m/s, data at an inlet temperature of
525 K show considerably poorer combustion efficiency
than higher inlet temperatures. Lower inlet tempera-
tures would be expected to reduce combustion effi-
ciency. However, the data at 525 K were also taken
after the higher inlet temperature data, and the
catalytic reactor degradation, previously discussed,
was probably also responsible for the decline. For
combustion efficiencies above 99.5 percent, adiabatic
reaction temperatures above 1415 K are required for
the test conditions shown in Fig. 5(c).

Combustion efficiency data for all fuels are
presented in Fig. 5(d) at a nominal inlet temperature
of 600 K, a refergnce velocigy of 20 m/s, and
pressures of 5x10° ana 10x10° Pa. Combustion
efficiency for both low-heating-value gases showed
good agreement., The fairly high water content of the
General £lectric low-heating-value gas, 33 percent,
apparently acted only as a diluent. The medium-
heating-value gas showed slightly poorer combustion
efficiency than either of the low-heating-value
gases. Since the catalytic reactor was operated on
medium-heating-value gas from the fluidized-bed
gasifier after completion of the low-neating-value
gas tests, catalytic reactor gegradation with run
time could have been the cause. Reference 9 reported
an effect of H2/CO ratio on combustion efficiency
with an increasing H2/C0 ratio increasing combustion
efficiency. For the present study, the HZ/CU ratio
was 0.57 for the medium-heating-value gas and 0.61
for the low-heating-value gas ?rom the Westinghouse
fluidized-bed gasifier and 1,11 for the low-heating-
value gas from the General Electric fixed-ped

esifier, Little effect of H2/CO ratio from 0.57 to
«1. is apparent from the results of the prassat

study.

Flashback problems were reported in (8,9),
which nacessitated the use of a flashback arrestor
upstream of the catalytic reactor. Flashback
tendency was reported in (9) to increase with
increasing inlet temperature and decreiasing reference
velocity. It was also reported to be more severe
with medium-heating-value gas than with low-heating-
value gas. In the present study, flashback was net a
significant problem. No flashback arrestor was
utilized and the most severe operating conditfon, an
inlet temperature of 725 K, a pressure of 10x10 s
Pa, and a reference velocity of 10 m/s using medium-
??ating-:alue gas, was run without any indication of

ashback.

Cu Emissions

emissions, in units of gC0/kg fuel, are
presented in Figs. 6(a) to (d) as a function of the
adiabatic reaction temperature. In Fig. 6(a), CO
emissions are presented for low-heating-value gas
produced from the General Electric fixed-bed gasi-
fier. The CO emissions generally show the expected
trends. CU emissions were decreased with increasing
inlet temperature and decreasin? reference velocity.
No effect of pressure is shown for pressures of
5x10° and 10x1Q° Pa.

Figure 6(b) presents data obtained from
low-heating-value gas produced from the Westinghouse
fluidized-bed gasifier. Little effect of inlet
temperature, reference velocity, or pressure is shown
for the range of conditions Yisted. CO emissions
decreased rapidly at adiabatic reaction temperatures
above 1300 K.

CO emissions from the medium-heating-value gas
from the Westinghouse fluidized-bed gasifier are
presented in Fig. 6(c). CO emissions were subs-
tantially increased for an inlet temperature of 525 K
which was probably caused by the lower inlet tem-
perature and catalytic reactor degradation.

Results from all gases at a nominal inlet
temperature of 60U K,_a referencg velocity of 20 m/s,
and pressures of 5x10% and 10x10° Pa are pre-
sented in Fig. 6(d). CO emissions with low-heating-
value gas from the Westinghouse fluidized-bed
gasifier were lower than the medium-heating-value gas
from the same gasifier and the low-heating-value gas
from the fixed-bed gasifier. CO emissions from the
medium-heating-value gas were higher than those from
both low-heating-value gases. No effect of pressure
is apparent. Both low-heating-value gases show
similar combustion efficiencies because the CO
contribution to combustion inefficiency was rela-
tively small,

Unburned Hydrocarbon Emissions

unburned hdyrocarbon emissions in units of
gCHq/kg fuel are presented in Figs. 7(a) to (d) as
a function of the adiabatic reaction temperature.
Figure 7(a) presents unburned hydrocarbons data
obtained with the General Electric fixed-bed gasifier
low-heating-value gas. The same trends as previously
observed for CO emissions are shown. Unburned
hydrocarbon emissions were very low at adiabatic
reaction temperatures above 135V K for all test
conditions, as shown in Fig. 7(a).

