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SUMMAR'Y

The work described in this report is part of the DOE/NASA LeRC Critical
Research and Advanced Technology Support Project. The Low- and
Medium-Heating-Value Coal Gas Catalytic Combustor Characterization is a
two-contract effort, with funding provided by the Department of Energy and
technical program management provided by NASA LeRC. Successful catalytic
coambustor operation was obtained with both low- and medium-heating-value
gasifier-produced coal gas. The DOE/Westinghouse gasifier was operated with
Indiana #7 coal and operated in both an enriched-air and oxygen-blown mode to
produce both low- and medium-he. ¢ i:.g-value gas.

Data obtained from a distillate fuel, ERBS, were similar to that reported by
previous investigators(]’2’3). At an inlet air temperature of 600 K,
pressures of 5 x 105 Pa and 10 x 105 Pa, and reference velocities of 10
and 20 m/s, combustion efficiencies greater than 99.5% were obtained.

Efficient operation of the catalyst was obtained with low-heating-value
coal-derived gas. Combustor efficiencies of 99.5% and above were measured.
Axial temperature rise through the ~atalyst was much more rapid than for
liquid fuel, with 70 to 80% of the catalyst temperature rise occurring across
the first catalyst element.

T~ends observed include increased combustion efficiency at increasing inlet
temperatures and decreasing reference velocity or pressure. Flashback/
autoignition occurred only twice for low-heating-value testc. C(atalyst
performance degraded with test time. After testing the catalytic reactor on
low-heating-value gas, a coating of iron and nickel orides was present on the
catalytic reactor surfaces. This coating was probably responsible for the
performance degradation with test time. Some evidence exists to suggest that
iron and nickel carbonyls, formed ecither in the gasifier or carbon steel

combustor supply pipeline, are oxidized and deposited in the catalytic reactor.

Efficient operation was also obtained with medium-heating-value gas.

combustion efficiencies of 99.5% and above were obtained with medium-heating
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value gas. A degradation in catalyst performance was again observed with
increasing run time. A few flashbacks were observed, but none at inlet
temperatures above 700 K (800°F). Trends observed for medium-heating-value
tests were similar to those previously obtained during low-heating-value
tests. An inspection of the test rig after the medium-heating-value tests
revealed some locai overheating had occurred in the first three catalytic
elements, indicating a non-uniform fuel-air distribution. Six of the nineteen
fuel injector tubes were significantly plugged with a solid material, which
probably caused the non-uniform fuel-air distribution.

NOx results obtained from burning ERBS, a petroleum-derived liquid fuel,
were quite typical of those achieved by previous investigators (1, 2, 3).
Measured NOx was generally less than 2 ppmv, corrected to 15% oxygen. Both
Tow- and medium-heating-value coal-gas-fired tests produced NO, levels
ranging from 10 to 19 ppmv at 15% 02. A slight upward trend of NOx with
increased equivalince ratio was observed for medium-heating-value gas. This
observacion may oe due to thermal NOx production as a result of localized
hot spots from fuel-air non-uniformities. The 14 ppmv baseline NOX readings
probably result from conversion of trace levels of ammonia and cyanide
compounds in the product gas to NO,. In addition, as much as 1 tc 2 ppm

NO could be the result of gasifier-produced NOX.

The loss of catalyst reactivity previously discussed above is not
quantitative. If no damage had occurred during medium-heating-value tests, a
retest of the liquid fuel test matrix would be very interesting. It is
recommended that subsequent coal gas catalytic testing include a rerun of the
baseline liquid fuel to provide a more quantative measure of catalytic reactor

degradation.



1.0 INTRODUCTION

This report contains the results of Westinghouse Synthetic Fuels Division work
performed for NASA LeRC on the Low- and Medium-Heating-Value Coal Gas Catalytic
Combustor Characterization Program, contract DEN3-277.

The program objective was to demonstrate catalytic combustion with both low- and
medium-heating-value coal gases obtained from an operating gasifier. The goal
was to determine a practical operating range for efficient operation and also to
identify potential problem areas for consideration during future stationary gas
turbine engine design. NASA provided the test rig consisting of fuel injectors,
a fuel-air premixing section, a catalytic reactor with thermocouple
instrumentation and a single-point, water-cooled sample probe. The test rig
included inlet and outlet transition pieces and was designed for installation
into an existing test loop at the Westinghouse facility in Madison,
Pennsylvania. Westinghouse integrated the test section into the operating loop
and the DOE/Westinghouse 25-tcon-per-day fluidized bed gasifier.

5 and 10 x 105 Pa,
combustor exit temperatures up to 1480 K (2200°F), inlet temperatures from 530
to 720 K, and reference velocities from 10 to 20 m/s. Baseline tests were
performed using petroleum-derived ERBS uistillate fuel. A comparison was made
of the data generated from the low- and medium-heating-value gas tests and then

The catalytic combustor was tested at pressures of 5 x 10

evaluated against the liquid reference fuel results. Temperatures, catalytic
reactor pressure drop, and emissions of NOX, Co, COZ’ unburned hydrocarbons,
and 0, were measured to evaluate catalytic combustor performance.

(@8]



2.0 TEST RIG

The test rig utilized in this program consisted of a NASA-supplied catalytic
combustor test section and the Westinghouse air distribution/straightening
inlet and quench/pressure control exhaust sections. A test rig schematic is
shown in Figure 2-1. Pressure boundary is formed by flanged sections of 22-cm
(8-inch) and 17-cm (6-inch), Schedule 40, 304 stainless steel pipe. The rig
was designed to ANSI B31.3 for a 998 K (1000°F) skin temperature at 21.7 x

10 Pa (315 psia). The rig was oriented horizontally and extended a

distance of 5.03 m (16.5 feet). The length of the NASA-supplied test section
was 2.03 m (6.7 feet). Rig pressurs was controlled by a rear-mounted
reduced-port butterfly valve. Test rig instrumentation is summarized in Table
2-1.

The inlet section consists of the valve and piping arrangements that direct
preheated non-vitiated combustion air to the flanged tee. The inlet tee
houses sheetmetal components, consisting of a 25-cm (10-inch) long tube bundle
in a 13-cm (5-inch) flow duct which distribute and subsequently straighten the
air flow. Figure 2-2 details the inlet tee internals. A NASA-LeRC-supplied
reducer section, 73 cm (28.75 inches) long, accomplishes the transition
between tne 22-cm (8-inch) inlet tee to the 17-cm (6-inch) combustion

section. The reducer section contains a 12.1-cm (4.75-inch) inside diameter
stainless steel liner backed by Fiberfrax tube insulation. Ffiberfrax
insulation properties are given in Table 2-2. No attempt was made to smooth
the transition between the 13-cm (5-inch) tee internals and the 12.1-cm
(4.75-inch) reducer internal inside diameter, The nominal combustor section
inside diameter is 12.1 cm (4.75-inches) throughout.

The NASA-LeRC-cupplied combustor section consists of four subsections. These
include an inlet instrumentation, a fuel injection/premixing, a catalytic
reactor and an exit instrumentation section.

The inlet instrumentation section is a 15.2-cm (6-inch) long spool piece which
houses a stainless steel liner backed by Fiberfrax tube insulation. This



section contains the inlet air temperature thermocouples and a static pressure
tap upstream of the fuel injector. Figure 2-3 details the instrumentation of
this section.

The fuel injector consisted of two separate components, a flange-mounted fuel
injector base and a second flange which contained the fuel injection tubes. A
schematic diagram of the fuel injector base is shown in Figure 2-4. The fuel
injector base contained nineteen diffuser passages, each with a half angle of
7.5 degrees. Fuel was injected into the center of each passage approximately
0.3 cm (0.12 inch) downstream of the inlet to provide good atomization of the
liquid fue! and good mixing of both the liquid and gaseous fuels. Fuel was
injected 21 cm (8.25 inches) upstream of the catalytic reactor. A liquid fuel
injector tube is detailed in Figure 2-5. A gaseous injector tube is shown in
Figure 2-6. Liquid fuel supply to the nineteen 0.5-mm (0.020-inch) inside
diameter tubes was via a 19-mm {0.75-inch) fuel manifold ring. Low- and
medium-heating-value gas was supplied to the 4.6-mm (0.18-inch) inside
diameter tubes via a 51-mm (2-inch) fuel manifold ring.

Premixing and vaporization of liquid fuel droplets occurs in the premixing
section spool piece, immediately upstream of the catalyst. This spool piece
also contains a 12.1-cm (4.75-inch) inside diameter stainless steel liner
backed by Fiberfrax tube insulation to minimize heat losses. As previously
mentioned, total premixing length is 21 cm (8.25 inches). This section
also contains a flashback/autoignition thermocouple inserted ~3.2 mm

(~0.125 inch) into the gas stream and the catalyst inlet pressure tap.
Figure 2-7 details the premixing zone instrumentation.

