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EXECUTIVE SUMMARY

During the periods October 9-16, 1990 and November 6, 1990 the Waukesha
Engine Division of Dresser Industries, Inc. performed emission tests on
eight 12V-AT25GL Waukesha engines located at the Johnston, Rhode Island
Central Landfill powerhouse.

Permit requirements for emission certification of the units are:

Nitrogen oxides (as N02) - 1.25 gr/BHP-HR or 6.6 Lb/HR maximum, which-
ever is more stringent.

Carbon monoxide - 1.125 gr/BHP-HR or 5.9 Lb/HR maximum, whichever is
more stringent.

Nonmethane hydrocarbons - 0.5 gr/BHP-HR or 2.6 Lb/HR maximum, which-
ever is more stringent.

|
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Initial testing yielded average stack emission rates from the eight uniis
at rated conditions of .50 gr/BHP-HR NOX, 1.70 gr/BHP-HR CO, and .08 ar/
BHP-HR NMHC. A1l units failed permit réquirements for CO emission due to
a low average oxidizing catalyst efficiency of 9%. NO, and NMHC emission
levels were well below permit requirements.

The low catalyst CO conversion efficiency was traced to silicon contamina-
tion. A mechanical cleaning of the #] unit catalyst raised its efficiency
to 21.5% and lowered the stack CO level to 1.66 gr/BHP-HR. A thorough
chemical cleaning of the #8 unit catalyst raised its efficiency to 78.6%
and lowered the stack CO level to .36 gr/BHP-HR.

Average fuel consumption at rated conditions was found to be 6917 BTU/
BHP-HR.
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.0:

INTRODUCTION

The Johnston, Rhode Island Central Landfill powerhouse contains

eight (8) engine/generator units whose purpose is to convert the gas
generated by the landfill into useful electrical energy. The engines
are Waukesha 12V-AT25GL lean combustion, low emission models.

The State of Rhode Island, Department of Environmental Management
(RIDEM) approval #999-1014 requires performance testing be conducted
for nitrogen oxides (NO, = NO + NO, as N02), carbon monoxide (CO),
and total non-methane hydrocarbons®(NMHC): As part of the condi-
tions of sale of these engines, the Waukesha Engine Division of
Dresser Industries, Inc. (WED) was contracted to perform this test-
ing utilizing the capabilities of our mobile emissions testing
laboratory.

The emission limitations per permit #999-1014 are:

1. NOX: the emission rate from each engine shall not
exceed 1.25 gr/BHP-HR or a maximum of 6.6 Lb/HR,
whichever is more stringent.

2. Co: the emission rate from each engine shall not exceed
1.125 gr/BHP-HR or a maximum of 5.9 Lb/HR, whichever
is more stringent.

3. NMHC: the emission rate from each engine shall not exceed
0.5 gr/BHP-HR or a maximum of 2.6 Lb/HR, whichever
is more stringent.

Additional permit requirements are:

1. Visible emissions from each engine exhaust shall not exceed
10% opacity except for a period or periods aggregating no
more than three minutes in any one hour.

2. Only landfill gas shall be used as an engine fuel.

3. The oxygen contenthof the exhaust gas entering the CO
oxidation catalyst shall not be less than 7.0% by volume.

4. The CO oxidation catalyst exit temperature shall not exceed .
1350°F.

5. The CO oxidation catalyst inlet tempefature shall be a
minimum of 750°F.

Factory engine-out emission guarantees were 1.25 gr/BHP-HR NO_, 2.25
gr/BHP-HR CO, and 0.5 gr/BHP-HR NMHC. The low CO permit Timitation
required the addition of a Johnson-Matthey model CO 1750-20 oxida-
tion catalyst to each exhaust system. Engine-out and permit CO
levels indicate a required minimum catalyst CO conversion efficiency
of 50%.



The required emissions performance testing was performed during the
period October 9, 1990 to October 16, 1990. Mr. Richard Evans of
RIDEM was present during three days of this testing. A supplemental
test was performed on November 6, 1990.