Fiqure 7(b) presents unburned hydrocarbon
emissions data obtained with low-heating-value gas
produced from the Westinghouse fluidized-bed gasi-
fier. The unburned hydrocarbon show the expected
trends with inlet temperature and reference velocity
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even though the CO emissions from this low-heating-
value gas did not.
Unburned hydrocarbon emissions from the
’rs?tmnse fluidized-bed gasifier are shown in Fig.
c

Figure 7(d) presents unburned arbon
emissions for all three gases at a nominal inlet
temperature of 600 K, _a referenceg velocity of 20 m/s,
and pressures of 5x105 and 10x105 Pa._ Unburned
hydrocarbons emissions from both low-heating-value
gases were similar and lower than those obtained with
the medium-heating-value gas.

NOx Emissions

x1des of nitrogen, (NOy) emissions, the sum
of NO + N%. are presented in Fig. 8 as an emission
index, g NOz/kg fuel, for all three coal-derived
gases. Test conditions are a nominal inlet tem-
perature of 600 K, reference velocity of JU m/s, and
pressures of 5x105 and 10x10° Pa. Wo effect of
adiabatic reaction temperature is shown. This
implies that all produced was due to conversion
of fuel-bound nit in the fuel. NOy emissions
from the fluidized- gasifier were about an order
of magnitude lower than those from the fixed-bed
gasifier. This was caused by the fairly large
ammonia content of the fixed-bed gasifier low-
heating-value gas. The ammonia content was approx-
imately 3500 ppm by volume and was due to the final
gas saturation stage in the product gas cleanup
system., Using the approximate value of 350U ppm,
conversion of ammonia in the fixed-bed low-heating-
value gas to NO, was 47 percent, Using the average
ammonia concentration from table II for the fluid-
ized-bed gasifier gave ammonia conversion rates to
NOyx of 100 percent. It should be mentioned,
however, that the ammonia concentrations were subject
to considerable variations and the average value
given is probably not very accurate.

SUMMARY OF RESULTS

This paper has summarized the more important
results for catalytic combustion of actual gasifier
produced low-msnd medium-heating-value gas. Both
low, 5.96 MJ/m® (160 Btu/scf), and medium, 9.7
MJ/m (260 Btu/scf), heating-value gas were
produced from a fluidized-bed gasifier at Walz Mill,
Pennsylvania, operated by Wwestinghouse. Low-heating
value gas, 3.65 MJ/m® (98 Btu/scf), was produced
from a fixed-bed gasifier at Schenectady, New York,
operated by General Electric. Essentially identical
test hardware and catalytic reactors were supplied by
NASA Lewis to the contractors for experimental
testing at their respective gasifier sites.

ngombustion efficiencies greater than 99 percent
were obtained for all three coal-derived gaseous
fuels, For the fluidized-bed gasifier, NOy
emission ranged from 0.2 to 0.4 g NUy/kg fuel for
both the low- and medium-heating-value gases. NO,
emissions from the fixed-bed gasifier with low-
heating-value gas were considerably higher and ranged
from about 2.0 to 4.0 g MO2/kg fuel. The increase
in NOx emissions was caused by the increased
fuel-bound nitrogen content (NH3) of the fixed-bed
gasifier low-heating-value gas, which was estimated
at 3500 ppm by volume. Flashback from the catalytic
reactor into the premixing zone upstream was not a
severe problem and only occurred a few times for each
fuel, Test conditions of inlet mixture temperatures
up to 700 X, pressures up to 10x10° Pa, and
reference velocities as low as 10 m/s were invest-
igated without flashback occurring.

