General Disclaimer

One or more of the Following Statements may affect this Document

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

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

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

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

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

Produced by the NASA Center for Aerospace Information (CASI)



(NASA-TM-X-73543) EMISSIONS AND PERFORMANCE N77-12406
OF CATALYSTS FOR GAS TURBIN:Z CATALYTIC
COMBUSTORS (NASA) 42 p HC AO3/MF AO01
CSCL 21A Unclas
G3/37 56899
; NASA TM X-73543

EMISSIONS AND PERFORMANCE OF CATALYSTS FO
GAS TURBINE CATALYTIC COMBUSTORS

by David N. Anderson
National Aeronautics and Space Administration

Lewis Research Center

Cleveland, Ohio 44135

TECHNICAL PAPER to be presented at the
Twenty-second Annual International Gas Turbine Conference
sponsored by the American Society of Mechanical Engineers
Philadelphia, Pennsylvania, March 27-31, 1977



E-8975

ABSTRACT

Three noble-metal monolithic catalysts were tested in a
12-centimeter diameter combustion test rig to obtain emissions and
performance data at conditions simulating the operation of a cata-
lytic combustor for an automotive gas turbine engine. Tests with
one of the catalysts at 800 K inlet mixture temperature, 3><105 Pa
(3 atm) pressure, and a reference velocity (catalyst bed inlet ve-
locity) of 10 m/sec demonstrated greater than 99 percent combus-
tion efficiency for reaction temperatures higher than 1300 K. With
a reference velocity of 25 m/sec the reaction temperature required
to achieve the same combustion efficiency increased to 1380 K. The
exit temperature pattern factors for all three catalysts were below
0. 1 when adiabatic reaction temperatures were higher than 1400 K.
The highest pressure drop was 4. 5 percent at 25 m/sec reference
velocity. Nitrogen oxides emissions were less than 0.1 g NOz/kg

fuel for all test conditions.
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EMISSIONS AND PERFORMANCE OF CATALYSTS FOR
GAS TURBINE CATALYTIC COMBUSTORS
by David N. Anderson
Lewis Reséarch Center
SUMMARY
Three noble-metal monolithic catalysts were tested in a
12-centimeter diameter combustion test rig to obtain emissions and
performance data at conditions whichb simulated the operation of a
catalytic combustor for automotive gas turbine engines. Propane
fuel was premixed with indirectly preheated air to provide a homo-
geneous fuel-air mixture at the catalyst bed inlet. Tesis were con-
ducted at an inlet mixture temperature of 800 K, a pressure of
3><105 Pa (3 atm), and a range of reference velocities (catalyst inlet
velocities) of 10 to 25 m/sec. The adiabatic reaction temperature
was varied from 1100 to 1500 K by changing the fuel-air ratio.
Emissions of carbon monoxide and unburned hydrocarbons de-

creased with increasing reaction temperature and increased with in-
creasing reference velocity. At a reference velocity of 10 m/sec,
the three catalysts produced carbon monoxide emissions of 18. 4
g CO/kg fuel and an unburned hydrocarbons emission index of 2. 22
g HC/kg fuel at adiabatic reaction temperatures of about 1310, 1360,
and 1320 K, respectively. These steady—state emissions cprrespond
with the most stringent proposed federal emissions standards, as-
suming a vehicle fuel economy of 15 miles per gallon, and they result

in a combustion efficiency greater than 99 percent. When the refer-
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~with peak temperatures that are about 1000 K lower than is conven-
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ence velocity was increased from 10 to 25 m/sec, the adiabatic reac-
tion temperature for the first two catalysts had to be raised by about
70 K to meet the same emissions standards and achieve the same com-
bustion efficiency. The third catalyst was inefficient at 25 m/sec for
temperatures as high as 1420 K so data was not recorded for velocities
higher than 20 m/sec. Nitrogen oxides emissions wer'e less than
0.1g N02/kg fuel for all conditions tested.,

The exit temperature pattern factors for the three catalysts were
near or below 0. 1 for reaction temperatures of 1350 to 1400 K and a
reference velocity of 20 m/sec. The highest pressure drop of the
three catalysts was 4.5 percent at 25 m/sec r%ference velocity and
1400 K reaction temperature. //

Long-term durability was not part of this// study; however, no
loss of catalyst performance was observed after 2% to 3% hours /t),gsgng
with any of the catalysts. d

INTRODUCTION

Three commercially-produced noble~metal catalysts were tested
to evaluate their emissions and performance as part of a catalyst selec~ i
tion program fdr an automotive gas turbine catalytic combustor.

Catalysis permits fuel oxidation to take place at temperatures well
below the lean fl.ammability limit of the fuel used. For this reason,

the use of catalysts in gas turbine combustors to replace part of the

thermal reaction zone makes it possible to maintain stable combustion

tional practice (ref. 1). Combustion at such reduced temperatures can



be expected to produce several orders of magnitude less thermally-
fixed nitrogen oxides emissions than result from conventional combus-
tion techniques (ref. 2).

