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I. SUMMARY

- The objective of NASA contract NAS3-19416 was to experimentally
demonstrate the durability of two CATCOM* catalysts in a combustion
environment. Life tests** of 1,000 hours duration were successfully
éompTeted with two catalyst cores, identified as DXB-222 and DXC-532,
using #2 diesel fuel and operating at catalytically supported thermal
combustion conditions. This contract was funded by ERDA and managed

by NASA/Lewis.

These atmospheric 1ife tests were conducted at steady state
conditions using an air preheat temperature of 640°K and a reference
velocity of 14 meters/second. The adiabatic Tlame temperature of the

fuel/air mixture was 1527°K.

The performance of the catalyst cores was determined by monitoring
emissions of UHC,- CO and NOx throughout the 1ife test, and by examining
the physical condition of the catalyst core at the conclusion of the
life test. Scheduled activity tests were performed periodically duriné
the life test to determine changes in catalytic activity of the catalyst
core. Detailed parametric studies were performed at the beginning and
end of each 1life test, using propane as a fuel. Parametric testing
was performed at pressures of 1 x 105'N/M2 to 5 x 10° N/MZ2, air preheat
temperatures of 633°K to 810°K and reference velocities of 14 M/S to
30 M/sS.

*CATCOM is a trade name of Engelhard Minerals and Chemicals Corp.
**L.ife test implies a 1,000 hour durability test throughout this
report.
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These studies were carried out in a test rig which was designed and
constructed under the contract. The key component of this rig was a
nominal one-inch diameter tubular reactor, in which the catalyst was

mounted. Operation of this reactor was essentially adiabatic.

Although some catalyst degradation did occur, both catalyst cores
DXB-222 and DXC-532 proved to be capable of low emissions operation
after 1,000 hours of operation with #2 diesel. Apparently there was no
physical degradation of the catalyst support. For both cores, typical

emissions during the 1,000 hours of 1ife testing were:

Unburned Hydrocarbons (C3 vppm) 4
Carbon Monoxide (vppm) 50
Nitrogen Oxides (vppm) 4

These test results proved the feasibility of using CATCOM catalysts DXB-
222 and DXC-532 in CATATHERMAL* combustion, catalytically supported
thermal combustion, for at least 1000 hours of low emission steady

state operation with #2 diesel fuel.

The preferred catalyst core selected from these studies for
further testing was DXB-222. This catalyst proved to have a wider
range of low emissions operation with #2 diesel fuel after 1,000

hours of aging.

*CATATHERMAL is a trade name of Engelhard Minerals & Chemicals Corporation.
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It is recommended that additional Tife testing of DXB-222 be
carried out at higher pressures, in order to more closely simulate
gas turbine engine operating conditions, and determine durability
at increased operating pressure. It is further recommended that a
parallel effort be carried out to test DXB-222 in realistic combustion

hardware to evaluate transient and response characteristics.



IT. INTRODUCTION

The concept of using catalysts for low emission combustion pro-
cesses has been intensively explored by Engelhard Industries Division of
EngeThard Minerals and Chemicals Corporation over the past five years.
Laboratory tests have shown the feasibility of low emissions operation,
particularly NO, emissions, with a wide variety of gaseous and liquid
fuels(1,2), Rig tests at NASA Lewis, Westinghouse and Wright Patterson
Air Force Base have confirmed these laboratory results, and also showed
the ease of scale-up and improved temperature pattern factor for CATCOM

cata]ysts(3s4=5).

NASA Lewis Research Center realized that information on the dura-
bility of the catalyst and catalyst support in the extreme conditions of
a combustion environment was required to further demonstrate the prac-
ticality of candidate CATCOM catalysts. 'In addressing this question,
the NASA contract NAS3-19416, entitled "Catalyst and Catalytic Substrate
Material for Gas Turbine Engine Combustion" was awarded to Engelhard
Industries on March 21, 1975. The period of performance of this
contract was 18 months. Under this contract relevant information was to

be obtained on the long term operation capabilities of CATCOM catalysts.
This contract was funded by ERDA and managed by NASA/Lewis.

The program under this contract was-divided into four tasks as

follows:
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Task I - Survey and Selection of Contractors Catalysts

and Catalytic Substrates for Parametric and Endurance Testing
Task II - Test Facilities

Task IIT - Sub-scale Catalytic Substrate Parametric and

Endurance Testing
Task IV - Reporting Requirements.

For reference, the detajled Work Statement is given

in Appendix A.

Task I of the contract required selection of catalyst cores for
endurance testing, based on catalyst screening results at Engelhard
Industries. Under Task II, a test rig and adiabatic tubular reactor
were constructed. Task III involved Tife testing of two selected catalyst
cores. These life tests were conducted at conditions which simulated
steady state operation of an automotive gas turbine. Testing was satis-
factorily completed on two catalyst cores designated DXB-222 and DXC-532.

The details of this contract, the construction of the test rig,
the performance test results and conclusions regarding the durability

of the catalyst cores are discussed in this report.
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[11. TASK I - SELECTION OF TEST CATALYST CORES

A.  CRITERIA AND JUSTIFICATION FOR CATALYST CORE SELECTION

During the first month of the contract, a thorough review
of in-house catalyst screening data was conducted in order to select
the most promising catalyst cores for 1ife testing. The guidelines

upon which this selection was.based are shown in Table III-T.

As the contract period progressed, on-going catalyst develop-
ment programs provided supplemental information on new catalyst cores.
With the approval of the NASA Program Manager, one of these catalyst
cores was substituted into Task I1I, replacing one of the originally
chosen cores. This substitution was made based on in-house test
results, which showed that the new‘catalyst core had better potential

for higher temperature stability.

For purposes of clarity, only the data pertinent to the two
Engélhard catalyst cores actually tested in Task III plus a standard

reference catalyst, will be reviewed.

B. PROPOSED CATALYTIC CORES

During the past five years, Engelhard Industries has been

actively engaged in a catalyst core development program, aimed at
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TABLE III-1

Guidelines In Catalytic Core Selections

Durability and life of the catalytic core at the specified
operating conditions.

Low emissions (NOy, CO and HC) characteristics and operation
at the specified operating conditions.

Ignition characteristics.

Cost of catalyst materials.

Availability of catalyst.

Compounds or elements which act as poisons to the catalysts.
Catalytic core degradation.

Catalytic core maximum operational temperature.
Developmental status.

Contractor's in-house screening test parameters (inlet and
outlet temperature, inlet pressures, reference velocity, heat

release rates, test fuels, test duration and fuel-air ratios).

In-house screening test results (NOy, CO and HC emissions, ccmbustion
efficiency, ignition characteristics, pressure drop and degradation,
if any}.

Identification of catalyst support materials.

Identification of catalytic core,

Differences between the screened and recommended catalytic cores.
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selection of prime candidates for combustion applications. These

catalyst cores were screened using the following test sequence:

1. Ignition Properties
Support Performance

Accelerated Thermal Aging

W M

Emissions at Simulated Commercial Gas Turbine Engine
" Qperating Conditions

5. Life Testing

As this sequence progresses, candidates that fail are eliminated from

the next step.

The "control" (or reference) catalyst core throughout this
sequence was designated DXA-111. This "first generation" catalyst core
Has been tested successfully in many large scale test rigs including
those at NASA-Lewis, Westinghouse and Wright Patterson ArB(3:455) | The
catalyst cores proposed in Task I showed significantly improved per-

formance over DXA-111.

In this catalyst development program, over 150 catalyst
compositions were tested at one stage or another of the screening ‘
procedure. Catalytic components ranging from base metals to rare earths
to precious metals, as well as combinations of these, were tested. For
the NASA Program, candidates weve selected on the basis of their

known properties and the NASA Program requirements.
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The two proprietary Engelhard catalyst cores, which were Tife
tested in Task III are designated as DXB-222 and DXC-532 and are des-
cribed in Table III-2. Both catalyst cores have the same catalytic
components with the major differences'being: 1) In the ratio of Pd to
Pt, and; 2) the specific high temperature stabilizers used. Iﬁ relation
to the control catalyst core DXA-111, both DXB-222 and DXC-532 are
prepared on an improved ceramic support material. Catalyst cores DXB-
222 and DXC-532 showed the most improved ignition characteristics of all
catalysts tested in-house. Both DXB-222 and DXC-532 have a broader
range of low emissions operation in comparison to DXA-T11. In addition,
DXB-222.and DXC-~532 showed excellent thermal stability throughout the
screening test series. From short term testing, the combination of
support, stabilizers and catalytic components on DXB-222 and DXC-532
appeared to be the most promising for long term durability in life

testing. The 1000 hour Tife tests under this contract were necessary to

determine life potential.

The following data in support of selection of catalyst core
DXB-222 and DXC-532 show that the main criteria for selection was the
improvement in the thermal stability and emission characteristics over

the control catalyst core DXA-111.
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TABLE III-2 °

Properties of Test Catalyst Cores

Catalyst Catalyst
. Identification Components
DXB-222 Palladium and Platinum

(Combined Tevel up to 5%)

DXC-532 Palladium and Platinum
{Combined Tevel up to 5%)

Support

256
Channels/in2
Zircon
Composite

256
Channels/in2
Zircon
Composite

NOTE: In all cases, the above catalyst cores contain
—proprietary stabilizers. These stabilizers represent

major differences in the two test catalysts.
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C.  BACKGROUND INFORMATION ON TEST CATALYST CORES

1.  Standard Laboratory Screening Procedures

Frequently, the last step in the demonstration of a
new catalyst core is thé actual Tife testing of the catalyst under
a commercial operating environment. This is primarily because a realistic
life test is extremely time consuming and expensive. For purposes
of efficiency and economy, catalysts which are not promising from
an application standpoint must be eliminated prior to the 1ife testing

stage.

In developing the CATCOM catalysts, it was necessary
to develop rapid but reliable screening tests for selection of catalyst
core candidates for 1ife testing. The screening test sequence was
designed to select candidates having a good probability of subsequent
success in life testing. Catalyst performance was first evaluated
using a cﬁarse screening procedure, which narrows down the number
of candidates, followed by more detailed evaluations simulating commercial

operations.

The tests used for screening catalyst cores for “catalytically

supported thermal combustion" were as follows:

Ignition temperature: Will the catalyst core

ignite at a useful operating temperature and sustain this ignition
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characteristic? (Some catalysts exhibited Tow ignition temperatures,

but on subsequent ignitions, this temperature increased.)

Thermal degradation: Will the catalyst supporti

withstand the temperature involved in combustion operations?

Accelerated thermal aging: Will the catalyst core.

perform adequately with sustained ignition characteristics and Tow

emissions after exposure to combustion temperatures?

Emissions: Will the catalyst core give acceptable
emissions under simulated commercial combustion conditions, with a
variety of combustion fuels?

-Life test: Will the catalyst core maintain accept-

able performance for required operating times of the combustor application?
As these screening procedures progressed, catalyst cores
that showed the most significant improvement over the control catalyst
DXA-T11 were selected for the next testing sequence.

A brief description of each test follows:

Ignition Temperature: The inlet temperature of the

fuel/air mixture is raised in 10°K increments until catalytic
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reaction begins within the catalyst core. Typically, this experiment

is performed under the following conditions:

Space Velocityyrp: ~28 M°/S-M3 (100,000 Ft.3/Hr.-Ft.3

Fuel Type: Yariable
Air/Fuel Wgt.: 38/1 (g/9)
Pressure: 1 x 10° N/m2 (1 atm.)

The typical ‘temperature response on a strip chart recorder

"is as follows:

Qutlet
}(///6/,/’ Temperature
Ignition .
Point
Fuel/Air
Temperature Inlet
°K - J(///Z’//’ Temperature

Time

Thermal Degradation: Three separate experiments are

performed on the catalyst support:

Thermal Shock: The support is placed in a

furnace preheated to either 1170°K or 1270°K. After 10 minutes in the
furnace, the support is removed and allowed to cool in ambient air.
The support is physically examined for damage after cooling is complete.

This process is repeated 10 times at each temperature level. These
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test results depend on the test specimen size. As a minimum, a support

block of .127M (5"¢)* is used.

Sag and Melt Point: The support is initially

placed in a preheated furnace for 24 hours at 1589°K.- At the end

of this 24 hour period the support is removed and examined for structurail
defects due to sagging of channels or melting. These observations

are recorded and. the support placed back in the furnace for another

24 hour period. For each therﬁal cycle, the furnace temperature is
raised in increments of 56°K. The temperature at which the channels
first begin to sag or support melting occurs is recorded and the test

" 1is terminated. This test is terminated at 1820°K.

Differential Thermal Analysis: The support

is placed in a DTA apparatus and the temperature for phase transition

is determined.

Accelerated Thermal Aging: As a haseline, a

fresh catalyst sample is tested in the laboratory reactor to determine
its "virgin" activity. The tests consist of a standard ignition test,

followed by a hydrocarbon conversion test, as described below.

An identical sample is then thermally aged at

15690°K for 24 hours in a preheated furnace with air as the environment.

*3 15 used as a symbol for diameter.
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Following this aging step, the catalyst is removed from the furnace
and the ignition temperature measurement and hydrocarbon conversion

test are carried out.

The conditions for the hydrocarbon conversion test

are:

Space Velocity: ~ 28, b6, 69 M3/sec—M3

(100,000, 200,000 and
250,000 ft.3/hr.-ft.3)

Air/Fuel Ratio: 80/1 (g/q)

Fuel: Commercial propane
Inlet Temperature: 670°K

Pressure: 1x10° N/mé (1 atm.)

Hydrocarbon conversiom: is measured at each space velocity, once

steady state has been attained.

Comparison between catalysts can be done by comparing
their relative activity. Relative activity is defined as the space
velocity required to maintain 50% hydrocarbon conversion level for
the tested catalyst divided by the corresponding space velocity for
DXA-1TT.
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The above conditions have been deliberately chosen so

that complete combustion is not achieved,-even for the best catalysts.
Differences between catalysts cannot be determined if the conditions

are such that complete combustion is usually achieved.

Emissions Testing: The catalyst core is tested in

a laboratory test rig using commercial combustor fuels under conditions
which partially simulate commercial gas turbine operation. Specifically,
the following parameters are set to duplicate proposed design conditions

for stationary gas turbine engines:

Space velocity
Air preheat ‘temperature
Air/fuel weight ratio
Combustion efficiency anq emissions exiting the catalyst core are determined

for performance comparisons.

Life Testing: The catalyst core is run in the

laboratory test rigs using the fuel specific to the proposed commercial
application, under partially simulated, full-Toad, commercial operating
conditions. These conditions naturally vary with each commercial oper-
ation. Due to rig limitations, it is usually not possible to operate

at proposed commercial operating pressures.
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2. Ignition Characteristics

The ignition characteristics of the catalyst core are
highly dependent upon the nature of the fuel. Table III-3 shows the
“ignition characteristics of DXA-111 for a variety of fuels used in
commercial combustion applications. Notice that the most refractory
fuel is methane. Determination of improvements in the methane ignition
temperature represents the first coarse screen of catalyst testing

sequence.

Catalytic cores with initially good ignition char-
acteristics may deteriorate in repeated ignitions due to thermal
degradation, resulting in substantial increases in subsequent ignition
temperatures. Many virgin catalysts ignited below 530°K but subsequent
ignitions ranged as high as 810°K. These catalysts were eliminated

from further consideration.

Table III-4 shows the methane ignition results for the
two proposed catalyst cores. DXB-222 and DXC-532 showed the best
methane ignition characteristics, and had a total of onTy 5-10°K 1increase
after repeated ignition experiments. This Towering of ignition temperature
relative to DXA-111 is attributed to the increased intrinsic activity
of the catalyst components in these catalytic cores. DXB-222 and DXC-
532 also showed good thermal stability, in that repeated ignitions

showed no significant degradation.



TABLE III-3
Ignition Performance of Engelhard DXA-111

Catalytic Ignition

Fuel - Temperature (°K)
Hydrogen 290
Coal Gas 430
Methane 740
Propane 605
JP-4 : 510
#2 Diesel 540
Methanol 455
Benzene 515

Range of Test Conditions:

Fuel/Air (wgt.) = .0263 g/g
(.313 g/g for Coal Gas)

Space Velocity — 28 to 83 M3/s-M3
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TABLE II1I-4

Ignition Performance of
Engelhard Catalytic Core Candidates

Catalytic Core Methane Ignition

Designation Temperature (°K)}
DXA-111 . 740
DXB-222 . 550
DXC-532 570

Test Conditions:
FueT/Air {(wgt.) = .0263 g/g
Space Velocity yyp =~28 M3/S-M3
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3. Catalyst Support Stability

The chemical and physical stability of the cataiyst
support is important in the selection of the cata1y§t core. The cat-
alyst support must be compatible, such that the catalyst can be prepared
on the catalyst support, and the catalyst support must not adversely

affect the performance of the catalyst core under combustion conditions.

During this development program, over 20 support can-
didates were screened. Some of the common support materials available
for high temperature operation are a-~Al203, cordierite, mullite, SiN and
SiC. A number of manufacturers such as DuPont, American Lava, Corning,
Pure Carbon, NGK, Kyocera and W. R. Grace are engaged in marketing high
temperature honeycomb supports.

Engelhard has found that alumina and zircon composites

are acceptable substrate materials.

The three prescreening tests used to select support

candidates are:

Thermal shock
Sag and melt point
Phase transition (DTA)
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The results of the thermal shock tests on the improved
support proposed for use in this program are shown in Table III-5. A$
a contrast, many other supports actually shattered during the first
cycle of this test procedure.

s

The sag and melt point test explored the maximum oper-
ating excursions possible during the combustion conditions. The test
results show (see Table III-6) that, even at 1820°K, no problems in
channels collapsing nor support melting were noticed. To support this
conclusion, the DTA scan was run (see Table III-6) and results showed no
phase change occurred up t6 1820°K. This temperature represents the

upper limit for this particular DTA apparatus.

4. Accelerated Thermal Aging

Catalyst cores that showed significant improvements over
DXA-11T 1in ignition and support evaluations were further tested in the
accelerated thermal aging test. Experience from automotive catalyst
development has shown that a catalyst must be resistant to accelerated
thermal aging to sustain acceptable performance under actual operating
conditions. This accelerated test procedure was designed to simulate

exposure of the catalyst core to actual combustion temperatures.
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TABLE 1II-5

Thermal Shock Test Results
For Catalyst Core Support

Test. “ Appearance of
Temperature 1st Crack
1170°K None after
10 cycles
1270°K None after
10 cycles

Final Disposition

Complete retention
of integrity

Complete retention
of integrity
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TABLE III-6

Thermal Stability For
Catalyst Core Support

¥

Test Results
Sag and melt No change up to
point 1820°K *
Differential . No phase change
Thermal up to 1820°K
Analysis

* Equipment Timited to 1820°K maximum temperature.
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The results of these tests for the proposed catalyst

cores are shown in Figqre I11-1. Note that both cofes exhibit better

performance than DXA-T11. In contrast many of the catalyst cores tested

and rejected had conversion levels from 0 to 20%.

5. Emissions and Combustion Efficiencies

Emissions and combustion efficiency tests represent the
first test in the screening sequence where the catalyst core is tested
under operating conditions approaching full-load, commercial combustion
conditions. Since DXA-111 was selected as the first generation catalyst
for outside testing, its characteristics were studied extensively,

Tooking at the following responses:

Air preheat temperature (Fig. III-2)

Catalyst core outlet temperature (Fig. III-3)

Effect of combustor fuel properties (Table III-7)
Fuel/air weight ratio in combustor feed (Fig. III-4)

Space velocity of catalyst core (Fig. III-5)

Figure III-3 shows that, for catalyst core operating
temperatures above 1360°K, the emissions for propane fuel are well below
anticipated Federal Standards for automotive turbine and stationary

(6.7)

turbine applications In addition, Table III-7 shows that these

same Tow emissions can be obtained for a range of combustion fuels.
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Accelerated Thermal Aging Results
On Selected Catalyst Cores

Fuel: Commercial Propane
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Figure I11-2
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Figure I11-3

Effect of Catalyst Core Ouflet Teﬁperature on-Emissions.For DXA-~T11

Fuel: Commercial Propane
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Methane
Propane
#2 Diesel
JP-4
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TABLE III-7

Emission Data For
DXA-111 Using Various Fuels*

HC(asC3)
-vepm €O vppm
0 10
2 11
2 10
0 15

% Typical Conditions:

A/F Wat.: 40/1 (g/9)

Air Preheat: 740°K

Space Velocity NP ~28M3/5-M3
Pressure: 1 x 109 N/M2
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Figure III-4

Response of Combustion Efficiency for
DXA-111 To Changes in Fuel/Air Ratio

Air Preheat Temperature: 670°K

Space Velocityyrp: ~ 28 M3/s-M3
Pressure: 1 x 105 N/M2
Fuel: ~ Commercial Propane
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Figure III-5
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Since the emissions performance on DXA-111 was acceptable
under typical commercial operating conditions (see Table I1I-7), improve-
ments in the operating range were considered an important criteria in
screening for catalyst core improvements. One test used was to deter-
mine the response of combustion efficiency as a function.of air preheat
temperatures. ‘Improvements in catalyst core performance would be
indicated by achieving high combustion efficiencies at lower preheat

temperature compared to DXA-111.

Figure I1I-6 demonstrates that both DXB-222 and DXC-532
yielded essentially 100% fuel conversion at temperatures as low as
500°K, for the stated conditions. This is about 150°K lower than for
the control catalyst, DXA-111. These improvements may result in a wider

turndown range for these catalyst cores and, thus, better performance

characteristics. -

Many of the guidelines presented in Table III-1 for
selection of test catalyst cores in Task III of this contract are
satisfied as shown by the performance data for control catalyst core
DXA-111. However,. comparative screening tests indicate that catalyst
cores DXB-222 and DXC-532 may have significant improvements over DXA-111
in

- ignition characteristics
- broader operating range for low emissions

~ thermal stability


http:function.of
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Figure I1I-6

Response of Hydrocarbon Conversion -
To Increasing Air Preheat Temperature

Fuel: Commercial Propane
Space Velocity:~ 28M3/s-M3
Air/Fuel (wgt.): 38/1 (g/9)
Pressure: 1 x 105 N/M2
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and yet maintain all the excellent performance qualities shown for DXA-111.

The questions relating to poisons. and catalyst core
degradation must, by hecessity, be answered with long term 1ife testing,
which represents the final rationale for testing of catalyst cores

DXB-222 and DXC-532 as part of this contract.
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IV. TASK IT - TEST FACILITIES

A. bESIGN AND CONSTRUCTION OF TEST RIG

In order to accomplish the experimental program to be des-
cribed in Task III, a test rig was designed, constructed and installed
in the CATCOM laboratory at Engelhard’s Menio Park Research Labora-
tories. This test rig had to be capable of the following modes of

operation:

1. Steady-state 1ife testing using liquid fuels -
automated, unattended.

2. Parametric testing with either gaseous or liquid
fuel - manual.

3.  Activity testing with gaseous fuel - manual.

Based on past experience in evaluating CATCOM catalysts, a
.0254 M diameter (1"@¢) adiabatic reactor was constructed. The reactor
was designed to operate downflow with an adiabaticity ranging from 90 to

100%.

The schematic for the test rig is shown in Figure IV-1.
Photographs showing the completed test rig and panelboard are shown as
Figures IV-2 and IV-3. Detailed drawings are contained in Appendix F.

The main elements of the test rig (designated unit #6) are as follows:
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Figure IV-1

Schematic of Unit 6 Test Rig
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Figure IV-2

Photograph of Control
Panel For Unit 6
Test Rig.
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Figure IV-3 Photograph Showing Physical Layout
of Equipment For Unit 6 Test Rig
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1. Air feed control loop for automatic or manual
operation.

2. Fuel (1liquid) control for automatic or manual
operation.

3. Air preheat section.

4. Fuel injection and mixing section.

5. Reactor section.

6. Exhaust gas cooling and venting.

T Carbon monoxide feed for activity testing.

8. Propane feed section for parametric testing.
Table IV-1 Tists the operating ranges for the test facility.

The experimental reactor used in testing the catalyst cores at
combustion conditions is detailed in Appendix F. This reactor was
constructed of Inconel 601 pipe and could be operated for endurance
testing at 1533°K and 1 x 10° N/M2 (1 atm.) and short term testing
at 1533°K and 5 x 10° N/M2 (5 atm). The reactor was instrumented for
measurement of

- catalyst core inlet and outlet temperature
- catalyst core pressure drop
- catalyst core inlet pressure

- catalyst core emissions

The pressure drop apparatus consisted of a manometer with pipe
tap locations upstream and downstream of the catalyst core in accordance

with ASME recommended practice.(a)
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TABLE IV-1

Operating Ranges for Unit 6

Automatic Control Operation:

Air Flow 1.85 x 10-3 to 5.9 x 10~3 Kg/S
Air Preheat Temperaturg up to 810°K

Fuel Flow (Liquid) 6.7X10°5 to 67X10-5 kg/S
Reactor Pressure 1.0 X105 N/M2 to 5 x 105 N/M2
Adiabatic Flame Temperature* Up to 1533°K

Fuel Type #2 Diesel

Manual Operafion:

- Air Flow 1.85 x 1073 to 66.7 x 10-3/¥g/S
Air ﬁreheat Temperature up to 810°K ,
Fuel Flow (Gaseous) 1.7 x 1074 o 17 x 107% Kg/s
Reactor Pressure 1.0 X109 to 5.0 X105 N/M2
Adiabatic Flame Temperature * up to 1533°K
Fuel Type Chemically Pure (C.P.) Propane

* For conditiohs of 90% reactor adiabaticity, adiabatic flame

temperature may be increased to 1570°K without
damage to reactor walls.
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The emission samples were taken with a .00635M diameter
(1/4"¢) water-cooled sampling probe. The sampling train adhered to SAE
Standard ARP-1256. The description of each individual analytical
instrument is 1isted in Table IV-2. The standard calibration procedure

of each instrument is detailed in Appendix E.