4

Some catalytic reactor performance degrasation -
was apparent with the fluidized-bed gasifier produced
gas. Posttest inspaction revealed an iron oxide
coating on all catalytic reactor surfaces which was
probably responsible for the degradation. Both
catalvtic reactors were damaged during the expert-
mental testing. Cracked and melted portions of the
reactor elements were found at the conclusion of the
testing, Test conditions were rather savers for the
fairly low melting temperature catalytic reactor
substrate. The studies were not intended to demon-
strate long term durability or damage-free operation
but to perform parametric studies at combustor
conditions representative of stationary gas turbines.
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TABLE 1. = CATALYTIC REACTOR ELEMENT DESCRIPTIONS
(ELEMENTS NUMBERED FROM JALET)
(a) Westinghouse Fluidized-Bed Gasifier Catalytic Reactor, Low- and

e

. Medium-Heat ing-Value Gas
Element | Catalyst | Loadt Substrate Cell denst Open
Ke/ms"” colls/ area,

. parcent

] Pt 5.3 Corning Cordierite 46.5 63

2 Pd 5.3

3 Pd 5.3

4 Pd 3.6

5 2 Pd/1 Pt 3.6

6 2 Pd/1 Pt 3.6

(b) General Electric Fixed-Bed Gasifier Catalytic Reactor,
Low-Heating-Value Gas

Corning Cordierite

2 Pd/1 Pt 46.5 03

DN DWW e

TABLE 11 - AVERAGE GAS COMPOSITION,
WESTINGHOUSE FLUIDIZED-BED
GASIFIER

(a) Low-heating-value gas TABLE 111, - AVERAGE GAS COMPOSITION,

Component Volume, GENERAL ELECTRIC FIXED-BED GASIFIER,
percent LOW-HEATING-VALUE GAS
H 17.23
CS 28.31 Component Volume,
CHg 2.29 percent
€0y 22.13
Ny 29.59 o 14.3
Hﬁs '(11:35 ﬁ... '5'?
N . .
2 Co, 5.4
(b) Medium-heating-value gas Ny 30.9
“ﬁo 33.4
H 25.22 NH3 .35
o 44,06
CHg 4.47
Cy 25.55
N2 .50
H2S .20
3 -0‘35
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(a) Base, front view, looking downstream,
(b) Base, side view,

Figure 2. - Tuel Injector.
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(c) Base photograph, looking upstream,

Figure 2. - Continued,

(d) Tube assembly, looking upstream,
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COAL FROM CYCLONE
PREPARATION UNIT SEPARATOR
COAL LOCK HOPPER - PRODUCT GAS TO TEST RIG
QUENCH SYSTEM
COAL LOCK HOPPER() ¢\ MAKE-UP WATER FROM
LoPPER WASTE TREATMENT
OXYGEN GAS SYSTEM CONDENSATE SLURRY
RECYCLE GAS
ASHHOPPERS | L' TO WASTE TREATMENT
RECYCLE GAS
FROM QUENCH

Figure 3. - Westinghouse fluidized bed gasifier system schematic,
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() Schematic disgram of Geners! Electric fixed-ded gasifier and product gas clenup system,
®) Low-hesting vaive gas cleanup system,

Figure 4 - Geners! Electric fixed-bed gasWier snd low-hasting veive ges cleanup system schemptic,
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Figure 5, - Concluded,
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(a) General Electric fixed-bed gasifier, low-heating valve gas,
(b) Westinghouse fluidized-bed gasifier, low-heating vaive gas,

Figure 6, - CO emissions.
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Figure 6. - Concluded,
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(a) General Electric fixed-bed gasifier, low-heating
valve gas.

{b) Westinghouse fluidized-bed gasifier, low-
heating vaive gas,

Figure 7, - Unburned hydrocarbon emissions,
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(c) Westinghouse fiuidized-bed gasifier, medium-

heating vaive gas,

(d) All gases; reference velocity, 20 m/s,
Figure 7. - Concluded,
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Figure 8. - NO, emissions; all gases; reference
velocity, 20 m/s,
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