In order to avoid 1ocallyA hot regions which could damage the cata-
lyst bed, it will be necessary to premix the fuel with inlet air to form
a mixture which is nearly all vapor and has a nearly uniform fuel-air
ratio profile at the catalytic reactor inlet face. Because of this neces-
sary fuel preparation, a catalytic combustor might be considered to be
a premixed combustor which uses a catalytic, instead of a thermal,
reaction zone to permit stable combustion at lower reaction tempera-
tures. The reacting of uniform fuel-air mixtures with little or no
dilution downstream of the reactor could result in nearly uniform com-
bustor exit temperature profiles. The elimination of temperature peaks
permits higher average exit temperatures without damage to the turbine
blades and thereby reduces the specific fuel consumption (ref. 3).

To explore the potential emissions and performance benefits, a
number of catalytic combustor evaluations have been made. Many of
the published results of tests obtained at actual combustor operating
conditions used a 'proprietary Engelhard catalytic reactor (refs. 4, 5,
and 6). Reactor diémeters varied for these tests from 12 centimeters
(réf. 5) to 18 centimeters (ref, 4); inlet temperatures from 600 to
800 K were tested with preSsures of up to 10, 5<10° Pa (10.5 atm),

reference velocities (catalyst inlet velocities) from 11 to 40 m,‘sec
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and reaction temperatures as high as 1600 K. The study of reference 4
used Jet A fuel, reference 5, propane, and reference 6, both coal gas
and No. 2 distillate oil. Combustion efficiencies were near 100 percent
for reaction temperatures above about 1400 K with reference velocities
on the order of 15 m/sec. Tests made at higher velocities required
higher reaction temperatures to maintain complete combustion. Ex.nis—v
sions of nitrogen oxides were less than 0.7 g NOz/kg fuel for all test
conditions of references 4 and 5, but concentrations as high as 12 ppm
were reported in reference 6. Both references 5 and 6 found the exit
temperature profile to be nearly uniform. Somewhat smaller test sec-
tions (8. 9 centimeters in diameter) were tested by Wampler, Clark,
and Gaines (ref. 7) using propane fuel and platinum catalysts. Com-
plete combustion was recorded at a reference velocity of 4 m/sec, an |
inlet temperature of 720 K and an exit temperature of 1144 K. The
NO, emission index was 0.042 g NOz/kg fuel.

Com.parisons of catalysts obtained from several manufacturers
have been reported in references 8 and 9. The study of reference 8
was for an aircraft gas turbine engine operating at an idle condition
using a thermal pre-burner and a catalytic reactor downstream. This
hybrid arrangement has been shown to meet the 1983 EPA aircraft
emissions standards for class T2 engines at the idle condition.

In reference 9, expel;iments were described in which several
12-centimeter diameter catalysts made by W. R. Grace and by Oxy-
Catalyst were tested at 800 K inlet temperature, 3x10° pa (3 atm)

pressure and reference velocities of 10 to 25 m/sec. At 10 m/sec



reference velocity, complete combustion was observed at tempera-
tures as low as 1400 K with the W. R. Grace Davex 512A/512B cata-
lyst; however, some loss of activity was observed after about 3 hours
testing with all of the catalysts tested.

A demonstration of long-term catalyst durability has been reported
in reference 10. An Engelhard catalyst was tested for 1000 hours at
14 m/sec reference velocity and 1600 K reaction temperature with No. 2 ’k
distillate oil. Steady-state emissions at the end of that period were
still below the most stringent proposed Federal exhaust emissions stand-
ards for automobiles.

Lewis Research Center is conducting studies intended to lead to
the demonstration of a catalytic combustor in an automotive gas turbine
engine which meets the most stringent automotive exhaust emissions
standards with a combustor pressure drop of less than 3 percent. This
program is jointly sponsored by NASA and ERDA and includes both the

development of fuel-air preparation systems (ref. 11) and commercial

- e

catalyst evaluation (refs. 2 and 9). The study reported here is part of |
the continuing evaluation of catalysts.

Automotive gas turbines operate on a regenerative cycle with com-
bustor inlet temperatures of about 1000 K and reference velocities of
around 25 m/sec at all power settings from idle to full power; com-
bustor inlet pressures vary from 1. 5><105 Pa (1.5 atm) at idle to ,
4><105 Pa (4 étm) at full power, and turbine inlet temperaturés range
from 1100 K at idle to about 1300 K at full power. In this study, eval-

uation of catalysts was performed with the 12‘-centimeter diameter



test section of reference 9 at conditions genberally_ representative of the
autoinotive regenerative cycle although the inlet propane-air mixture
temperature was only 800 K due to nonvitiated preheater temperature
limitations. A value of 3x10° Pa (3 atm) was chosen as a representative
inlet pressure with ranges of reference velocities of 10 to 25 m/sec

and reaction temperatures (combustor exit temperatures) of 1100 to
1500 K. Thus, the conditions for any particular power setting were

not duplicated, but the results should be applicable to the full range of
power settings.