The catalytic reactor section consists of a 25-cm (9.8-inch) long spool piece
(see Figure 2-1) with a 12.1-cm (4.75-inch) inside diameter Hastelloy X

liner. The liner is surrounded by a 15.2-cm (6.0-inch) outside ciameter
insulation tube. Six 2.54-cm (1-inch) long, 11.8-cm (4.65-inch) outside
diameter catalyst elements are slid into the metal liner. Each of the 2.5-cm
(1-inch) thick elements are serarated by a 3.2-mm (0.125-inch) outside
diameter, chromel alumel thermocouple located at the centerline. The
six-element catalyst assembly is supported by an array of twelve thermocouples



at the exit of the last element. A description of each catalyst element is
provided in Table 2-3. The overall length of the reactor is 16.8 cm
(6.6 inches).

Catalytic reactc~ thermcouple instrumentation ic presented in Figures 2-8
through 2-10. Figure 2-8 shows the thermocouple orientation for measuring
exit temperatures from elements 1 through 5. Figure 2-9 is a sketch of the
exit thermocouple for element 6. This thermocouple array also served to
support the reactor. For the final test series (medium-heating-value coal
gas), two additional thermcouples were installed in the exit plane of elements
2 and 4. Figure 2-10 provides the details of the modified instrumentation.

The exit instrumentation spool piece is a23-cm (a 9 inches) long and

houses the same liner and insulation previously described for the reactor
section. The exit spool piece contains four instrumentation planes, which are
described in Figures 2-11 and 2-12. Exit planes 1, 2 and 3 contain a
centerline chromel alumel thermocouple. Exit plane 1 also is the location of
the reactor outlet static pressure tap. Exit instrumentation planes 1, 2 and
3 are 7.1 cm (2.8 inches), 11.9 cm (4.7 inches) and 17.0 c¢cm (6.7 inches),
respectively, downstream of the reactor outlet. Finally, exit plane 4 is 22.1
cm (8.7 inches) downstream and is describea in Figure 2-12. Plane 4 contained
eleven thermocouples along with the centerline-mounted 0.95-cm (0.375-1inch)
outside diameter water-cooled gas sample probe. The gas sample probe is
described in Figure 2-13.

A NASA-supplied, 37.6-cm (14.8-inch) long, reducer spool piece accomplishes
the transition from the 17-cm (6-inch) combustion section pipe to the 22-cm
(8-inch) quench/pressure control exhaust section. The high-pressure portion
of the exhaust section contains sheetmetal and ceramic* parts. The section is
ceramic lined for approximately 33 cm (13 inches) at a 12.7-cm (5-inch) inside
diameter. Immediately following the ceramic liner, a nominal 0.68 kg/sec (1.5
1bs/sec) of dilution air is admitted to the reactor combustion products
through sixteen 2.54-cm (1-inch) holes. High-pressure water is then injected

*High-alumina, phosphate-bonded ramming mixture.
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to further cool the air stream to about 700 K (800°F) due to backpressure
valve teriperature limitations. The high-pressure water injection point is
approximately 120 cm (47 inches) downstream of the catalytic reactor outlet.

The quenched combustion products flow through two 90-degree elbows to the
reduced-port butterfly backpressure valve. Figure 2-14 s a schematic of a
portion of the quench/pressure control section showing the rear-mounted
viewport used to observe catalyst operation,

Following pressure control, hot gases are again water quenched before release
to the atmosphere through a wmuffle chamber/stack that is an integral part of
the laboratory building rear-wall structure.
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TABLE 2-1
LOW- AND MEDIUM-HEATING-VALUE COAL GAS CATALYTIC COMBUSTOR CHARACTERIZATION INSTRUMENTATION

Tag Name Units Log Uescription Range Jag Name Units Log Description
T1-300 OEGF Compressed Air Temp 0-1200 TR-309-21 DEGF 'St Skin Temperature
T1-301 DEGF Combustor Exit Temp 0-2500 TR-309-22  DEGF Fuel Injector Temp
11-302 DEGF Muffler House Temp 0-1200 TR-309-23  OEGF Fuel Injector Tewp
T1-305 DEGF Backpressure Valve Temp 0-1200 TR-309-24 DEGF Cilution Air Temp

T1-306 76 Rich durner Inlet Temp 0-1200 POT-321 "N20 Comp Air to Trans Mixer
11-315% DEGF Pyridine Temperature 0-600 PDT-322 *H20 Cooling Air Flow
T1-316A CEGF §#2 Fuel Temperature 0-600 F1-315 GPH Pyridine Flow

T1-3168 DEGF #6 Fuel Temperature 0-600 FT-316A GPM #2 Fuel Flow

T1-316C DEGF Fuel C Temperature 0-600 FT-3168 GPM #6 Fuel Flow

71-32) DEGF Comp Air T, tc Trans Mix 0-1200 FT1-316C GPM vuel C Flow

T1-322 DEGF Cooling Air Temperature 0-1200 FT-319 GPM Secondary Fuel Flow
TR-308-1 DEGF Premix Zone Temp i/4 In 0-2500 PT-300 PSIG Compressed Air Pressure
TR-308-2 DEGF Cat Plane 1 Temp C.L. 0-2500 PT-303A PSIG Hi-Press Air to Pri Fuel
TR-308-3 DEGF Cat Plane 2 Temp C.L. 0-2500 PT-304 PSIG Passage Pressure
TR-308-4 DEGF Cat Plane 3 Temp C.L. 0-2500 PT-307 PSlG Fuel Manifold Pressyre
TR-308-5 LSGF Cat Plane & Temp C.L. 0-2500 PT-310 PSIG Passage Iniet Pressure
TR-308-6 DEGF Cat Plana 5 Temp C.L. 0-2500 PT-3168 PSIG #6 Fuel Feed Pressure
TR=-308-7 DEGF Cat Outlet 12, 1-3/4 In 0-2500 POT-300 *H20 Comp Air Flow to Rich Bn
TR-308-8 DEGF Cat Outlet 1, 3/4 In 0-2500 PT-3038 PSIG Hi-Pres Air to Sec Fuel
TR-308-9 DEGF Cat Outlet 2, 1/4 In 0-2500 P7-315 PSIG Pyridine Feec Pressure
TR-308-10 DEwF Cat Outlet 3, 1-3/4 In 0-2500 PT-316A PS1G #2 Fuel Feed Pressure
TR-308-11 DEGF Cat Outlet 4, 3/4 In 0-2500 PT-316C PSIG Fuel C Feed Pressure
TR-308-12  DEGF Cat Outlet 5, 1/4 In 0-2500 PT-319 PS1G Orimary Fuel Inject Pres
TR-308-13  DEGF Cat Outlet 6, 1-3/4 In 0-2500 27-328 PS1G Catalytic Reactor [alet
TR-308-14  DEGF Cat Outlet 7, 3/4 In 0-2500 PT-329 PS16 Transition Mixer Outlet
TR-308-1%  DEGF Cat Outlet 8, 1/4 In 0-2509 PDT-303A *H20 Hi-P Air to Pri Fuel Inj
TR-30B-16  DEGF Cat Outlet 9, 1-3/4 In 0-2500 POT-3038 “H20 Hi-P Air to Pri Fuel Inj
TR-308-17  DEGF Cat Outlet 10, 3/4 In 0-2500 BE-332 yoL T IR Flame Detector (RB)
TR-308-18  DEGF Cat Outlet 11, 1/4 In 0-2500 ¢ 3N VoLt Uy Flame Detector
‘R-308-19  DEGF Cat Exit Plane 1 C.L. 0-2500 PL, A0 PS1D Reactor & Injector DP
TR-308-20  DEGF Reactor Outlet iain Temp 0-2500 P1-%6 PS'G PDU Gas Pressure
TR-308-21  DEGF Inlet Air Temp 1-3/4 In 0-2500 PpT-56 "H20 PDU Gas Flow DP (M}
TR-308-22 DEGF Inlet Air Temp 1-3/4 |n 0-2500 PCY-S7 *H20 PDU Gas flow Low
TR-308-23  DEGF inlet Afr Temp 1.3/4 [n -2500 POT-34) PSID Catalytic Reactor OP
TR-308-24  DEGF Inlet Air Temp 1-.3/4 In 0-2500 PT-54 PSIG NH3 Loop Pressure
TR-309-1 DEGF Cat Ex1t Plane 2 C.L. 0-2500 PDT-54 *H20 NH3 Loop Flow