2.0: EQUIPMENT DESCRIPTION

The Central Landfill powerhouse contains eight identical engine/
generator units. The engines are Waukesha 12V-AT25GL lean
combustion, low emission units of 9.84" bore X 11.81" stroke with
10784 cubic inches displacement. Each engine is rated at 1700 KWe
at 900 RPM. At 96% generator efficiency this is 2375 BHP. The
engines are adjusted to run on landfill gas. Specified engine
settings are 17° BTDC spark timing and 8.6% = .2% exhaust oxygen
level pre-catalyst. Crankcase breather gases are jnjected into the
exhaust stream downstream of the catalyst using compressor bleed
air.

Each engine drives a Kato model A24862001 generatof rated at 1700
kilowatts at 4160 volts. Switchgear was manufactured by Point Eight
and voltage regulators by Basler.

The exhaust stream from each engine passes through a Johnson Matthey
oxidizing catalytic converter model CO 1750-20. After leaving the
building each exhaust stream is directed upward through a 60" 0.D.
silencer.

Figure 1 shows powerhouse unit arrangement.

SWITCHGEAR REPAIR
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Fuel gas treatment is accomplished with a Bio Gas Development (BGD)
of Atlanta, Georgia system.

The test procedures used for both fuel economy and gaseous emissions
testing followed the test protocol (and supplement) approved by the
RIDEM. See Appendix A. Further elaboration is provided below.

During the emission test sequence, five separate measurements were
made of the volumetric fuel gas flow rate using a calibrated
positive displacement Rootsmeter. See Appendix C for calibration
data. Temperature and pressure of the fuel gas were measured at the
meter itself to enhance accuracy.

The high and low readings were discarded and an average of the
remaining readings was used for all calculations. See Appendix E

Procedures outlined in the approved protocol were followed exactly.
Analyzers used are described in Appendix A and calibration data is
given in Appendix C. A basic schematic of the sample train used is
shown in Appendix B. Probes used in all three test locations con-
formed to 40 CFR 86 section 86.310-79 (b) as presented in Appendix B.

Raw data is presented in Appendix E.

3.0: TEST PROCEDURES
3.1: FUEL ECONOMY

for raw data sheets.
3.2: GASEOQUS EMISSIONS
4.0: FUEL ANALYSES

During the original test program, three fuel samples were taken at
intervals. Samples were taken on October 9, 11, and 15 during the
certification testing. In addition, a fourth sample was taken
during the supplemental test on November 6.

These samples were analyzed by IGT Analytical Laboratory of Chicago.
Further fuel properties, to allow emission calculation, were
calculated at Waukesha from IGT component analyses. These data are
given in Appendix D.

Since samples 1 and 2 of October 9 and 11 were nearly identical, an
average of these fuel properties was used for calculations spanning
that time period. Table I summarizes the three sets of fuel proper-
ties used for final fuel consumption and emission calculations.
Their applicability is given in Table II.



——7—

5.0: RESULTS

Calculated results are detailed in Appendix G. A sample calculation
is given in Appendix H. Significant results are summarized in
Tables II, III, and IV. Table II summarizes engine test conditions.
Table III summarizes the results of the fuel consumption testing.
Table IV summarizes the results of the emission testing.

5.1: FUEL ECONOMY

Average engine loads for fuel economy (and emission) calculations
were obtained from the raw data computer printouts presented in
Appendix E. The mean brake specific fuel consumption (BSFC) is 6917
BTU/BHP-HR with a Tow of 6648 BTU/BHP-HR and a high of 7145 BTU/BHP-
HR. Note that these values are not all directly comparable because
of small load differences between the eight engines.

5.2: GASEQUS EMISSIONS

In order to calculate brake specific or mass emission rates, the
total exhaust mass flow rate must be known. The general exhaust
system layout and large exhaust silencers do not allow a pitot tube
measurement of exhaust flow without significant modification.
Instead, fuel flow rate was precisely measured as previously noted.
Then air-fuel ratio was calculated using the Spindt method, see
Appendix F, as modified for the large CO2 concentration in the fuel
gas. See Appendix H, sample calculation, for further elaboration on
this point. The air flow rate is calculated as the product of the
fuel flow rate and the air-fuel ratio. The total exhaust mass flow i
rate is the sum of the fuel and air flow rates. : ’

5.2.1: ORIGINAL TESTING

Emission test results are presented in Tables IV-a, -b, and -c for {
pre-catalyst, post-catalyst, and stack (certification) locations,
respectively.