Tests were made with three catalysts, one each from Engelhard
Industries, W. R. Grace and Company, and Oxy-Catalygt Incorporated.
The Engelhard catalyst was selected for this study because of its prom-
ising performance in furnace tests of catalyst activity (ref. 2). The
Grace catalyst had twice the noble-metal loading and used a larger-
celled substrate than the Grace Davex 512A/512B which showed out-
standing performance in the tests of reference 9. The Oxy-Catalyst
catalyst was identical to that tested in reference 9 except that a sub-
strate with 0. 16 centimeter, instead of 0. 32 centimeter, diameter cells
was used. Each of the catalyst test reactors consisted of four identical
12-centimeter diameter and 2. 5-centimeter long catalyst elements in
tandem.

APPARATUS AND PROCEDURE

Details of the experimental rig are given in figure 1. Figure 1(a)

is a schematic overview of the combustion test duct. The air supply

was indirectly preheated to temperatures as high as 850 K. The duct



was 10, 25 centimeters in diameter with flanges to permit interchanging
various test sections. Downstream of the test section was a water quench
to cool combustion products before they were exhausted through a back-
pressure valve to the atmosphere.

The experiments described in this report used commercial-grade
propane with the properties given in Table I. The fuel was introduced
through a tube located 150 centimeters upstgeam of the test section to
allow time for thorough mixing of the propaﬁe and air. Propane was in-
jected into the air stream in an upstream direction through a 0. 5-
centimeter diameter hole on the duct centerline. Measurements of the
fuel-air ratio profile which resulted from this configuration were made
using the apparatus and technique of reference 11. A maximum varia-
tion of +£10 percent from the mean fuel-air ratio was observed and the
minimum value occurred near the duct centerline.

Both air and fuel flowrates were measured with ASME standard
orifices. Inlet and exit pressures were measured at wall static taps
9 centimeters upstream of the test section and 12 centimeters down- ‘
stream of the exit instrumentation section, respectively. Because static
and total pressures differed by less than 0. 2 percent in these experi- 4
ments, the static pressures measured can be considered to be equivalent
" to the total pressures.

Details of the catalyst test section are shown in figure 1(b). This ‘
test section was 12. 1 centimeters in diameter. Provision was made
for éight temperature-measuring stations spaced 2.9 centimeters apart

axially along the test section. At each measuring plane there were eight E
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thermocouples, positioned in an array as shown in figure 1(b), meas-
uring at the center of equal areas. Between each pair of thermocouple
arrays one catalyst element, 12 centimeters in diameter and 2.5 centi-
meters long, could be placed. Thus, the rig provided the capability for
testing a seven-element reactor, although only four identical elements
were tested at one time in the studies reported here, and measurements
of both the temperature history along the length of the reactor and tem-
perature profiles at each cross section could be made. The first array
of thermocouples was used to measure the inlet mixture temperature.
Chromel-Alumel thermocouples were used in this array. The next two
arrays were not used. The fourth array of thermocouples was also
Chromel-Alumel, while Pt/Pt-13 percent Rh thermocouples were used
in arrays five through eight. The four catalyst elements tested were
placed between arrays 4 and 5, 5and 6, 6 and 7, 7 and 8, as shown in
figure 1(b).

A water-~cooled instrumentation section containing an additional
thermocouple array and a gas sampling probe was located downstream
of the catalyst test section. Details are given in figure 1{b). The thermo-
couple array consisted of 12 Pt/Pt-13 percent Rh thermocouples in a
plane 14 centimeters downstream of the last test-section array. The
gas~-sampling probe, ’.l.o.cated, 1. 3 centimeters downstream of the ther-
mocouple array; was a fixed-position water-cooled probe with five
sampling orifices located in the centers of equal cross sectional éfeas,,
v The orifices were manifolded together to provide an average _sample

for the cross section.



An 18-meter length of 0. 95-centimeter diameter stainless steel |
tubing connected the gas sample probe with the exhaust-gas analyzers.
To prevent condensation of unburned hydrocarbons, the sample line
tubing was electrically heated to maintain a gas temperature between
410 and 450 K. Gas analysis equipment included a Beckman Model 402
flame ionization detector for measuring unburned hydrocarbon concen-
tration, Beckman Model 315B nondispersive infrared analyzers for
carbon monoxide and carbon dioxide, and a Thermo-Electron Model 10A
chemiluminescent analyzer for nitric oxide and total NOX concentration.
Water vapor was removed from the sample with a Hankinson Series E
refrigeration-type dryer before analyzing for CO, COZ’ or NOX; how -
ever, the actual wet-basis concentration was determined by correcting
for the water vapbr resulting from combustion. Inlet air humidity was
found in previous studies to be essentially zero (ref. 5) and was not
measured in this study.

Figure 1(c) is a view of the catalyst test section from the inlet. It
shows the positions of the thermocouple arrays 1 and 4. A catalyst ele-
ment can be seen just below the fourth-array thermocouple.