TR-1309-2 DEGF Cat Exit Plane 3 C.L. 0-2500 CO-B-R PCNT Gas Analysis

T®-309-3 DEGF Extt 12, 1-3/4 [n 0-2500 C02-B-R PCNT Gas Analysts

TR-309-4 DEGF Exrt 1, 3/4 In 0-2500 H20-8-R PCNT Gas Analysis

T -3U9-5 0EGF Exit 2, /4 In 0-2500 02-8-R PLNT Gas Analysis

TR-309-6 DEGF Exit 3, 1-3/4 In 0-2500 UHC-B-R PCNT Gas Analysas

1R-309-7 DEGF Ex't &4, 3/4 |n 0-2500 NUX-D-R PONT Gas Analysis

TR-309-8 OEGF Eait S, 1/4 [n 0-2500 NO-B-R PCNT Gas Analysts

T®-309-9 DEGF txit 6, 1-3/4 In 0-2500 CO-PLNT PONT using (O3 Cell on GA
TR-309-10  DEGF Exyt 7, 3/4 in 0-2500 EYENT OMUF tvent Flag

TK-309-11 DEGH Ex1t €, 1/4 In 0-250 NO-B (] UiB#2/Gas Analysis (NO)
TR-309-12 DEGF txit 9, 1-3/4 In 0-".,00 NOX -8 (4] DIB#Z bas Analysis (NOX)
TW-309-1)  DEGF Ex1t 10, 3/4 In 0- 500 NOX-D (da) O1B07/0ay Analysis (NUX)
"H.309-14  DEGF Cat Plane 2, 1-3/4 Inch 0-2500 Q2-¢ PUNT Olo#l/oes Analysas (U)
T«-309-15  UEGF Cat Plane ¢, 1-3/4 Inch U-25wW UHL-B (] UiBRisbas Analysts (UNC!
TR-309-16  DEGF (a4t Plane &4, 1-3/4 [nch 0-250 -20-B ] L1683/ Gas Analysrs (nlU)
TR-309-17  DEULF Cat Plane 4, 1-3/4 [nch 0-2500 Cu-8 PP UiBRI ey Aralysts (LU}
THa3U9-18 DEGF Rig Gutlet Gas Temp 0-2500 Cud-8 PuNT DiB#l oay Analysts (LUZ)
T™W-309-19  DEGF K1g Outlet Gas Temp 0-2500

Tk-309-20 OtOF Rig Outlet Gas Temp 0-2500
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TABLE 2-2

FIBERFRAX-LAMINATED TUBE
(TYPICAL PHYSICAL PROPERTIES)

Basic Composition Alumina-Silica

Temperature Limit (Continuous) 1530 K (2300°F)

Melting Point 2060 K {3260°F)

Density 800 kg/m3 (50 1b/ftd)
TABLE 2-3

LOW- AND MEDIUM-HEATING-VALUE COAL GAS
CATALYTIC REACTOR ELEMENTS

Element* Catalyst Loading Substrate
(kg/m®)
1 Pt 5.3 Corring **

Cordierite

2 Pd 5.3 "
3 Pd 5.3 "
4 Pd 3.6 !
5 2P4/Pt 3.6 "
6 JPd/pPt 3.6 !

*Floments are numbered from iniet.

**Suhstrate has 63% open arex with a cell density of 46.5/cm/ (300/in2).
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3.0 TEST FACILITY

A11 test facilities used to complete the requirements of this program are
located at the Westinghouse Synthetic Fuels Division, Madison, Pennsylvania.
The test rig, previously described in Section 2, was instilled in the Test and
Development Center (TDC). Coal gas was produced by the Westinghouse/
Department of Energy Process Development Unit (PDU).

A schematic drawing of the PDU is shown in Figure 3-1. Components shown are
for the single-stage gasification process utilized during catalytic combustion
tests. Only a brief description and operation summary is provided. A
complete description of the POU is given in Reference 4, The PDU is a
pressurized, fluidized bed gasifier,

Pulverized, dried coal is pneumatically fed into the gasifier through
Tockhoppers and rotary feeders. Recycled product gas is used to transport the
feed coal as well as recycled char fines from two downstream cyclones into the
gasifier. Untreated coal is injected into the gasifier along its centerline.

Combustion occurs when oxygen, fed through a central feed tube, combines with
the coal. Steam, fed with oxygen in other parts of ihe gasifier, reacts with
coal and char to form hydrogen and carbon monoxide. As the bed of char
recirculates, carbon in the char is consumed by combustion and gasification,
leaving particles rich in ash. The ash particles contain mineral compounds
that melt between 810 K (1000°F) and 1370 K (2000°F). The liquid in the char
extrudes through pores to the surface and sticks to other liquid droplets on
adjacent char particles. The ash agglomerates that form are larger and more
dense than the char and coal in the bed. Agglomerates settle from the
fluidized bed and are continuously removed by a rotary feeder to lockhoppers.
Recycled product gas partially fluidizes and cools the ash as it is withdrawn.

Raw product gas containing methane, hydrogen, carbon monoxide, carbon dioxide
and gaseous impurities exits the reactor at 1260 K (+1800°F). Refractory-

lined cyclones remove char particles for reinjection into the gasifier. The
gas is then quenched and cooled in a water scrubber to remove remaining
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particulate matter. The scrubber also removes all but a few ppm of the
ammonia and cyanide compounds contained in the product gas. Sulfur compounds
in the product gas are not removed by the scrubber. A portion of the product
gas flow enters a carbon steel pipeline to the TDC combustion rig. Operating
conditions for each gasifier set point are summarized in Table 3-1. Coal
feedstock for both set points was Indiana #7. Analysis for Indiana #7 is
given in Table 3-2.

The TOC was the site of combustion testing. This combustion laboratory has
numerous common facilities available for tests on four operating test
passages. Figure 3-2 is a photograph of the installed test rig for catalytic
combustion of low- and medium-heating-value coal gas.

Figure 3-3 is a simplified schematic of the TDC. Combustion and dilution air
was supplied by a five-stage centrifugal compressor driven by a 2000-hp
electric motor. The compressor is rated at 23.4 «x 105 Pa (7.5 1bs/s at

340 psia). Maximum air flow to the test rig for this program was only

4.75 1bs/s. Air from the compressor discharge was then heated with a
natural-gas-fired, non-vitiating heat exchanger to inlet temperatures ranging
from 560 K to 780 K (550°F to 950°F). Combustion air flow is metered with an
ASME venturi tube prior to flow control. Dilution air* flow (typically

1.5 1bs/s) is metered with an ASME orifice meter prior to flow control. Both
air flow rates are temperature and pressure compensated.

Baseline characterization tests were performed using a petroleum distillate,
ERBS, fuel stored in a 38,000-1iter (10,000-gallon) underground tank.
Following transfer to a 1900-liter (500-gallon) run tank, fuel is delivered to
the test rig with a 5-hp screw-type pump. The combustor fuel flow is passed
through a 3-micron nominal filter and a positive displacement meter prior to
flow control.

*Dilution air required for rig cooling in the quench/pressure control exhaust
section (see Figure 2-1).
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Coal-derived gaseous fuel characterization of the catalyst used gasifier
product gas following particulate scrubbing. The gas pipeline connecting the
PDU to the TDC combustion facility is an underground 90-m (300-foot) long,
Schedule 80, 15-cm (6-inch) carbon steel pipe. Metering of the gas flow is
via a temperature- and pressure-compensated ASME orifice meter prior to flow
control.

The gas analysis system consists of the instruments listed in Table 3-3.
Continuous gas samples were routed to the gas analysis instruments through a
0.64-cm outside diameter (0.25-inch) stainless steel sample line which was
heated to a temperature of 470 K.

The gas analysis system includes continuous recording of all parameters.
Sample flow to any instrument can be interrupted for on-line calibration
checks. General operating practices include calibraton prior to and following
each test period. All data recorded were also fed to the data acquisition
system described below.

A secondary system utilized during this program includes the cooling water
system. Cooling water was utilized by the process air compressor. The closed
system consists of three centrifugal pumps and two fan-driven cooling towers.
High-pressure water was injected prior to the backpressure control valve (see
Figure 2-14) in order to 1imit the valve temperature to 760 K (900°F). A
second water quench was used to further cool the rig exhaust following
pressure reduction. The city water supply was used to reduce the temperature
to 480 K (400°F). Finally, quenched exhaust gas enters the multiple baffle
muffler chamber with accompanying stack.

Primary data acquisition for this program was by way of a Digital POP-II
computer. The operating system provided real-time data acquisition with
time-sharing capability. A schematic of the system is shown in Figure 3-4.