The product collection and vent system were designed to cool
the combustion gases sufficiently so fhey could be vented into existing

house vent facilities.

The operation of Unit #6 is best described by considering the
start-up and line-out of the unit for life testing. The following

sequence was followed:

1. Turn on electrical power to unit.

2.  Set air flow on control loop to specifications
in operating instructions. )

3. Begin heat up of air using furnace automatic
control.

4. Line-out operation of exhaust gas cooler and vent
system.

5. Check out shutdown sequence for oberability.

6. Check oﬁf operation of instrumentation on the
reactor (thermpcouples, catalyst core pressure

drop, water cooled sampling probe, etc.).



Emissions

UHC (as C3)

Co

CO2

02

NO/NOy
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TABLE IV-2

‘ Description -of Analytical Systems for Emissions

Analytical Equipment

Beckman Model 402
Flame Ionization Detector

Beckman Model 315B
Non-Dispersive Infrared

Beckman Model 315B
Non-Dispersive Infrared

Beckman Model 742
Polarographic Analyzer

Beckman Model 951
Chemiluminescence Analyzer

Range

50,000 Vppm
100 Vppm
10 Vppm

5,000 Vppm
500 Vppm
50 Vppm

15%

3%
25%
25%

1,000 Vppm
10 Yppm

Calibration

Gas

19,000 Vppm
47 Vppm
10 Vppm

4,000 Vppm
400 Vppm
10 Vppm

10% CO2
1.5% COp

C3Hg
C3Hg
CHa

Co
co
co

0.5% C0p

12% 02

Zero Air

600/900 NO/N
1.8/2.2 NO/N

Ox Vppm
0y Vppm
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7. lWhen the air preheat temperaturé to the reactor
has reached specified conditions, Tine-out on auto-
matic control.

8. At this point in the start-up sequence, the air
flow is on automatic control and the reactor instru-
mentation is functioning. A1l safety shutdowns
must be in the "off" position before fuel can be
brought on.

9. The fuel flow is now .ready to be brought into the
unit. Using Tiquid fuel as an example, the fiow
setting on the pump is established on bypass and
slowly turned into the unit.

10. As the fuel is brought on, the technician notes
the temperature responses in the reactor to deter-

mine lined-out operation for 1ife testing.

This same start-up and 1ine-out sequence is followed for

parametric testing and the carbon monoxide activity testing.

The detailed operating instructions for all tests performed

as part of this contract are given in Appendix E.
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B. TEST RIG PERFORMANCE CHECK OUT

After the operational check out, the performance of the test
rig was evaluated under "catalytically supported thermal combustionﬂ

conditions. The purposes of this evaluation were:

1. Determine the effect of cooling by the water-
cooled sampling probe on reactor adiabaticity énd
emissions.

2. Compare emissions, pressure drop and outlet
temperature of Unit 6 to those of an existing

Taboratory test rig.

1. Water-Cooled Probe Performance

The test rig reactor was designed to operate from 90 to
100% adiabaticity during life testing and over much of the design
operating range. In this heat loss range, the performance measurements
should be typical of large scale combustors. However, with the added
cooling effect of the water cooled sample probe downstream of the .0254M
" P catalyst core, the performance measurements could have been in error
because the probe can significantly cool the back section of the cat-

alyst core.

The effect of the water-cooled probe was measured to

determine:
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a. The best location for emission measurements without
quenching the Eombustion reactions in the catalyst
core.

b. The effect on reactor adiabaticity at the location

selected.

A series of experiments were run measuring the probe
quenching effect, defined as percentage decrease in measured outlet

temperature (PD) from the catalyst core using the following equation:

PD = (Temperature Measured Without Probe)—(Temperature Measured With Probe) x 100
(Temperature Measured Without Probe)

These measurements were conducted under combustion conditions.

The results for the experiments are shown in Figure IV-4.
For a probe Tocation .1016M (4") downstream of the catalyst core, a 2-3%
decrease occurred in the measured outlet temperature. These tests were
run at very conservative conditions with a mass flow approximafe]y 60%
of proposed Tife test‘conditions. Tests conducted at actual Tife test
conditions showed that the probe (Tocated at .1016M downstream) reduced
the adiabaticity of the reactor from 89% to 87%. This was judged to be
a reasonable trade off between satisfactory emission measurements and
undesirable quenching effects during the life tests. The .1016M

downstream location was selected for emissions measurements.
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. Figure IV-4

Cooling Effect of Water-Coolad Sampling Probe
Undey Combustion Conditions

Run Conditions:

Probe Location ‘Downstream of Catalyst Core (Inches)

Reference Velocity = 9 M/S

Fuel/ARir Ratio (Wgt.) = .0268

Air Preheat Temperature = 653°K
Measured Outlet Temperature = 1513°K
Pressure: 1 x 105 N/M2
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Further test results with the water-cooled sample probe
defined the reactor adiabaticity over the range of design operating

conditions. The percent adiabaticity (PA) of the reactor is defined as

~

Maximum
(Measured Qutlet) - (Measured InTet)
PA = 100

Temperature Temperature
(Adiabatic F]ame) _ (Measured In1et)
Temperature Temperature

Initial operation at test conditions over the test rig design range

resulted in the response of PA, as shown in Figure IV-5.

The results show that_increasing the mass flow decreases
the percent of heat Toss and increases the percent adiabaticity. This
is expected, since increasing the mass flow, at a constant air/fuel
ratio, in a fixed geometry increases the heat released while the heat
Toss remains fairly constant. Hence, the system approaches 100% adia-
baticity. The mas§ flow rates plotted cover the range of the parametric

studies.

2. Performance Comparison with Existing Test Rig

The final series of check outs of Unit 6 involved side-
by-side comparisons of identical experiments performed in Unit 6 and an
existing Engelhard test rig (Unit 5). These comparisons were made for
both #2 diesel and C.P. propane. The results are tabulated in Tables IV-
3 and IV-4. These data indicate that the differences between the responses

are well within experimental error.
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TABLE IV-3

Comparison Study of Unit #6
With Unit #5 (#2 Diesel Fuel)

Unit #6 Unit #5

Run Number 6-13E 5-103B
Catalyst Core DXB-412 DXB-412
Catalyst Core Dimensions 0254 M @ X 152 M L 0254 M @ X .152 ML
Air Flow (Kg/S x 103) 4.26 4.26
A/F Wgt. (g/9) 38.4 38.4
Reference Velocity (M/S) 7.2 16.9
Pressure (N/M2) 1 x 105 1 x 100
Air Preheat Temperature (°K) 673 673
Catalyst Core Outlet Temperature (°K) 1376 1353
Pressure Drop (%) 10.2 11.2
Emissions (Vppm ® Nominally 12.5% 02)*

Co 130 192

UHC (As C3) 1 1

NO/NOy 1 1
Percent Adiabaticity . -85. 87

* Emissions at .102M downstream of outlet catalyst face with
water cooled sampling probe.
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TABLE 1V-4

Comparison Study of Unit #6
With Unit #5 (C.P. Propane Fuel)

Unit #6

Run Number 6-13A
Catalyst Core DXB-412
Catalyst Core Dimensions L0254 M@ X .152 M L
Air Flow (Kg/5 x 109) 4.26
A/F Wgt. (g/9) 39.5
Reference Velocity tM/S) 17.2
Pressure (N/M?) 1 x 105
Air Preheat Temperature (°K) 678‘
Catalyst Core Outlet Temperature (°K) . 1503
Pressure Drop (%) 11.3
Emissions (Vppm @ Nominally 12.5% 02)*

Co . 8.0

UHC (As C3)%+ -

NOy -
Percent Adiabaticity 92

Unit #5

5-102B
DXB-412

.0254 Mg X

4.26
39.5

- 16.8
1 x 105
683
1533
14.5

94

* Emissions at .305M downstream of outlet catalyst face with

water cooled sampling probe.

** UHC and NOy analyzers not functioning at time of experiments.

152 M L



-5~
Another response that is typical for combustion operation
in the laboratory test rigs and noied-in Unit 6 is the fact that when
fuel is brought on to the catalyst core, an increase in measured inlet
temperature occﬁrs. For instance, the inilef temperature response for

Unit 6 and Unit 5 for the runs listed in Table IV-3 were:

Temperature Reading on

Air Preheat Thermocouple

°K
Fuel Off Fuel On
Unit 6 673 825
Unit 5 673 793

This is observed because of the close proximity of the
intet thermocouple, i.e., .0254 M {1") away from the catalyst core inlet
face. Radiation from the catalyst inlet face and thermal conduction up
the reactor wall causes the inlet thermocouple to read an artifically

higher inlet temperature.

C. OPERATING PROCEDURES

Operation of Unit 6 included routine equipment operating
‘procedures and special test procedures designed for evaluation of the
selected catalyst cores. Data reduction procedures were also h@nd]ed as
part of the operation of the test units. The routine operating pro-

cedures are detailed in Appendix E for reference.
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V. TASK IIT - PARAMETRIC AND ENDURANCE TESTING

A.  EXPERIMENTAL TEST PROGRAM

The testing program selected in this study was designed to

seirve the following purposes:

1. Test the long-term durability of catalysts under
combustion conditions.

2. Determine an acceptable low emissions operating
range for the catalysts.

3. Provide adequate information for selection of a

preferred catalyst core.

In addressing these requirements, a test sequence was set up,
which focused mainly on Tow emissions operation during a 1,000 hour 1ife
test with #2 diesel. This Tife test provided a means of measuring
either abrupt or 1on§-range changes in a catalyst core's erra11 per-
formance. To measure more subtle changes in the activity of the catalysi

core, periodic activity tests were conducted at 250 hour intervals using

carbon monoxide as a fuel.

The acceptable Tow emissions operating range for a CATCOM
catalyst was determined using C. P. Propane as fuel over a wide range of

select variabhles. Two catalyst cores, designated as DXB-222 and DXC-532

.were tested in this experimental program.
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The specifics of the overall testing sequence can be repre-
sented schematically as follows:

Virgin Catalyst

v
24 hour break-in period

initial CO activity test

4
initial set of propane parametrics

to map performance range
CO-Activity Test

1000 hour 1ife CO activity test
test with #2 every 250 hours

diesel fuel

Final propane parametrics to map

performance range changes

The initial 24 hour break-in period of each catalyst core
was required because of the nature of each catalyst preparation.

On many commercial catalyst preparations, it is very deceiving to test
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a catalyst without removing the so-called "flush" activity. It is
better to have a break-in period to remove this initially high activity
and stabilize the catalyst's activity level. This prevents potential

" problems with interpretation of experimental results due to compounding
with an artifically high initial activity. The break-in period con-
sisted of operating each catalyst core for 24 hours at the actual Tife

test conditions (see Table V-2 for conditions).

1. Life Test with #2 Diesel

Since the main purpose of this study was to measure the
durability of catalyst cores at combustion condition§ for extended
periods of steady-state operation, the 1ife test conditions were selected
to simu]éte a steady-state operating point for an automotive gas tur-
bine. The test fuel chosen was #2 diesel, since it is the most probable
fuel for this application. In addition, this fuel contains additives
and impurities that provide a sound test for determining the effects of

potential poisons on the catalyst core. Table V-1 contains the analyses

of the fuels used in the life tests.

The steady-state conditions for the 1,000 hour life test
are shown in Table V-2. These Tife tests were conducted on a continuous
basis when possible. During shutdown, a house air purge was maintained

over the test catalyst cores.
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TABLE V-1

Analyses of #2 Diesel Fuels Used For Catalyst Life Tests!

Test ~ ASTM D-975 Batch #12 Batch #2°
Gravity, API @ 60°F (289°K) . 34.4 -
Flash Point, °K >324.9 or legal 338.2 -
Pour Point, °K - 255.5 -
Water and Sediment, V% o '<0.05 <.05 . -
Carbon‘Residue <0.35 - -

Ash, Wt.% <0.01 <0.004 -

Distillation Temperature, °K

Initial 446.2 -
10% : 477.2 -
50% ' 523.2 -
90% 555.4 to 611.2 575.2 -
End Point - 605.2 -
Viscosity, - SU at 311°K 32.6 to 40.1 34.2 -
Joule/Ka., gross - 4,55 x 107 -
Sulfur, Wt.% : <0.50 0.15 0.17
Nitrogen, wppm ' - 59.9 71.5
Phosphorous, Wppm - " <1.0 <1.0°
Lead, wppm - <1.0 1.6

1 Majority of analyses performed by Saybolt and Co.
2 Batch #1 used for DXB-222 1ife test.
3 Batch #2 used for DXC-532 1ife test.


http:Viscosity,.SU
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TABLE V-2

Life Test Condit%ons

Air Flow: 3.29 x 10-3 Kg/S
Fuel Flow: ‘ 8.66 x 1072 Kg/S
Air/Fuel Wgt: o 38/1 (g/9)

IinTet Temperature: 633°K

InTet Pressure: . 1 x 10° N/MZ‘
Reference Velocity? . 14 M/S

Fuel Type: #2 Diesel

Space Yelocity NTP 51 M3/s - M3 Cat.
Catalyst Test Piece: L0254M ¢ x .1524M L

Adiabatic Flame Temperature: 1527°K
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The maintenance of low emissions performance during the
life test is considered the prime criteria for determining changes in a
specific catalyst core's performance. This life test also provides a
measure of the physical durability of the catalyst core support material.
The results of this test would provide information on long term dura-

bility of CATCOM catalyst cores.

2. Carbon Monoxide Activity Test

In conducting the CO activity test, the Tife test con-
ditions are discontinued and the CO activity test conditions are then
established. The catalyst core is not disturbed and remains inside the

test rig reactor.

This test consists of measuring the response of C0
conversion to increases in the air preheat temperature. The carbon
monoxide test gas was ﬁurchased from Scientific Gas Products and is
rated chemically pure (C.P.) with a 99.7% minimum purity specification.
The remaining test parameteré are held constant and are shown in Table

V-3. Typical responses for this test are shown in Figure V-1.

The response curve in Figure V-1 provides two important
facts about the catalyst cores} activity. The CO ignition temperature,
defined as the Towest air preheat temperature required to obtain a °
measurable temperature rise dcross the catalyst core, is a measure of

intrinsic catalytic activity. Increases in the ignition temperature
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TABLE V-3 :

Carbon Monoxide Activity Test Conditions

Air Flow: _ 10.55 x 10-3 Kg/$S
Fuel Flow: _ 4,09 x 1072 Kg/S
Air/Fuel Wgt.: ‘ 258/1 (g/9)
Inlet Temperature: - Varied up to 773°K
Inlet Pressure: 1 x 105 N/M2

" Reference Velocity: 36 M/S
Fuel Type: C.P. Carbon Monoxide

Space Velocity yrp: 125 M3/5-M3 CAT.
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"Variable ] Range

Pressure 1 x 105 - 5 x 105 N/M2
Air Preheat 630 - 810°K
Temperature

Adiabatic Flame 1306 - 1533°K

Temperature .
Reference 14 - 30 M/S
Velocity

C. P. Propane was selected as the test fuel because:

a. The high level of purity of the fuel and combustion
properties of propane would represent a conservative test for the
catalyst capabilities. Lower molecular weight paraffinic fuels of high
purity are very difficult to oxidize. The propane used was purchased
from Scientific Gas Products and is rated chemically pure {C.P.) with

a minimum 99.0% purity specification.

b. The fuel presentation system for #2 diesel would

not function over such a broad operating range.

The propane parametrics was conductéd initially at the
start-of-1ife testing to determine the range of operation of a virgin
catalyst, and at the end of 1ife testing to determine if changes in

catalyst activity had occurred for propane after 1,000 hours.
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reflect possible changes in the ehergy of activation or.pre-exponential
factor using the Arrhenius rate of expression as the typical reaction
rate model. The sloping portion of the response curve in Figure V-1
indicates that in this temperature range the rate of reaction is
kinetically controlled. The region showing a constant conversion

level as a function of temperature is considered to be mass transfer
controlled. A mass transfer controlied reaction is independent of the
catalyst and temperature, and is oniy a function of the apparent geo-
metric surface area of the catalyst. If the mass transfer conversion
declines with catalyst age, then the apparent mass transfer area is

decreasing.

The utility of this CO activity test is that it provides
a means to monitor subtle changes in catalyst core activity without

disturbing the catalyst test piece in the reactor.
The catalyst core that retains the highest apparent
mass transfer area and lowest ignition temperature is judged the better

performer, at least with regardé to CO activity.

3. Propane Parametric Testing

In order to define the low emissions operating range
for test cata]&sts, a series of parametric studies was carried out

over the following operating range:
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The specific variables were studied by constructing a
statistical experimental design covering 4 variables at 3 levels
each. The design chosen was a 1/3 replicate factorial design, which
reduced the number of experimental runs from 81 to 27. Repeat runs
were also conducted as a measure of experimental error. The actual

block design used is shown in Table V-4.

The initial program parametrics provided the range of
acceptable low emissions operation for propane as fuel with a specific
catalyst. The final propane parametric, after 1,000 hours aging,
provided information on the chaﬁges in propane activity due to 1ife
testing. These criteria would also be weighed in selecting a preferred

catalyst core.

B. EXPERIMENTAL RESULTS

The experimental results for 1ife testing, activity testing
and parametric studies of the two catalyst cores, DXB-222 and DXB-532,

are reviewed separately in the following sections.

Direct comparisons of results from testing of DXB-222 and DXC-
532 and selection of the preferred catalyst core are contained in

Section VI of this report.



TABLE V-4 - 1/3 Replicated Factorial Design For 4 Variables At 3 Levels

 Pressure . )
N/M2 x 10-5 1 3 5

Air Preheat
Temperature 633 722 810 633 722 811 633 722 810

°K

I keference
Velocity
M/S

Adiabatic

£l i
Teﬁgg}ature °K 14 22 13014 [22 |30 114 |22 |30114] 22|30 |14 |22] 30{ 14| 22| 30| 14| 22] 30] 14| 22| 30| 14|22

_89-

1366 X X X X X X

1450 X X X

1533 X X XX ' X

* Replicate Run to Determine Experimental Evror
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1.  Performance of Catalyst Core DXB-222

a. Life Testing with #2 Diesel 011

The most useful technique for monitoring performance
of a catalyst during 1ife testing is to monitor daily the input variables
and output responses from the test. A control plot of the most critical
observations then provides a method for detecting trends which may

indicate a degradation in the performance of the catalyst or problems

in test rig operation.

Control charts were maintained on a daily basis

for the following:

- exhaust gas composition {CO, UHC, NOx, COp, 02)
- pressure drop
- air preheat temperature

- catalyst core outlet temperature

The resulting plots over the entire 1,000 hour 1ife test of catalyst

core DXB-222 are shown in Figures V - 2,3,4,5,6, and 7.

Perhaps the most significant control plot in the
present life test is the exhaust gas analysis, and in particular,
the emissions of CO, UHC and NO,. The gas compositions are reported
as measured in the .exhaust, which was nominally 12.5% oxygen. These plots

provide a measurement of stable operation during 1ife testing.
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Hydrocarbon Emission Control Chart During Life Testing of Catalyst Core DXB-222
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Life Testing of Catalyst Core DXB-222
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Figure V-5
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Temperature Control Chart During Life Testing of Catalyst Core DXB-222

- Figure V-6
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Pressure Drop Control Chart During Life Testing of Catalyst Core DXB-222

Figure V-7
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Figures V-2,3 and 4 indicate that the emissions of DXB-222 are essen-
tially constant throughout the 1ife test, showing no change in the

catalyst cores overall performance.

During the 1,000 hour 1ife test of DXB-222, the

average emissions were as follows:

Emission Mean Standard Deviation
UHC {vppm as C3)} 3.8 3.6
€O (vppm) 47 14
NOy (vppm) 3.5 0.5

The CO and UHC emission results correspond to a mean combustion effic-
iency of 99.89%. All three emission levels are well within anticipated
federal standards for stationary gas turbines(7). These emissions can
also be translated into steady-state automotive gas turbine operation at

10 miles per gallon for comparison witﬁ automotive standards.

Mean Measured Automotive Standard
Emission Corrected {g/mile)
.o o to-Automotive Operation Yeéar :
Emission® =~ " “d/mile = 1977 1978
UHC 0.07 1.5 .41
co 0.58 15. 3.4
NOx ’ 0.062 2.0 4

Note that this comparison is strictly based on steady-state operation

and does not account for transients‘nor cold start.
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It should be‘noted that the NOy emissions during the
Tife testing of DXB-222 probably results from the essentially quan-
titative oxidation of the fuel bound nitrogen in #2 diesel fuel(z). At
the adiabatic operating temperature of the 1ife test, no NOx formation

is expected due to nitrogen fixation.

Examining the temperature control cﬁart (Figure V-6)
indicates that the outlet temperatures remained constant (within experi-
mental error) throughout the 1ife test. Since the temperature &easured
.00635M downstream of the catalyst core indicated the highest value
throughout the 1,000 hours, no burning was occurring downstream of

catalyst core DXB-222 during Tife testing.

The control plots for pressure drop (Figure V-7)
indicaté that initially the pressure drop was higher but during the
remainder of the 1ife test no further changes were noted. This plot
also proved usefuliin detecting an operating problem during this Tife
test. At approximately 500 hours aging, the pressure drop declined
dramatically as shown on the control chart. Removal of the catalyst
holder revga]ed that the packing between the holder and the reactor wai]
had Toosened and could cause bypassing. The holder was repacked in the
reactor and the pressure drop resulting during the last 200 hours of
Tife testing corresponded to the pressure drop observed at 400 hours

testing.

The control charts depicting CO2 vent gas analysis

(Figure V-5) show the variation in #2 diesel fuel feed during the 1,000

hour life test. This variation in fuel feed corresponds to
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a variation in adiabatic flame temperature from 14938 to 1565°K during

the 1,000 hour life test of DXB-222.

A summary table comparing all the control variables
_and test responses at the beginning and end of the 1ife test on DXB-222
is shown in Table V-5. This data is indicative of the control cap-
abilities of the experimental equipment. The table shows that no
significant alterations were made to the operating conditions of DXB-222

during life testing.

Another question that arises in regards to prac-
ticality of using catalysts in combustion processes is the durability of
the catalyst core support material. Figure V-8 shows the photographs
taken of DXB-222 after 1,000 hours 1ife testing. The color changes
shown when viewing the catalyst core from inlet to outlet are normal,
and reflect the temperature gradients within the catalyst core during
combustion operation at an adiabatic temperature of 1527°K. Physical
examination of the catalyst showed that no observable physical damage to
the catalyst core structure had occurred during testing. The catalyst

support appears to be quite durable after 1,000 hours diesel 1ife testing.

Analytical tests were performed on catalyst core
DXB-222 at the conclusion of the 1ife test in order to determine the
effect of operation at combustion conditions on the retention of the
precious metal catalytic component and on the thermal stability of the
catalyst core. Assay results indicated that DXB-222 retained 56%

of its precious metal after 1,000 hours aging. Results from BET surface



ik
TABLE V-5

Comparison of Typical Operating Conditions and Performance Data
At Start and End of Life Test for Catalyst Core DXB-222

Date:

Hours on #2 Diesel Fuel:

Air Flow (Kg/Sec.):

Fuel/Air Ratio (g/g):

Preheat Air Temperature (°K):

Outlet Temperature (°K)

Adiabatic Flame Temperature (°K):

Inlet Pressure (N/M2)
Pressure Drop (N/Mz):
Percent Pressure Drop:
Reference Velocity (M/S):

Combustion Efficiency (%):

Space Velocity yrp Nominal (Sec-1)
Heat Release Rate (Jou]es/S-M3-N/M3):

Start
11/19/75

40

3.22 x 10-3
0.0263

633

1398

1527

1.1 x 100
9779

8.8

13.0

99.85

34.7

4.3 x 102

Emissions! (Vppm @ Nominally 12.5% 02)

COo
UHC (As C3)
NOy

Catalyst Core Dimensions, Nominal:

80

End
2/27/76

993

3.22 x 1073
0.0268

628

1453

1540

1.1 x 10°
9431

8.6

12.9

99.89

34.7

4.4 x 102

60
B
4.2

0.0254M in dia. by 0.152M Long

1 A11 emissions measured with water cooled sampling probe
located at 0.102M downstream of catalyst core.
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4039520 (DXB-222)
Inlet to first
catalyst section

4039521 (DXB-222)
Inlet to second
catalyst section

. : 4039521
4039520 F D
ng?§22 low Direction DXB-222

Figure V-8 Photographs of Catalyst Core DXB-222 After
1000 Hours Life Testing
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area measurements showed that catalyst core DXB-222 retained 16% of its
initial surface area. These results are all relative to a lined-in
catalyst core (i.e., aged 24 hours at life test conditions).. At pre-
sent, it is felt thaf the most probable mechanism for the precious mgta1
Toss is detachment of the wasﬁcoat from the support. Techniques, gained
from experience in auto exhaust catalyst preparation, are available for
increasiﬁg the adhe;ion of the washcoat to the monolith. These improved
techniques shouid reduce the precious metal loss without decreasiné the

performance durability of DXB-222.

Additional analyses were obtained with a scanning
electron microscope and an x-ray diffractometer. These results were
negative in that no contaminants were found on DXB-222 after l1ife

testing.

Overall, the life test results indicate that CATCOM
catalyst core DXB-222 can operate under combustion conditions for at
Tease 1000 hours without Toss of Tow emissions performance due to
physical or catalytic degradation. Although analytical measurements
showed a Toss of both surface area and precious metal over the course of
the Tife test, these changes apparently do not have a significant effect

on the overall catalyst performance.

b.  Carbon ‘Monoxide Activity Test

The response of carbon monoxide conversion to

increasing air preheat temperature was measured on a scheduled basis
during Tife testing of catalyst core DXB-222. These results are plotted

in Figure V-9.