Three different catalysts were tested: An Engelhard EVD 1412,

a Grace Davex 524A(D), and an Oxy-Catalyst 1.8. TFigure 2 shows one
element of each of the three different catalysts and Table II gives the
available specifications of each catalyst. The EVD 1412 used a sub-
strate with a sine-wave cell, the 524A(D) a rectangular cell, and the
1.8 around cell. All three had similar cell densities. The EVD 1412
was a palladium cataly-ét, ‘while the 524A(D) and 1.8 were mixtures of

platinum and palladium.
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All tests were performed with an inlet fuel-air mixture tempera-
ture of 800 K and a pressure of 3><105 Pa (3 atm). The EVD 1412 and
524A(D) were tested with reference velocities of 10, 15, 20, and 25
m/sec, and the 1.8 was tested at 10, 15, and 20 m/sec. At these con-
ditions all the catalysts were sufficiently active that reaction occurred
for all fuel-air ratios tested without any additional heating of the cata-
lyst bed. Exit temperatures were varied from 1100 to 1500 K.

RESULTS AND DISCUSSION

The experimental emiSsions and pattern factor results are reported
as a function of the equivalence ratio and the corresponding adiabatic
reaction temperature in figures 3 to 6. The equivalence ratio was de-
termined by making a carbon balance from the exhaust gas analysis;
the adiabatic reaction temperature was computed from this equivalence
ratio and the measured reactor inlet conditions using the computer pro-
gram of reference 12. A comparison of the carbon-balance equivalence
ratio with that established from fuel and airflow measui ements gives
an indication of how closely the gas sample represents the average com-
position at the sampling station and also provides a check of fuel and
airflow measurements. For the data reported here, the ratio of the
carbon-balance equivalence ratio to the flows equivalence ratio was a
minimum of 0.9 and a maximum of 1. 22; however, for most of the data
it had a value between 1.0 and 1. 20.

Emissions
The emissions resuits of figures 3 and 4 and the combustion effi-

ciencies given in figure 5 were computed from measurements taken
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about 15 centimeters downstream of the catalyst bed. In many tests,

a temperature rise between the bed exit thermocouples (thermocouple
array 8 in fig. 1(b)) and the downstream thermocouyle array was ob-
served. This increate in temperature was an indication of continuing
thermal reactions downstream of the catalyst when oxidation in the
catalyst was incomplete; it occurred only when measured catalyst bed
exit temperatures were higher than 1100 K. Thermal reaction was
seen in tests with the EVD 1412 for velocities greater than or equal to
15 m/sec, with the 524A(D) for velocities greater than or equal to

20 m/sec, and with the 1.8 for ail reference velocities tested. Thus,
for the EVD 1412 and 524A(D) with low velocities, the oxidation reac-
tions tended to take place only within the catalyst bed, while higher ve-
locities left unreacted species available for thermal reaction down-
stream. As the reaction temperature was raised at the higher velocity
conditions, complete reaction again took place within the catalyst bed;
for example, no downstream thermal reaction was apparent for adia-
batic reaction temperatures greater than about 1350 K at 20 m/sec or
1400 K at 25 m/sec in the 524A(D) tests. When reactions were not
completed within the catalyst bed the temperature rise across the cata-

lyst bed was, in a few cases, as little as 75 percent, and usually

greater than 85 percent, of the temperature rise from the bed inlet to

the thermocouples at the gas sampling probe station,
Downstream thermal reactions have also been observed in other
catalyst studies (refs. 6 and 9) in which these reactions were shown to

contribute significaiily to the overall combustion efficiency of the re-
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actor. In addition to the downstream thermal reactions, there is an-

other important thermal-reaction phenomenon which can take place
within the catalyst bed passages. Wampler, Clark, and Gaines (ref. T)
noted that their combustion efficiencies were higher than should have
resulted from purely catalytic combustion with mass-transfer-limited
reaction rates. Their explanation was that thermal reactions were in-
duced within the catalyst substrate passages by the catalytic reactions
occurring at the passage walls. The importance of catalytically=
supported thermal combustion was also discussed in some detail in
references 13 and 14.

The measured‘carbon monoxide emissions are presented in fig-
ure 3. Results of the tests with the EVD 1412 catalyst are given in fig-
ure 3(a), with the §_g4A(D) catalyst, figure.3(b)%;m§2w$h the 1.8 cata-
lyst, figure 3(2? &

Typically, CO emissions are low at low reaction temperatures be-
cause unreacted fuel passes through the catalyst. As the reaction tem-
perature (equivalence ratio) is increased, the CO emissions ‘increase to
a maximum value, then begin to decrease as the CO formed begins to
oxidize to COZ‘ This trend of increasing, then decreasing, CO concen-
tration as reaction temperature increased can be seen in both figures
3(a) and (b) in the 20-m/sec data., Although this same effect of reaction
temperature on CO concentration was also observed for the other con-
ditions of figures 3(a) to (c), the data at these conditions was only re-
corded and plotted for reaction temperatures greater than that at which

the maximum CO occurred.
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For the EVD 1412 (fig. 3(a)) and 524A(D) (fig. 3(b)) catalysts, data
was obtained at 10, 15, 20, and 25 m/sec reference velocities. The
20-m/sec condition was tested first in each case, followed by 15, 20,
and 25 m/sec. Then, to check the validity of the data and to see if any
loss of activity inight have occurred during the 2% to 3% hours testing
of each catalyst, the 20-m/sec condition was retested. The repeat data
are shown as solid points on the figures. Figures 3(a) and (b) show that
the repeated CO data fell along the same curve as the original data.