Mean stack emission rates from the eight units as originally tested
at rated conditions were found to be .50 gr/BHP-HR NO_, 1.70 gr/BHP-
HR CO, and .08 gr/BHP-HR NMHC. These NO_, and NMHC 1edels are well
below the permit requirements of 1.25 gr7BHP-HR NOX and 0.5 gr/BHP-_
HR NMHC. A1l units failed the 1.125 gr/BHP-HR CO permit require-
ment due to a low average oxidizing catalyst efficiency of 9%.

5.2.2: SUPPLEMENTAL TESTING

The catalyst from unit #1 was removed and examined. It was found to
be covered with a grey/black crusty material. Core samples were )
removed and forwarded to Johnson Matthey for analysis. In the mean-
time, the catalyst was mechanically cleaned using high pressure air
and replaced. A retest of this unit showed a lowered CO level of
1.66 gr/BHP-HR and a catalyst efficiency of 21.5%.

-4 -



Analysis by Johnson Matthey of the core samples from unit #1, and
additional core samples from unit #8, indicated that by far the
major contaminant was silicon. This silicon was almost certainly
entering the combustion chamber in some form with the fuel gas.

The #8 catalyst was then chemically cleaned using a sodium hydroxide
solution following a procedure recommended by Johnson Matthey. The
cleaned catalyst was replaced and the unit retested on November 6.
This time the catalyst efficiency was found to be 78.6% and the
stack CO level of .36 gr/BHP-HR was well under the permit maximum of
1.125 gr/BHP-HR.

6.0: CONCLUSIONS

As found, all eight units at the Central Landfill powerhouse easily

met operating permit requirements for NOx and NMHC emission Tlevels.

However, none of the units was able to meet the permit required CO
level. The high CO level was determined to be due to low oxidizing

catalyst efficiency which was, in turn, caused by silicon contamina-
tion of the catalyst material.

A supplemental test on a unit with a chemically cleaned catalyst
yielded a CO level well under the permit maximum.

With properly functioning oxidizing catalysts, the Central Landfill
units should easily pass operating permit #999-1074 emission
requirements.

Written by: //,/é /

R.W. Stachowicz p
Senior Project Eng1neer/En§1;;;;ing Support
—

Approved by: /// %2 Y4

JVM Derra ~
V//Manager/Eng1neering Support




FUEL

DESIGNATION

A

SAMPLE

DATE(S)

10-09-90
10-11-90
(AVERAGE)

10-15-90

11-06-90

TABLE I

FUEL PARAMETERS

CHARACTERISTICS

SLHV

SPECIFIC GRAVITY

DENSITY

SLHV

SPECIFIC GRAVITY

DENSITY

SLRV

SPECIFIC GRAVITY

~ DENSITY

F

Fc

H2
Eoz
2
oz
IN

NOTE: REFERENCE APPENDIX D - Fi TERMS ARE MASS FRACTION VALUES.

502 BTU/FT>
.980
.07477 LB/FT

.23742

.07975
0

.00213

.68115
0

473 BTU/FTS
.977
'07455 LB/FT

.22371
.07517
.01054
.05476
.63550

-0

480 BTU/FTS
.994
"07584 LB/FT

.22318

.07504

.00078

.01647

.68480
0

3

3

3
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TABLE III
FUEL CONSUMPTION
AVERAGE LOAD FUEL SLHV AVERAGE AVERAGE FUEL
3 BSFC RATE
UNIT  KWe BHP BTU/FT BTU/BHP-HR LB/MIN
1 1725 2410 502 6829 40.855
2 1806 2523 502 6753 42.295
3 1693 2365 473 6648 41.301
4 1692 2363 502 7145 41.912 -
5 1598 2232 473 6857 40.203
6 1675 2340 502 7124 41.382
7 1693 2365 502 7073 41.525
8 1707 2385 502 6908 40.899
MEAN 6917 -
STANDARD DEVIATION 170 | =
1 1665 2326 502 7236 41.781
RERUN
8 1718 2400 480 6888 43.532
RERUN