In the data acquisition mode, approximately 110 analog and digital signals
were periodically scanned by the multi-speed SCAN routine. The typical scan



rate utilized was once every 10 s. SCAN also performed apprc ‘imateiy 25
simple calculations of flow rate, multi-point averages and determination of
both maximum and minimum values from a group of points.

In the time-sharing mode, the PDP-11 perforined on-line calculations, including
combustor reference velocity, theoretical flame temperature, fuel-to-air
ratios and others, totaiing approximately 25 separate calculations. A more
complicated on-line calculation is that of fuel flow. The PDU FLO program
performs this task accerding to the requirements of ASME Fluid Meters, 6th
ed., 1971, using input coal gas composition. This is necessary since the
equations are dependent on density and viscosity, which are composition
dependent.

A1l data channels, from instruments or calculated, were periodically written,
unformatted, on magnetic tapes for future reference The PLAYBACK program
provided post-test analysis (historical trend and graphic trend) of these
tapes. Finally, large-scale report data generation is handled by the program
CGREDU. CGREDU is capable of an unlimited number of calculations, with up to
50 variables, using input from magnetic tape.



TABLE 3-1
PDU OPERATING SUMMARY

Test Dates

Operating Parameters
7/17/81

Coal Feed Rate, 1b/hr (kg/hr) 1406 (640)
Oxygen/Coal Ratio, MAF(1) 0.95
Steam/Coal Ratio, MAF(1) 0.35
Recycle Gas/Coal Ratio, MAF(1) 2.42
System Pressure, psia (Pa) 245 (15.9 x 109)
Freeboard Temperature, °F (K) 1784 (1247)
LHV, Btu/scf (MJ/m3 @ STP) 159 (5.9)
Average Gas Composition, volume %

(dry)

co 28.31

Ha 17.23

CHg 2.29

COy 22.13

N, 29.59

H25 0.14
Gas Make/Coal Ratio, scf/1b 34, 5 (2.17)
(m3 @ STP/kg)
Net Gas Rate, 1b/hr (kg/hr) 5,04 (2590)
Ash Rate, lo/hr (kg/hr) 80 (36)

[ }M

Af - Based on Moisture and Ash Free (o3l

7/31/81-8/1/81
1613 (730)
1.03

0.35

1.89

245 (15.9 x 109)
1794 (1252)

252 (9.4)

44.06
25.22
4.47
25.55
0.50
0.20

33.41 (2.09)

5716 (2590)
111 (50)



TABLE 3-2

COAL FEEDSTOCK ANALYSIS - INDIANA #7

Proximate, Wt¥%
(as rec'd)

Volatile Matter 29.97

Fixed Carbon 49.19
Moisture 10.60
Ash* 10.24

*Ash contains 59% 5102,

Ultimate, Wt¥X Ultimate, WtX

(as rec'd) Dry Basis
Carbon 64.03 71.62
Hydrogen 5.49 4.81
Oxygen 18.04 9.66
Nitrogen 1.54 1.72
Sulfur 0.66 0.74
24% A1203, 6% Fe203 and 2% KZO'
TABLE 3-3

TOC EMISSIONS MONITORING EQUIPMENT

Analzzer
NO/NO,
co

Hydrocarbons

Method
Chemiluminescence
Infrared
Infrared
Infrared
Magnetic Susceptibility

Flame lonization
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4.0 FUEL CHARACTERISTICS

ERBS, a petroleum distillate fuel, was used to initially characterize the rig
and catalytic combustor. Fuel properties are provided in Table 4-1 and
Figures 4-1 and 4-5. Figure 4-5 is a plot of adiabatic flame temperature vs
equivalence ratio.

Gaseous fuels used in this program were obtained from the DOE/Westinghouse
gasifier (PDU) at the Synthetic Fuels Division, Waltz Mill Site, Madison,
Pennsylvania. A low-heating-value gas was produced while the gasifier
operated in an oxygen-enriched air-blown mode. Medium-heating-value gas was
produced by an oxygen-blown operation.

Average gas compositions are provided in Table 3-1. Significant variations in
gas composition occurred during test operations due to gasifier system upsets
(loss of 0, system). Tables 4-2 and 4-3 contain more comprehensive gas
composition data obtained from gas chromatographs at the PDU. Figures 4-2,
4-3 and 4-4 present the carbon monoxide concentration as a function of
gasifier operating time. Similar curves could be made for each gas

component. Note that during the major gasifier upset between 1530 and 1730 on
July 17, 1981, no combustor data were taken. The relationship between flame
temperature and equivalence ratio is defined for various inlet temperatures in
Figures 4-6 and 4-7 for both the low- and medium-heating-value coal gas using
the average values of gas composition from Table 3-1.

Periodic analysis of some trace components (nitrogen compounds) were also made
during gasifier operation. Results of these analyses are summarized in Tables
4-2 and 4-3. Generally, nitrogen compounds are present in low concentrations
in the PDU-produced fuel gas. As a result of sampling and measurement
techniques currently being developed, data obtained on NOx and cyanide
compounds are quite limited and must be considered preliminary. A
chemiluminescence meter was used to determine the NO, concentration in a

grab sample of product gas. Both ammonia and cyanide compound levels are
determined with a distilled-water scrubber and an ion-specific electrode.
Limited experience with cyanide compound measurements indicates that maximum

values given for cyanide compounds and ammonia do not occur simuitaneously.
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TABLE 4-1
PETROLEUM DISTILLATE FUEL CHARACTERISTICS

Analysis/Test Method Result
Composition
Carbon, wt.% 87.39
Hyrdogen, wt.% 12.55
Oxygen, wt.% <0.5
Sulfur, wt.% 0.09
Nitrogen, wt.% Kje]dahl(z) 0.008
Hydrocarbon Compositional
Analysis GC/MS
Proton Type, % of Total NMR
Aromatic 10
Olefinic 10.5
Saturates 79.5
Water, vol.% ASTM D1796 None
Sediment, vol.% ASTM D1796 Trace
Halogens, ppm Combustion
C1, Br, 1 (as C1) Titration <4
F Ion Electrode <0.2
Volatility ASTM D2887 See Figure 4-1
Distillation Range (Gas Chromatographic)
Initial B.P., °C 124
10%, °C 180
50%, °C 224
Final B.P., °C 400
Specific Gravity, AP1 at 15.6°C ASTM D1298 38.2
Fluidity
Pour roint, °C (°F) 37.8°C ASTM D97 -45.6 (-50)
Viscosity Kinematic @ 37°C ASTM D445
(100°F), Centistokes 1.87
Combustion ASTM D240
Net Heat, Btu/1b 18,343
Net Heat, cal/g 10,826
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Analysis/Test

Trace Metals
v
Ni
Na
K
Mg
Ca
Pb
Cu
Fe
Si
n
Ba
Mn
Mo
Ti

TABLE 4-1 (Continued)

Method
Emission

Spectrographic
Accuracy +50%
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Component
co

Ho
CH,
co,
N

HZS

NO, *

CN >
NH o*

Component
co

Ha
CH,
co,

N,

HZS
NO *
X
CN *

NH3*

TABLE 4-2

POU PRODUCT GAS COMPOSITIONS
LOW-HEATING-VALUE TEST

VOLUME %X
Mean
Value Variance
28.31 2.82
17.23 2.27
2.29 0.16
22.13 0.92
29.59 1.53
0.14 0.0005
10 ppm -
70-200 ppm -—
20-250 ppm -—-
TABLE 4-3

PDU PRODUCT GAS COMPOSITIONS
MEDTUM-HEATING-VALUE TEST

VOLUME %
Hean
Value Variance
44,06 0.62
25.22 1.51
4.47 0.18
25.55 3.50
0.50 0.0008
0.20 0.0002
2-15 ppin S
140-420 ppm S
23-260 ppm -

Standard

Deviation

1.73
1.55
0.41
0.99
1.27
0.023

Standard

0.79
1.24
0.43
1.89
0.028

0.016

*Values presented based on limited date including subsequent gasifier
operation; subject to change.
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5.0 COMBUSTION TEST RESULTS

In this section, test operations and data summaries are presented for each
test to enable interpretation of data. Test operations were initiated with
liquid fuel characterization of the test rig and the catalytic combustor using
ERBS. Following a fuel injector change, a test was conducted using Tow-
heating-value gas. Some difficulities were encountered during this test due
to pipe wall overheating. Prior to the final test with medium-heating-value
gas, modifications were made to reduce wall overheating problems and improve
catalyst support., A brief summary of each test day will be made. A1l data
tables are contained in Appendix A, where 173 steady-state data points are
summarized.