ORIGINAL PAGE I§
OF POOR QUALITY{

-77-

Carbon Monoxide Activity Test Response During Life

Testing of Catalyst Core DXB-222

Figure V-9

Run Conditions

Legend
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Examining each resporise curve indicates that

between 24 hours and 250 hours of aging with #2 diesel fuel, a significant

change in the catalyst cores" activity has occurred for carbon monoxide

as fuel. After 250 hours, very minor changes are occurring as determined

by this test procedure. These curves can further.be interpreted by

considering the CO ignition temperature and the mass transfer 1imited

CO -conversion for each test period.

Figure V-10. shows a plot of CO ignition temperature

versus fiﬁe period. Below 500 hours, the catalyst core DXB-222 ignites
at the injtial test temperature of 463°K so that an accurate measurement
of the‘ignition temperature is not available for this time period.
After 500 hours, the ignition temperature begins to increase and at
1,000 hours has reached 483°K. Apparently, the intrinsic catalytic
activity of DXB-222 for CO is still changing after 1,000 hours 1life
testing.

Figure V-11 shows the plot of mass transfer limited
conversion versus time period. This }esponse indicates that the conversion
level declines rapidily from 86% for the fresh catalyst to approximately
50% during the first 250 hours aging. For this to occur, the apparent
mass transfer geometric area has deciined 40% from that originally
available. Further decline in mass transfer Timited conversion is

negligible from 250 hours up to 1,000 hours aging.
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Figure V-10
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Figure V-11

Response of Mass Transfer Limited Conversion of

Carbon Monoxide From Activity Tests on Catalyst Core DXB-22
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These results indicate that changes in catalyst
core DXB-222's intrinsic activity for carbon monoxide are still occurring
at 1,000 hours as depicted by increasing ignition temperature. However,
the apparent mass transfer area of the catalyst core, as measured by
the mass transfer limited CO conversion, appears to have stabilized

after 250 hours aging.

c. Propane Parametric Studies

The propane parametric studies conducted at the
beginning of the 1,000 hour 1ife test on catalyst core DXB-222 provided
information on the region of low emissions operation of a fresh CATCOM
catalyst with C. P. Propane fuel. The final parametrics provided informa-
tion on the effect of aging on the retention of catalytic activity’

for Tow emissions operation with C. P. Propane.

Table V-6 contains a tabulation of the response
of combustion efficiency from the 1/3 rep1ica£é factorial statistical
design for four variables at these levels. Analyzing the combustion
efficiency response for the initial propane parametrics indicated the
following region of operation of the main céntro] variables for low

emissions:
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TABLE V-6

Before and After 1000 Hour Life Test on Catalyst Core DXB-222

Inlet Preheat Reference Adiabatic Combustion

Pressurg Air Velocity Flame Efficiency (%)

{ x 10-°) Temperature Temperature
Run # N/MZ °K M/S °K Initial Final
6-26A 3.1 734 13.3 1471 99.96
6-41A 3.0 733 14.8 1523 98.67
6-26B3 5.1 653 13.5 1477 0
65-418 5.0 653 15.2 1482 0
6-26C 5.1 718 13.2 1375 98.36
6-41C 5.1 722 14.5 1408 18.65
6-26D 5.1 808 20.73 1478 99,93
6-41D 5.1 808 22.6 1475 84.31
6-26E 3.1 803 28.1 1473 99.86
6-41E 3.1 808 30.9 1475 91.51
5-109F .2 718 13.16 1538 99.89
6-41F .2 708 14.2 1530 99.7
6-27A 3.1 638 21.1 1462 99.88
6-42A 3.1 653 23.5 1482 24.54
6-278 3.1 711 28.03 1500 99,81
6-42B 3.1 723 31.1 1545 24.47
4-92E2 3.1 643 14.5 1497 99.94
6-42C 3.1 633 14.6 1534 99,58
5-1098 1.3 721 19.57 1477 99- 89
6-42D 1.2 723 22.7 1474 37.58
5-103D 1.4 638 20.55 1526 99.94
6-42E 1.2 653 25.8 1554 3T1.12
6-27F 5.1 718 27.42 1469 47.03
6-42F 5.1 723 311 1474 16.87
6-28A 3.1 723 20.8 1394 99.61
6-43A 3.1 650 22.82 1394 16.91
5-TT0A 1.2 328 13.46 1486 99.9]
6-43B 1.2 808 14.4 1475 99.6
5-112B 3.1 803 13.1 1389 99.93
6-43C 3.1 308 14.4 1394 88.65

(Continued)
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TABLE V-6 (continued)

Combustion Efficiency Response of Propane Parametrics
Before and After 1000 Hour Life Test on Catalyst Core DXB-222

Inlet ‘Preheat Reference "Adiabatic Combustion

Pressure Air Velocity Elame Efficiency (%)

{ x 10-3) Temperature Temperature
Run # N/M2 °K M/S °K Initial Final
5-112b 5.1 813 13.1 1537 99.96
6-43D 5.1 808 14.5 1583 99.95
6-31D 5.1 733 22.56 1623 99,96
6-43E 5.1 728 23.0 15560 13.69
6-31F 5.1 655 31.96 1489 99.83
6-43F 5.1 658 32.4 1559 21.77
5-110C 1.4 808 25.23 1542 99.86
6-4447 1.2 808 31.0 1595 .99.6
5-112A 1.2 708 21.24 1459 99.76
6-44B 1.2 723 22.87 1474 35.96
5-10%E 1.3 638 13.74 1397 99,67
6-44C 1.2 653 16.4 1406 31.17
6=-31C 3.1 £33 30.5 1367 44.19
6-44D 3.1 653 32.1 1406 12.4
5-109C 1.3 648 - 30.92 1474 49,65
6-44E 1.2 653 35.0 1482 21.14
5-T112C 3.1 803 20.29 1496 89,96
6-44F 3.1 808 22.7 1547 99.81
5-1094 1.4 723 24.86 1394 97.57
6-45A 1.2 723 31.0 1394 23.26
6-3TA 1.2 728. 22.09- 1479 09,74
6-45B 1.2 723 22.9 1474 35.58
6-31D 5.1 653 22.96 1399 -28.29
6-45C 5.1 678 24.45 1436 0
6-31E 5.1 808 30.01 1379 99.23
6-45D - 5.1 808 30.8 1314 17.74
5-110B 1.2 803 20.5 1391 94 .96
6-45E 1.2 |808 22.6 1394 82.45
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Air Preheat Temperature: . >653°K
Adiabatic Flame Temperature: >1449°K
Reference VelociFy: . <30 M/S
Pressure: <5 x 10% N/M2

The low emissions operating region for DXB-222 with
C. P. Propane is very broad prior to 1ife testing. The only marginal
operating conditions are at low air preheat (<653°K) and tow adiabatic

flame temperature (<1449°K).

The results in Table V-6 also define the region for

low emissions operation after 1,000 hours of aging as follows:

Air. Preheat Temperature: >808°K
Adiabatic Flame Temperature: >1533°K
Reference Velocity: <22 M/S
Pressure: ' 1 X 10° N/M2

The performance of cdtalyst core DXB-222 after 1,000 hours diesel aging
has declined significantly in regards to the range of Tow emissions

operation for C. P. Propane.

The decline in activity for catalyst core DXB-222
relative to C. P. Pt‘opang fuel was not unexpected, considering the fact
that Tow molecular weight paraffinic fuels {e.g., C. P. Propane) are
more difficult to oxidize than fuels containing higher molecular weight

paraffins (e.g., #2 diesel).
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Since the results with C. P. Propane may be unduly
.conservative and not indicative of the catalyst’s capabilities after
1,000 hours aging, a number of runs from the parametric matrix were
repeated using #2 diesel to determine the performance of DXB-222 with a
realistic fuel. These replicates covered a broad range of the region in
which C. P. Propane had high emissions. Over this representative range
of operating conditions from-the propane parametrics, the performance of
cata]ysi core DXB-222 with #2 diesel was acceptable, with high com-
bustion efficiencies, as graphically shown. in Figure V-12. Comparable
results for C. P.'Propane and #2 diesel fuel are also tabulated in

Table V-7.

fhese parametrics condqcted after 1,000 hours aging
of DXB-222 indicate catalyst performance with a low molecular weight
paraffinic fuel (propane) and a realistic high molecular weight fuel,
#2 diesel. The final diesel parametrics gave information that was more

representative in terms of commercial appiication.

Upon removal of catalyst core DXB-222 from the
reactor test rig, after the variable study with #2 diesel, it was
noticed that some internal damage to the catalyst core had occurred,
bTocking some support channel passages. Since no unusual increases in
pressure drop occurred during life testing and the final propane parametrics,
the damage had to be caused during the diesel parametrics. This damage

was attributed to unvaporized fuel passing through the catalyst at
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. P. Propane After 1000 Hour
iesel Ageing of Catalyst Core DXB-222.

Plot of Comparison Runs for #2 Diesel

and C
D

Figure V-12-

Legend

& Diesel Data

O C. P. Propane Data

b
il

Fyt
s

T

a2

g SAOUBLILSLT UOEISNGUWOY]

Reference Velocity (M/S)



~87-

TABLE V-7~

Comparison of Parametric Runs With C. P. Propane
And #2 Diesel After 1000 Hours-Ageing: of DXB-222

Inlet Adiabatic

Pressure Air Preheat  Reference Flame Combustion Efficiency

( x 10-9) Temperature  Velocity Temperature
Run # N/M2 °K M/S oK C.P. Propane #2 Diesel
6-41A 3.0 733 14.8 1523 98.67
6-46A 3.1 723 14.3 1425 99.94
6-418 5.0 653 15.2 1482 0
6-46F 5.1 653 14.8 1445 99.96
6-42A 3.1 653 23.5 © 1482 24,54
6-46D 3.1 653 23.3 1445 94.43
6-42D 1.2 723 ) 22.7 1474 37.58
6~46D 1.2 723 22.6 1440 . 99.76
6-42E 1.2 653 25.8 1554 31.12
6-46C 1.2 653 25.5 1490 99.8
6-43E 5.1 728 23.0 1550 13.69

6-46E 5.1 723 22.6 1490 99.92
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the high fuel flow rate of this variable study. Catalyst core DXB-
222 was still capable of low emissions operation, however the overall

pressure drop naturally increased through the catalyst core.

~ The results of the propane and diesel parametrics
indicate that a decline of activity has occurred with respect to low
molecular weight paraffinic fuels. However, catalyst core DXB-222
still maintains high combustion efficiencies over a wide operating

range with #2 diesel after the 1,000 hour }ife test.

d. Analysis of Propane Parametrics

Detailed ahalysis of the propane parametrics with
DXB-222 was conducted in order to obtain: 1) a graphical representation,
and; 2) a statistical model describing the responses of combustion
efficiency, CO emissions and pressure drop.. Since no control study
was made to quantify modes or-causes of deactivation from #2 diesel
aging, this analysis was directed only at the initial propane parametrics

on DXB-222.

The models that were tried in this study were limited
to multiple linear regressions considering the firs%, second and third
order combinations of interactions. Typical models such as Combustion
Efficiency = A + B (Reference Velocity) + C (Adiabatic Flame Temperature)

(Air Preheat Temperature) were considered.
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1) Combustion Efficiency

A number of graphical techniques and statistical
models were explored to represent the response of;combustion efficiency
to the controf variables. This section contains a synopsis of these
results; more detail can be found in Appendix D. The main conclusion

was that no suitable description of this response was found.

Table V-8 summarizes typical results from
the regression analysis models considered for describing combustion
efficiency. The correlation coefficient set for selecting a satisfactory
predictive model was .97, which corresponds to a standard error of
+5% (relative) in combustion efficiency. None of the models tried

gave a correlation approaching this criteria.

2) Carbon Monoxide Emissions

Table V-9 Tists the regression models investigated
for the CO emissions response from the DXB-222 propane parametrics.

This analysis showed no significant model was found for CO emissions.

No suitable graphical representation of the

CO emissions data was determined from this study.
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TABLE V-8

Typical Statistical Models For Combustion Efficiency

Variable In

Regression Model Correlation Coefficient
Vr 0.4337
1 - 0.4020
Top 0.2920
P1 0.1870
(T1)(Top) 0.4616
(T1)(Top)» Vr’ : 0.5873
(vr),(T1)5(P1) » (Top) 0.5889
Vr, T1,{Vr) (Top), 0.6908
(T1) (Tgp) -

Note: A1l other 1st, 2nd, and 3rd order combinations of
variations had correlation coefficients within
range shown above.
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TABLE V-9

Typical Statistical Models For Carbon Monoxide Emission

Variables In

Regression Model Correlation Coefficient
TOD 0.5567
Pt 0.2736
Tq 0.1229
Vr 0.0731
Vr, T1s P1.Tgp 0.6190
Tops P1 Tops P1 0.6744

Note: A11 other 1st, 2nd and 3rd order combinations of
variables had correlation coefficients within
range shown above. i
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3) Pressure Drop

Analysis of the pressure drop responses from
the propane parametrics resulted in a very satisfactory graphical and
statistical representation for both isothermal and combustion pressure
drop. The_models that proved to be the best predictors are shown

below.

Isothermal

4P _ 0.0564y!+°
' P p0-56

Standard Error = 0.582%
Maximum Ervor = 1.36%

Correlation Coefficient = 0.9945

Combustion

yP = 0.336v-3

Standard Error = 1.32%
Maximum Error = 3.38%

Correlation Coefficient = 0.9932

‘Wher‘.e
P = Atm. (1 x 105 N/ME)
V= M/S
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The excellent agreement between the model
prediction and test results is further depicted in Figure V-13 for ‘
combustion pressure drop. The isothermal pressure drop model yields

comparable resulis between predicted and experimental values.

2.  Performance of Catalyst Core DXC-532

a. Life Testing with #2 Diesel 011

The.dai1y performance during the 1ife testing of
catalyst core DXC-532 was monitored by recording the control input
variables and output responses from the test rig. Observations were
pictted daily on a control chart to monitor changes in DXC-532's performance

in regards to:

exhaust gas composit%bn (UHC, €O, NOy, €05, 02)

percent pressure drop

air preheat temperature

catalyst core outlet temperatura

The performance of DXC~532 during 1ife testing
was quite sa%isfactory up to 600 hours on-stream. The control charts
shown in Figures V-14,15,16,17,18 and 19 show very steady operation
with regards to maintenance of low emissions. These gas compositions
are plotted as measured in the exhaust, which has nominally 12.5% oxygen.

However, a close examination of the control chart depicting outlet
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temperatures downstream of catalyst core DXC-532 revealed that after
300 hours Tife testing, the maximum temperature location moved from
.00635M downstream to .057M downstream. This indicates that some combustion
was occurring downstream of the catalyst. Downstream burning was not

present during the first few hundred hours of the 1ife test.

Another phenomenon began to occur during the period
of 400 to 600 hours life testing, which supported the observation that

Tess conversion may be occurring in the catalyst core DXC-532.

The temperature start-up response of a typical
catalyst core, when fuel is brought on at a specific air preheat condition,
is shown in Figure V-20. Note that the outlet temperature quickly
rises to achieve catalytically supported thermal combustion conditions.
This type of response was representative of DXC-532's operation during
the first 300 hours of life testing. Between 300 hours and up to 600
‘hours of Tife testiﬁg, the start-up response began to change, as indicated
in Figure V-21. Figure V-21 indicated that there is a temporarv,
intermediate outlet temperature of approximately 1070°K, which appears
before Tow emission operation is achieved. This intermediate is strictly
part of the transient start-up response. Also when Tow emission combustion
conditions are obtained, the maximum outlet temperature was located
.057M downstream, however the emissions measured .1016M downstream

showed no significant change.

The start-ups after 600 hours 1life testing with

air preheat of 633°K resulted in the intermediate conversion level
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Figure V-14
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Carbon Monoxide Emissions {Vppm)

Figure V-1b Carbon Monoxide Emission Control Chart During Life Testing of Catalyst Core DXC-532
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NO, Emission Control Chart During Life Testing of Catalyst Core DXC-532

Figure V-16
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Figure V-17 €07 and 02 Control Chart During Life Testing of Catalyst Core DXC-532
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Pressure Drop Control Chart During Life Testing of Catalyst Core DXC-532
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stabilizing as shown in Figure V-22. Therefore, after 600 hours of Tife
testing, the conversion across the catalyst core DXC-532 had decreased
to the extent that low emissions was not obtained at the original life

test operating conditions.

The low combustion efficiency operation with DXC-532
was easily corrected by raising the air preheat temperature from 633°K
to 673°K gradually over the last 400 hours of life testing. The tem-
perature response upon startup during the last 400 hours was as shown
in Figure V-20 with this compensation in air preheat temperature. These
increases in air preheat temperature are depicted on the temperature
control chart (Figure V-18). Therefore, the emissions control charts
during the last 400 hours 1ife testing represents the emissions after

the increase in air preheat temperature.

Considering the overall performance of DXC-532
during the 1,000 hour diesel life test, the following information on

emissions are obtained:

Standard
Emission Mean Deviatio
UHC (vppm as C3) 0.6 0.9
CO (vppm) 49.6 17

NOy (vppm) 3.3 0.6
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Low Emissions Operation
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The NOy emissions during this life test are probably
the result of the essentially quantitative oxidation of the bound nitroger
in the #2 diesel fuel. No NOy formation is predicted due to nitrogen

fixation at the 1ife test operating conditions.

On the average, these emission results correspond to
a steady state operation at a combustion efficiency of 99.9% over the

1,000 hour iife test of DXC-53Z.

The emissions performance of DXC-532 during 1ife
testing was well below anticipated regulatory standards for stationary
gas turbines(7), and can be translated for comparison to automotive
standards by assuming steady state operation of an automdtive gas
turbine with an average fuel consumption of 10 mpg with the following
results:

Mean Measured

Emissions Corrected Automotive Standard

to Automotive Operation Year
Emissions g/mile 1977 1978
o .6 1.5 .41
UHC .009 15. 3.4

NOy .058 2.0 4
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This comparison is strictly based on steady state operation and does not

account for transients nor cold starts.

The control chart maintained to indicate pressure
drop through catalyst core DXC-532 (see Figure V-19) indicated an abrupt
decrease in pressure drop around 300 hours aging. This proved to be an
operational problem caused by loosening of the fiberfrax packing around
the catalyst holder. The catalyst holder was repacked around 600 hours
operation and the pressure drop returned to the normal vaiue. Repacking
was also required around 800 hours. The lowering in pressure drop
indicates that some feed was bypassing the catalyst core resulting in

erroneous experimental observations.

The control charts depicting CO2 vent gas analysis
(Figure V-17) shows the variation in #2 diesel fuel feed during the
1,000 hour Tife test. This variation in fuel feed corresponds to a
variation in adiabatic flame temperature from 1511 to 1575°K during the

1,000 hour Tife test of DXC-532.

The changes in operating conditions and the res-
ponses for DXC-532 between the beginning and end of 1ife test can be
compared hy referring to Table V-10. The only significant change that
was made during the 1ife test was the 40°K increase in air preheat

temperature, which was needed to maintain low emissions operation.

The Tife test results, as reflected by the emissions

performance of DXC~-532, show that deactivation has occurred, but that

the Tow emissions operation can be restored by increasing the air



Comparisen of Operating Conditions and Performance Data At
Start and End of Life Test for Catalyst Core DXC-532
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TABLE V-10

Date

Hours on #2 Diesel Fuel
Air Flow (Kg/sec.)
Fuel/Air Ratio (g/q)
Preheat Air Temp. (°K)
Outlet Temp. (°K)
Adiabatic Flame Temp. (°K)
Inlet Pressure (N/M2)
Pressure Drop (N/MZ)
Percent Pressure Drop
Reference Velocity (M/S)

Combustion Efficiency (%)

Space Velociyty, NTP Nominal (Sec=1)

Heat Release Rate (Joules/sec. MZ ATM)

Emissions | (Nominally @ 12.5% 09)

co {Vppm)
UHC, as C3 {Vppm)
NOx (Vppm)

Catalyst Core Dimension, Nominal

1 A11 emissions measured with water cooled sampling probe located
at 0.102M downstream of catalyst core.

4/20/76
27

3.22 x 10-3

0.0264
633
1421

1530

1.1 x 10°
10806

9.6

12.8
99.88
34.7

4.2 x 107

49
3
4

6/9/76
964

3.22 x 10-3

0.0272

663

1413

1587

1.1 x 10°
8678

7.9

13.8
99.91
34.7

4.4 x 107

42
0
3.2

0.0254M in diameter by 0.152M 1
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preheat temperature from 533°K to 573°K. With this adjustment, the emissions
performance of DXC-532 was extremely low during the remainder of the 1,000-

hour 1ife test.

Another aspect of the 1ife test was to determine the physical
durability of the catalyst core, particularly, the support material. Figure
V-23 shows the photographs taken of catalyst core DXC-532 after the 1,000
hours testing. The color gradients along the direction of flow are normal,
aﬁd reflect the temperature gradient through the catalyst at an adiabatic operating
temperature of 1527°K. No collapse in channels nor physical damage to the
support were visually apparent. The catalyst support appears to be adequate

for extended operation at combustion conditions.

Analytical tests were conducted on catalyst core DXC-
532 upon completion of the test series to determine the retention of the precious
metal catalytic component and the thermal stability of the catalyst core.
Assay results indicated that DXC~532 retained about 40% of the original precious
metal after 1,000 hours operation. The BET surface area results showed that
about 30% of the original area is retained after aging. These results are
all relative to a lined-in sample of DXC-532 (i.e., aged for 24 hours at 1ife
test conditions). At present, it is felt that the most probable mechanism for
the precious metal Toss is detachment of the washcoat from the'support. Techniques,
gained from experience in auto exhaust catalyst preparation, are available
for increésing the adhesion of the washcoat to the monolith. These improved
techniques should reduce the precious metal loss without decreasing the performance

durability of DXC-532.

Further analyses were conducted on the aged DXC-532 with
a scanning electron microscope and an x-ray diffractometer. These analyses
both indiﬁated that deposits of lead were present on catalyst core DXC-532

after 1,000 hours life testing. (See Section VI for discussion of these results.)
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4051F9 (DXC-532)  4051F5 (DXC-532) .
Inlet to first catalyst sectionf§Inlet to second catalyst section

4051F9 4051F5

DXC-532 DXC-532

Figure V-23 Photographs of Catalyst Core DXC-532
After 1000 Hours Life Testing
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The results of this 1,000-hour 1ife test on catalyst
core DXC-532 indicate that the deactivation that occurred can be com-
pensated for by increasing the air preheat temperature by 40°K. With
this compensation, DXC-532 can operate under CATATHERMAL conditions for
at least 1000 hours without substantial loss of low emissions perfor-

mance due to physical or chemical degradation.

b. Carbon Monoxide Activity Test

Carbon monoxide activity tests were conducted
periodically during the Tife testing of catalyst core DXC-532. The
results are detailed in Figure V-24. Analyzing the overall trends
depicted in this figure indicate that between 24 hours aging and 250
hours aging a significant decline has occurred in the activity of the
catalyst core DXC-532 for carbon monoxide fuel. After 250 hours, the

changes are very minor as determined by this test procedure.

Another important observation that can be extracted
from the data in Figure V-24 is the trend of CO ignition temperature
versus aging time. These results are summarized in Figure V-25. The
CO ignition temperature rose from 473°K to 503°K during the 1000 hours
of Tife testing. Apparently, the intrinsic catalytic activity for CO
has changed during the 1ife test.
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Response of Ignition Temperature of Carbon
Monoxide During Activity Tests on Catalyst
Core DXC-532.

Run Conditions
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Feed CO = 4000 Vppm
Pressure = 1 x 10° N/M2

Catalyst Core Dimensions =
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Additional information can be obtained from Figure V-24
by plotting the mass transfe; limited CO conversion, as shown in Figure V-26.
This figure further confirms that the mass transfer Timited conversion
indeed declined rapidly during the first 250 hours of aging, but there-
after further decline is negligible for DXC~532. The decline in mass
transfer conversion represents a 36% change in the apparent mass transfer

darea.

The CO activity results indicate that apparent mass
“transfer area appears to have stabilized on DXC-532 after 250 hours
aging. However, the €O ignition temperaturé increases gradually during

the entire 1000 hours.

¢. Propane Parametric Study

The propane parametric studies conducted on catalyst
core DXC-532 at the beginniﬁg of the Tife test provided information on
the Tow emissions operating region of this catalyst with C. P. Propane.
The final propane parametrics provided information on the effect of
diesel aging time on the retention of catg]ytic activity for low emis~

sions operation.

The responses of combustion efficiency from the 1/3

repticate factorial design are shown in Table V-10. Considering the
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combustion efficiency responses. for the initial parametrics, the initial

region of Tow emissions operation is as follows:

Air Preheat Temperature: >653°K
Adiabatic Operating Temperature: >1449°K
Reference Velocity: <30 M/S
Pressure: . <5 x 105 N/M2
The Tow emissions operating region for DXC-532 with C. P. Propane is
quite broad. The only regions of marginal operation are at low air

preheat (<653°K) and low adiabatic flame temperature (<1449°K).

After the 1,000-hour Tife test, only seven parametric
runs, as shown iﬁ Table V-11, were conducted on DXC-532. These runs
were at operating conditions considered to have the highest probabiiity
of successful Tow emissions operation. The results indicated low hydro-
carbon conversion for all seven experiments. Since the other 20 runs
in the parametric matrix were at more stringent operating conditions,
it was concluded that after 1,000 hours life testing, catalyst core
DXC-532 had no acceptable region of low emissions operation for C.