When the 1.8 catalyst was tested, the data were obtained in the
same sequence: 20, 15, and 10 m/sec. However, when the 25 m/sec
condition was established there was no evidence that the CO had begun
to decrease for equivalence ratios as high as 0. 28 (1420 K adiabatic re-
action temperature). To avoid testing at excessive temperatures, the
tests at this condition were then abandoned and the 20 and 10 m/sec
data repeated. This repeat data is shown in figure 3(c) with solid sym-
bols. In each case, the repeated tests produced CO which was slightly
lower than the original data.

For all three catalysts an increase in the reaction temperature or
a decrease in the reference velocity caused the CO to decrease once the
maximum value had been attained.

To provide some means of comparison based on realistic emissions
standards, an emission index reference was determined from the pro-
posed Federal automobile exhaust emission standard of 3.4 g CO/mile.
Assuming a vehicle fuel economy of 15 miles/gallon and a fuel density

of 2.77 kg/gallon, this standard translates into an emission index of

R
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18.4 g CO/kg fuel. This reference is indicated in figures 3(a), (b),
and (c). It should be noted that the emissions measured in this study
resulted from steady-state tests, while the standard is based on oper-
ation over a cycle which includes transients and start-up; therefore,
the determination of what conditions are required to achieve the refer-
ence emission index is meaningful primarily in comparing the perform-
ance of different catalysts. The choice of a fuel economy figure to
calculate an emission index from the vehicle emissions standard is
somewhat arbitrary, and while 15 miles/gallon is low compared with
the potential of advanced-technology automotive gas turbine engines, it
is representative of present technology. A higher value of fuel economy
would raise the value of the reference emission index and, therefore,
make the standard easier to meet.

From figure 3 the adiabatic reaction temperatuﬁé%an be deter-
mki'ned at which the reference emission index was obtained; these tem-
peratures are tabulated in Table III(a) for the three catalysts and four

reference velocities. The EVD 1412 reached the reference value at

‘lower temperatures than the other catalysts, but the temperature re-

quired to achieve the reference emission index for the three catalysts
differed by a maximum of only 40 K fox‘~ velocities up to’20 m/sec.

The unburned hydrocarbon emissions, shown in figures 4(a), (b),
and (c), decreased with increasing adiabatic reaction temperatures at
constant reference velocity while an increase in reference velocity
produced an increase in emissions.

- When tests were repeated at the 20 m/sec velocity, the data agreed
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with the original experimental curve for both the EVD 1412 (fig. 4(a))
and 524A(D) (fig. 4(b)). The second tests of the 1.8 (fig. 4(c)) at both
10 and 20 m/sec resulted in‘ slightly lower emissions than were orig-
inally measured. It is possible that surface contaminants may have

been present initially and were burned off during testing.

e
=g

The reference emission index for unburned %wdrocarbons was
based on the proposed automotive standard of 0.41 g HC/mile, a fuel
economy of 15 miles/gallon, and a fuel density of 2. 77 kg/gal to pro-
duce 2.22 g HC/kg fuel. This value is shown in figures 4(a), (b),

and (c), and the temperatures at which the reference level was reached

is given in Table III(b). There was not a great difference among the
three catalysts with regard to this temperature, although the EVD
1412 catalyst achieved the reference emission index at the lowest
temperature. The temperatures were little different from those re-
quired to meet the CO reference.

The temperatures shown in Table III are above 1300 K for all test
conditions; therefore, to operate the catalytic combustor with low
emissions in the automotive gas turbine engine downstream dilution
will be required to achieve the turbine inlet temperatures of 1100 K
(at idle) to 1300 K (at full power). Future automotive gas turbine en-
gines may operate with higher turbine inlet temperatures, and it may
be possible for those applications to operate a catalytic combustor
with little or no downstream dilution. |

For the conditions tested nitrogen oxides erhissions for all three

catalysts were below 0.06 g NOz/kvg fuel. The reference emission in-
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dex for NO_ using the proposed 0.4 g NO/mile standard is 2. 17

g NOz/kg fuel. These figures demonstrate the ultra-low NOx potential

which the catalytic combustor has when burning nitrogen-free fuels.
Combustion Efficiency

An emission index of 46 g CO/kg fuel contributes 1 percent to com-
bustion inefficiency as does an emission index of 10 g HC/kg fuel; thus,
the emissions reportéd in figures 3 and 4 can be used to compute a
combustion efficiency. The results of this calculation are shown in
figure 5. Repeated data for the EVD 1412 (fig. 5(a)) and 524A(D)

(fig. 5(b)) at 20 m/sec and for the 1.8 (fig. 5(c)) at 20 and 10 m/sec
are also shown. "As was observed with reference to the CO and un-
burned hydrocarbons data, the derived combustion efficiency shows
good repeatability for both the EVD 1412 and 524A(D). The combustion
efficiency of the 1.8 increased slightly compared with the original
data.