§.1 LIQUID FUEL CATALYST CHARACTERIZATION

Tests were initially conducted with ERBS. The purpose of these tests was to
characterize the catalytic combustor and to shakedown the test rig. The test
matrix completed for ERBS is provided in Table 5-1. Seven data points at a
pressure of 5 x 105 Pa and ten at a pressure of 10 x 105 Pa were obtained

at an inlet temperature of ~600 K, a reference velocity of 20 m/s and a
range of exit temperatures (1270 to 1460 K). Uetailed tabular results are
contained in Appendix A, Tables A-1 and A-2.

The data obtained from the ERBS fuel testing are presented in Figures 5-1
through 5-9. Figures 5-1 and 5-2 are plots of combustor centerline
temperature as a function of distance from the catalyst inlet. Figure 5-1 has
both high- (10 x 10°
nominal 1450 K adiabatic flame temperature. Similar curves for a 1315 K

Pa) and low-pressure (5 x 105 Pa) curves for a

adiabatic flame temperature are provided in Figure 5-2. Temperature rise
v2ems to occur more rapidly for low-pressure operation.

Radial temperature distributions and pattern factors are shown in Figures 5-3
and 5-4 for the same conditions as in Finures 5-1 and 5-2.
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Figure 5-5 is a plot of thermocouple efficiency vs equivalence ratio. The
adiabatic flame temperature for a given eguivalence ratio can be found in
Figure 4-5. The measured thermocouple efficiency is based on the average of
tweive thermocouples at the catalyst exit (catalyst element plane 6, Figure
2 9). Figure 5-6 presents combustion efficiency as a function of equivaience
ratio and is based on emission measurements. Compared to Figure 5-5, the
results are substantially higher. This is not unexpected, since heat losses
are not a factor, and it also includes the gas-phase reaction zone downstream
of the catalytic reactor. Combustion efficiencies approaching 100% were
obtained at equivalence ratios above 0.34, Figure 5-7 is a plot of measured
CO in ppm by volume vs measured equivalence ratio. The CO emission index is
shown in Figure 5-8 as a function of equivalence ratio. Finaliy, the NOx
emissions as a function of equivalence ritio are presented in Figure 5-9,

5

Comparing the results obtained in thi; program with Anderson( ) and

others(]’2’3)

» ERBS distillate fuel characterization of the catalytic
combustor is quite typical. Efficient operation is obtained only over a
narrow operating range, and NOx emission levels are extremely low. Figures
5-1. 5-¢, and 5-% through 5-8 all suggest that operation at a pressure of 5 x
105 Pa is more efficient than a pressure of 10 x 105 Pa for equivalence

ritios below (.34,
5.2 LOW-HEATING-VALUE FUEL GAS EVALUATION

After the baseline diesel ERBS tests, the rig was inspected and found to be
undamaged by the diesel fuel testing, Tha liquid fue' injectcr was replaced
by the gaseous fuel injector. ODuring this tes. series, the P0OY was operated
in an enriched air-blown mode to producs a product gas with a nominal Jower
neating value of 5.3 MJ/m3 (1EQ gru/<cf), The completed test matrix is
provided in Table £-2, Only a few hig . -pressure data points were obtained as
test 1 ig wall overheating cccurred, limiting high-pressure, high-temperature
oparation, Nominal 10, 20 and 3 m/s reference veiocities were investinated.
Three inlet temperatures were aico studied: 530, 593 and 640 K. Thirty-eight
data pownts are Jetatled in Tabies A-3 througr A-7 in Appendix &, fight of

the 39 are high-pressure set poincs.



Figures 5-10 and 5-11 are plots of combustor centerline temperature as a
function of distance from catalyst inlet, Figure 5-10 presents data for
pressures of § x 105 and 10 x 105 Pa at a reference velocity of 20 m/s,

and an adiabatic flame temperature of 1425 K, Figure 5-11 does the same for a
1270 K adiabatic flame temperature. As previously observed with diesel fuel,
it appears that a pressure of 5 x 105 Pa is more efficient than a pressure

of 10 x 105 Pa. No temperature rise for the first catalyst element in run

38 (Figure 5-11) seems to indicate a loss of reactivity for the first element.

Radial temperezture distributions and pattern factors are shown in Figures 5-12
and 5-13 for the Jdata described in Figures 5-10 and 5-11. Pattern factors

(
reported are quite high, compared to those reported by Anderson ‘5).

Additional axial temperature profiles are provided in Figures 5-14 through
5-17. Figures 5-14, 5-15 and 5-16 show the reference velocity influence on
axial temperature profile for inlet temperatures of 530, 570 and 63% K,
recpectively. When comparing runs closely related in time, increased
reference velocity reauces combustor efficiency. Figure 5-17 shows the effect
of inlet temperature on the axial temperature profile. When comparing runs 18
and 25, it i5 seen thzt increasing inlet tuiperature improves performance,
particularly across the first element. A comparison of early and late runs
indicates a de.iine in performance with run time. In Figure 5-15, data for a
reference velocity 2f 10 m/s for run 23 show poorer performance than a
reference velocity o7 20 m/s in run 5. Figure 5-17 shows that increasing the
injet temperature to 637 K for run 25 does not bring the level of performance
up to that obtainad for run 4 at an inlet temperature of 579 K.

Figure 5-138 presents the effect of equivalence ratio on thermal efficiency.
Ine two low-pressure (5 x 106 Pa) curves indicate an increase in inlet

tempev sture improves efficiency. The high-pressure (10 x 105 Pa) curve
indicates 2 decrease of efficiency might be expected with increased pressure,
but the nigh-pressure data were obtained at the end of the low-heating-value
test series and degradation of the catalytic reactor could have occurred.
Lombustion efficiency based on measured emissions is given in Figure 5-19. As
creviously described for the TRB3S fuel tests, the combustion efficiency



measurement based on measured emissions includes the gas-phase reaction length
downstream of the catalytic reactor. Heat losses are also not a factor.
Combustion efficiency at a reference velocity of 20 m/s is shown for inlet
temperatures of 530 to 640 K. The adiabatic flame temperature corresponding
to ecct equivalence ratio for each inlet temperature can be found from Figure
4-6.

Figures 5-20 through 5-22 contain CO emission rate data. CO emissions
decrease rapidly at eguivalence ratios between 0.3 and 0.34. CO emissions
also decrease at » .eancr eguivalence ratio for a pressure of 5 x 105 Pa
when compared to a pras:ure of 10 x 105 Pa. Little effect of inlet
temperature is shown for inlet temperatures ranging from 530 to 640 K.

Unburned hydrocarbens emissions are presented in Figures 5-23 and 5-24.
Unburned hydrocarbons emissions, expressed as g/MJ fuel, are presented as a
functicn of equivalence ratio. The trends shown are similar to those
previously shown for CO emissions. Little effect of inlet temperature for the
range of 530 to 640 K is shown,

Finally, NOx curves are provided in Figures 5-25 and 5-26. NOx emissions,
corrected to 15% 02 in the exhaust, were very low and ranged from 10 to 15
ppm by volume for equivalence ratios ranging from 0.18 to 0.34. A slight
decrease in NO, emissions with increasing equivalence ratio is shown.

Fairly wide data scatter is also shown, which could have resulted from
variations in the fuel gas composition. A level of 14 ppm by volume would
result for complete conversion of the average levels of cyanide compound and
ammonia to NOx found in the fuel gas. In addition, 1 to 2 ppm of NGx by
volume is produced in the gasifier itself. Therefore, the measured NOx
levels are probably the result of conversion of fuel-bound nitrogen to NOX.

To summarize the low-heating-value test results, it can be stated that
efficient operation of the combustor was obtained. Axial temperature rise
through the catalyst was much more rapid than for liquid fuel, with 70 to 80%
of the catalyst temperature rise occurring across the first element. Exit
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pattern factors were comparable to ERBS fuel results. Trends observed include
increasing combustion efficiency with increasing inlet temperature and
decreasing reference velocity. Catalyst performance degraded with test time.

Post-test inspection revealed the cause of the test rig wall overheating at
higher pressures and exit temperatures, as previously described. Significant
bypassing of both inlet air and combusticn products had occurred between the
fiberfrax-laminated insulating tube and the pressure vessel wall. This
problem was compounded by a misalignment of the catalyst elements, which
resulted when the plane 6 thermocouples (Figure 2-9) bent, causing element 6
to shift downstream. Since all subsequent elements were supported by only one
thermocouple, they pivoted about the thermcouple anchor point. Combustion
products exit flow was directed against the upper portion of the Hastelloy

X liner, causing localized burnout.