P. Propane, over the rénge of variables studied.

d. Analysis of Propane Parametrics

Detailed analysis of the initial propane parametrics

on DXC-532 were conducted to determine a graphical representation and
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TABLE v-11

Before and After 1000 Hour Life Test on Catalyst Core DXB-532

Run #

6-47A3
6-66A

6-47B3R
6-47C3
6-4703
6-47E3

6-47F3
6-66B

4-134D3
6-5563

4-135B3
6-66C

4-134A3
6-5503
6-54F3
6-55A3

6-4983
6-66D

6-49C3

6-49D3
6-666G

6-~49E3
6-54C3

6-50A3
6-66E

Inlet Preheat Reference Adiabatic Combustion
Pressure Air Yelocity Flame Efficiency (%)
( x 10~°)  Temperature Temperature

N/M2 oK M/S °K Initial Final
3.1 723 14.5 1477 99.89
3.1 723 14.5 1477 .70
5.1 653 15 1482 99.87
5.1 723 14.5 1394 098.78
5.1 813 22.7 1480 99.86
3.1 813 30.87 1480 99.65
1.2 718 14.4 1540 99.88
1.2 723 14.5 1545 17.73
3.1 658 23.8 1487 97.39
3.1 723 31.3 1545 99.78
3.1 653 16.17 1554 99.97
3.1 653 15.1 1554 4.65
1.3 715 21.5 1466 97.06
1.2 653 21.59 1544 99,72
5.1 718 30.87 1469 27 .51
3.1 723 22.83 1394 64.85
1.2 813 14.4 1480 99,492
1.2 ‘806 14.4 1473 23.82
3.1 3808 14.33 1394 99,88
5.1 308 14.52 1541 99,98
5.1 812 14.5 1541 11.23
5.1 723 22.77 1545 99,9
5.1 653 32.3 1528 95.49
1.2 811 30.96 1548 8g.44
1.2 814 30.94 1551 13.11
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Before and After 1000 Hour Life Test on Catalyst Core DXB-532

Inlet Preheat Reference Adiabatic Combustion
Pressure Air Velocity Flame Efficiency (%)
{ x 10-3)  Temperature Temperature
Run # N/M2 °K M/S °K Initial Final
6-56B3 1.2 721 22.79 1475 98.43
4-134C3 1.2 653 13.0- 1406 99.15
6-50D3 3.1 653 32.07 1406 28.61
6-55F3 1.2 658 33.7 1487 33.39
6-h0F3 3.1 813 22.66 1550 91.94
6-66F 3.1 809 22.68 1546 9.33
4-134B 1.4 723 27.9 1394 37.88
6-54A2 1.2 723 22.85 1474 99.23
6~-54D3 5.1 658 23.65 1411 40,97
6-54E3 5.1 813 30.78 1399 37.86
4-136A3 1.2 808 24.64 1394 93.62
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a statistical model to adequately describe the responses of combustion
efficiency, CO emissions and pressure drop. The models considered

in this study were multiple linear regressions of all first, second

and third order variable interactions. These models were all of the
following form: Combustion Efficiency = A + B (Reference Velocity)

+ ¢ (Air Preheat Temperaturé) (Adiabatic Flame Temperature). This section

contains a synopsis of the results obtained from these analyses.

1) Combustion Efficiency

Because of the usefulness of being able to
predict satisfactory or unsatisfactory operation with C. P. Propane,
a number of graphical techniques were tried to represent the combustion
efficiency of catalyst core DXC-532. The details of the graphical
approaches considered are found in Appendix D. In summary, no suitable

graphical representation of the combustion efficiency response was

found for DXC-b32.

A stepwise multiple regression computer program
was used to determing the best statistical model for C. P. Propane
combustion efficiency. This program analyzes all the main effects
aﬁd interactions and then presents only the most significant model
as output. The most significant model consisted of interaction terms
involving the main variables of reference velocity, air preheat tem-

perature and adiabatic flame temperature. The multiple correlation



-120~-
coefficient for this best model was 0.8356 but the standard error was
15.9% absolute. This indicates that a fair amount of scatter would

result between predicted and actual results if this model were used

as a predictive tool.

2) Carbon Monoxide Emissions

Employing a stepwise multiple regression computer
routine, the best regression model consisted of interactions of the
main variables of reference velocity, air preheat temperature and adiabatic
flame temperature. The‘mu1tip1e correlation coefficient was 0.807
with a standard error of 295 vppm. This model is not a useful predictor

because of the large standard error.

No satisfactory graphical presentation of

the CO emissions data was found for the resylts on DXC-532.

3) Pressure Drop

'Analysis of the pressure drop response from
the propane parametrics on catalyst core DXC-532 resulted in excellent
graphical representations and regression correlations for both isothermal
and combustion conditions. The models that should be used for prediction

of pressure drop are as follows:
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Isothermal
4P _ 0.0407v!-6

Standard Error = 0.709%
Maximum Error = 1.99%

Correlation Coefficient = (.993

Combustion
gaP _ 0.219v1-3
P p0.77 -

Standard Error = 1.57%

Maximum Error = 3.16%
Correlation Coefficient = 0.9852
Where

Atm. (1 x 10° N/MB)

V =M/S

P

[}

The excellient agreement between predicted and experimental results

is further indicated in Figure V-27.
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VI. DISCUSSION OF TEST RESULTS AND SELECTION OF PREFERRED CATALYST CORE

In selecting the preferred catalyst core, the primary criteria were
the maintenance of low emissions operation and physical durability of
the catalyst core after 1,000 hours of aging with #2 diesel fuel. The
secondary criteria considered, in the event the primary criteria could
not detect significant differences, were the maintenance of carbon
monoxide activity, the range of low emission performance on C. P. Propane

and the maintenance of activity on C. P. Propane fuei.

A. LIFE TEST RESULTS

Overall, the results from the #2 diesel Tife test indicate
that catalyst cores DXB-222 and DXC-532 are both capable of sustained
operation.at combustion operating temperatures. The support selected

for the catalyst core appears quite durable despite operation at 1527°K.

However, there are some significant differences in the oper-
ation of the two catalyst cores to maintain this acceptable performance,
as shown in Table VI-1. Catalyst core DXB-222 retains enough activity
after 1,000 hours aging to attain low emissions operation at the preheat
temperature of 633°K set at the start of the 1ife test. However, the ‘
activity of DXC-532 has declined such that an air preheat temperature of
673°K is required at the end of the 1,000 hours to attain low emissions
operation. Even with increased air preheat, downstream burning was
still present for DXC-532 indicating incomplete combustion was occurring
in the catalyst core. This increase in temperature of 40°K represents a

significant decline in the activity of DXC-532 for diesel fuel.
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TABLE VI-1

Comparison of Operating Conditions And
Test Responses After 1000 Hours Life Testing

Catalyst Core

DXB-222 DXC-532
Operating Conditions:
Air Preheat Temperature (°K) 628 " 663
Adiabatic Flame Tquerature (°K) 1540 1585
InTet Pressure (N/MZ) 1.1 x 109 - 1.7 x 1
Reference Velocity (M/S) 12.9 13.8
Responses:
Outlet Temperature (°K)
.00635 M (1/4") Downstream 1470 1365
.03175-M (2-1/4") ‘Downstream 1475 1450
Percent Pressure Drop (%) 8.6 7.9
Combustion Efficiency (%) 99.89 99.91
Emissions: (Nominally @ 12.5% 0p)*
€O (Vppm) ' 60 ' 42
UHC (Vppm) 1 0
NOx (Vppm) 4.2 . 3.2

* Measured .1016 M (4") downstream with .00635M (1/4" Q)
water cooled sampling probe.
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For combustion applications with air preheat temperature
considerably above 700°K, both catalyst core DXB-222 and DXC-532 possess
the potential of functioning with low emissions for extended time
periods. However, for air preheat temperatures between 630 and 700°K,
or for transient engine conditions over a wide range of air preheat
temperatures {(e.g., 630 to 1000°K), only catalyst core DXB-222 appears

to have suitable 1ife characteristics.

The physical appearance of the catalyst cores and the anal-
ytical results indicated very 1ittle difference between DXB-222 and DXC-
532. Unfortunately, catalyst core DXB-222 was exposed to very high tem-
peratures during the final diesel parametrics causing some channels to
collapse, probably contributing to a lower retention of BET surface
area. In addition, this exposure to higﬁ temperatures could have
vaporized any Pb that may have been deposited on DXB-222. Therefore,
the lead deposited on DXC-532 may not be unique to this catalyst core
but only indicative of a Tower operating temperature. Since these
analytical results are inconclusive, they were not considered further in
selection of the preferred catalyst core. It should be noted that if
indeed significantly more Pb was in the fuel used for the 1ife test
on DXC-532 then these aforementioned conclusions may not be completely

valid.
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B. PROPANE PARAMETRICS

The initial propane parametrics on both DXB-222 and DXC-
532 gave essentiaf]y identical results. Both catalysts exhibited a
very broad range of Tow emissions operation for C. P. Propane over
the range of variables studies. After 1,000 hours aging, the activity

towards Tow emissions operation declined significantly for both catalysts.

However, DXB-222 was at least active over some of the range
of variables studied. Since propane fuel is a more difficult fuel
to combust than #2 diesel, any decline in diesel activity would-naturally
reflect a significant decline in propane activity. Since DXC-532 lost
some activity towards diesel fuei during 1ife testing, it is not surprising
that DXC-532 had Tost its activity completely for Tow emissions operation

with C. P. Propane.

C. CARBON MONOXIDE ACTIVITY TESTING

The CO activity tests for both DXB-222 and DXC-532 indicated
very similar trends in that the most significaﬁt decrease in C0 con-
version occurred during the first 250 hours of 1ife testing. The mass
transfer limited CO conversion level for DXB-222 was 44% while DXC-

b32 Tined-out at 35%.
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D.  DIESEL PARAMETRICS

The diesel parametrics, conducted with catalyst core DXB-222
after 1000 hours 1ife testing; indicate that a very broad range of
operation is possible with this catalyst which result in Tow emissions
operafion. The impurities in #2 diesel have not affected the performance

of DXB-222.

In examining these results obtained on catalyst.cores DXB-222
and DXC-532, and summarized in Table VI-2, it becomes apparent that the
main difference is the loss in diesel activity that occurred on catalyst
core DXC-532 during life testing. Since the life test was terminated
at 1,000 hours, there is no supportive evidence that the diesel acﬁivity
of cata]y;t core DXC-532 had indeed stabilized. Catalyst core DXB-222 had
not lost any measurable activity for #2 diesel from these test results
and gave very stable operation up to 1,000 hours of 1life testing. Based
- on these Tife test results, catalyst core DXB-222 possesses the poten-
tial for maintenance of low emission diesel operation beyond 1,000 hours
over a wide range of operating conditions. Future work on extended 1ife
test and fuel durability studies, as well as scaled-up engine tests,
should be conducted with catalyst core DXB-222 to obtain further data on

its performance capabilities.
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TABLE VI-2
Summary of Test Results on Catalyst Cores DXB-222 and DXC-532

#2 Diesel Life Test °

Emissions: Same for both catalysts during the 1000 hour test.

Activity: For DXC-532, a 30-40°K higher inlet temperature was needed to
initiate Tow emission combustion after 600 hours 1ife testing.

Propane Parametric Studies

Initial Test: No difference.
After Aging: DXC-532 deactivated completely for high efficiency combustion.

DXB-222 retained high efficiency combustion over a narrow
range of operation.

CO Activity Test

1. DXB-222 retained about 44% mass transfer limited conversion while
DXC-532 had 35% mass transfer limitéd conversion left after aging.

2. Significant deactivation of both catalyst cores apparently occurred between
24 and 250 hours of aging.
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VII. CONCLUSIONS AND RECOMMENDATIONS

From the experimental test results obtained under this contract,

the following conclusions were reached:

1. The two caté1yst cores tested, DXB-222 and DXC-532,
maintained extremely low emissions for 1,060 hours of continuous oper-
ation with #2 diesel fuel. Emissions were:

Unburned Hydrocarbons (C3 vppm) 4
Carbon Monoxide (vppm) 50
Nitrogen Oxides (vppm) 4

2. Comparison of the steady state emissions for both cat-
alyst cores after 1,000 hours aging were well below the 1977 and 1978

automotive standards and typically were as follows:

Federal Standards (g/mi.)

1977 1978
Unburned Hydrocarbons .04 g/mile 1.5 41
Carbon Monoxide .59 g/mile 15. 3.2
NOy ) .06 g/mile 2.0 A

These emissions are calculated based on steady-state operation, assuming

a fuel consumption of 10 miles/gallon.

3. Both catalyst cores can maintain their physical integrity
for at Teast 1,000 hours of Tife testing at operating temperatures

characteristic of catalytically-supported thermal combustion (ca. 1527°K).
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4. Excellent predictive models were obtaiﬁed for the pres-
sure drop through both catalyst cores, using the propane parametric
data. No simple Tinear models were found satisfactory for correlating

combustion efficiency and emissions responses from the propane parametrics.

5. During the 1,000 hours T1ife testing of DXB-222, no
changes in operating conditions were required to maintain Tow emissions.
The air preheat temperature had to be increased 40°K to maintain low

emissions operation of DXC-532. .

6. Catalyst core DXB-222 had not lost any measurable activity
for #2 diesel and retained a broad range of low emissions operation with

this fuel, exhibiting stable operation through 1,000 hours of testing.

7. The preferred catalyst core was selected as DXB-222 based
on its broader operating range for #2 diesel fuel after 1,000 hours 1ife

testing.

8. Catalyst cores, DXB-222 and DXC-532, can operate for
at least 1,000 hours under simulated steady state gas turbine oper-
ations, and yet maintain their durability and excellent Tow emissions

performance.

9. The main difference between the two catalyst cores is
the loss in diesel activity that occurred with catalyst core DXC-532
in Tife testing. Since the 1ife test was terminated at 1,000 hours,
there is no supportive evidence that the diesel activity of catalyst

core DXC-532 had indeea stabiiized.
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It 1s recommended that additional 1ife testing of DXB-222 be carried
out at higher pressures, in order to more closely simulate gas turbine
engine operating conditions. It is further recommended that a paraliel

effort be carried out to test DXB-222 in realistic combustion hardware.
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Contract NAS3-19416 EXHIBIT A

I.  GENERAL REQUIREMENTS

Eﬁission measurements sha]]tbe made of carbon monoxide (CO), carbon
dioxide (COz), unbﬁrned hydrocarbons (HC) and oxides of nitrogen (NOy).
This shall be performed per SAE Standard ARP-1256, "Procedure for -
Continuous Sampling and Measurement of Gaseous Emissions from Aircraft
Turbine Engines”. The following instrumentation and methods are required -

for testing of sub-scale catalytic substrates in Task III:

A. CARBON MONOXIDE AND CARBON DIOXIDE

Carbon monoxide and carbon dioxide shall be measured by

the non-dispersive infrared (NDIR) method. Recommended accuracy is:

CO 0-100 ppm + 2 percent full scale
0-500 ppm + 1 percent full scale

€02 + 1 percent full scale

B. OXIDES OF NITROGEN (NOy)

The chemiluminescent method of optical NO detection shall be
used. The instrument shall be provided with a switchable converter so

that total NO and NO2 may be measured.
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C.  HYDROCARBONS (HC)

Hydrocarbons shall be measured with a heated flame ionization
detector (FID). Instrument and sample line temperatures shall be main-
tained at approximately 150°C. Accuracy shall be 1/2 -ppm carbon on

the 0-10 ppm scale.

IT. SPECIFIC REQUIREMENTS

A. TASK T - SURVEY AND SELECTION OF CONTRACTORS' CATALYSTS AND
CATALYTIC SUBSTRATES FOR PARAMETRIC AND ENDURANCE

TESTING,

Within fourteen (14) days after the date of this contract,
the Contractor shall review the results of his in-house screening tests
perfarmed on his catalysts and catalytic substrates. Based on the
results of this review, the Contractor shall select and recommend
three catalytic substrates for parametric and endurance testing in
Task III. The selected items shall be the best candidates for low
emission, catalytic combustion of hydroca?bon fuels at the operational
conditions cited in Table I. The selected catalytic substrates shall
‘reflect the best potential of'success for a ?urbine engine catalytic

combustor -application.

In support of this selection, the Contractor shall provide
to the NASA in-house screening test data, identification of the cat-

alysts and substrates‘apd the reasons and justification for selecting
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and recommending the three catalytic substrates for parametric and
endurance testing. The test data, catalyst and substrate identi-
fication'and catalytic substrate identification and catalytic substrate
selection shall be submitted to the NASA Contracting Qfficer for

approval by the NASA Project Manager.

Five (5) days after this submittal, the Contractor shall
present an oral discussion of the test results and recommendations to
the NASA Project Manager at the Lewis Research Center. The proprietary
information submitted to the Contracting Officer and presented in the
oral discussion will be restricted and considered proprietary by NASA

Lewis Research Center and EPA until February 1, 1977.
As a minimum, the information and recommendations submitted
by the Contractor to the NASA Contracting Officer shall consider and

include the foliowing information:

1. Durability and life of the catalysts and substrate at

the specified operation conditions.

2. Low emission (NOx, CO and HC - refer to Tahle I)

characteristics and operation at the specified operating conditions.
3. Ignition characteristics.

4. Cost of catalyst materials.

5. Availability of catalyst.
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6. Compounds or elements which act as poisons to the
catalysts.
7. Catalyst and substrate degradation.
8. Catalyst and substrate maximum operational temperature.
9. Developmental status.

10. Contractor's in-house screening test parameters (inlet
and outlet temperature, inlet pressures, reference velocity, heat
release rates, test fuels, test duration and fuel-air ratios).

11.  In-house screehing test results (NOx, CO and HC emis-
sions, combustion efficiency, ignition characteristics, AP/P and
degradation, if any). -

12. Identification of substrate materials.

13. Identification of catalyst including catalyst system

constituents.

14. Differences between the screened and recommended cat-

a]ytic substrates.
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B. TASK IT - TEST FACILITIES

Within thirty (30) days after date of this contract, the
Contractor shall submit the following information to the NASA Project

Manager for approval:
1. Five (5) copies of the test system Tlayout.

2. Five (5) copies of assembly drawing, including a bill of
materials and identifying and showing all instrumentation and components

integral in the test system.
3. Five (5) copies of the test system schematics.

The test system layout shail include: Design pressure rating,
maximum operational pressure and maximum air flow at 600, 800, and

1000°F inlet temperature and pressure of 1, 3 and 5 aitmospheres.

After approval of the design drawings by the NASA Project
Manager, the Contractor shall: (1) Proceed to procure and fabricate
the necesﬁary parts and items for assembly and modification of the
exi$t1ng test apparatus; (2) assembly the test apparatus; and, (3)

perform operational check out tests.
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C. TASK III - SUB-SCALE CATALYTIC SUBSTRATE PARAMETRIC AND

ENDURANCE TESTING.

In this task the Contractor shall perform parametric and
endurance testing with the three (3) catalytic substrates selected in
Task I. Each sub-scale {1.0" 0.D. nominal) candidate catalytic sub-
strate shall be tested through a total operational test period of 1,000
hours. The objective of this task is to evaluate and establish the
performance and emission characteristics of the three catalytic sub-
strates through a range of operating conditions during the course of

the parametric &nd endurance testing.

Within four (4) weeks after date of this contract, the Con-
tractor shall submit three (3) copies of a test plan to the NASA Pro-
ject Manager for approval. The test plan shall include:

1. Test objectives.

2. Detailed test procedures.

3. Testing sequence of the candidate catalytic substrates.

4. Schematic of test apparatus and location of installed

instrumentation.

5. List of installed instrumentation.
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6. Data to be recorded.
7. Test conditions.

8. Identification of the fuel(s) to be used.

g, Method of determining combustion efficiency.
10. Method of fuel-air premixing and distribution.

This submittal shall include: (1) Criteria for evaluating
"the performance and rating of the three candidate catalytic substrates
during testing and at the end of the 1,000-hour test period; (2)
criteria establishing failure or cause for rejection of the candidate
catalytic substrate due to poor performance or degradatién; (3) criteria
for discerning and evaluating degradation of the cafa1yst(s) separately

v

from that of the substrate material.

The sub-scale catalytic substrates shall be tested at steady
state conditions through a total test period of 1,000 hours. The inlet
operational parameters of fuel-air ratio, reference velocity, temper-
ature and pressure are to be varied at scheduled intervals to establish
emission characteristics through a broad qperationa] range. The ignition
temperature shall be determined for each catalytic substrate. An eval-
uation shall be made of the ignition temperature and emis§ion char-
acteristic§ of each catalytic substrate at specific check points in the
test cycle to detect any rate of catalyst degradation (chemical or

physical). This shall be performed at:
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1. Beginning of t?st.

2. 250 hours of testing.

3. 500 hours of testing.

4, 750 hours of testing.

5. 1,000 hours of testing.

Each céta]ytic substrate shall be tested within the inlet
pressure range of 1-5 atmospheres, inlet temperature range of 400-1000°F

and outlet temperature range of 2000-2400°F.

For each catalyst, as a minimum, the test procedure shall

include the following test points:

P1 T1 Inlet --T2 OQutlet
3 atm. 600°F 2000-2400°F
1000°F 2000-2400°F
5 atm. 600°F 2000-2400°F
1000°F " 200-2400°F

Testing at each temperature shall include three different

fuel-air ratios. The testing shall include a minimum average and
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maximum reference velocity for each fuel-air ratio. As a part of the
task, the Contractor shall measure the emissions (NOy, O, CO, and
unburned hydrocarbons, inlet and outlet temperature, inlet pressure,
AP/P, fuel-air rétio, reference velocity, inlet air humidity, and auto
ignition-temperature. " The combustion efficiency and heat release
rate shall be computed for each test point. Testing can be performed
with a gaseous fuel such as propane. The Contractor shall advise the
NASA Project Manager of the exitent to which the use of lead-free gaso-
1ine and JP-5 would affect the ranking of the catalyst. The Contractor
shall promptly notify the NASA Project Manager if accidental damage of
a catalytic substrate occurred or if poor performance, degradation, or
failure is detected during the testing of any of the three candidate

catalytic substrates.

The decision to continue testing of the affected test item
will be made by the NASA Project Manager afte¥ a reﬁiew of test data,
condition of the catalytic substrate and recommendation by the Con-

tractor.

Upon completion of the testing in this ta;k, the -Contractor
shall veview and evaluate the test results and examine the catalytic
substrates for chemical and/or physical degradation. The Contractor
shall submit three (3) copies of all test data and results, conclusions °
and recommendations to the NASA Project Manager for review and approval.

Plots shall be provided for each catalytic substrate showing:



A-T1
1. Effect of fuel-air ratio on combustion efficiency

and emissions.

2. Effect of reference velocity on combustion efficiency

and emissions.

3. Effect of inlet temperature and pressure on combustion

efficiency and emissions.

4. Optimum low emission operating band.
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APPENDIX B
COMPUTER PRINTOQUTS
OF #2 DIESEL LIFE TESTS




QU TUNLIFICALIUN LIFE ILST FUR LNGELHARD CAUALYSL CORE DXB=222

~IOOBUOE ™" URIT WO o BOok 1 bp. 14-28 T T UL 1YPE 42 DIESEL FUEL

R A N A N R N R N R N N R N L R L AR SR

CALALYDY I . L DIMENSION.. L _EQUIVALENL HYURAULIC .. .PERCENL -SPACING

DIA. X LEN. DIA. DiA. OPEii AREA
_____ - - G ik M . -
. T LDAB~222 403¥5 20 2.5 BY 7.6 2,29 0.0¥794 0.5 *kdokk
2 Lu-222 403vs 21 2.5 BY 7.6. L2 2y 0.0v7b4 . ob.s . 635 -

[ T R R T R R T A R RN RN

—at - are s e

Rt ¢ TGRS Od T ROEL/ATR T TACEE BT PRESsURE TROP T TWLED [T OUILET T MAX. T MAX. 1 REF. VELOGITY

FykL RASIL LOCALION LHLELALE
. ATH % C C C THCHES M/SLEC
1 0-33A 24.0° T0.0000000 1.0374 3.6454 36%5.0 305.0 305.0 0.250 13.003
2 0-33A 04,0 __0.0207060 | 1,1068_ ___ Y.0206 .. __300.0 .. 1205.0 . 120%.0 . 0,250 . 12,700
3 o-3 ' 2930 770, 0202754 J.ovig 8.3804 300.0 1H0h, 0 1165.0 0.250 12,873
4 o=usl D18.0  0.0200112 1,0802 1.3926 365.0 11500t L1500 D240 13,113
R YR ¥ : Tol.0 0.0265%338 1.0v32 8.5226 360.0 10%0.0 F115.0 2.250 12,807
o o-3v _ YT70.0_ 0.0205338_ __ 1.0333- _ 3.2b83 _.__ _.355.0 . 360.0 360.0 0.250 .. . 13.49s .
! o—aY vwdl. 0 0.02018v3 1.0932 8.5220 355.0 1190.0 1190.0 0. 250 12,755

2-1



HUt JuELdf[CALILG LIFE 1EST FUl BNGELHAIN CALALYS) CURE IJXI%—222.

LUusuark © Udll o b iR T Be Ta=ay T CFUEL 1YME 42 DiuskL rUkL

L R I T T L R R N R N I I I I I R

LALALYSL 1. Dlakiis Iy EudIvALElE  HYDRAULIC PERCENL SPACENG
DIAs X L. DIA. UIA. OPiEit AREA
e R il i L — e - -
) - 1 Dip=2de AUsvs 20 2un BY 7.6 2.2V 0.0v754 R Rk & kek
2 DAr—ode 40395 2] 2.0 BY, 7.6 . 2.2y 0.09754 65,5 . 035
RUN w o dUuss di REYTRILDS "2 COMBUSTION™™ HEAT RELEASE PERCEYL EXHAUSL GASES
R CHANMEL THLEY T ERRECTENCY BRALL _ADIABAICILY Mo Ul SR Ul 02
ToTTrT T % KCALA/IR Ch3 ALK % . PP PR Pi'ad % 4
1 o=334 24.0 370072 __ _0.00. _ __... 0.00._ .. . 0.00 . .0.0 0.0 0.0 0.0, 0.0
2 o=3s4 “od,0 77T 32004 YY.8T 4%, 0v S Y B.0 4.0 5.4 12,5
3 o—3L 294.0 332,504 WL WD 44,99 HIWL Gia) D () 4,1 CYY 12,4
T AT o3y 518.0 3J0.30v . ¥, 93 45,03 83,07 0.0  30.0 2. ¥ S04 124
U u=3Y H1.0 2,598 . Yv.88 . 45030 _ . 83.21 . 1.0 ol.0 3.4 D.n 0 1246
o u-dy viU.0 334, 134 . U000 4. OB 0. 0.0 0.0 0.0 U, 0.0
N ) Y. O SddhoUn L YWLHO L 4416 ¥3.03 0.0  60.0 3.6 DO 12.5
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HUN IDENUIFICALIUW  LirE BES1 FUR BNGELHARI CAVALYST CulE DXC=-932

BUUK b =25

TLOGLUR T ue [T P,

I R L I R L e

FOEL LYPE #2 DIESEL FUEL

CALALY®L L, DIMENSIUN. EUJIVALEND HYDRAULIC PERCEN], SPACTHG ;
. DIA. X LEn. DIA. DEA. OPEN AREA
e CH CcH QI
1 DAC=H32 4051F B 2.5 BY 7.0 2.20 0.09754 oh.5 kkkkdk
@ DEC=b32 . A0LIF Y b BY. Ts0... . 2.20 . __0,09754 LO5.8. . W035 .