TABLE IV-a
PRE-CATALYST EMISSION SUMMARY

BRAKE SPECIFIC EMISSIONS -  g/BHP-HR
UNIT NOX co NMHC
| 1 .485 1.835 .080
| 2 .435 1.960 095
| 3 .660 1.790 .060
| 4 .400 1.940 .080
i 5 .390 1.915 .070
| 6 .570 2.005 .080
7 .515 1.830 .070
8 .475 1.825 .070
MEAN .491 1.888 .076
STANDARD DEVIATION .090 .073 .010
1 RERUN | .355 2.070 .090
8 RERUN .680 1.890 .050
NOTES: 1) TWO RUN AVERAGE - REFERENCE TEST PROTOCOL
2) NO, AS NO,




~ TABLE IV-b
POST-CATALYST EMISSION SUMMARY

BRAKE SPECIFIC EMISSIONS - g/BHP-HR CO CATALYST
UNIT NOX co NMHC EFFICIENCY-%
1 .500 1.610 .070 12.3
2 .450 1.840 .090 6.1
3 .650 1.510 .060 15.6
4 410 1.660 .080 14.4
5 .375 1.780 .080 7.0
6 .565 2.015 .090 0
7 .510 1.680 .070 8.2
8 .475 1.660 .060 9.0
MEAN .492 1.719 .075 9.08
STANDARD DEVIATION .084 146 .012 4.71
1 RERUN .365 1.625 .080 21.5
8 RERUN .695 405 .050 78.6

NOTES: 1) TWO RUN AVERAGE - REFERENCE TEST PROTOCOL
2) NOx AS NO2

- 10 -




TABLE IV-C
STACK (CERTIFICATION) EMISSION SUMMARY

BRAKE SPECIFIC EMISSIONS - g/BHP-HR

UNIT NOX o NMHC
1 .51 1.57 .07
2 .49 1.84 .08
3 .67 1.39 .06
4 .41. 1.66 ©.09
5 .38 1.80 .09
6 : .57 2.00 .09
7 | .52 1.67 .08
8 .47 1.64 .06

MEAN : .503 1.696 .078

STANDARD DEVIATION .085 .173 .012
1 RERUN .34 1.66 .06
8 RERUN .70 .36 .05

NOTE: NOX AS NO2

- 11 -
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PROPOSED TEST PROTOCOL FOR EMISSIONS CERTIFICATION TESTING
AT THE JOHNSTON, RHODE ISLAND CENTRAL LANDFILL SITE

Site Equipmment

Eight (8) Waukesha 12V-AT25GL lean combustion, low emission reciprocating
internal combustion engines driving Kato electric generators. Each unit

is rated at 1700 KW_at 900 RPM. Exhaust from the engines is passed through
an oxidizing cata]ygt for further reduction of carbon monoxide and unburned
hydrocarbons. These engines are fueled solely with landfill.gas.

Emission Requirements (Reference permit conditions and emissions limita-
tions approvals 999-1014)

1. Nitrogen Oxides (NOx as NOZ)
The emission rate of nitrogen oxides from each engine exhaust shall
not exceed 1.25 grams per brake horsepower - hour (gm/BHP-HR) or a
maximum of 6.6 1bs. per hour, whichever is more stringent.

2. Carbon Monoxide (CO)
The emission rate of carbon monoxide from each engine exhaust shall
not exceed 1.125 gm/BHP-HR or a maximum of 5.9 1bs. per hour, which-
ever is more stringent.

3. Total Nonmethane Hydrocarbons (NMHC)

The emission rate of total nonmethane hydrocarbons from each engine
exhaust shall not exceed 0.5 gm/BHP-HR or a maximum of 2.6 lbs. per
hour, whichever is more stringent.