Elements 5 and 6 developed severe cracks at the thermocouple anchor points and
were subsequently replaced with identical elements for the medium-heating-
value fuel gas test runs. New liners and insulation were installed with a
cast ceramic seal at the inlet to both the combustor and exit instrumentation
pieces to prevent bypassing of the gases. Cooling water coils were also
soldered onto the outside pipe wall as an additional precaution. Finally, two
additional thermocouples were installed at the exits of elements 2 and 4 for
added support (see Figure 2-10).

While catalyst elements 1 through 4 were not physically damaged during the
low-heating-value tests, they were all coated with a film of iron oxide. The
fuel injector and inside walls of the test rig were also coated. This coating
was probably responsible for the catalyst performance degradation with
operating time.

5.3 MEDIUM-HEATING-VALUE FUEL GAS EVALUATION
Following the rig modifications described above, medium-heating-value coal gas

tests were conducted. Thz PDU was operated in an oxygen-blown mode, producing
a nominal 9.4 MJ/m3 @ STP (252 Btu/scf) medium-heating-value product gas.
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The completed test imatrix is provided in Table 5-3, Each data point is
detailed in Appendix A, Tables A-8 through A-19, Data points marked with an
asterisk contain incorrect carbon monoxide readings and, as a result,
incorrect exhaust gas analysis efficiency calculations., Erroneous data points
are 10, 11, 13, 14 through 37, 39 through 43, 49, 50, 51, 55, 56, 57, 60, 61
and 62. NO,, UHC, 0, and CO2 readings, as well as all physical readings
listed, are accurate.

The modifications made successfully eliminated the test rig wall overheating
problems encountered during previous low-heating-value coal gas tests. Data
points were obtained at reference velocities of 10 and 20 m/s, pressures of 5
X 105 and 10 x 105 Pa, and inlet temperatures from 520 to 750 K.

Figures 5-27 and 5-28 are plots of combustor centerline temperature as a
function of distance from catalyst inlet. Comparing runs made at the start of
the test series, only a minor pressure effect is observed for a reference
velocity of 20 m/s, an inlet temperature of 560 K, and adiabatic flame
temperatures of 1295 and 1390 K. It is interesting to ncte that the
temperature rise through the catalyst is more gradual than low-heating-value
runs. Axial temperature profile for medium-heating-value runs resembled the
profiles obtained for ERBS fuel. Figures 5-27 and 5-28 also show that no
temperature rise is taking place across the first element.

Radial temperature distributions and pattern factors are shown in Figures 5-29
and 5-30 for the same data points described in the previous two figures.
Pattern factors for medium-heating-value fuel were approximately the same as
previously obtained for ERBS and low-heating-value fuel. Additional axial
temperature profiles are provided in Figures 5-31 through 5-35. The expected
reference velocitv effect is observed in Figure 5-31., For a pressure of 5 x
105 Pa, summarize. in Figure 5-33, inlet temperature influences the rate of
temperature rise through the catalyst. Figure 5-34 indicates that, at high
inlet temperature and pressure, residence time (reference velocity) has little
effect. A comparison of a relatively early and a late run, shown in Figure
5-35, indicates that some degradation in performance has occurred between runs
32 and 73.
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Combustion efficiency performance is summarized in Figures 5-36 through 5-48.
Figures 5-36, 5-37 and 5-38 are plots of catalyst-exit-thermocouple
efficiency-versus-equivalence ratio. Results are quite similar to those
previously discussed for ERBS and low-heating-value fuels. Efficiency is
improved by increased inlet temperature and decreased pressure at a reference
velocity of 10 m/s, as shown in Figure 5-36. Figures 5-37 and 5-38 show inlet
temperature and run time dependence for a reference velocity of 20 m/s. As
previously discussed, catalyst performance degraded with run time but
increased with increasing inlet temperature.

Combustion efficiency based on gas analysis is provided in Figures 5-39, 5-40,
and 5-41. These include the gas-phase reaction zone downstream of the
catalytic reactor and should not be sensitive v heat losses. Figure 5-39
indicates that at a reference velocity of 10 m/<. the combustion efficiency
was 99.5% for equivalence ratios from 0.22 to 0.28. Little effect of inlet
temperature was shown. Figure 5-40 presents data at a reference velocity of
20 m/s at a pressure of 5 x 105 Pa and 10 x 105 Pa. It appears that inlet
temperature has a strong influence; however, when plotted against the
adiabatic flame temperature, the inflection point of both "S"-shaped curves

occurs at an adiabatic flame temperature of approximately 1300 K.

Combustion efficiency at a pressure of 10 x 105 Pa and a reference velocity
of 20 m/s is presented in Figure 5-41. A loss of catalyst reactivity seems to
be indicated by the data at an inlet temperature of 560 K being quite close to
the 720 K inlet temperature data. The data at an inlet temperature of 720 K
were obtained at the end of the test series. Combustion efficiencies of 99.5%
could still be obtained at the end of the test series.

The CO emission rate, in g/MJ and 1b/MBtu, is presented as a function of
equivalence ratio for the medium-heating-value fuel in Figures 5-42 through
5-44. A1l three figures show a sharp decrease in CO emissions as the
equivalence ratio is increased. As previously shown for the low-heating-value
and ERBS fuels, an increase in inlet temperature generally decreased the CO

emissions. An increase in reference velocity generally increased CO

a1



emissions. CO emission rate results are presented for inlet temperatures
between 530 and 730 K, reference velocities of 10 and 20 m/s, and pressures of

5 x 10° and 10 x 10° Pa.

Since unburned hydrocarbon data were obtained for all medium-heating-value
data points, more comprehensive plots have been made for the UHC emission.
Figures 5-45 through 5-48 contain UHC data. Figures 5-45 and 5-46 contain
data obtained at a reference velocity of 20 m/s. 7Yhe data indicate a decrease
in UHC with increasing inlet temperature. Figure 5-46 indicates that some
degradation in catalyst performance with test time has occurred. Emission
rates for UHC at a reference velocity of 10 m/s is given in Figures 5-47 and
5-48. Increasing inlet temperature decreases UHC emissions at pressures of

5 x 105 and 10 x 105 Pa, as shown in figures 5-47 and 5-48.

NOx emissions in ppm by volume corrected to 15% 02 are presented in

Figures 5-49 and 5-50. NOx emissions were very low and ranged from 11 to 18
ppmv. No effect of inlet temperature on NOx emissions is shown. A slight
increase in NOx with increasing equivalence ratio is shown in Figure 5-49.

Figures 5-49 and 5-50 both indicate a nominal 14 ppmv NO, over a wide range

of equivalence ratios. The same concentration of 14 ppmv was previously
observed for low-heating-value gas tests (Figures 5-25 and 5-26). Using the
average cyanide compound and ammonia concentrations of Table 4-3 for run 75, a
conversion rate of fuel-bound nitrogen (FBN) to NOx of ~27% was

calculated. In light of extensive liquid fuel test data (6,7)

indicating

FBN conversion rates in catalytic combustors to be 50 to 75% for lean
equivalence ratios, average concentrations of cyanide compounds and ammonia
given in Tables 4-2 and 4-3 may be high. A large range of values is given in

Table 4-3, however, so actual values are probably in the lower range.

To summarize the medium-heating-value test results, it can be stated that
efficient operation was obtained. Flashback or autoignition problems,
anticipated at very high inlet temperatures, were essentially non-existent.
Medium-heating-value trends were the same as those previously observed for
other fuels. Some catalyst performance degradation with test time was

observed.



Catalytic reactor and fuel injector static pressure drop data are presented in
Figure 5-51, The ratio of static pressure drop to inlet static pressure is
plotted as a function of the inlet Mach number. An isothermal curve, along
with curves for two combustor loadings (TOUT/TIN)' are presented. Data

shown for all three fuels. Combustor pressure loss is a function of inlet
Mach number. As combustor-temperature ratio increases, the pressure drop
increases, as would be expected.