T URUN # HOUs JN T TREYHULUS @ T UCOMBUSTION T HEAT RELEASE PERCENT EXHAUSL GASES
FUEL CHAMMEL INLEL  EFFICIENCY RALE ADTABALCILY. He L0 BLIX CLi2 02
% KCALZHR CM3 ATM % PP PRI PP % 5%

I o-2lA, 24.0 _ __384.004 0.00 _.0.,00___ .. 0.,00.___._ .__0.0. 0,0 0.0 0.0, ..0.0
2 o—alA "27.0 w4 734 w9, 89 45, 65 87.84 3.0 4v.Q 4,0 5.5 1244
3 o=oUf3 324.0 390, %0 9v. 81 46,59 : 80,58 2.5 Y, 0 3.0 B 12,y
4T o=o0n 485.0 402,037 99, 8y 47.27 8l.71 0.0  61.0 0.0 B.d  12.7
5 oo To9,0 | 393.473 _ _ _w9eBY 484l __ BOB4 ... .. D05 . F2.0. 2.8 9.4 . 1245
‘o o-od T 847.0 380.043 0.00 0.00 0.00 0.0 0.0 0.0 0.0 0.0
I oos _oguded _3v2.12] _9Y.43 AT.T7 . Bduli .. .0.0. 38.0_ 3.2 8.0 ... 12.3
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APPENDIX C

COMPUTER PRINTQUTS OF

PROPANE PARAMETRICS




-

B

RUN IDENILEICAITON  PRUPAME PARAMEIRIC STUDLES. FUR .DXR-222 (PART I) - HC

11/10/75
L LUGBUGK WIS HuLh BOOK 3 PP, 2,3 4.

- FUEL -TYPE~- =

LR R N N R RN R R R R N T I T Y T

CALALYST

ID. NIMENSTJN EQUIVALENDT HYDRAULIC PERCENT SPACIHG
DIA. X LEN. . DIA. DIA. OPEN AREA .
. CH CH CH -
v e L DEB-222, 40395 06 2 BB T 2,45 0y OYTH4— 06,5 .
2 DXB-222 40395 17 2.5 BY 7.6 2.46 0.09754 65.5 . 635

L R R R I I R L R R N A R R N N R I s R

"PROP AL

RUN # HUURS UN.. .FUEL/AIR. ... INLEL P PRESSURE. DROP~ . INLET.-T -QUTLET -T.» MAX. T  MAX. T-- <REF.-VELOCIIY
FukL RALID LOCATION INLET FACE
. AlLLS o =% & s seen o NGHEG =1/ T EC—
| 5= 10941 253.8. . 0.0000000 .. .. Pad 973 e mm $..3489 ... = 450.0 450.0 450.0 0/250 - 27.883--
2 B=10v4A 25.8  0.0185213 1.3741 20,597y 450.0 1065.0 1080.0 1.125° 24.591 )
3 H-109B| . 25.8 _..0,0000000. . ..141973, i 6.0487 o m L 448.0 . .. 448.0 - . 448.0 0.230 f20.3v6 1
4 u-10vb 25.8  0.0209177 1.27dy 13.7985 44810 1138.0 1138.0 0.250 . . gv.357 ra
SR S - K 1 08| L 25,8 0.0000000 1..2041 10,7605 360.0 3604 0wz = 3604 0 - 0h 250————-305-2F0——
o 5-10v0 25.4 0.0225194 1,2381 21,6992 375.0 790.0 790.0- J0.250. ¢ 39.383 .
7 b 10901 L 28.8.0 0.0000000. 1, 1973 = 0 26,7993 = —ov - = 365,0 305.0 - 365.0. 70,250 +:22.500
g L= 109D 25.8 0.0249274 1.3469 15.0962 365.0 1220.0 1220.0 0.250° 20.329v
Y b~109kl. e 2348 0.0000000- 0 —— Pl 973 32700 Lammm e 305.0 - 300.0 =« - 360.0 0,250 < F40319 - -
10 5=~ 1QVE 25.8 0.0209174 1.2739 8.57Y3 305.0 1040.0 1060.0 1,125 13.589
SR IS WS Co 8 o DA 25.8...0.0000000 L3 380415 Gt 3 O 4347007259 127897
12 L= OVE 25,8 0.0230000 1.2041 8.2600 445.0 1208.0 1208.0 ~0.250 13.01v
i3 u=110Al 25.8 0.000C000.. -.1,1973-. - 3.5791-v ween v 535.0 ~+ 535.0 535,0 - .0.250 2.4 -
14 5=110A 25.8 . 0.01852)] | .2041 8.9596 535.0 1io0.0 1160.0 0.250 I'2.9v3 ol e
15 »=110B1 23.8  0.0000000 1,1973 ... ... 641739 . .. 5B30.0 530.0 h30.0 . 0.250 20,179 L= gi
1o o= 108 25.8 0.0162910 1.204! 14,2992 530.0 1000.0 1020.0 1125 22,279 v G2
(7., 5-tloCi 23 4 Burene 0.-0000000. (P BVl i Moy -3 202 535.0 5350 535.0 wmwn@32 50 -2 F r0RH—— o E
la b=l toc 25.8 0.0208375H 143469 20.0v34 535.0 i215.0 1215.0 0.25%0 24906 v

BE
29
Se
%@
=3


http:LL--..kr

RUN [ENTIFICA IO PruPAlE PARAMUEIRIC S0UDIES FUR DAB-222 (PART [} 4C 11/10/75

LUubswal ULy w0 SIOE 3 P 2, B, e e <+ < FUEL TYPE - - PROPAND e

M N R R R R R I T T T T

CALALYo ! I3 DIKRERSTUl EQUIVALENT  HYDRAULIC PLENCEN SPACING
DIa. X.LES. DIA. DIA. OPEN AREA
i CK Ci
e e o o LEB=222  AQ3YS 1A 200 1.5 A sh 0 0.0 754 05 5= dese Kde dde
2 Lxs=-220 40375 17 2.5 8Y 7.6 2. 40 0.0v754 &h.5 635
Rl # HOURS U REYHOLUS # . COMBUSLIUN . .HEAT RELEASE . PERCENT EXi{AUST GASES
FuLL CHANNEL [dLiel  EFFICIENCY RATE ADIABATCILY e cu iox cu2 Q2
— X KCALZHR_CH3 AT % PPRY weerenn PP Hm —mr PP % ¥
| D=10vAL 2.3 T03.v69 0.00 0.00 0.00 0.0 0.0 0.0 0.0 20.1
2 =10vA 25.3 122,102 I L - . B0 . v3.50 6.0 83v.0 0.3 3.9 [be O
3 u=jOvisl 2b.4 521,041 0.00 0. 00 0.00 0.0 0.0 0.0 0.0 20.!
S ST £ TV T _29..48 53] w22 P LUILIY) AR 35,70 TIPS DY S W O S A SR
o) D 10we | 25.3 970,234 0.00 Q.00 2.00 0.0 0.0 Q.0 0.0 20.1
o] H—10v0 25.8 o VIBWO3T Ll L 4965 . 48,08 . . 9P, v7- T150.0- 70.0 0.0 2.0 17,0
i S=10vD 2h.8 107,594 0.00 0.00 0.00 0.0 g.0 0.0 0.0 20.5
3 o=10v0 25.8 . ...725.242 ... 99.94__ . (.. 72422 cee.. 83449, Ll 6.0 10.0 0,3 4.0 12.0
Y b= 0YE] 25.8 450. 293 0.00 .00 0.00 0.0 0.0 0.0 « 0.0 20.5
e S B0 22308 A59..201 w807 4054 3568 | 4 §n]-20 ¢ Qe o —ired——F257
11 b= 1Jd9k 1 25.8 331.824 0.00 0.00 0.00 0.0 0.0 0.0 0.0 20.h
12 b= 10w 25,8 33¥.+ 407 - e YYLBY. L. 37,95 Y1.27 - - - 4,0 30.0 V.0 G 12.0
13 u=11JA1 25.8 271.824 0.00 0.00 0.C0 0.0 0.0 0.0 0.9 20.9
4 u=11JA 29.3 270,555 v WYLOT L. o 27,20 92.91 0.0 3040 Qe 4 4,0 14.0
) o=1]uR] 25.8 429,234 0.00 0.00 0,00 0.0 0.0 0.0 0.0 20, ¥
—=Lla -1l 283 430 o3 4005 3Byl ~BO 08— ——73,- 013480 Do 3 fors
17 L—-110C1 2b. 8 v32. Y3y .0.00 0.00 0.00 0.0 0.0 C.G J.0 21.0
i3 L1100 2h.8 . 59L.080 vy, Bo . H58.63- - ¥, 92 4.0 43,0 0.2 4.0 14.0
)
<
= 2
‘o
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http:975.937......-49.65

Hull EDERTIFICATTON  PRUPANE PARAMEIRIC SIUDIES FhR DXo~222 (PART II)

Lugouuk Jily s o BuuK i Pe. Hly12 FUEL 'tYPE PROFANE
CATALYLL 0. DIRENSTON EQJIVALENT HYDRAULIC PERCENT SPACTHG
VIA. X LEN. DIA. DIA. OPEN AREA
UV 01 I M —ald e e e 7 v 4\ e~ ——— e A Y5 15 o o e e et
bX5=-222 403v5 lo 2.5 BY T.o 2.46 0.09754 Cde D pE kk
. 2 LXxp-222 40398 17 deb BY Te6_... 2.406. Te0¥754 05.5 035
RN # HUJRS ON FuELZAIR INLEL P PRESSURE DROP INLET T  QUILET T. MAX. 1 MAX. T REF. VELOCITY
— EUEL RALIL ' e om e UCA D O HREETF - ASE——
' AN % c Cc c INCHES M/5eC
1 é=20A1 ’ 25,8  0.0000300 3.0007 1.80y7 461.0 461.0 461.0 0.250 13.132
2 0= 204 25.8 Q.020517d . 3.033% e . L3.9102— .. . 401.0 1203.0 1203.0 0.250 | 13.1v0
3 o= 2081 25.8  0.0000000 4.9999 15501 350,0 350.0 350.0 0.250 12,773
- 4 0=2033 258 (. 0040200 42990 L5092 300 D———380.0 380.0 0258 I3 +308
b o=2oul 25.8  0.0000000 4. YYYY 1. 449y 4435,0 . 445.0 445.0 0.252 12.881
0 o-2ou 25.8 . 0.0185211 .. 4.999%. . vnn2. 6001« e 223450 240.0 H00.C 2.250 - 13,038
7 o~2ou] 23,8  0.0000000 44999y 2,8501 535.0 535.0 533.0 0. 250 204 200
<] o=2ol . 23.8 0.0187007 . devdvy . 4.8Y98.« . - 535,0. - 1025.0 . 1200.0- 2,280 - 23.910
v o=2okl 25.8  0.0000000 2.999Y 5. 7800 530.0 530.0 530.0 0. 250 27,453
.10 =200 e e 2B e B 0. Q1870 2 W H29R 1343903 530,08 10050 12200 2.2b3 Bs oI ——
i =274l 25,8  0.0000000 2.9999 3.6902 365.0 368.0 Jo5.0 0.250 2J.553
12 6=-274A 25,8 . 0.0230803 - 2.9V - 0, 700] oo - - 302.0 27030 1220.0 124250 - 20.805
13 o=~2/731 2b.8 0. 0020000 3.0087 5. vy 438.0 433.0 438.0 0.252 27.270
14 0=278 25.8 L 0.0221183 - 2.9999.. -10.31vvY - 433.0 $¥3.0 - 1240.0 2.290 27,731
15 o=2i3A1 25.48 0. 3000000 2 PYYY 3. 7000 450.0 450.0 450.0 0.230 2. 30
e o uT2d8A 2h.4 Qo0ldgn2dd — 2.wsive 5,080/ 459 0 P 2y 25 G2, 205 2R
17 o=2771 - 25.d  0.0000300 4,999y 4.8997 443.0 A40.0 440.0 0.250 27.001
18

o=-217r 25,8 V. 0209177 4.9999 . {+3000 ) 4435.0 080.0 o¥b.0 2.2%0 Al 11

-



nt ll)ufil'1|:IU.'\1Iui PRURATE PARAREIRIC S1J01ES Fur DAB=~222 (PART I}
LLGodda — vall iU o

L N Y R N TR I I I R,

CALALYLT

U DAu=2g2
2 Dau=2de

SUIK T

P,

TP

LR L BT TN B I A AL I I R T R N O I S S

FUEL iyPE

PRUPANE

1D UIRENSTU EXJIVALEND  HYDRAULIC PERCENT SPACIHG
DIA. X LEY. . TMA. DIA. UPE AREA
L0 o i s
038 10 2.5 8Y f.o0 3. 40 0.09754 03,5 ki kg ek
Wovwd 17 2.5 3Y. .o 2e 40 0.097454 ubed £ 635

LU I -..ocuc--na--ao-oclon--t-lo-qn--u--on.c--o...--.--oncc...nlaonl!--no--bl-t

aUle @ Huuleo U4 REYNULDS « CUMBUSLCIUN  HEAD RELSASH PERCE'T EXHAUSL GAutS
v EUEL safAudliel T e LU TEICY A ABTABATOEEY o HO - e ~NdX P ey P ——
. 3 KCAL/HR CH3 ATH % PEA PEy PRy % o
! o=2udl 2943, SIT7428Y i el 0.00 . .. .0.00. .. £.00 - . 0,0 0.0 0.0 Ve 20.2
2 . 6=2uA 25:8 U34,055 ¥9. Y0 33.63 Y3, 4v 0.0 14.0 0.0 4,5 14.0
..... B m 2ol 2.3 AT Q.00 - 000 -5 06 B0 0 G326y
4 0-2033 25.8 Toyl, 1 83 ¢.00 0.00 0.00 0.0 C.0 .0 0.J  20.5
5  o-20C1 2530013830922 m 0,00 e - 0000 = - 0u00~rmm e == 0,0 ¢ 0,0 0,0 » 0.0 —-20.%
L0 o200 25.8 T40Y, 2310 v8.32 30.21 Vo, 40 2.0 285.0 ° Q.1 3.0 13.0
I p=2001 233, L 1730.875 ... 0.00 e - 0.00 . 0.00 - 0.0 0.0 0.0 ‘0.0 2041
8 o=20! 25.8 1d14.281 Yy .93 43, 41 v7.0Y 1.0 21.0 0.0 4.0 15.0
e D=20EL 25.8 L463.,260 Q+00 OG- 0,00 03D BB O theI—Rt
0 o-Z2oc 25.8 1490, 71y vo.80 59,23 101.2v 1.0 43,0 .0 4.0 15,1
11 o=2iAl 25.3 819003 o il 000 e e 0,00 - - . 0.00 0.0 0.0 0.0 0.0 - 20,1
12 o=2/A 25.3 1956.821 99, B3 08,64 W, 97 0.0 53.0 0.0 5.0 13,1
13 u-2181 25.38 1791.53] .. 0.00. 0,00, - 0.00 0.0 0.0 0.0 0.0 20.1
4 o=278 25,8 1831144 99,81 18, 4y Yv. 18 0.2 78.0 0.0 5.0 13,1
el BT 2HBA) 25.3 1 258 344 O+00 030 0+00 O 0——030 0: 0 Grr—20v4
16 o~24A 25,3 1322.3¥1 YY. 61 44,09 ° Y3, 19 0.0 137.0 0.0 4.0 15.0
17 0=-27F] 25.8 ... . 2¥0u.500. v 0.00- -« 0,00 - 0.00 - - 0.0 0.0 0.0 0.0 20.4
18 =277 25.8 2¥34, 155 47.03 33.89 69,05 7000.0  57.0 0.0 ley  19.3
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RUI IDEMLIFICALIU  PROPANE PARAMEIRIC STUDIES FOR DXB~222 (PART III) MC 11/26/75-11/11/75
LUGBULR _ UHlL HU O, BOUK. 3. PR.. 5,0 om

R B e I P L R L L - FUEL TYPE - -- PROPANE——
CATALYSY 1D, DIAENS TN EQUIVALENT HYDRAULIC PERCENT SPACING
. DIA, X.LENs - — DIA.- - DIA. . OPEN- AREA -
CH CM cM
L_LXR=222 40398 20 2.5_BY. 7.5 2,29, 009754 555 e e Ve Yoo
2 UXB=222 40395 21 2.5 BY 7.6 2.29 0.09754 05.5 . 035
_RUN # HUJRS ON... FUELZAIR _.. INLEL.P .. PRESSURE DRUR. ... INLET T .OUTLET T HAXe T MAXs T REF. YELOCITY
. FUEL RATIQ LOCATION INLET FACE®
AT % — o G INCGHES i MAB G —_—
1 5=112A1 25,0 _0.0000000. .. 1el9T3 . ore. 6437BPemiccn nd35.0. - 435,0 . 435.0 . 0.250 21.326
2 5=112A 25.0 0.0209179 1.2108 15. 1093 435,0 1145.0 1150.0 1.125 21.377
3 . 5—-liaki . 25.0 . 0.0000000.... 2.999Y.._...-1.8827—- ..530.0 . 530.0 . 530.0 0.250 - 1 3.073 .
4 =128 25.0 0.014940% 2.9909 3.4913 530.0 1100.0 1100.0 0.250 13,202
- T L2 W =92 | 25.0 . 0000000 22999 2146 539, 0 530+0 530 . 0—8+2 50— m———D ORI
G u=]12C 25.0 0.019558% 3.0135 6.5427 530.0 1228.0 1232.0 . 1.125 20.411
7 w1 12D1 25.0.. 0.0000000. . 4.9990 . ..1.3963 - - -536,0 536.0 - 536.0 0.250 12.972
8 n=112D 25.0 0.0205178 5.0135 2. 7190 536.0 1255.0 1255.0° 0.250 13.111
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RUN TDENUIRICATION  PROPANE PARAMELRIC STUDIES FOR DXB-222 (PART III) ¢ lf/0/75-l 711775

LIGOUOK . L UHIL NU 5 BUUK 3. 0 PBa 5300 e e e m e Semsme e s e o BUEL [YPEe e PROP AN S ——————

M R N N N L )

CALALYSL In. DIMENSION EQUIVALENT HYDRAULIC PERCEUT - SPACING
DIA. X LEI" - DIA- DIA- UPEN AREA. M
Cid (W] Ch

FooDAB=222 . 40398 20 ... .2.5 BY — TG 2e2Y0 m - D.00TB4— -« cn L BB, L kA e e —

2 DXp-2z22 40395 21 2.5 BY 7.6 2029 0.09754 &b B G35

RUN «  JUURS QN REYHNULDS # CUMBUSTION  HEAT RELEASE LRCENT EXHAUST GASES -
Fuel CHAANEL INLEL EFFICIENCY RATE ADIABATCITY HC cu NOx coz 0z

e e e amn 2 KG AL/ HR--CH3—ATH % e PPMomee —PPH e PP woriem n et
1 b=112A1 25.0 B6i.8v8 0.00 Q.00 Q.00 C.0 0.0 0.0 0.0 20.3
2 S=1124 25.0 ... 573.048, ... 9970 i iiee. 570480 v . . ¥2.84 4.0 83.0 0.0 4,5 --13.7
3 S=11251 25.0 Ov0.3085 0,00 0.00 0.00 0.0 0.0 0.0 0.0 20.1
PR SO LS W W0 25.{] J07. 211 HY 03 2245 103 .42 24— 15,0 0:0 SvS—t550
5 b=11201 25.0 1078.934 0.00 ¢.00 0.00 .0 0.0 0.0 0.0 20.3
[+ b=112¢ 2%.0 . 1100.078 - - S99, 96, e 45,38 - - . ov.13 - . 1.0 12.0 0.5 - 4,2 ~—~ 13.4
7 S=1120] 25.0 1137.821 0.00 ¢.00 0.00 0.0 0.0 0.0 0.0 20.5
3 b=1120L 25,0 ... A6t 1720 . L 99,90 .. . 30,33 .. YTe 4] - 3.0 5.0 0.0 - 4.1~ -14.1
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Ruiv IDENIIFICAIIUN  PRIPAJE PARAMEIRIC SIUDIES FUR DXR-222 (PART IV) NC 11/13/75=11/14775

TOG300X GNTE NJ o 30K | PP. 14,15 FUEL TYPE PROPANE

P E P40 es s E B PSSR A B Rt SRR SN REeS s At It s Ee BB REBATIEEEY AR SR AR NEEPRED Y

CALALYSY ID. . DIMENSIUN . EQUIVALENT HYDRAULIC PERCENL SPACING -
DIA. X LEN. DIA. DIA. UPEN AREA
_____ Ci : oM CM
1 DXp—222 40395 20 2.5 BY 7.0 2.29 0.09754 65.5 EE T
2 Dan=222 .403¥5 21. . 2.5 BY...d.60—-. 2.2%- --0.09754- - 66.5 s 035 e e ameeas
HUW # Hudits Ji FUEL/AIR INLEF P PRESSURE DROP INLET [ OUTLET T MAXe T dAX. T REF. VELUCILY
Uil RALIO LOCAT FOH e ENE B AGE—
ALK % C C c INCHES M/SEC
l o-=314l 25.0  0.0000000 1.1973 0. 3872 455.0 455.0 T 455.0 0.250 2l.vy28
2 o=31A 23,0 0,0209179 . . 119730 - 1b. 5518~ ~455,0 1{o5.0 1105.0 G0.250 24.230
3 o-3131 25.0 0. 0000000 4, YYYY 3.499Y 460.0 400.0 4560.0 0.250 22.431
— o313 2b.0._0.0221130 4.-3333 L8315 460 s G0 H3 - B2 43 0—23 200 2o2od
b o-3ivl 25.0  0.0000000 Zewdry G.92820 3060.0 300.0 360.0 0. 250 30.143
o o~31C eevn 2540 0,020 182mmm. 29932 el 006985~ - e =300.0 - - - 673.0- -- Y30 - 2,280 - 30.002
T o—=31J1 25.0 {,0000000 4,999 3.6242 380.0 380.0 380.0 0.253 22.855
8 o=-310 ... ..25.0. . 0.,0205L70 5.0135 54997 — s ——-380.0 -~ - 605,0 - 695,0--- 2.250 - ~-23.00Q2-
Y o-31k! 25.0 0. 0000000 44999 5.1860 535.0 8535.0 535.0, 0.250 29.904
10 -0=31E 2.0 Q..015734% $5.0135 0BT O 535,0 2 20 - 1 OY0 o QD2 B0 303
(] o=31¢1 25.0  0.0000000 4.v863 Ta101% 3v2.0 3v2.0 392.0 0.250 31.808°
12 o=3lr . 25.0. . 0.022v199 .. 5.0007 e 11 488Y .-~ - 3Y2.,0 927.0 1219.0 - 2.250 ~ =32, 157 -
13 G-t 2E 25.0 0.0000000 2Py 2.2838 370.0 370.0 370.0°  0.220 14,250
14 4~v2e] -+ 23,0, 0.0238331 ... 29999 . ~4.9603.--— . 370.0 1252.0 - --1252.0 0. 250 - 14:475 -
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QUIC BJeNTLeICAL U PRUPAIE PARASLIRIC SIJDIES ROR DXR=222 (PART IV) MC

LuUdudd UNIC d oo us | PP. Tyt
CALALY 51 IL. DLAENS Uil
BIA. X LEd.
. T e
1 pXu=222 404v5 20 2.5 8Y 1.6
2 LHA8=222 A0 4L 21 2.5 BY 7.6

L R I T N P

L213/T5=11/14/775

FUEL LYPE

L R N L R I I R R I T T R R I R Oy

EUUIVALENL  HYDRAULIC PERCEN] SPACING
DIA. DIA. 0PIEN AREA
[PREERRINIIPRE 5. | DU 5 ¥ S -
2e 2Y 0.0%754 oh. B hkk RRK )
PedY 0.0¥754 Ghah 035

L N L N N N N N N Y R RN R LR Y]

“ & 9 ®

OCCCC}—?CCCCOC

Ruid # AUURY ugd HEYNULDS CBLL L ION HiAL RELEASE PERCENT
- rULL L LCHAMEEL . INLEL .. BEFLCTECYw o BAEE —m e e ADTABA IO T £Y e - - He - O} - dlg--
% KCAL/ZHR CY3 ATH % PP PRI PP

o] o=31Al 20,0 Hal.003 0.00 . 0.00 0.00 0.0 0.0

2 u=3A 29.0 S02.530 wW. T4 HH. 12 v2.70 0.0 102.0

AL o=dIBl L L2000 25200875 e Q.00 000 emen 000 e . C.O.  O.0r—--

+ u=318 2240 2373,344 Y. 986 72.20 Y6. 80 0.0 15.0

L o~3ivl 2.0 2411.1%0 0.00 .00 0.00 .0 0.0

] o=3IC 29.0 2459, 0h0 44,19 39.30 Yy, 02 T100.0 47.0

/ =3l 25.0 28a5%.400 0.00 0.00 0.00 0.0 0.0

8 =3 2L.0 2944, 020 38,29 2L, 35 100.43 80n00.0 07.0

Y. omdlih L Ll 2Bu0. L 220340 e e 0000 e im0 D0 n i« 0,00 =r ¢ 1040 QO
10 o=3lc 25.0 2014, 050 ¥, 23 53. 41 Yo 4.0 220.0

I o-}lrl 25,0 3332 0B0 0.00 0.00 .00 0.0 0.0

12 o-31r 25,0 31,594 vy, 83 100.80 V.08 4.0 62.0

() Gt 25.0 1103.094 0.00 0.00 .00 0.0 0.0

14 4=420 | 2.0 1134.547 Yy, 94 48. 92 100.1Y 1.5 bao

()
%,
'?EJQ
o
2%
e

hACwLCOoCOoOCUSCCCC

i

PRJPANE

EXJAUST GAsES
U

S
A

-

L2 RO NCRONOACHC

[SY SN N o o RN il 9 o)

LCyCx

T T )

|

R LRl

%

2049
14.0
—eil{)a s
13.4
20.9
lo.4d
20.9
17.%
e 200 A
100
20.4
13.1
20. 3
13.2
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Ru JENIFER FCATIOH---1ASA- PRUPANE- PARAMETRIC- SIUDY -FOR~DXB-222 "AFTER <1000 -HOUR~AGING- NC 3/72/7¢~ ~ -

.