The EVD 1412 generally achieved the best combustion efficiency
for a given reaction temperature of the three catalysts tested, al-
though the performance differences between it and the 524A(D) were}
not large. At 10 m/sec reference velocity, a reaction temperature
of 1300 K produced 99 percent combustion efficiency. When a refer-
ence velocity of 25 m/sec was tested the temperature had to be raised
to 1380 K to achieve the same efficiency.

The catalysts tested in the study of reference 9 were compared on
the basis of the adiabatic r‘eaction temperature required to achieve

90 percent combustion efficiency. That efficiency was obtained at the
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lowest temperature with the Grace Davex 512A/51ZB catalyst. At
800 K inlet temperature, 3x10° pa (3 atm) and 10 m/sec reference
velocity, 90 percent combustion efficiency was recorded with this
catalyst at 1210 K; at 25 m/sec the required temperature for this
efficiency increased to 1350 K. For comparison, the present tests
showed that 90 percent combustion efficiency at 10 m/sec was
achieved at 1200 K with the EVD 1412, at 1210 K with the 524A(D),
and 1260 K with the 1.8, With a reference velocity of 25 m/sec, the
EVD 1412 gave 90 percent efficiency at 1320 K and the 524A(D), at
1310 K. The 1.8 was not tested above 20 m/sec. Unlike the present
tests, the tests of reference 9 showed a loss of activity for all cata-
lysts tested, including the Grace Davex 512A/512B, after about
3 hours' testing over a range of conditions.

No Engelhard catalyst was tested in the study of reference 9,
but both the Grace Davex 512A/\ 512B catalyst and the Oxy-Catalyst 1
catalyst tested for that study can be compared with the Grace and
Oxy-Catalyst specimens evaluated in this report. The Grace Davex
512A/512B catalyst had half the noble metal loading and a higher
substrate cell density (45 cells/ cm? compared with 31 cells/ cmz)
than the Davex 524A(D) of this study. In addition, the 524A(D) wash-
coat was stabilized to hglp it maintain surface area at higher temper-
atures. The net effect of these differences was that the 524A(D)
produced somewhat higher efficiencies at the higher velocities and
had better durability - at least for the short period of time both cata-
lysts were tested. The Oxy—Catalyst 1 catalyst of reference 9 used a

substrate with 0. 32 centimeter diameter round cells (10 cells/ sz)
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while the present Oxy-Catalyst 1.8 had 0. 16 cm diameter round cells
(34 cells/cmz). Although the same total amount of catalyst was used
for both tests, the higher surface area of the present test catalyst
produced 90 percent combustion efficiency at lower adiabatic reaction
temperatures. At 10 m/sec, the temperatures required to achieve

90 percent efficiency were 1260 K for the small-celled Oxy-Catalyst
of the present tests and 1360 K for the large-celled Oxy-Catalyst
catalyst of reference 9. At 20 m/sec the temperatures were 1400 and
1470 K, respectively.

‘The exit temperatures measured 14 centimeters downstream of
the catalyst bed were typically 50 to 100 K lower than the computed
adiabatic reaction temperatures when complete combustion was indi-
cated by the exhaust gas analysis. This difference can be accounted
for by considering radiation losses from the thermocouples and cool-
ing losses from the flowing gas stream to the water-cooled instrumen-
tation section walls.

Pattern Factor .

The exit temperature pattern factor is defined as

5. Ty~ Ty
T,-Ty
where
T maximum temperature measured in the combustor éxif plane
E”Ta average measured combustor exit temperature
T. average measured combustor i‘nlét temperature

In this study, the temperature was measured both at the exit plane of
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the catalyst and at the gas-sampling station 14 centimeters downstream.
The exit temperature pattern factor based on the downstream tempera-
ture measurements is presented in figures 6(a), (b), and (c) for the
EVD 1412, 524A(D), and 1.8, respectively. Because of the importance
of the thermal reaction zone to the performance of a catalytic combustor
(ref. 9), the use of the downstream temperatures rather than the cata-
lyst exit temperature to compute pattern factor should give a more
realistic picture of what might be expected from a catalytic combustor.