Post-medium-heating-value-test inspection revealed significant catalyst damage
caused by local overheating. Photographs are provided in Figures 5-52 and
5-53. Figures 5-54 through 5-56 are sketches of damaged elements 1, 2 and 3
with comments and dimensions., Some of the fuel injector tubes were almost
completely plugged by a solid, cream-colored material. Figure 5-57 is a
sketch of the fuel injector tubes after the medium-heating-value tests showing
the blocked tubes. Six of the nineteen fuel injector tubes showed substantial
blockage. It is expected that this blockage would result in a non-uniform
fuel-air distribution and produced the local hot areas which damaged the inlet
of the catalytic reactor. This plugging may have been prevented by increasing
the fuel gas velocity through the tubes. No temperature rise in the premixing
zone was detected by the single thermocouple located in the premixing zone.
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TABLE 5-3 (Continued)
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Figure 5-1. Axial Temperature Profile - ERBS Distillate Fuel, Adiabatic Flame
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Figure 5-3. Catalyst Exit, Plane 6 Radial Temperature Profile, ERBS Distillate Fuel,
650026 Adiabatic Flame Temperature 1450 K
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Figure 54. Catalyst Exit, Plane 6 Radial Temperature Profile, ERBS Distillate Fuel,
850026 Adiabatic Flame Temperature 1315 K
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Figure 5-8. Emission Index (EI) for CO vs Equivalence Ratio — ERBS Fuel
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Figure 5-12. Radial Temperature Profile — Low-Heating-Value Coal Gas, Adiabatic
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Figure 5-13. Radial Temperature Profile — Low-Heating-Value Coal Gas,
6500 34 Adiabatic Reaction Temperature 1270 K
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Figure 5-20. Emission Rate (ER) for CO vs Equivalence Ratio - Low-Heating-Value

6500-39 Coal Gas, Reference Velocity 20 m/s, Pressure 10x105 Pa
10! 43
Dete Tin
Points K Symbol
13-15 530 TAY
7-12 570 ]
29-32 640 @
-
@
£ ]
I3
a .
g > :
«
[*¥]
& 10— 0 —{.043
O
ozl L g,
0.14 0.18 0.22 0.26 0.30 0.34 0.38 0.42
Equivalence Ratio, ¢
Figure 5-21. Emission Rate (ER) for CO vs Equivalence Ratio - Low Heating-Value
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6.0 SUMMARY OF RESULTS

Catalytic combustion of both low- and medium-heating value coal gas obtained
from an operating coal gasifier has been demonstrated. Baseline ERBS fuel
test results were consistent with a significant data base reported by many
experimentors. Catalytic combustion of ERBS fuel oil resulted in NOx
emissions less than 2 ppmv and combustion efficiencies of 99.5% and above. At
a reference velocity of 20 m/s and an inlet temperature of 600 K, operaticn at

a pressure of 5 x 105 Pa gave higher combustion efficiencies than a pressure
of 10 x 105 Pa.

Catalytic combustion of low-heating-value coal gas, 5.9 MJ/m3 (158 Btu/scf),
was demonstrated at inlet temperatures from 530 to 640 K, pressures of

5 x 10° and 10 x 105 Pa, and reference velocities of 10 and 20 m/s.

Combustion efficiencies of 99.5% and above were obtained. NOx emissions
ranged from 10 to 14 ppm by volume at 15% 02. Unburned hydrocarbons were

the major contrioutor to combustion inefficiency. Major trends observed
include increasing combustion efficiency with increasing inlet temperature and
also decreasing reference velocity. Some loss of catalytic activity with run
time was observed which was probably caused partly by a coating of iron and
nickel oxides that were deposited on the surfaces of the catalytic reactor.
This raddish coating has been found on all combustors that have been tested in
coal gas at the Test and Development Center. It is suspected that the coating
may have resulted from the oxidation of trace amounts of iron and nickel
carbonyls in the product gas.

The precise source of the carbonyls is not known. It is known that iron and
nickel carbonyls exist in coal gas with high partial pressure of carbon
monoxide in the presence of carbon steel at about 420 K(]O). Kinetic data
indicate that small amounts of oxygen strongly repress iron carbonyl
formation, whereas hydrogen, ammonia and hydrogen sulfide enhance the
reaction. All three of the compounds which enhance the formation are present
in the PDU product gas. The most likely locations for carbonyl formation are
the cool, lower portion of the gasifier and the coal gas supply line between
the PDU and TDC. In the lower portion of the gasifier, recycled pruuwuct gas

comes in contact with ash fines. Ash contains both iron and nickel.
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Catalytic combustion of medium-heating-value coal gas, 9.4 MJ/m3 (252
Btu/scf), was demonstrated at inlet temperatures from 520 to 730 K, pressures
of 5 x 10° and 10 x 10° Pa, and reference velocities of 10 and 20 m/s.
Combustion efficiencies of 99.5% and above were obtained. N0x emissions
ranged from 11 to 19 ppm by volume at 15% 02. Higher exit temperatures were
required to reduce CO emissions for the medium-heating-value gas compared to
the low-heating-value gas. A loss in catalyst activity with run time on the
medium-heating-value coal gas was observed, which was probably caused by the
deposition of iron oxide on the surfaces of the catalytic reactor, as
previously discussed.

Flashback/autoignition problems were anticipated before the testing began but
did not occur to any significant extent. Two flashbacks were detected for
each of the low- and medium-heating value tests. At the high inlet
temperatures (730 K) run during the later part of the medium-heating-vaiue
test, no flashbocks were detected. Some damage to the first three elements
did occur during the medium-heating-value gas testing due to a non-uniform
fuel-air mixture which caused localized overheating. The centerline-mounted
thermocouple at element 1 exit plane did not indicate temperatures high enough
to melt the catalyst substrate.

The fuel maldistribution problem mentioned above was the result of injector
plugging. Four of the nineteen fuel tubes were more than 75% blocked by a
cream-colored solid material. Since no deposit was observed during
low-heating-value tests, the deposition of this material might be eliminated
by decressing the f el tube diameter for medium-heating-value gas. Both gas
velocity and nozzle pressure dirop would be increased and, as a result,
fuel-air distribution would be improved. Perhaps the increased gas velocity
would prohibit solid deposition. It is of some importance to note tha% during
pressure checks, prior to low-heating-value tests, an internal recirculation
of air was established in the fuel injector. Air from the compressors was
flowing intc some injector tubes and out of others. This is most likely the

result of air flow maldistribution causing static pressure differences in
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wakes of the injector tubes. At the low injector pressure drops encountered
during medium-heating-value tests, the gas jet velocity may be inadequate in
completely overcoming these static pressure differences, resulting in fuel-air
mixing problems.

The production of oxides of nitrogen for liquid fuel tests was the expected 2
ppmv (@ 15% 02). As previously discussed, both low- and medium-heating-
value coal gas tests produced NO, levels of approximately 14 ppmv (@ 15%

02). The 14 ppmv baseline NOx level from coal gas tests suggests that the
small amounts of ammonia and cyanide compounds found in the gas (up to 15 and
18 ppmv, respectively) are being efficiently converted to NOx. Up to 1 to 2
ppmy NOx could also be the result of gasifier-produced NO, -



7.0 DEFINITIONS AND CALCULATIONS

This section summarizes the definitions and equations used in analyzing the
measured data points summarized in Table 2-1. The analysis was implemented by
a computer program, CGREDU. This program is a modified version (CG = coal
gas) of the program developed by Westinghouse for NASA under contract DEN
3-146.(Reference 8)*. ERBS fuel test results were run on the unmodified
version, i.e., REDUCE., Since the general arrangement and calculational
philosophy are unchanged, only a brief summary of pertinent equations and
definitions are presented.

7.1 DISTILLATE DATA DEFINITIONS

Tables A-1 and A-2 Equation
TIN Inlet air temperature, °F 7.2.1
PIN Inlet pressure, psia
WFE Distillate fuel flow, 1b/s
TEMPFE Distillate fuel temperature, °F
FBN Fuel nitrogen concentration, weight %
ASH Fuel ash concentration, weight %
STOICHF Stoichiometric fuel/air ratio
HCR Hydrogen to carbon molar ratio
WAP Air flow through catalyst, 1b/s
WAD Dilution air flow, 1b/s
WAT Total air flow, 1b/s
PERCAP Catalyst air split, %
REFVEL Reference veilocity, ft/sec 7.2.2
MACH Mach number at inlet conditions
SPHUM Specific humidity of combustion air
FARS Catalyst average fuel-to-air ratio
PHIS Catalyst equivalence ratio
ADFTS Adiabatic flame temperature, °R 7.2.3
TAUS Residence time from catalyst inlet to sample

probe, msec

BOT Average measured catalyst outlet temperature, °F 7.2.4
ETATC Catalyst thermal efficiency, % 7.2.5

* Low NOy Heavy Fuel Combustor Concept Program - Phase I - Combustion
Technclogy Generation.