‘

LUGBWK  UNIY Hu & BUDK 1 PP, 30-37 FUEL [IYPE PROPANE
CAEALYST ID. DIMENSIUN EQUIVALENI HYDRAULIC PERCENT SEPACING
- e 2 v eem et me e DA K LENee i DI AL w-s DIAs - ~ UPLEN AREA . .o - -
CH e CM
I DXB-222 4039 520 2.5 BY 7.6 2427 0.09754 65.5 wh Kk
2 DAB-222 403y L2l 2.5 BY 7.6 2427 0.09754 65.5 L0635
e RUR# . CHOURS IN—— FUEL/AIR - —INLEL-P——PRESSURE - DROP «-——INLET [~ QUTLEF-TemMAX o= F~ <MA Ko~ [ = - = REF ,-- VELOC-IFY -
FUEL RATIO ‘ LOCATION INLEL FACE
e e ¥ £ B ettt & N N EET R INCHES K/SEC
1. 6z4]Al 1000.0... .0.0000000 . .2.9999 1.8131. 460.0 460.0 460.0 0.250 14,490
2  6-4iA3 | 1000.0  0.0221186 2.9727 2.9102 460.0 955.0 1190.0 2.250 14.835
—— 02418 L.OGO.LO 0. 00000000 e 9454 e L BAT 2 i et 380.0 . --- 380.0 - -~— 380.0.- Ge250 - ~-n 14,965 -
4  o-41B2 »S1000.0 0 0.0230803 4.9454 1.5472 380.0 380.0 380.0 0.250 15.193
5 &=4101 1000.0 0. 0000600 4,9454 1.3099 450.0 450.0 450,0 0,250 4,450
6 6~-41C3 1Q00.0  0.0189(99 4o VT94 1.54306 450.0 568.0 612.0 2.250 14.530
wTe 0=41D o eon 10004 0ans 0,0000000- --. 4,9999 o= .2,6620 - == --535,0 ---535,0-—-—~ H35.0 0,250 224 361
8 o—~4lD3 1000.0  0,0187307 4.9999 Q0.0000 535.0 895.0 1150.0 2.250 22.638
9 04 E] ~1080e-0—v0, 0000000 ——2. 9999 G6.8892 535,0--- - ~--535.0 535.0 0.250 =+ = - 33,525~~~
10 6—-41E3 1000.0 0.0187609 2.9900 8.4396 535.0 945.0 1185.0 2,250 30.9002
N ) R, TE A ¥ o 1000.0- --0.0000000 - -. 1,1973- — -3.8766- -~ . - 435,0 - 435.0 - + 435.0 0.250 14.028
12 o=-41F3 1000.0 0.0230800 1.1973 2.0731] 435.0 1145.0 1145.0 0.250 14.241
13 6~42A1 [000.0 0. 0000000 2. 9uuY 3.7712 380.0 380.0 380.0 C.250 23.230
1 4 o—4242 1 000.0 0.0230103 3.0135 5.0237 380.0 590.0 625.0 2.250, 23.483
LS. pmdR i3] ] 000 U0 0000000 20 YOYD e T [ 9TB e s = 4500« - = 4800 e =450, 0 - - 0,250 30.649- -
fo o~-42L3 10043,0 0.0230803 2.9999 9.0804 450.0 050.0 680.0 2. 250, 3t.115
1) o~4201 1Q00.0 - 0.0000000 2.99VY - 2.25338 360.0 360.0 360.0 0. 250 14.321
|35} 6~=4203 1000, 0 0.0253298 2. 9990 0.0000 300.0 985.0 1249.0 2.250 14.500
19 o=4201 1000. 0 0. 0000000 1.2041 0.7712 450.0 450.0 450.0 0. 250 | 22.434
20 o—d203 1000.0.  0,0209177 1.2041 10.6462 450.0 710.0 730.0 2,250, 22.742
21 o=42k 1 - e ] GO0« Qe O, 000000014 | 973 anem - T TG T —ome— » 38300 ~-— 3800 —- 380.0 - 0.250 20.408
22 o=-4223 1000.0  0.02532%0 1.1973 11.2051 380.0 630.0 - 66040 2.250 25,333
23. 6=42k| 1000.0 . 0.0000000 - 4.9999.. . 6,2274 450.0 450.0 453, 0 0.252 30.081
24 0=42r-3 1000.0  0.0209177 4.9999 T 7.7656 453.0 580.0 610.0 2,250 31.104
23 O~-13A1 1000,0 3, 0000000 . 2.v9yY9 4,403Y¥ 453.0 450.0 450, 0 Q. 250 22.550
20 6=43A3 1000.0 0.0185213 2. 9000 5. 5500 450.0 590.0 610.0 2+ 250 22,4325
2l 6=43B1 . 100040 - —.0.0000000cc e 141 97 3ee. .4,.0940 - 535,0 535.0 535.0 0. 250 e 230
28 o—4303 1000.0 0.0188403 1.1973 0.3583 535.0 1050.0 1050.0 0.250 14,407
29  o=43Cl 1000.0 - 0.0000000 .. 2,9999 Z. 1669 535.0 535.0 535.0 0. 250 4. 215
30 3.7361 535.0 865.0 1005.0 2.250 1. 308

‘.

o-43C3 1000.0

0.0lo02914 2.9999

oL-2



Ui 10etit beICALLU G HALA PRUPAITE PARAMECSRIC SIUDY FUR-DXB-222 AFTER 1000 HOUR AGING H4C 3r/2/70

LUGBUJK Jiill iU 6 BugK ] pb. 30-37 ™ FUEL LYPE PROPANE
CATALYST Jh. DIKENSION EQUIVALENIT HYDRAULIC PERCENT S5PACING
T T P W P S W+ e 3D 7. -« BPIAs - = UOPEN-AREA - :
Ci Ci CH
1 Dxp-222 403y S20 2.5 BY 7.6 - 2,27 0.09754 65.5 Fkoldedk
2 DAu-222 4039 521 2.5 BY 7.6 2.27 0.09754 65.5 <635
- HUN # HUURS O - REYHNULDS «f-—. -CORBUSTION - HEAT RELEASE -~ - PERCEANT-+ wmmceme- e oo o EXHAUST GASES -
FUEL CHAIINEL INLEL EFFICIENCY RATE ADIABATCITY HC co Hox co2
. . - - s % e o KCAL/ZHR CM3 ATH % . PP PP PPIs %
| 6-4iAl 1000.0 P01.820 G.00 Q.00 0.00 0.0 0.0 0.0 0.0
e e O AIAS L 1000 0 o L P210000 . L YBL6T. - 4326 s s ¥1.84 -~ -.42.0 -432.0 1.3 - 4.5
3 o-4lBl 1000.0 1868.056 0.00 0.00 0.00 0.0 .0 0.0 0.0
4 6-4132 1090.0 1911.781 - 0,00 Q.00 - - 14600.0 0.0 0.0 0.0
5 o=-41C] 1000,0 1517.594 0.00 0.00 0.00 0.0 0.0 0.0 0.0
6 o=41C3 .. 1000.0. - —1546.297 - - . 18.65 -- -- 6.48 -~ 9750.0 - 37.0 1e3 0.7
7 o=<410D1 1000.0 1965, 594 0.00 0.00 0.00 0.0 .0 0.0 0.0
e e 8es 0=al D3 1000, O e 2002, 469 i e BhAy3her e v - 400 4B s Team e —1000.0-2600.0- 1.3 3.3
9 o—=41kE1 1000: 0 160v. %06 0.00 0.00 0.00 0.0 0.0 0.0 g.0
10, 06—41E3 1000.0 - 1640.,109 .- 91.51- - 59.98 - - 460.0 1650.0 1.3 3.7
1 o=41F1 . 1000.0 369.602 0.00 0.00 0.00 0.0 0.0 0.0 0.0
12 o=4113 1006.0 - 378.129. ¥9.70 42.16 84.02 35.0 28.0 1.3 4.5
13 o=42Al 1000.0 1760.047 0.00 0.00 0.00 0.0 0.0 0.0 0.0
14 6A42A2 1Q00. 0 ———1800.650 24.54 8eBB— i e een 1H000.0 - - 51.0 1.3 1.2
15 o—~4241 1000.0 1952.025 0.00 0.00 0.00 0.0 0.0 0.0 0.0
16 o=d42B3 . . 1600.0 1997.688 - 24.47 22.14 11000.0 81.0° 1.3 1.3
17 o—42C1 1000.0 1143.072 0.00 0.00 0.00 0.0 0.0 6.0 0.0
13 0—4203 1000.0 - 1172041 99.58 - 52.77 95.13 3.0 191.0 1.3 5.2
1Y 0—42D1 1000.0 573.04! 0.00 0.00 0.00 "0.0 0.0 0.0 0.0
2D 0= 4203 w1 0Q0.0- - . 585,04 <~ - 37.58 - 22.56 Yo.9t 8250.0 03.0 1.3 1.4
21 G-42L:] 1004.0 18117 0.00 Q.00 (.00 0.0 0.0 0.0 0.0
22 =423 1000.0 787.563 31.12- 28.37 V7. 30 1100C. 0 60.0 1.3 1.3
23 6= 4241 100GC.0 3257. 750 0.00 0.00 0.00 0.0 0.0 0.0 0.0
24 O6—44F3 1000.0 3325.875 - . 16.87 13.85 1100G.0 44.0 1.3 Ouv
29 o=d3A1 1000.0 1436.0625 0.00 Q.00 . 0.00 0.0 0.0 0.0 0.9
20 0= 4373 e - - JOO00 0 - e 14634234 e e OGP e e 9,03 e - - 9750.0 40.0 1.3 0.4
27 v=4381 1000.0 299.523 0.00 0.00 0.00 0.0 G.0 g.0 0.0
24 o—43133 1000.0 305.100 - - 99,61 30.57 75.060 34.0 30.0 1.3 3.7
29 =301 1000.0 749 . 734 0.00 0.00 0.00 0.0 0.0 0.0 0.0
30 o= 4303 1000.0 . 761.¥53 83.065 - 23.50 - 83.58 800.0 1125.0 1.3 3.2

-
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AU DENTIFICALTUN  HASA PROPANE PARAMELRIC STUDY ROt OXB-222 AFIER 1000 HOUR AGING ¢ PART 11 ) MC

LUGBUUK  UIIIE WO o BUUK | PP, 30-37 FUEL L'YPE
CALALYST ID. DIMENSIUN  EQUIVALENS HYDRAULIC PERCENT . SPACING
DIA. X LEN. DIA. DIA. OPEN AREA
. . e U 1 S o e , —
DXB-222 403y 520 2.5 BY 7.6 2.27 0.09754 65.5 ke ok
. UXB-222 4039 521 . 2.5 BY 7.6 ___ .2.27 0.,0v754 6545 .0 635
RUN i HuuRs N~ FUEL/AIR © INLET P PRESSURE DROP  INLET [ OQUTLET T  MAX. T  MAX. 1
FUEL | ... _RATID o L . . . . LOCATION

. ATH % c C c INCHES
T"5=%3DI T000.0 0. 0u0G000 3.9950 1.6748 535,07 B3E.0 535.0°  0.250
2 0-43D3 "1000.0. 0.0221183 4.9999 . 2.6797 ... 535.0 .. 1215.0 . 1252.0 2.250
3 o-43E| 1000.0°  0.0000000  4.999¢ 2.7951 - 455,0 455.0 - 455.0  0.250
4 6-43E3 1000.0__ 0.0229197 _ _ 4.9999 3.308 .  455,0 600.0 _ . .620.0 2.250
5 6-43F] 1000.0°  0.0000000 4.9794 7.0788 385.0 385.0 '385,0  0.250
o _o=43F3. _ 1000.0. _0.0253296 . _ 4.9999  10,1178_ ... . 385.0 . 600.0 . 610.0.. 2.2b0
i To—a4Al 1000.0° ~ 0.0000000 1.1973 i1.0349 535.0 $35.0 535.0. 0.250
B . 6=Adhd . . 1000.0  0.0225191 . 1.1973 ... .22.0698. . .. 535.0 1210.0. 1210.0 0,250
¢ om44l] 1000.0  0.0000000 1.1973 6.8097 450.0 450.0 450.0 0,250
10 6-44B3. L 100000, 030209877 . 1.1973.... -10.6677 .. ...450.0 . 770.0 770.0  0.250
11 o-44C1 1000.0 00000000 l.1973 4.5494 380.0 380.0 380.0  0.2%0
12 ¢=4403 1000.0___0.0200776.__ §+L973. _ 6.9123 __ . _380,0. . _650.0 .. _..650.0. . 0.250
T3 "om 441 (000,07 0.0000000 2. 9999 7.9755 380.0 380.0 380.0 0:250
14 o~44))3 [000.0  0.0200778 2. Y90y 10,0604 380.0 530.0 535.0 2.250
b omddl] 1000.0  0.0000000 o193 §3.2080 380,0 380.0 380.0  0.250
1o o=ddl:3 1000.0  0.0230806 11973 i7.8052 380.0 575.0 575.0  0.290
1/ o=d4F] F000.0  0.0U00000 2.,99v% 4.2321 535.0 535.0 535.0  0.250
_08 | om44E3. . .. 1000.0  0.02000177. .. 2.9999 . . 5.6425 535.0.  1020.0 1210.0 2,250
Ty o=dbAl 1000.0  ©0,0000000. 1.1973 11.0535 450.0 450.0 450.0  0.250
L20 | u=45A3 1000.0  0.0185213 1.1973 14,8541 450.0 638.0 638.0  0.250
21 7 o-4bBl f000.¢  0.0000000 1.1973 6.8097 453.0 450.0 450.0  0.250
22 o-45B3 1000.0  0.0209177., 1.1973 0. 1241 450.0 760.0 760.0  0.250
23 o—dbei 1000.0  0.0000000 4, 9999 3.,9202 405.0 405.0 405.0  0.250
2% O3 100040 . 0,0206776____4.9999 .. . 4.1202 . 405.0 405,0 405,0 04250
25 TTo-4bD1 1000.0 7 0. 0000000 4,999 5,77v4 535.0 535.0 535,0  0.250
20 o—4bu3 1000.0  0.0102914 4. 9Y9vY 646300 535.0 050.0 650.0  0.250
20 o=dbll 1000.0  0.0000000 . 1973 7.2712 535.,0 535.0 535, 0 0. 250
28 o0-4LE3 1000.0  0.0l02v16 . 1.1973. .. 10.8463 535.0 ¥20.0 985.0 2.250

PROPAHE

REF.
INLET FACE
H/SEC

VELOCITY

14,269
14,477
22,042
22.984
32.042
32, 445
30.550
31.003
22,561
22.872
16,172

16393

31.641
32.072
34,53
30.020
22,361
22,006V
30.03Y
31.013
22.501
22.872
2:4. 125
24« 404
3404
30.131
22,412
22.6563
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. o)
XA
AUH IDELCTrICA IOl HABA PHUPAINE PARMIETRIC STUDY OR DX8~222 AFTER 1000 IOUR AGING ( PART IT ) MU C%P
LUGUUJY Uil i o BUOK bp. 30-37 FUEL [YPE PRUPAIE €
CALALYSE [D.: DIMENS IO EQUIVALENL HYDRAULIC PERCENT . SPACIHG
DIA. X LEW. DIAS DIA. OPEM AREA
. CH . R o S L ] .
PFoDAb-222 4037 520 2.5 UY T.6 2.27 - 0.0v754 65.5 * ki ik
L2 LKu—222 403y 821 2.5 0Y T.6. .. 2.21 0.09754 655, . 635 . -
RHUW #  UURS UM~ REYNOLDS # COMBUSTION  HEAL RELEASE PERCEIT EXHAUST GASES
] FUEL CHANNEL IHLEL  EFFICIENCY RATE ADIABASCITY HC cu HOx CuR 02
% KCAL/ZHR CM3 ATH % PPH PPM PE 4 4%

I o=43DI 1000.0 1254.250 0.00 0.00 . 0.00 0.0 . 0.0 0.0 0.0 0.0

2 u-43D3 10000 1281 .969 99,95 35,10 90.80 4.0 Y.0 1.3 4.3 3.9

3 o-43ul | 1000..0 L2376.,150 . . 0,00, 0.00 . .. 0¢00u.e o ... 0.0 ... 0.0 0.0 0.0 0.0

4 o=k 1000.0 2430.594 13.09 9,03 . 12500.0  43.0 1.3 1.0 1841
o o=43kl__ _1000.0___39To.813 .. 0.00 . 0.00 e n 0000 0.0 0.0 . . 0.0 .. 0.0 0.0
6 0-43r3 1 000.0 4077.500 2177 24.73 12500.0°  49.0 1.3 0.7 18.7
7 o-44Al 1000.0 643,023 . 0.00, e 000 ... ... 0.00 .. 0.0 ..0.0 0.0 0.9 0.0
3  o-44A4 1000.0 057.516 99.61 7R.43 84.4] 20.0 107.0 1.3 4.5  i12.7

Y G=4481 1 000.0 573,041 0. 00, 0.00, 0.00 . 0.0 0.0 0.0 0.9 0.0

10 o-4433 1000, 0 8585, 041 35.96 21.71 8450.0 10%.0 1.3 1.5 17.0
L Geadul  J000.0 488.395 _0.00, L 0L00 e 0,00 .. ...0.0 0.0 0.0 0.0 0.0
12 77 5<4ac 3 1U00. 4 499,000 31,17 14,76 9000.0 50,0 1.3 1.3 18.1
i3 o=daoi 1000..0 2390.088 i 0.00 0.00 0.00 0.0 0.0 0.0 0.0 0.0
14  o=4403 1000, 0 2446. 250 12,14 11.25 11500.0  30.0 1.3 0./ 19.0
1o omadki 1000.0 1042, 934 0.00 0.00 0.00 0.0 0.0 ° 0.0 0.0 0.0
o o=d4L3 1000.0 1007.062 21.14 23.84 © 11500.0 40.0 1.3 Doy 18.v
Ul omdart L L 1000LG0 119039y . 0,00 . 0.00. .. _ . 0.00 _.. 0:0 0.0 0.0 D.u 0.0
g o-4483 1000 1204.031 Y981 53. 44 8Y. V8 14.0 32,0 1.3 4.0 14.1
1Yy o=db4Al 1000, 90 7179.023 0.00 0.00 . 0.00 0.0 0.0 0.0 0.0 0.0
20 o—4LA3 1000, 0 793,438 23,20 16,89 9000.0  50.0 143 Dov  1B.G
21 o~abpl 1000.0 573,041 0.00 0.00 0.00 0.0 0.0 . 0.0 D) 0.0
22 o—4uu3 1000.0 585,641 5,58 21.48 8h00. 0 105.0 Fe3 losb 133,02
23 o=45¢1___ 1000,0_ 2857.313 . 0.00__ . 0.00 __ ., __ _0.00 0.0 0.0 0.9 00 0.0
24 o-49C3 1000.0 2vio0.313 0.00 0.00 13100.0 0.0 0.0 0.0 0.0
20 o~4uli 1000.0 . . 2670.938 0.00 0.00 0.00 0.0 0.0 0.0 0.0 0.0
20 0 O—40D3 1000.0 2720.531 17.74 10.07 . B500.0  43.0 1.3 0.0  19.8
27 o=ddil 1030, 4. T40 0.00, 0.00 0.00 0.0. 0.0 0.0 0.0 0.0
25 o—4bEd 1000, 0 479,426 82.45 34.46 91,19 500.0 3650.0 1.3 256 » 15.7

——r rm—— .
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Q%pfﬁgﬁ
K%
oS

Aud TDLRILELCATTIUY  PRUPAITR PARAMALRIC S1UDY FUR DAC=532 (PARLD 1) =ic- 4720716

LuGpudi- Uk e o~ QOUK- r--;—-"p}r: FRQ= O TTITT e RS e ST S T e e FUELTTYPE © ™ - PRUPANES ~
CALALYS L IL. DIMEHS JUit EQUIVALENL HYDRAULIC PERCENT SPACING
: - DIA: X LEN. *  DIA:® = DIA. ° "OPEN AREA™
CH . Ci
eotoe ] CBRU=B32 < 401 R 205 BY L6 TTTARS 0 0.097547 765G T kkkkks T CC : - -
2 DXC-baZ 4051 18 2.5 8Y .0 .25 0.09754 0.5 635
RUM HUURS Uil - FUEL/AIR - DHLEL P ~ PRESSURE DRUP — INLEL I OULLET-T- MAX.“T  MAX. T REF. VELUCIIY
FUEL RATIU LUCALTON IALET FACE
= e i e e g ¢ —INCHES ————41/SEC "~
sl = 4 TR e e en e 2450 050000000 < = 23YY99— == =1 ,§634 = ~~—"450,0 * = = 45030 —— -450.0 "~ ~0.250 - ' 14:288" -
2 o=4/A3 24,0 0.0209978  2.¥99% ' 3.2719 - 450.0  1070.0 1190.0  2.250 14. 480
3 o-478I1R - 2440 - ~0.0000000 == 4.9794 = == 1,5037 *-~ - -378.0- =~ 378.0~  378.0- -0.250 - 14.83%

4 o~d/B3R 24,0 0.0230800  4.999y 25023 378.0  1005.0 1205.0 24250 15.000
- abba et A L} —24 0 0. 0000000 -4 Y454 13794 450:0 450.0 450.0~ =~ 0.250~ -~ 14,420~
o o=4/C3 24.0  0.0185213  4.9794 2.0713 450.0 930.0 1090.0  2.250 14,500,
- omdYDi- 24.0* 0.0000000  4.¥794- - 2,7400 © *535,0  --535.00 - 535.0 0,250 22,454
J  0-4703 24.0  0.0187007  4.9794 3.9428 535.0  1040.0 1180.0  2.250 22.732
C P GmdTEL = - - - =24507= ~020000000 7 = ~3.0067  *- e 535,0 535,07~ *535,0 "7 -0.250° """ 30,492"
10 0-4/E3 24,0 0.0187004  3.0067 - 535.0  1045.0 1205.0 2,250 30,809
el b —o=d fp e e 2450 -~ 020000000 0 14973 ST R4S, 07T T 4B 0TTTTTTTT 445,07 T 04250 14,2147
12 omdiE3 24,0 0.0230803  |.1973 G 2059 445.0  1105.0 1165.0 0,250 14,430
i3 o—dyg] - - - 24.0 0.0006000 > . 1.1¥73 ~ ’ ) 535.0 835.0 T~ B35.0 0.250 14.228
1 4 o—dvis3 24.0 0.0183403 1.1973 4.06808 535.0 1000.0 1068040 0.250 14, 405
5 omdwl 24,0 0.0000000  3.0067 1.8v48 535.0 535,0 535,0  0.29 14,182
o o-dvL3 24,0 0.0102914  3.0067 535.0 ¥25.0 1050.0  2.250 14,334
e [ Dty | e e ) — =07 QO 00IV0 50 135 5136 T UE38,07 TH35.0T 53570 Y 0,250 7 14,229
i3 o=d4v3 2400 0.0209973  4uvTva | 2,2187 535,0  1158.0 1243,0 2,250 14,525
190 omdyEl 0 24,0 -+ 0.0000000 7 4. Yy T : 450,0 °  450,0 450,0  0.250 2244130
20 o-dykd 210 0.0230800  3.0135 4.0126 450.0  1032.0 1218.0  2.250 22,700
21+ e—olAl 24,0 -0.0000000 - 1.19/3 - 10.2821 535.0 . 539.0 235,0 Q. 250 30.540
22 o=S0AS 24.0  0.020917/  1:1973 14,0337 535.0  1039.0 1180.0  2.250 30,901
g o=l e =P 0 070000000 =599y < e e - = 380.0 <1 =0 380:0 < 380.0  0.250 31,042
24 o=20u3 24,0 0.02007786  2.vv9y 330.0 590.0 590,0  0.25) 32,074
25 - om50H] F4.0 0.00000007 " 2.9999 = 3,2719 © b35.0 $535.0 535,0 0,230 22,351
20 0-HOF3 24,0 0.0209177  2.9999 - 535.0  1035.0 1215,0  2.24) 22, 00U
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Hus [RDELFICALIWT - PruPAdE PARAGATIIIC SLJINY FUR DXU-532 (PART I) -iC-