NOTE: These emission limits apply to the post-catalytic converter exhaust.

Test Methods

Waukesha proposes to use U. S. Environmental Protection Agency (EPA) test
methods to demonstrate compliance with the specified emission requirements.
These methods are detailed in Title 40 of the Code of Federal Regulations,
Part 86, Subpart D (40CFR86, Subpart D).

Waukesha also specifies the following additions and exceptions to 40CFR86,
Subpart D:

1. Section 86.301-79. Waukesha extends the applicability of this Subpart
to gaseous fuels including landfill gas. '

2. For heavy duty stationary engines the test cycles outlined in sections
86.335-79 and 86.336-79 are not used. Instead, all testing is done
at steady state conditions at discrete, specified points.







3. Specified dynamometer runs, €.9. sections 86.340-79 and 86.341-79, do
not apply literally to this field test. The outlined procedure will
be followed as far as practical for the specified test points.

4. Section 86.345-79 - Emission Calculations. Waukesha does not cal-

"~ culate the dry fuel/air ratio (f/a) using the formula in (d). Instead
dry (f/a) is calculated using the Spindt method. Reference Society of
Automotive Engineers paper #650507, "Air-Fuel Ratios from Exhaust Gas
Analysis". : o

5. Total nonmethane hydrocarbons will be measured with a B}ron gas chrom-
atograph.

Test Instrumentation

The instruments and systems in the Waukesha Mobile Engine Exhaust Emission
measurement Laboratory (MEEEML) van were selected and designed to comply with
USEPA 40CFR86, Subpart D and the gas sampling and analytical train given in
figure D79-1, section 86.309-79.

The MEEEML instrumentation is further detailed in Abpendix I.

Instrument Calibration

A1l analyzer calibrations comply with the applicable procedures of 40CFR86,
Subpart D. A1l analyzers will be calibrated at the factory no more than
thirty (30) days prior to the scheduled start test date. A copy of all cali-
bration sheets will be provided to the Rhode Island DEM as part of the final
report.

Fuel Composition

An average fuel composition based on data taken by Waukesha between 2/4/90
and 2/11/90 will be used for any preliminary calculations performed on site.
This fuel composition and analysis is given in Appendix I1I.

During the test program three fuel samples will be taken at intervals by

Waukesha. These samples will provide the fuel characteristics to be used for

final emission certification and fuel consumption calculations.

‘Sample Locations

Emissions entering the catalyst will be sampled at the position marked "A"
in photograph "A" in Appendix 11I. Stack emissions for compliance will be
sampled at the position marked "B" in photograph "B" in Appendix I11.

1
|
k)
1
H
i
3




Test Procedure

The test procedure followed for each engine will be:

- Engines will be tested fully warmed and stabilized at rated conditions
of 1700 KW_ at 900 RPM (about 2375 BHP). Engines will be adjusted at
rated condTtions to 8.6% * .2% exhaust oxygen level pre-catalyst, 17°
BTDC ignition timing and 9" Hg + 1" Hg prechamber gas pressure.

- Each stack certification test will consist of a 15 minute run at rated
conditions of 1700 KW_ at 900 RPM. During this time NO_, CO, CO,, THC,
CH4, NMHC, and 02 levEls will be measured and permanent*y recordgd.
Maximum, minimum“and average values will be determined for each specie
and recorded. LB/HR and gm/BHP-HR emittant rates will be calculated from
the average specie values.

Pre-catalyst emission levels will also be measured to determine compli-
ance with WED and catalyst manufacturer performance warranties. NO_,

€O, CO., THC and 0, emissions will be measured and permanently recofded
for a ﬁinimum of tﬁree minutes both before and after the 15 minute stack
compliance test. These emission levels will be averaged for all calcula-
tion purposes.

A1l analyzers will be zeroed and spanned before and after sampling in
accordance with 40CFR86, Subpart D procedures.