Tables A.1 and A.2 Equation

PF Temperature pattern factor, % 7.2.6

PoOUT Measured rig outlet pressure, psia

NOZDEP Fuel nozzle pressure drop, psi

NOXPPMW Measured NOX concentration, ppmv (wet)

COPPMD Measured CO concentration, ppmv (dry)

UHCPPMW Measured UHC concentration, ppmv (wet)
as methne

CO2PERD Measured CO, concentration, % dry

02PERD Measured 0, concentration, % dry

CORNOXD Corrected emission levels, ppmv (dry) 7.2.7

CORCOD  } @ 15% 0p 7.2.8

CORUHCD 7.2.9

E INOX 7.2.11

EICO } Emission indices, 1b emission/1000 1b exhaust 7.2.12

EIUHC 7.2.13

FARCO2 Calculated fuel-to-air ratio based on 7.2.14
measured CO;

FARQ2 Calculated fuel-to-air ratio based on 7.2.15
measured 02

ETAEGA] Combustion efficiency based on measured 7.2.16
emissions, %

ETAEGAZ Thermal efficiency based on exhaust 7.2.17
measurements, %

FARR Fuel-to-air ratio-ratio 7.2.18

TOUT Measured catalyst outlet temperature,

12 thermocouples as per Figure 2-9, °F
7.2 DISTILLATE DATA - DATA REDUCTION EQUATIONS/BASIS
7.2.1 TIN INLET TEMPERATURE, °F

Average inlet air temperature, based on average of four thermocouples shown in
Figure 2-3.

7.2.2 REFVEL Reference velocity, ft/sec
REFVEL = WAP/(pA)

A PIN 1b
2.7026 (ﬂm) , ;—t—?

©
[}

I>
I

0.12306 ft° (1.D. = 4.75 inches)

L‘:O



7.2.3 ADFTS - Adiabatic flame temperature, °R

ADFTS 1is the calculated exit temperature assuming adiabatic conditions

and based on measured fuel-air ratio (FARS) assuming equilibrium is
attained.

7.2.4 BOT - Measured catalyst outlet temperature, °F

BOT is the average of 12 thermocouples positioned at the catalyst outlet,
catalyst exit plane 6, as per Figure 2-9.

7.2.5 ETATC - Catalyst thermal efficiency, %

BOT-TIN

ETATC (A - TIN) 100
7.2.6 PF - Pattern factor
_ ,TOUT(MAX) - BOT,
PP= Tgor - 1w 100
where

TOUT(MAX) is the maximum measured outlet temperature 7rom catalyst
exit plane 6 (Figure 2-9).

7.2.7 CORNOXD - NOX, corrected to ppmv (dry) @ 15% O2

NOXPPMW 5.9

CORXD = (=) (5575 —02pPeRD)

where
k is a -zonstant to account for the difference between wet and dry
measurement.
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.2.8 CORCOD - CO, corrected to ppmv (dry) @ 15% 02
CORCOD = COPPMD (me—s—tdr)
20.9 - 02PERD
.2.9 CORUHCD - UHC, corrected to ppmv (dry) @ 15% - as methane
_ UHCPPMW 5.9
CORUHCD = (T=%—) (75,9 02PeRD)
.2.10 EMISSIONS INDEX - calculated from the equations in Reference 9
.2.11 EINOX -~ Emission index for NOx 1b NOX/1000 b fuel
EINOX 246,007)(NOXPPMN)
10°(12 + a)  (Ct,)eff
where,

a 1S the hydrogen to carbon molar ratio in fuel

(COZ) eff is the effective carbon concentration in the exhaust.

_ (k) (CO2PERD) (k) (CopPMD) UHCPPMW
10 10
.2.12 EICO - Emission index for CO, 1b CO/10GJ 1b fuel
EICO = (28,011) (k) (COPPMD)
6

107 (12 + a) (CO“)eff

.2.13 EIUHC - Emission index for UHC, 1b UMC/1000 lbs fuel
€ LUHC __J%QCPPMW _
10° (€0, )eff

.2.14 FARCO? - Calculated fuel-to-air ratio based on measured CO?
and chemical balance. See DEN3-146 comprehensive data

report for equations.



7.2.15 FARQ2 - Calculated fuel-to-air ratio based on measured O2 and
chemical balance. See DEN 3-146 comprehensive data report
for equations.

7.2.16 ETAEGA1 - Combustion efficiency based on measured emissions, ¥.
_ UHCPPMW + [0.468(k)(COPPMD)]

6
107 (C0p) g
7.2.17 ETAEGA2 - Thermal efficiency based on exhaust measurements, %.

ETAEGAT = {1 } 100

+ -
eTAEGAz = {[1- ( %Tco * %Tuc T 2Tnox ) 1} 100

AOFTS - TIN

where,
ATCO. ATUHC’ ATNOX are temperature deviations from the
calculated outlet temperature due to species concentration which are

not included in the equilibrium calculation.

CoPPMD

ATCO = 14,124 K —7E;;“- (JANAF Tables)
) 28.954 | UHCPPMW
Tywe = L2077+ 7,008 o) (ADFTS-TIN) [P =]
10 “(f/a)
NOXPPMW
sThox = 4,551 —_?53“— (JANAF Tables)

7.2.18 FARR = Fuel air ratio ratio

FARR = 5@%%23

~



7.3 COAL GAS DATA - DEFINITIONS

Tables A-3 through A-19 Equation
TIN Inlet temperature, °F 7.4.1
co Carbon monoxide concentration, % (wet)
€02 Carbon dioxide concentratioh, % (wet)
H2 Hydrogen concentraton, % (wet)
CH4 Methane concentration, ¥ (wet)
N2 Nitrogen concentration, % (wet)
H2S Hydrogen sulfide concentration, % {wet)
H2C Water concentration, % 7.4.2
LHY Low heating value of coal gas, Btu/scf 7.4.3
TMMS Inlet temperature, °F 7.4.4
ADFTS Adiabatic flame temperature at catalyst 7.2.5
outlet, °F
ETAT Combustion efficiency based on enthalpy balance 7.4.7
using measured emissions, %
CNOXE Corrected NOX @ 15% 0p, dry basis normalized 7.4.8
to 26% COp in fuel gas, ppmv
ERNOX 7.4.9
ERCO gmission rates, 1b emission/MBtu input 7.4.10
ERUHC 7.4.11
IPCDP Fuel injector plus catalyst préssure drop, psi
CATOP Catalyst pressure drop, psi

7.4 COAL GAS DATA - DATA REDUCTION EQUATIONS/BASES
7.4.1 TIN - Inlet temperature, °F

Calculated catalyst inlet fuel-air mixture temperature based on energy balance
using measu.ed air and fuel temperature.

7.4.2 H20 - Water concentration, %
Based on saturated conditions at measiied fuel gas temperature and pressure

7.4.3 LHYV - Lower heating value of coal gas Btu/scf

C [(H2)(275) + (€0)(3%2) + (CH4)(913)]
Ly = RSl



7.4.4 TMMS - Catalyst inlet temperature, °F

™MS = TIN

7.4.5 ADFTS - Adiabatic flame temperature at catalyst outlet, °F

AGF TS is the calculated catalyst exit temperature assuming adiabatic,
equilibrium conditions. Calculational approach is that of an enthalpy

balance.*

7.4.6 ETAT - Combustion thermal efficienty based on enthalpy balance using

measured
emissions, %
{INEFFT - TIN)
ETAT = Urporrs —awy) 100
where,

INEFFT is the-calculated catalyst exit temperature assuming adiabatic
conditions using an enthaipy balance with measu. ed 607, UHC and CO
to incorporate combustion inefficiency,

7.4.7 CNOXE - NOX, corrected to 15% 02, dry basis normalized to 26% CO?
in
fuel gds, ppmv

CNOXE = CORNOX / {0.00178 + [{0.41069){C02)] + [{-0.2265)(C02)%] +

[(0.0063203)(€02)31)

* Species enthaipy hased on correlation provided in APl Technical Data Book.

The correlation given above is hased on a proprietary computer program that
12 J

predicts NO! production from conventional combustion systemc. The proyram



treats C02 concentration in the fuel gas much as it treats water
concentration in liquid fuel. The normalized NOy permits comparison of data
obtained over a wide range of gas heating values.

6.

7.4.8 ERNOX = (4.42 x 1073) (NOXPPMW x 10°%) (K,)
where
. = (WAT + WFT) (MWF
2 HHY
where
WFT = total fuel flow
MWF = molecular weight of fuel
HHV = higher heating value of fuel
7.4.9 ERCO = (2.69 x 1073) (cupPMD x 107%) (K,)

7.4.10 ERUHC = (1.54 x 1073) (UHCPPMH x 107°) (K,)



8.0

10.
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APPENDIX A

Tables A-1 to A-2 - ERBS Distillate Fuel Steady-State Data
Tables A-3 to A-7 - Low-Heating-Value Steady-State Data
Tables A-8 to A-19 - Medium-Heating-Value Steady-State Data
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