Luuguor

B

4720716
CULL U u MK L PP. 40~46 S - e .
CALALYST in. DIRMENSTON  CQOIVALENL IYDRAULIC  PERCENT  SPACING
: - DIA. £ L&t LA DY A UPEN AREA
il ci Cid
DAC=H32: - ABLI -Fdmmem25h Y- 750702025 0 0 0.0Y7547TT 0 0B BT T dkkink -
DAL~b32 4051 £8 2.5 BY 7.0 2.5 0.09754 ab.5 .635

R R R I R R R N R I I B N N N N R N R N R RN

FUEL TYPE

PIEIPANE

EXAUST GASES
cud

Rbis #  HuukS Uli REYHULDS # =~ CON3USTION- - HEAL RELEASE — "PERCENT " -
PUEL  CHAINEL IelkI  BFFICIENCY RALE AUTABAICITY . HC cu
- Se e mmmmee e e e e gesssemReALZHR CM3 ATHC U T ® T T Tt PPA PPHT
i o=4/Al 24,0 910,312 0.00 " 0.00 0.00 0.0 0
2 o—4TA3 24,0 - - 929,414 - 99.8Y - 38.33 - v 90,02 “11.0 1
3 o-diulR 24,0 1374, 934 0.00 0.00 - 0.00 0.0 0
v 0= ab {3 3 R 205 0 19185 2 |yem e 99 o Torrmn ~ 43y 3B PO | s 7,0 7 35
5 o=dill 24,0 1515 40y 0.00 0.00 0.00 0.0 0
o o=d/u3 24,0 1543.531 8. 78 33.54 $3.89  © 27.0 350
I o-d7DI 24.0 1965. 703 0.00 0.00 0.00 0.0 0
é  o=d4703 s 24,00 — 0 002,578 9¥.80° 7 T AB.1S vt T 94,82 T 0 3,07 40
¥ o-4lel L 24,0 1o11.344 0.00 0.00 0.00 0.0 0
b G { g (e = 0427063 VY. o 05% 25 Y8 /1 150722
11 omdFI 24.0 3ob.0d7 0.00 . 0.00 0.00 0.0 0
<12 - 0=d4/F3 24.0  --374.125 - - v9.88 42.21°- < U o85.8Y 0 1.0 17
13 o=d4vil 24.0 299,480 0.00 0.00 0.00 0.0 0
14 o~4vi3 24,0 305. 117 99,92 - 30.66 5.0. 12
15 o-=490] 24.0 74v.041 0.00 0.00 0.00 0.0 0
— e 3 2450 76 |5 59— ~Y930G-—=—""20,4] = 80.15 R Y B
11 o=l 24,0 1254, 134 0.00 0.00 0.00 0.0 0
B omdwts ¢ 2400 = 1230900 C9wLus v - 34,43 93,50 2.0 0
iv  o-dvil 2440 2337.0%50 0,00 0.00 0.00 0.9 0
2V omdvele - 24,0 2442, 750 99,96 00,18 - 91,04 - 2.0 12
21 o-30A1 24,0 642.82d 0.00 0.00 0.00 0.0 0
—RPe—o=SOAS w0 24,0 0 =303 23 Y9, d4- 72.71° 7 cet 86031 7 TB.00 200
23 o=uUUl 24.0 23v0.d13 - 0.00 0.00 0.00 0.0 U
24 - 0=nuD3 24,0 24d40.344 -+ 28,01 © 20.51 v4.,60 9340.0 35
2o o=l 24,0 (17805 b4 0.00 0.0V .00 0.0 ¢
Pu o U=SUR3 24,0 1203, 500 vy 94 53. 43 90.53 0.0 23
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wdtd IDENLDLFTCALTGY PROPAIE RARAMLEIRIC S1JDY FOR DXC-832 (PARL 11} -1lu- 4721770

LUGEUUK - i1 B 4 US4 —Pps 14-17 - meeme e remmm oo s FUEL TYPE °  PRUPAlE ™
CAIALYS] Ib. DIMENSIUN  EQUIVALENT MYDRAULIC — PERCENT  SPACING
: DIA. X LEN. DIA. DIA. UPEN AREA '
CHi CH CH
e DXEB 32 - =451~ 15 235 "BY=73 60272 T 0 0YT BT 0BT BT T kg R T T s s e
2 bXU-532  40b1 FY 2.5 BY 7.6 2.25 0.09754 65.5 . 030
“RUK # -+ HUURS UN —-FUEL/ATR —-TNLE[ P—-PRESSURE DRUP-~ “INLET - ""OQUILET T  MAX. T  HAX. T  REF. VELOCITY

FUEL RATIU LOCATION  INLEL FACE
e LI LD ¢ & kst S At A e 1151 =i D 1 72 -

- 4=134A1 ‘24,0 = 0.0000000 - 1.1973 “0.3640 442.0 442.0 442.0  0.250 22.294

2 4=134A3 24,0 0.0209179  1.2585 10.786Y 442.0  1098.0 1120.0  2.120 21.502

3 4=13481 - 24.0  0.0000000  1.272] 9. 2855 450.0 450.0 450,0 0,250 25.34Y

4 4-13453 24.0  0.0185211 i.3333 12.2278 450.0 167.0 770.0  2.120 21.80)
By hm B b — -2 4w 0 0000000 -] 5] 9FF-———— 37 | 588 380, 0—-—-38070"—— =380, 0~ ~0.2b0" 12,817

o 4~134C1 24,0 0.0200771 1.1973 0.2538 380.0  1060.0 1060.0  0.250 12,992

1 4-1340 24,0 0.0000000 - - 2.9999 4.5472  © - 385,0 385.0 " 385.0  0.250 23.410

3 4-134L3 24,0 0.0230903  2.9999 8.2037 . 385.0  1062.0 1177.0 2.1 23,172

¢ Yo 4mi3bBl- s 2450-+0,0000000° *T2,Y9¥9 <7 - -1,82Y56 T 380.0° 380.0 TUCTC 380500 T 0.250° T 15.901°

10 4~13513 24,0 0.0253290 2.9y 4.1043 380.0  1180,0 1235.0 2,120 lo. 107
s e 4 1304 = 245005 00000001 , | 9 737~ == ST T535,07 S35 50T TE35007TT 0425077 T 240514

12 41 30A3 24.0 0.0le2vi 4 1.2041

535.0 1000.0 1010.0 2.120 24,036
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P lugullrIUAJIUJ

LU LK uriit

Hey 4

PP AUL PARAMIFIHIC SLULY FUR DAC-L32 (PARL 11

JULIK 4 -

P ba=1/f

=iC-  4/21/170

FUEL L7PL:

L R I R R I I R R N N R N N A R R N e N N R R RN L NN RN EE LR

CALALY 51

e e yUmn32]

2 UAU-~L32

Lis. DIMLISIUL  EGULVALENL HYDRAULAC  PURCENL  obACLI
*DIAe X LE. b (A. . LIAs UPEN AREA
Cif Cid Cli
=051 Fomr == RinepYrTiomorT 2,25 0.0 TS T 0Lyt T Rk R -
4001 £V 2.0 BY 7.0 2.25 0.0¥754 055 635

RN R R R N O N O e N N N R RN R

t

FRUCALL

RUL HUURS Ui REYHULDS # - QUMUSIION HEAF RLLEASE-— - PERCEWL - T EXAAUST GASES

FUEL Chliai:L IToLEL EFFICIENCY RALE ADTABATCILY. He cu NOx LUz

L N EE TR e SR R RO <37 Y071 I o I o B S-Sl of . il o1 R of o R S
l 4= 34Al 24,4 577.012 0.00 0.00 .00 0.0 0.0 Q0.0 Q.9
2 4-134A3 24,0 - =58Y. T80 - - 97,05 s BBLGY o ¥0.00 - 5.0 1157.0 3.4 0 4.2
3 e | 3411 24.0 119,383 0.00 0.00 0.00 0.0 0.0 0.0 Qe
sttt } Belpyders i 2 G W Jirp 1B — - 3T B e 24,7 e e 275,00 - 73,0 2.0 = lio
b 4=13401 24.0 387.4717 0.00 0.00 0.00 0.0 0.0 0.0 0.0
0 A= 13401 24.0 3vh. 480 P 31.21 - - Bus46 - 0 5.0 320.0 Y 4.3
! A= 13401 24,0 17/90.875 0.00 0.00 0.00 0.0 0.0 0.0 0.6
- 4 4~134D4 24,07 - 1ivi.241 97.39 - 14.03 Tt 95, 3Y T T T 55,0 T980.0 2.0 4.4
v d=13ol31 24.0 1204, 444 0.00 0.00 0.00 0.0 0.0 0. O.u
=0 e dBlE— 24, 0 e [ 234,984 0 T Y9, 9T T T BT7,02 0 T T T 9L L |t T T T 1,07 713,07 T 2.2 B.5
1 4=130A1 24.0 Bi15.v84 0.00 0. 00 0.00 0.0 0.0 c.0 0.0
12+ 4=130A3 24,0 -524. 391 Y902 - 45,28 =TT 4.0 106.0 1.0 J.H

02

.0

P

o CLwDwecXOoWwo

MO—CCCaECoC—=CYXC
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RUNI TOENIIFICALIUN - PRUPANE PARATIECREIC STUDY FUR LXC-=532 (PARICEII)  -~MC-" 4£21/76

LHGBULK <UNLE [U= 0~ BUUK =5 =PP a@mi ~rt = mosvm—smimsm mess | o it e e SRR STYRE C PRUPAIE T
CALALYSY ID. DIMENSIOM — EQUIVALENT HYDRAULIC — PERCENI  SPACING
= -DIAS X LEN. = - DIAT “UDIACT OPEN AREATT T .
Cif Cif CH ,
e = DX =B 32— A05 I FS 25 b BY T 6T R 25 7 7 0009754 TG B ek gk T g e s
2 DXe-532 4051 Fy 2eb Y 7.6 2+ 25 0.09754 G5.5 « 635

L R R R A R O I R I I I R N A R I N R I I R I A I A T

- RUN # + - HUURS “ON -~ FUEL/AIR - "INLEL P -~ PRESSURE-URUP © - TNLET T+ -OULLET T-- MAX: T° MAX. [ REF. VELOCILY

FUEL RATIU LUCALTON INLEL FACE
- ey A Cc C T HHCHES e i/ SkG e > t
1= o=b4al~ - © 2470 - 0.0000000 -~ P dYT3 e 0.0303 " 450.0 450.0 - ~-450.0 -~ 0.200 22.543
2 0=54A2 . 240 0.020vt7Y l.1%73 V. 4495 450.0 915.0 1060.0 2. 250 22.8b4
3 - o=bh4ul : -24,0 - 0.0000000 ~--- 4.9794:= ~ = 1 R 380.0- -- 380.0 - - 380.0 ‘0. 250 31.780-
4 o=540C3 24.0 0.0245250 4.9794 . 380.0 935.0 1165.0 2.2b0 32.301
v b= Bl e o e = 24 O (0, 0000000~ 459794 - - oot 380.0 - - 3800 - - 380.0 0, 250 - 23,333

O o=5403 24.0 0.0200773 4. 9794 R T ) 380.90 700.0 760.0 0. 250 23.052
/ O=34E] 24.0  0.0000000 4,999y - 5.9577 - H35.0 535,0 $535.0 0.250 30.457
8 o-54£3 24.0 0.0102914 4. 999y - 7.5201 $535.0 715.0 715.0 0.250 30.784

e ¢ e T o B 2470~ 0. 0000000 =4, GYPG-m - 6. 8800 7 T 4450 445,07 T 445, 0777705 250 T 30,409 7 T
lo o=-54F3 24.0 0. 0199380 4. 999y g.olg2 . 445.0 650.0 650.0 0.250 32.870

— ¥l o=5341 24+0—0: 0000000 — 2, YYLu 41 035 450:0 45030 450,0 0,2507 7T TR20BsTTTTT
12 O=55A3 24.0 0.0185213 2.9999 5.590¢ 450.0 215.0 8$65.0 2.250 22.832
E3 - o=5bg] - - ~24,0- - 0,0000000 = - 2.999Y """ "7,0430 - - 450.0 ° T 450.0 7 450.0 ° 0.2B0 3di048
14 0=5503 24.0 0.0230300 249999 11.4241 450.0 1035.0 1215.0 2.2b0 3le11b
15 - o-bbii 24.0 0, Q000000 1.1943 5.9749 T 380.0 380.0 380.0 0.250 214240
lo o=bbD3 24,0 0.0253298 1.1973 38%.0 1165.0 11480.0 2.250 21,095
s f—o~bor| 2470 030000000 ———1 2 1 9731} r25056™" " ~=*"""385;0 "~ ~73853.07 77 385.0 " 0.250 33.211
18 o=55r-3 24.0 0.0230300 1o 1973 18.2034 385.0 675.0 680.0 2.250 33,17
12 o~-tot s 24,0 0. 00CO000 11973 o.0147 448.0 443.0 448.0 0.250 22,481

20 o=50133 24.0 0.020%1 7y 1.1973 10,3008 443.0Q v30.0 1070.0 2.250 224 (%1
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byl IR (ETCAL T PROPAIL PARABELRIC StUDY FUR DXC-532 (PARITID) -—1C- 4/211/'1'0

LussHuh- Uikt BL o BUdll b pp, 2-5 . . » - A : FUEL T(PE ~ PlUrAle
. LALALYS L I, DIAEILTUN EQUIVALENT  HYDRAULIU PERCENT HPACLHG
DIA. % Lll. - UIA. DIA. OPEH AREA .
Cit cit Ci. .
I Dae=32 4051 Fh=e o 255 BY- cT.07 = 20255 0 0 0.0w7BA e ol b s hkkakk
2 Liu-b32 doLl Y 2.5 BY 7.0 2,25 0.0v7h4 G540 . 630
Hubh 4 HUURS O~ REYRULDS # -~--COMBUSIION - “HEAT *RELEASE ~ = PERCEAY™ = == "~ EXHAUST GASES
Fui:L CHAJHEL [HLET  EFFICIENCY NALE ADIABAICTLY HC Cu NUX Ccuz

- Wom s e e mmme e ghes ees WOARAIR CM3 ATH STt W T T T BRI T PRMT T OTPRHTTT T T R T
o—5441 24,0 573,203 0.00 0.00 0.00 0.0 0.0 0.0 0.0
vTudAL 24,0 585, 130 V.23 BY. 8o 7YY 0.0 30%.0 2.3 4.2
o=v4C] 24.0 3u90.0 30 0.00 .00 0.00 0.0 0.0 0.0 U.0
O-udLs. - 24,0 - - dovdidoy - - 95,49 10543 -~~~ « vl.42  -- ~145,0 1660.0 4,0 - 4.2
NEOEIT 24,0 293,71y 0.00 0.00 0. 00 0.0 0.0 0.0 0.0
o=ue3 24.0 29%:ke 400 40,97 ro27.99 - 7700.0  100.0 2.0 1.0
u=-5ak| 24.0 2077.150 0.00 0.00 0.00 < 0.0 0.0 0.0 0.0
ce O=DGE3 - T = =24, Qe 27207181~ - =37.86 "7 v v 21,807 7 7T Tt TPI43 T 840050777 w3.6 7 3.2 70 0.0
=541 24,0 3273.594 0.00 0.00 0.00 0.0 0.0 0.0 0.0
Y — =g J—r =2 450 33348: 900 ¥ - i 21,85 "= QO SBY TS0 o0 0T T 4,07 T 10
11 o-5bal 24,0 1437.125 0.00 . 0.00 J.00 0.0 0.0 0.0 V.Y
~k2  ro=hBA3 . - 24.0 <= 1463.734 ~ - 04.85  -v v 34,6077 7T 92,73 vt 3250.0 2640.0° 2.0° 2.5
13 u-so0l 24,0 19922573 0.00 0.00 0.00 0.0 0.0 0.0 0.0
o=5503 2.0 - 1u9T o4l - 9e, 78 90,28 9i.45 6.0 80.0 4,0 4.7
15 o=buyl 24.0 642,094 " 0.00 0.00 0.00 0.0 0.0 0.0 0.0
o—5B5 2470 oHE Sy e 10,98 """ T e T T, 0 105.0 2.5 Bl
17 o=uurl 24,0 Yvl.047 0.00 0.00 0.00 0.0 0.0 0.0 0.0
18~ o=ubr8 - 24,0 + = 1013,900 = - 33,39 - " 35.97 103.06% = Y700.0  7L.0 4,0 1w
o-%ols 24,0 B7a4a 29} 0.00 0.00 0.00 0.0 0.0 0.0 I
<20 - o=vopd - C24N0- vt sodol30b - Vi, 43" - BY.37 g2.t4 5.0 0l10.0 2.2 4.2
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%
RUN IDENITFICATION PROPANE PARAMETRIC STUDIES FOR DXC-532 AFTER 1000 HOUR AGING ~HG~ 6/14/76 .
LUGLBUUK Uiy i 6 BUOK 5 PP, 28,29,30 FUEL TYPE JFPROPANE
CATALYS! ID. DIMEMSION EQUIVALENL HYDRAULIC PERCLNT SPACING
DIA. X LEN. DIA. DIA. UPEN AREA
U o - SIUUUNN o | S o1 | B U U C e e e i
DXe-532 405] F9 2.5 BY 7.6 2. 24 0.09754 65.5 kkkvek ke .
. .2 DXC-532 4051 F5 2.5, BY. 7.6.. . 2.24 0.09754 .. 65.5 . -, .0635 . .. .
RUH # HOURS ON FUEL/ALIR INLET P PRESSURE DROP INLET T DUTLET T- HMAX. T MAX. T REF. VELOCITY ~
e e . JUEL (L L RATIO S e et i e see e mm e v = - - - LOCATION-  INLET FACE ....
. : ATH 4 c C c INCHES - M/SEC .
1 6=G0AI i005.0, 0.0000000 2.9727 1.7240 450.0 450..0 . 450.0 0.250 14.478 .. .
2 O—-00A3 1005.0 . C.020v978 3.0067 1.9258 450.0 508.0 . 508.0. . 0.250 . . 14.512 . ..
3 - o=060i31. 1005.0 0.0000000 l«17C0 3.58%0 450.0 450.0. . 450.0 . 0.250 . 14.697
4 6=06B3 ______1005,0 __ 0.0230800 ].2041 Ad912 480,00 _.L 560.0 s 5600 ., 0250 14,499 0
5 6=56CH 1005.0 . 0000000 3.0067 1.8131 380.0 380.0 380.0 ..0.250 .., l4.822.
6 o=60C3 : 1005.0, ©€.02532946 3.0067... . 2.0214 380.0 . . ..405.0 .. . 4l0.0... 2.250 . .. 15.049
7 o=6oD1 1005.0 0. Q000000 1.1973 3.4807 .. 535.0 535.0 535.0 0.250 14,273, ..
g o=60D3 _ [1005.0 ...0.0187607 .. . 1.2041 . . 4.0729 Ce 535.0.- . 6200 ... 620.0. ...0.2580 . . 14.307. _ .
9 o-6oE] 1005.0 0. 0000000 1.1973 9. 4495 535.0 535.0 535.0 . 0.250.. .. 30.643.
10, 6-60E3 1005.0 ... 0.0209174 |, 1.2041 10.5015. e 2535.0 630:0. . 650.0 .. 2.250 . 30,936
I o=0606k] 1005%.0 0. 0000000 3.0067 3.2318 535.0 535.0 535.0 0.250 22.370 .
12 o=60k3 1305.0 0.0209177 3.0067. 3.6%5 .. . $B535.0 598.0 . 6IB.O 2.2%0 22.078 -,
13 0=60G1 1005.0 0. 0000000 5.0136 1.3274 535.0 535.0 535.0 0.250 14.265 .
P4 6~60G3 1005.0 _0.0209174 4,9999 1.4376.. .. .. 535.0. ' 605.0 .615..0 2.250 14.502 .

02-3



RUN IDENUIFICATIUN  PRUPAUE PARMAEIRIC STIUDIES FOR DXC-532 AFLER 1000 HOUR AGING ~HC- 6714776

LUGBUUE  LNI1 U 6 BUUK 5 PP: 28,29,30 X FUEL TYPE PROPANE ,
CATALYSY ID. . ° DIMENSION  EQUIVALENT HYDRAULIC - PERCENT  SPACING
DIA. X LEM. DIA. DIA. UPEN AREA.
U o S . H Y S - -
i UXC-532 T 4051 F9 2.5 BY 7.6 2.24, 0.09754 65.5 Kkdhkk
2. DHe-532 4051 +F5 2.5 BY 7.0 2.24 0.09754 65.5 .635
RUN #  HOURS ON  REYNOLDS #  COMBUSTION  HEAL RELEASE PERCENT . EXHAUST GASES .
FUEL  CHANNEL INLET ..EERICIENCY RATE . .  ADIABATCITY «.m w MC... ..CO  NUX -. CO2 . 02..
% KCALZHR CH3 ATH % . PP  PPM . PPH " .% . %
1 6o=60Al 1005.0 .  _914.016 0.00 - 0.00. .. 0.00. . 0.0  0.0. 0.0 0.0 . 0.0
2 6-06A3 1005. 0 933,195 V.70 3.73 12000.0 .30.0 1.5 . 0.4, 20.0
3 _6=66Bl____ 1005.0 3655191 .0.00 ... 0,00 0000 000 00 040 - o DuD 00
4 T 6-60B3 005.0 373.621 17.73 7.48 " 12000.0  34.3.  1.5. 0.7 18.3-
5 0-=606CI 1005.0 1125.250 0.00 . .. 0.00 0.00 .. 0.0. 0.0 .0.0. _..0.0.. .0.0.
o 6~66C3 1005.0 1153.706 4.65 2.47 15250.0 . 19.3 . 1.1, 0.2...20.1.
L 7. 6=6obl,_  1005.0, ... 300.430 . 0.00 . .. 0.00 . . L0200 . 0u0..._ 0.0 _. 0.0 ..0.0. ..0.0.
8 6-6003 1005.0 306.066 . 23.82 7.26. . .9050.0 ._46.4 _2.0 . 0.6 .19.5 .
9 0=60ET . 100540, . e 645,000, .~ . 0200cce o 0200us — e 0eea0000 e« 0uDee 0.0 0.0 0.0 . 0.0,
i 0-60E3 1005.0 659,484 13.11 9.58 11500.0 . 39.5 1.6 .0.5 _19.4,
L o=GoFl 1005.0 1182.531 . . _0.00 . . 0.00 . i 0.00 - e 0.0. 0.0 0.0. 0.0, _..0.0Q.
12 o-66k3 100540 1207.250 9.33 5.00 oo 12000.0 - 40.6. 2.1 0.4 . 20.0..
13 0-060G] 1 0050 1257.391 .0.00, ... . .~ 0.00.. 0..00 - 0.0. 0.0 0.0 0.0, 0.0Q
t4  0=6003 1005, 0 1283.672 11.23 3.85 4.7 . 2.5. .J0.3. . 19%.9._

D476 11750.0 .3
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APPENDIX D
DETAILS OF GRAPHICAL ANALYSIS

OF PROPANE PARAMETRIC DATA FOR

DXB-222 AND DXC-532
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In the analysis of the results from the propane parametrics on
catalyst cores DXB-222 and DXC-532, an extensive attempt was made
to obtain a suitable graphical representation of the propane combustion
efficiency as a function of the four main control variables (i.e.,
ajr preheat temperature, operating pressure, reference velocity and
adiabatic flame fémperature). The -standard graphical techniques
considering first, second and third order interactions were unsuccessful.
However, a plotting routine considering average responses proved to
be quite successful. For the sake of completeness in this report,
the graphical analysis for the propane combustion efficiency on catalyst
core DXB~222 is presented: Similar analyses were made with the data
on combustion effic¢iency of DXC-532 and only the plots of average

responses clearly represented.the data.

A.  FIRST ORDER INTERACTIONS

The injtial analysis involved plotting the propane com-
bustion efficiency from the initial parametrics on catalyst core
DXB-222 as a function of the main control variab]g;. Figures D-1,
D-2, D-3 and D-4 indicate that no satisfactory presentation of the

data is possible based on the first order interactions.

B. HIGH ORDER INTERACTIONS

Since a first order or non-interacting combination of
variables proved unsuccessful, & number of second and third order

combinations of variables were tried with varying degrees of success.
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Figure D-2 Combustion Efficiency Versus Reference
Velocity for Catalyst Core DXB-222
(Initial Propane Parametric).
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Figure D-4 Combustion Efficiency Versus Adiabatic
Operating Temperature For Catalyst Core
DXB-222 (Initial Propane Parametric).
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The best representation of the data is shown in Figure D-5, which is
a plot of propane combustion efficiency versus the product of the
air preheat temperature and the adiabatic flame temperature divided
by the reference velocity. Again, this graphical presentation has
an ovér1apping region below abscissa values of 40,000 °K?/M/S; Above
this region, high combustion efficiency is depicted but—be]éw 40,000
°K2/M/S, multiple values are depicted.

C. AVERAGE RESPONSES

A plotting routine which proved to be most successful involved
plotting the average response of combustion efficiency at each of the
true levels of a single control variable. This, in effect, neglects
the simultaneous changes that occur in the other three control variables.
The examination of the average responses from a statistical experi-
mental design is a common technique used to determine significant trends

of the responses versus functions of the control variabies.

Thg plots showing\;he average responses are shown in Figures
D-6 and D-7. This technique gives the clearest graphical interpretation
of the results from the propane parametrics. The response of average
combustion efficiency to air preheat, reference velocity and adiaﬁatic
operating temperature are similar to results found in previous studies
(ref. 1, 2). Operating pressure appears to have a minor effect

as shown.



Figure D-5 Combustion Efficiency Versus Combinded Independent
Variables for Catalyst Core DXB-222.
(Initial Propane Parametric)
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APPENDIX E
DETAILED OPERATING INSTRUCTIONS

1. LIFE TEST
II.  ACTIVITY TESTING

II1I. PARAMETRIC TESTING

IV.  ANALYTICAL EQUIPMENT

V.  CATALYST CHARGING

VI.  UNIT SHUTDOWN

VII. ROUTINE DATA REDUCTION _

VIII. DATA ANALYSIS (MISCELLANEOUS CALCULATIONS)
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STANDARD OPERATING PROCEDURES

I. LIFE TEST PROCEDURE

A.  START-UP PROCEDURES

1. Set Up Reactor Conditions

a. Switch on power to every instrument.

b. Set air supply pressure at 50 psig with air

regultator.