A homogeneous fuel-air mixture reacted in a uniformly-coated
catalyst with no heat loss should produce a pattern factor of zero. In
the experiments reported here, the local fuel-air ratio actually
deviated from the mean value by about +10 percent (see Apparatus and
Procedure); thus, if there were no mixing downstream of the reactor,
the lowest pattern factor which could be expected would be 0. 1. Mix-
ing of combustion products downstream of the catalyst bed could be
expected to reduce this value. |

Nonuniformities in catalyst substrate geometry and catalyst coat-
ing result in varying combustion efficiencies throughout the bed. As
the fuel-air ratio (reaction temperature) is increased, the local com-
bustion efficiencies throughout the bed also increase to produce a more
uniform exit temperature profile; thus, in the result of figure 6, the
pattern factors for all three catalysts exhibit the séune trend: decreas-
ing as reaction temperature is increased to values less than 0.1. For
both the EVD 1412 (fig. 6(a)) and 1.8 (fig. 6(c)) tests, the pattern factor
also increased with reference velocity. For the 524A(D) (fig. 6(b)) the

PR
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pattern factor was independent of velocity within the scatter of the
data. The pattern factors for all three catalysts was less than 0.1
for adiabatic reaction temperatures greater than 1400 K.

If the catalyst exit temperature had been used instead of the down-
stream temperatures to compute the pattern factor the values would
have been higher than those in figure 6 by about a factor of 2 at the
highest reaction temperatures. This difference is the result of two
effects: first, the thermal reaction zone permits greater mixing of
the effluent from the catalyst bed, and, second, the thermal zone
permits continued reaction in parts of the flow which may not yet
have reacted completely. Within the catalyst bed, temperatures
measured near the outer diameter were typically on the order of
100 K lower than those measured near the centerline.. This differ-
ence is the result of heat losses from the periphery of the catalyst
bed.

The pattern factors were computed from measurements of
12 thermocouples (see fig. 1(b)), which gives a measuring density
of 1 thermocouple per 9.5 em? of exit plane area. Jones (ref. 15)
showed that a measuring density of 1 temperature sample for every

5.88 cm?

was adequate to give the pattern factor within +10 percent;
therefore, the uncertainty in the present measurements is probably

somewhat greater than that. Jones also noted that low values of p'at—
tern factor (such as those observed in this study) are more suscept-

ible to errors in sampling than are high values.
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Pressure Drop
The measured combustor pressure drop is reported as a function
of reference velocity for adiabatic reaction temperatures of 1300 and
1400 X in figure 7. The Grace Davex 524A(D) produced the highest
pressure drop of the three catalysts tested - 4.5 percent at 25 m/sec
and 1400 X. The Oxy-Catalyst 1.8 produced only 2 percent loss at |
20 m/sec and 1400 XK. For comparison, the Grace catalysts tested
for reference 9, which had smaller cells than that tested in this
study, produced 6 percent pressure drop at 25 m/sec. The Oxy-
Catalyst catalysts tested for reference 9, which had larger cells
than the sample tested here produced only 1 percent pressure drop
at 20 m/sec.
The exponent n in the dependency
Ap . y1
p

was about 1, 5 for all three of the catalysts tested. This exponent is
the result of a combination of transition and turbulent flow through

the substrate cell passages; for example, at 10 m/sec, the exit Reyn-
olds number varied from 9000 for the Engelhard to 14 000 for the
Oxy-Catalyst,

The catalytic combustor goal of less than 3 percent pressure
drop requires that the catalyst bed be limited to about Z percent pres-
sure drop to allow for the loss through the fuel-air mixing process
and through the diffuser. This goal was met by the catalysts tested

here for reference velocities of 15 to 20 m/sec. Because these ve-
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locities are lower than typical automotive gas turbine combustor
values, it is possible that the diameter of a catalytic combustor may
have to be on the order of 25 percent larger than that of current
automotive gas turbine combustors..

CONCLUDING REMARKS

Catalysts from three manufacturers were tested as part of an
evaluation of catalysts for automotive gas turbine engine catalytic
combustors. The temperature required to achieve 90 percent com-
bustion efficiency with two of the catalysts was lowe? than had been
achieved in previous tests (ref. 9). |

The data presented were obtained with propane fuel because it is
relatively easy to vaporize and premix it with air. Propane also has
a much higher autoignition temperature than most liquid fuels. How-
ever, because propane is more difficult to oxidize than the traditional
gas turbine fuels, such as Jet A or Diesel, the results presented
probably tend to show poorer performance than might be achieved with
some other fuels.

The effects of changes in substrate geometry and catalyst loading
can be seen by comparing the present results with those obtained in
previous tests. The Oxy-Catalyst catalyst used in the study of refer-
ence 9 had a substrate with 10 cells/cmz; with that catalyst, an
adiabatic reaction temperature of 1470 K was found to be necessary
to produce 90 percent combustion efficiency at a reference velocity of
20 m/sec. For the present Oxy-Catalyst tests a substrate with

34 cells/cm2 was used and a temperature of 1400 K gave 90 percent
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efficiency; at the same time, however, the pressure drop increased
from 1 to 2 percent at 20 m/sec.’ The cell density of the Grace cata-

2 for the reference 9 tests to

lyst was reduced from 45 cells/cm
31 cells/cm2 for this study; this change resulted in a decrease in
pressure drop at 25 m/sec from 6 to 4.5 percent. In addition to the
change in passage number density the catalyst loading was increased,
and this change permitted 90 percent efficiency to be achieved at

lower reaction temperatures even though the number of substrate
passages was decreased.