¢. Set air flow rate aon automatic control loop at

416 scfh (32 1b./hr.).

d. Set air preheat SCR controller at 360°C reactor

inlet temperature.

e, Select furnace to he used and open valves for

flow.

f. While unit is heating, check safety shutdown

system for performance (refer to Safety Shutdown).

g. Calibrate analytical train as shown in “Anal-

ytical Start-Up Section®.
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h. When the inlet temperature is lined out within

+ 5°C of control point, take a set of readings for “no fuel® con-

ditions.

i. Make sure the automat%c 1e§e1 control on the

vent cooler system is turned on and functioning properly.

2. Fuel Presentation

a. Set liquid fuel pump to give 447 cc/hr. #2 diesel
fuel. This is an A/F wgt. ratio of 38/1.

b. Bring Tiqufd feed on_ slowly by having bypass valve
open and fuel feed line closed. With bypass open, sTowly open fuel
feed 1ine valve. When fuel feed 1ine is fully open, close the bypass

line.

¢. Once a day the fuel flow should be checked by
flowing through the calibrated flow through gauge glass. Record results

under comments on 1og sheet.

II. ACTIVITY TEST PROCEDURE

A.  INTRODUCTION

For each catalyst core an activity test will be taken at
0, 250, 500, 750 and 1,000 hours of 1ife testing. The test procedure

is as follows:

i
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1.  Set the air flow using the air flow rotameter at 1088 scfh.

‘2. Preheat the air to the previous test ignition temperature.

For virgin catalyst, begin at 180°C.

3. Using C. P. carbon monoxide (at 4000 ppm in feed stream)
as the activity test fuel, determine ignition temperature by stepping
in 20°C temperature increases until ignition occurs. While increasing

temperature, fuel (CO) should be off.

4. After dignition is obtained, proceed in 40°C incre-

ments to obtain conversion data. Remgmber that background data

should be taken before fuel is brought on.

5. Stop conversion data at 400°C inlet temperature.

III. PARAMETRIC TESTING

A.  INTRODUCTION

Parametric tests will be performed on each catalyst core
at 0 and 1,000 hours of 1ife testing using C. P. Propane. The following

procedures should be followed:

1. Start-Up

a. Set air flow rate as specified in operating instruc-

tions, Set pressure at 70 psig on rotameter.
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b. Set air prehéét temperature as specified in oper-

ating instructions.

c. Select furnace (or furnaces) to be used and open

‘'valves for flow.

d. Calibrate analytical train as shown in "Analytical

Start-Up Section”.

e. Set reactor operating pressure given in operating

instructions by adjusting valve on reactor vent line.
f. UWhen the inlet temperature is lined out within
+ 5°C of control point, take a set of readings for “no fuel®™ con-

ditions.

2. Fuel Presentdtion

This procedure should be followed for any gaseous
fuel runs in which the anticipated outlet temperature is over 1000°C.

The basic idea is to bring in fuel slowly and do not éver ovérshoot

the fuel.

a. Check FID calibration against the standard.

Select the one closest to the desired fuel level you want to set.
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b. Adjust the inlet sample flow td obtain -about the

same flow (~4 scfh) as when you calibrate it.

¢. Check the back pressure gauge and make sure ‘it

reads 4.5 psig exactly.

d. FID should read zero. If not, zero it with zero

gas.

g. Check the pressure in the fuel Tine between the
metering valve and solenoid vailves. If high pressure is found, bleed

it off.

f. QOpen the solenoid valves and set fuel pressure

regulation to the desired pressure.

g. Turn recorder chart on and open the metering valve

slowly.

h., Bring in the fuel to 3/4 of the final setting
according to the FID. Wait for the outlet temperatqre to turn such
that it is beg{nning to line-out (about 10 minutes). Then, gradually
increase the fuel to the specified level. Note that there is a time
delay between the change of the setting of the valve and the FID
response. Therefore, every change that is made should give you suf-

ficient time (at Tleast one minute) to line out on recorder.
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i. At no time should the outlet temperature exceed
1260°C. If it is 1ikely to occur, shut fuel off and report to the

engineer.

j. After fuel is set, mark the chart and turn off
inlet sample stream and recorder chart. If there is aﬁy doubt about

the inlet fuel concentration during the run, it should be rechecked.

IV. ANALYTICAL EQUIPMENT PROCEDURES

Start-Up Procedures for CO, COp, NO/NOy, 0o and FID Analyzers
A.  GENERAL

1. Power-switch on on FID and Beckman Console - Also NO/NO,

This is for warming up the units electrical circuits.

2. Turn off house air on N2 at the back of the unit that

was on for overnight purge.

3. Selector valves at the control panel should be in
closed position to prevent any leaks or flow surges. Then turn on all

tanks and one zero air tank.
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B.  CONSOLE PANEL

1. Open CO purge valve to give a flow of 7.0 on rota-

meter.

2. Sample valve calibration valve should be in calibra-

tion position.

3. Turn on pump and open span valve C0/C02/02 also to
give flow of 7.0.

4, Turn CO and CO2 analyzers from the tune position to

5. Selector valve Lo-CO, Hi~CO should be in Hi-CO position.
6. CO and CO2 chopper switches on.

7. Selector valve span zero, 1, 2 and 3 should be in zero

position to zero analyzers.

8. Recorders off-on switch should be in'on position.

Check pens on recorders by turning recorder chart switch on to see

if pens write. (If pens don't write, use thin wire or suction hottle

to draw ink through tip.)

9. Check filter paper in pancake valve on sample 1ine and

change if necessary.
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10. 02 analyzer should be on Range 25.

C. CALIBRATION PROCEDURE FOR CO ANALYZER

1. Range 1 calibration (CO span gas from 500 to 5000 ppm).

a. From control panel select span gas labelled CO 1.

b. On console selector valve span zero, 1, 2 and 3
should be turned to CO #2 position.

c. Control flow through rotameter to setting of 7.0
by regulating C0/C02/0, span valve.

d. At this point you can actually calibrate on any

gas’ from 500 to 5000 ppm.

e. Check the reading at the meter which corresponds

to the span gas at Range 1. Verify at CO curve.

f. If reading is not verified, adjust gain potentio-

meter to verify curve.

2. Range 2 calibration (CQ span'gas from 50 to 500 ppm).

a. From the control-panel select span gas labelled CO 2.

b. Hi-C0, Lo-CO selector valve should be in Lo-CO

position.
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c. Regulate flow setting at 7.0 by adjusting CO-

C0,-02 span valve if necessary.

d. At this point you are actually calibrating any
gas from 50-500 R 2, 0-50 R 3.

e. Check the meter reading and at CO curve for Range 2.

Verify reading.

f. If reading is not verified according to reference
curve, open and pull out analyzer and adjust potentiometer labeled D

for R 2 to verify curve.

3. Range 3 calibration (CO span gas from 0 to 59).
a. From control panel select span gas Tébeled Co 3.
b. Follow Steps b through e as in Range 2 calibration.
c. If reading is not verified according to reference
curve, open and pull out analyzer and adjust potentiometer labeled‘as

R 3 to verify curve.

D.  CALIBRATION OF COo ANALYZER

1. Range 1 calibration {any-C02 span-gas from 2:5% to .15%).
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a. From the control panel select span gas labeled

COp-1.

b.  On console selector valve span zero 1, 2 and 3

should be turned to CO2 #1 position.

c. Control flow through rotameter to setting of 7.0

by regulating 80[002/02 span valve on console.

d. At this .point you are calibrating on any gas from

2.5% to 15%.
e. Check the reading at the meter which corresponds
to the span gas at Range 1. Verify at COp curve. If not verified,

adjust gain potentiometer.

2. Range 2 calibration (any €0, gas from 0 to 2.5% C02).

a. From the control panel select span gas labeled

(:02"'2 .

b. Regulate from console a flow of 7.0 setting by
adjusting CO/C02/02 span valve, if necessary.

¢. If reading is not verified according to reference
curve, open and pull out analyzer and adjust potentiometer labeled as

R-2 to verify curve.
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3. Range 3 calibration is not in use.

E. 02 ANALYZER CALIBRATION

Note: A1l readings are taken on Range 25 uniess otherwise

specified.
1. Select the gas from the control panel (zero-air).

2. Span selector valve zero, 1, 2 and 3 should be at span 3.

Verify flow to 7.0 setting on console by regulating C0/C02/0o span valve.

3. VYerify reading on meter by calibrating zero air to 21%.

4, After calibrating selector valve span zero, 1, 2 and 3

should be back to zero position (zero instrument).
5. Verify zero readings on C0O/C02/0o analyzers.

F.  SET UP FOR SAMPLING - BECKMAN CONSOLE (CO/C02/02)

1. Selector valve, sample calibrate goes to sample position.

2. Lo-C0 and Hi-CO valve goes to Hi-CO position. Also
CO analyzer to R 1.
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3. Shut off C0/C02/02 span valves on console.

4, Verify rotameter flow at 7.0 by means of C0O/C02/02

sampie valves on console.

5. Open valve that is marked Unit #2, #3, #& or #5 res-

pectively for sampling to Beckman-Console.

6. Read and record data. (If not reading, notify engineer).

Mark charts for easy data retrieval on each sample.

G. NO/NOx ANALYZER CALIBRATION

1. NOy sample valve on console fully open. Close NOy

span valve on console,

2. NO mode selector switch in zero position to zero anal-
yzer with range switch preferably on Range 10. (If not zeroed, adjust

zero knob).

3. Open door to analyzer to see if there is a flow setting
of 8.0 on bypass rotameter, 20 psig ozone and 4 psig sample. Let door |

stay open.

4, From the control panel select respective span gas,

preferably NO 3 (gas is 4.2 ppm).
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5. On analyzer turn NQ mode switch to read sample. Flow

on bypass rotameter should read 4.0 setting. (If flow is too great,

regulate to 4.0 setting by NOy sampie valve on console. If flow is too

small, regulate to 4.0 setting only when sampling for NO/NOx by adjusting

C0/C02/02> sample valve on console. NOx sample should be fully open.

6. On analyzer turn NO mode switch to read span. From
consoie open slowly NO, span valve so as to give a flow of 4.0 setting

on bypass rotameter.

7. Switch back and forth NO made selector switch from span
to sample. (Do this three times giving each time to respond). ATl
pressures and flows should remain the same. Leave switch in span

position.

8. Close door to analyzer and whatever gas is selected
will read at meter. Adjust reading to calibration gas if incorrect

by using span knob.

9. The above procedures are done for NOx gas also in NOy

mode side,

10. Use the above standard procedure for any other calibration

gas selecting, of course, the appropriate calibration range.

11. When calibration is finished, leave NO mode or NOy

mode switch in zero position. Turn off NOx span valve on console.
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12.  Turn to sample position only when sampling.

H. FID ANALYZER (402) CALIBRATION

1. Ignition Procedure

a. After air and fuel are turned on fron tanks (cyl-
inders), ignition is made by pushing up (or down) ignition button and

listening for popping sound, indicating that flame is 1it.

2. Calibration Procedufe '

a. At this time sample pump can be turned on in back
of analyzer and air and fuel adjusted to 25 psig each. Sample pressure
regulator should be at 4 psig. Make sure to check pressure gauge
zero reading before adjusting to 4 psig. Any offset on zerc should be

added to 4 to get correct actual pressure.

b. At this time zero air or house N, is flowing

through the unit and temperature of oven is stable at 350 to 375°F.

c. Zero analyzer by turning range multiplier switch
to Range 10 and et set for awhile (if not zerced, use zero adjust-

ment knab to zero}.

d. When zerc is OK, turn range multiplier switch to
5000. Close zero air valve at lower left corner and slowly open span

gas valve.
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e. From control panel select gas marked HC-1 (15,000

or 19,000 ppm}. ATl pressures .should be the same as in Step #2.

f. If meter does not read according to calibration
standard, adjust gas by using span knob. (Ex. for a 19,000 ppm gas
meter should read 3.8 x 5,000 - 19,000.0 ppm}.

~g. A1l other calibration gas HC-2 and HC-3 are done
the same way as HC-1, but on the appropriate range. (Ex. for a 20 ppm

gas meter should read 4,0 x 5 = 20.0 ppm or 2.0 x 10 = 20.0 ppm).

h. After calibration normal override switch goes to
normal. Sample calibrate valve turn to sample and zero and span valve

closed.

i. Range multiplier switch to 5000. You are now

sampling from whatever unit you selected-.

j. At control panel turn all selector valves at NO

selection.

I. CONSOLE SHUTDOWN PROCEDURES

1. Daily Shutdown

a. Sample pump aff.
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b.  C0-C0» choppers off.
c. All charts- off.

d.  NO/NOy sample valve, NOy span valve, C0-C0Op-0y span valve,

€0 purge closed.
e. All tanks - off.

f.  NO/NOx analyzer left on, NO mode selector valve to

NO sampie position.

. g. Sample calibrate valve, to sample position.

h. Lo-CO - Hi~CQ valve, adjusted at mid-position,

s0 as to give a flow to both CQ cells.

i.  Turn on house air (Np) at the back of the unit,

by adjusting metering valve to give a flow to all analyzers.

'i. VYerify the flow by observing rotameters in front

to read anywhere from 0 - 7.0.
k. Analyzers C0-CO2 goes to tune position.

1. FID analyzers pump off.
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m. FID analyzers sample calibrate valve goes to

ca1%brate position. FID analyzers normal override switch to override

position.
n. FID air regulator to 0-5 psig.
o. FID analyzer, sample regulator to 2 psig.

p. FID analyzer, zero house air (Nz) flow through

analyzer for purging.

q. All valves go to non-selecting position at control

panel.

V.  CATALYST CHARGING

The catalyst charging procedure is a very important step in the
evaluation of each catalyst. A proper job will insure correct pres-
sure drop measurements and prevent reactor bypassing. Monitor the
pressure drop controi charts during tests to detect failure of packing.
Abrupt changes in presstre drop may indicaté that fiberfrax has become

loose and repacking is needed.

A. Meigh catalyst and record dimensions (diameter, length,
number of full channels). Apply a 1/4" wide layer of ceramic cement

around the middle periphery of the catalyst core to prevent bypassing.
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Wrap a layer of fiberfrax, recessed 1/4" from each end, around the

catalyst core.

B. Place the catalyst core in the metal holder, pushing the catalyst
core into the bottom of the holder. Inspect catalyst core in holder
and make sure no fiberfrax has slipped and is covering channels. If so,

remove and start over again.

€. Remove all fiberfrax from reactor that may be stuck to the

reactor wall from previous tests.

D. Wrap fiberfrax around catalyst holder and insert in reactor.
Make sure the fiberfrax wrapping provides a snug fit. Set air flow
at 1000 scfh and see if holder stays in place. If not, remove, rewrap

and place in reactor. Retest at 1000 scfh for bhypassing. )

E. Insert holder pin through reactor wall and pull down the
holder flush with this pin. A schematic showing the placement of

the packed catalysts in the reactor is shown in Figure -1,

F.  Secure reactor flanges, thermocouples, etc. for testing.

Pressure test reactor at 50 psig for 30 minutes for leak checks.
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VI. UNIT SAFETY SHUTDOWN

A.  INTRODUCTION

.The unit shutdown is designed for operating personnel
safety and for protecting the catalyst core from process upsets. When
an automatic shutdown occurs, the fuel line solenoids cut off fuel to
the reactor and air preheat. If the cause of the shutdown is removed,

the air preheat is restored but the fuel must be reset manually.

Before resetting the fuel the technician should determine
the cause of the shutdown, correct the problem and record the occurrence
on the logsheet. Always bring fuel back on "on bypass" as standard

operating procedure.
The proper functioning of the shutdown system should be
checked every 500 hours of Tife testing., .Use the check Tist in Attach-

ment I. Problems should be corrected and noted in the Tog sheet.

VII. ROUTINE DATA REDUCTION

Data was processed using the following procedure:
A. Data recorded on standard log sheets.

B. The data is transferred from the log sheets to standardized

computer forms with subsequent keypunching.
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C. Data is inputted to computer and reduced on CATCOM computer

programs.
D.  Computer output in tabular form and plots.
This entire sequence is handled by technicians in the CATCOM group.

A subroutine is also available for taking the reduced‘data and
providing plots. This is used routinely for 1ife tests to detect
trends with operation time (e.g., emissions plotted vs. operating
time). For Tife tests, the operating time is defined as the time on

stream at 1ife test conditions.

The routine data reduction program performs the calculations
listed in Table E-T1 with the nomenclature explained in Table E-2.
Because of the fact that a one-inch core is removed from the catalyst
block, the outside channels are ineffective in converting the fuel.
This is taken into account by defining an effective catalyst core
diameter based on the ratio of the number of open channels actually
in the 1" diam. test core compared with the calculated number of
channels. Note that the reference velocity. the space velocity,
Reynolds' number and heat release rate all contain this correction

factor.

The combustion efficiency is calculated on fuel conversion for
this study and net on a heat balance. Similarly, the heat release rate

is based on hydrocarbon conversion and not a heat balance.
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For 1" diam. laboratory-test figs, the percent adiabaticity %s
a very important guide post. It represents the percent heat loss in
the reactor. This is inherent in small test rigs because of the high
surface to volume ratio available for heat transfer to the atmosphere.
The calculation shows how much the actuél measured temperature rise
across the catalyst core deviates from the calculated adiabatic tem-
perature rise based on heats of combustion and hydrocarbon conversion

levels.
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TABLE E-1
EQUATIONS FOR DATA REDUCTION COMPUTER PROGRAM-

. Reference Velocity: = [A/pA + F/pF]/[E/CI]
- Space Velocity: = [A/pA + F/oF1/[C/CII[,]

- Emissions: CO, NO,, UHC = PPM [M/MW]/[A+F/F]

. Combustion Efficiency: 100 X HCI x NC x 108 -[c0 + 3HC]

HCI x NC x_106
- Percent Adiabaticity: = (Tg - Ty}/(Tgp - T1)x 100

Reynolds® Number: = (A + F)Dh/[C/Cjlu

- Heat Release Rate: = FQ F¢/[C/C1]

Carbon Balance: = (IC -~ OC)/IC x 100

- Hydraulic Diameter: = (Channel Cross Section Area)/(Wetted Perdimeter)
Equivalent Diameter: = [C/CI]T/2 [4/w]

Percent Pressure Drop: ([Pry - Pourl)/[Prnl)-L100]
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TABLE E-2
NOMENCLATURE FOR DATA REDUCTION

Air mass flow rate

Fuel mass flow rate

Actual number of open channels in 1" @ catalyst core
Theoretical number of channels per area for catalyst core
Density of air

Density of fuel

Catalyst core length

Parts per million of‘emission as measured in exhaust
Emission molecular weight

Exhaust mixture molecular weight

Mole fraction of fuel in feed

Number of carbons in fuel

ppm of carbon monoxide 5n exhaust

ppm of hydrocarbons measured as propanhe in exhaust
Measured outlet catalyst core temperature

Measured inlet catalyst core temperature

Calculated adiabatic temperature rise for air/fuel ratio in feed

(adiabatic flame temperature)

Equivalent honeycomb diameter calculated from .number of open channels
in T" P catalyst core

Gas mixture viscosity

Conversion of fuel in catalyst core

Inlet pressure to catalyst core

Number of carbon atoms in feed

Number of carbon atoms in exhaust

Hydraulic diameter

Reference velocity
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VIII.DATA ANALYSIS (MISCELLANEQUS CALCULATIONS)

Supplementing the routine data reduction were miscellaneous
calculations for
A. Emissions Index

B. Adiabatic Flame Temperature

Because of their importance, these calculations are detailed below.

A.  EMISSIONS INDEX

Fmissions in grams/mile were calculated using Equation (1)

(refer to Table E-2 for nomenclature).

(1) (g/mile) = [A/29 + F/IQQJEPPM x_10767[Mu]
E_ .642 x 10-4 gallons 0 miles

of x [ cc 1 x gallon

Example Calculation:

For UHC as CgHg

and A/F = 38/1
Md = 44
PPM = 3.8
PF = .864 g/cc

(g/mile) = 0.072



B.  ADIABATIC FLAME TEMPERATURE CALCULATION
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1. Basis: Feed Air/Fuel Ratio

Material Balance

To complete the material balance the stoichiometry of

the diesel oil combustion must be known.

for

- API gravity of 34.4

+ 50% distillation temperature of 523°K

Using the analytical results

the molecular weight of diesel oil is calculated using the method in

Reference 9 as 192 grams/gram-mole.

For carbon/hydrogen ratio of

.566 (obtained by analysis), a formula of Cy3 g3tog gy is calculated

for the #2 diesel fuel. The stoichiometry for diesel o0il combustion

can then be represented by:

€13.93Hpg. g1 * 20.08 0p + 13.93 CO2 + 12.30 Hyp0

In the 1ife tests on DXB-222 and DXC-532, the typical

air/fuel ratio of 38/1 results in the following molar balance:

Component
#2 Diesel

02.

N2
CO2
Ho0

The mean molecular weight of the product is 29.04'

-

Feed
(%)
0.396
20.92

78.69

Product


http:C13.93H24.61
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Energy Balance

The adiabatic flame temperature is calculated using the

assumption shown schematically:

Products (@ Adiabatic
7 Flame Temperature)

-~

Fuel (@ 298°K) + Air (@ 663°K)

Fuel (6 298°K) + Air (@ 298°K)——==Products
Reacts (@ 298°K)

The calculation involves assuming an adiabatic flame
temperature to obtain the mean molar heat capacities of the product

gases for use in Equation (1).

(1) (Heat content of products at adiabatic
flame temperature)
+ Heat of combustion at 298°K

(Heat content of feed at feed temperature)

|}

= 0
The calculated adiabatic flame temperature is then compared to the
assumed and a trial and error solution is used to converge to the
final solutions. Using this technique, an adiabatic flame temperature

of 1527°K 1s obtained for an air/fuel weight of 38/1.
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Sample Calculation:
Step (1) Assume adiabatic flame temperature
of 1527°K

Step (2) Mean molar heat capacity of product

*Pure Component

Mean Molar
Heat Capacity Heat Capacity
Mole @ 1527°K Contribution
Component Percent (kcal/kg-°K) (kcal/kg-°K)
CO2 5.39 12.32 .664
Ho0 4.77 9.6 +458
02 12.71 8.1 1.03

Np 77.12 7.67 5.915

Mean Molar Heat

Capacity of 8.067 kcal
Products from kg.°K
298°K to 1527°K

(*from Reference 9 )

Step (3) The mean molar heat capacity of air

from 298°K to 633°K is 7.12 %gglﬁ (from Reference 9).
g-°
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Step (4) The overall energy balance is

(1 mole basis in feed)

kg-moles kcal - o
{1.02 _£L?ﬁc__4(8.067 E%%BRQ(TAD 298°K)

+ (.00396 B_g];_rggltei)(-tgw x 10% kcal/kg-mole)

- {.9961 kg-moley(7 12 kcal y(g33 - 298°K)
Hr. kg-°K

=0

Tap = 1528°K

Therefore, the assumed adiabatic flame temperature of
1527°K is within 1°K of the calculated value. This is well within

the accuracy of the calculation method.

2. Basis: C0p Vent Gas Analysis

Another technique that is frequently used in calculating
the adiabatic flame temperature is based on the CO2 produced in the

combustion process. The steps used in this calculation are:

a. Using the COp vent gas analysis and the stoichio- |
metry of the combustion reaction, back calculate the corresponding

feed component material balance.

b. Using the material balance results, calculate the

feed air/fuel weight ratio.


http:kgmole)(7.12
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c. With the calculated air/fuel ratio perform an

energy balance calculation to obtain the adiabatic flame temperature.

This last step is an iterative process as explained in Appendix E-VII-B-1.

The equations for stoichiometry and the energy balance

are identical to those contained in Appendix E-YII-B-1.

Analysis of the COp control charts maintained during the

life tests of DXB-222 and DXC~532 showed the following:

Standard Deviation

Mean of CO2 of of CO02 Vent Gas
Catalyst Vent Gas Analysis Analysis Over
Core Over 1,000 Hours 1,000 Hours
DXB-222 5.46 % 1%
DXC-532 - 5.53% L11%

Using these results to make a material-and energy balance for the

adjabatic combustion gave:

Range of
Adiabatic Flame Flame Temperature
Temperature at 95%
Catalyst Based on Mean Confidence
Core C02 Analysis - Range
DXB-222 1533°K 1499 - 1565°K
DXC-532 1545°K 1511 - 1575°K

This data indicates that during the course of the life tests, temper-

atures ranged from approximately 1505°K (2294°K} to 1570°K (2366°F).
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TABLE E-3
GLOSSARY OF TERMS

Catalytic Combustor: Flange to flange assembly of catalytic combustion

equipment, including fuel presentation system, ignition system and
catalytic substrate, including provision for instrumentation.

Catalytic Core (Catalyst Core}: Composite of catalyst and catalyst

support.

Catalyst Support: Structure upon which the catalyst is supported.

Catalyst: Active catalytic material.

Full Scale: Appiies to components, equipment and test rigs for teéting
under simulated gas turbine engine conditions.

Sub-scale: Applies to components, equipment and test rigs for testing
on a one-inch diameter catalytic bed scale.

Test Rig: Facility used for test and evaluation of catalytic combustors.

Ignition Temperature: The temperature at which spontaneous catalytic

combustion occurs for a given fuel/air catalytic core combination.

Space Velocity: Volumetric flow rate of reactants per volume of catalyst

core. NTP refers to 298°K and atmospheric pressure.
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APPENDIX F
DESIGN DRAWINGS
FOR NASA TEST RIG
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