All three of the catalysts tested may have potential for still fur-
ther improvement in pressure drop and combustion efficiency, and
the results of this study do not show any manufacturer to have a
clearly superior catalyst technology. It may be possible to increase
catalyst loading, make changes in Substrate passage size and shape,
and either increase or decrease catalyst bed length. Changes in bed
length and passage geometry entail trade-offs between pressure drdp
and combustion efficiency, and the final selection will involve some
compromise between these two performance characteristics. Before
the catalytic reactor can be designed a study of the required length
and volume of the downstream thermal reaction zone will be required,
and the effect of various catalyst substrate materials on response time
is needed. Catalyst activation temperatures have to be determined;
final reactor design may include a combination of several different
catalysts on different substrates with a low-activation-energy cata-
lyst followed by high-efficiency catalysts. Catalyst durability has to
be demonstrated (ref. 10).
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In addition to the catalytic reactor, a practical catalytic com-
bustor will require a fuel/air preparation system (ref. 11) and some
means to heat the catalyst to its activation energy for cold start con-
ditions. Variable combustor geometry may also be required to permit
the combustor to operate over a narrow range of conditions while the
engine operates over a wider range.

It should be evident, then, that a great deal of basic d’esign infor-
mation has yet to be obtained and a number of developmental areas
have to be explored before a practical catalytic combustor can be
demonstrated.
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TABLE 1. - PROPERTIES OF COMMERCIAL GRADE

PROPANE USED IN THIS STUDY

Analysis: Propane (C3H8)
Methane (CH4)
Cz-hydrocarbons
C 4" and C5-hydrocarbons
Carbon dioxide (COZ)
Nitrogen (Nz)
Oxygen (02)

Lower heating value: 44 100 J/g

90.
. 128
. 035
.708
.792
. 642
. 005

N DN

800 percent by volume
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TABLE IIl. - ADIABATIC REACTION TEMPERATURE AT
WHICH REFERENCE EMISSIONS ARE ACHIEVED
[Inlet mixture temperature, 800 X; inlet pressure,
3x10° Pa (3 atm). ]
(a) Carbon monoxide
3.4 g/mile at 15 miles/gallon fuel economy gives
an emission index reference of 18. 4 g CO/kg fuel
This emission index is achieved at the following
steady-state reaction temperatures (K):
Reference velocity, m/sec
10 15 20 25
Engelhard EVD 1412, 1322 1337 1388 1394
Grace Davex 524A(D) 1352 1374 1404 1414
Oxy-Catalyst 1.8 1320 1360 1428 ----
(b) Unburned hydrocarbons
0.41 g/mile at 15 miles/gallon fuel economy gives
an emission index reference of 2. 22 g HC/kg fuel.
This Me(z,r;r,;;_,_gsion index is achieved at the following
Asicééc“ly-state reaction temperatures (XK):
Reference velocity, m/sec
10 15 20 25
Engelhard EVD 1412 1305 1334 1366 1378
Grace Davex 524A(D) 1366 1396 1428 1432
Oxy-Catalyst 1.8 1320 1370 1452 ----
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CARBON MONOXIDE EMISSION INDEX, g CO/kg FUEL
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EQUIVALENCE RATIO

{c) OXY-CATALYST1.8.
Figure 3. - Concluded.
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UNBURNED HYDROCARBON EMISSION INDEX, g HC/kg FUEL
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{c) OXY-CATALYST1.8.
Figure 4. - Concluded.
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COMBUSTION EFFICIENCY, PERCENT
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Figure 5. - Conciuded.
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PATTERN FACTOR

EQUIVALENCE RATIO
{c) OXY-CATALYST 1.8,
Figure 6. - Concluded.

L
A
J3F
2r
Veef: o

1k m/sec
) —O0——10

i —{———-15

| ———

REPEATED DATA 1S SHOWN

] WITH SOLID SYMBOLS
0 2 1 s 1 " 1 1 1 M 2 1 i 2 1 i J
1100 1200 1300 1400 1500

ADIABATIC REACTION TEMPERATURE, K
| — 1 1 1 1 1 1 L 1 1
0.14 0.16 0.18 0.20 0.22 024 0.26 0.28 0.30 0.3



PRESSURE DROP, PERCENT

- . o o
S =00 O

w

CATALYST

—&-——- EVD 1412

—O—— S4AD)
—a--—— 524AD)
—O—--—1.8
——-—1.8

A 1 " 1 It 1o 1 2 1 2 1 s 1 3)
10 12 14 16 18 20 22 24 26
REFERENCE VELOCITY, m/sec

Figure 7. - Reactor pressure grop. Inlet mixture
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