- During the emission test sequence, five separate measurements will be
made of the volumetric fuel flow rate using a pesitive displacement
Rootsmeter. The high and low readings will be discarded. The remaining
three readings will be averaged to yield the fuel flow rate for calcula-
tion purposes. The ideal, saturated low heat value of the gas will be
used to calculate final brake specific fuel consumption rates.

Repeat Data

A decision to repeat any test run may be made by either Waukesha or Rhode
Island DEM representatives after the test run is completed. The Waukesha
representative may elect to repeat a run if the data are found to be inaccur-
ate or technically deficient. The Rhode Island DEM representative may elect
to repeat a run for any valid reason.

After the test instrumentation has been removed from a unit, testing on that
unit will be deemed complete. Such a unit will only be retested if agreement
js reached between Waukesha and Rhode Island DEM personnel that existing data
are significantly deficient in some manner.
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Final Report

A final report on the results of the stack testing will be submitted to the
Rhode Island DEM no later than sixty (60) days following completion of the
testing.

Certification by Concentration

To save time and expense, yet provide high quality certification data, Waukesha :
proposes the following: ;

Units 1, 2 and 3 would be tested for emissions and fuel rate to determine pre-
liminary figures in LB/HR and gm/BHP-HR units. These values and significant
operating parameters such as intake manifold pressure, intake manifold temper-
ature and exhaust stack temperature will be compared. 1f sufficiently similar,
a correlation based on these three tests would be used to certify the remaining
five units using specie concentration measurements only.

The decision to accept concentration measurements for certification will rest

solely with the Rhode Island DEM representative on site observing the test
program.

March 22, 1990



APPENDIX IX

EMISSION MEASUREMENT INSTRUMENTATION

Waukesha Mobile Engine Exhaust Emission Measurement
Laboratory (MEEEML)

The instruments and systems in Waukesha's MEEEML van were
selected and designed to comply with the Environmental
Protection Agency (EPA) heavy duty engine test reguirements -
reference 40CFR86 and 42FR45132 - and EPA test method 20,
reference 44FR52798, as modified for use in internal combus-
tion engines, reference 44FR43169.

ANALYZERS:

- NO/NO, /NO ' :
Thermg-Eléctron model 10 chemiluminescent
S/N 10AR-13640-140
Ranges 0-2%, 10, 25, 100, 250, 1000, 2500,
10000 ppm

- co
Horiba model AIA-23 Non-dispersive infrared
S/N 4824705 .
Ranges 0-.25, 1.0, 5.0%

- THC .
Horiba model FIA-22A Flame ionization detector
S/N 4812908 '
Ranges 0-10, 30, 100, 300, 1000, 3000, 10000,
30000 ppm

- €0

Hogiba model AIA-23 Non-dispersive infrared
S/N 48498112

Range 0-16%

0

Téledyne model 326AX Electrochemical
'S/N 38817 |
Ranges 0-2, 5, 25%

- M/NMHC
Byron model 304 Gas chromatograph
S/N 0317 - . .
- Ranges (methane and non-methane) .
0-2, 5, 10, 20, 50, 100, 200, 500, 1000, 2000,
5000, 10000 ppm

- Standard Gas Divider model 75



APPENDIX II

FUEL COMPOSITION

FUEL GAS ANALYSIS
WITH ASTM CORRECTION

METHANE 52.60 & HYDROGEN

0.17
ETHANE 0.00 % HYDROGEN SULFIDE 0.00
ETHENE __0.00 % CARBON MONOXIDE 0.00
PROPANE 0.00 %

PROPYLENE 0.00 % NITROGEN "3.01
ISO BUTANE 0.00 % OXYGEN 0.11
NORMAL BUTANE 0.00 % AIR 0.00
ISO PENTANE 0.00 % CAREON DIOXIDE 44.10
NORNAL PENTANE '0.00 % WATER 0.00
HEXANE 0.00 % HELIUM 0.00
HEPTANE | 0.00 % ARGON 0.00
SUM OF THE FUEL PERCENTAGES 99.99%

SATURATED LHV _472.05 BTU/CU.FT SPECIFIC GRAVITY _0.99422
OCTANE RATING _119.61 DENSITY 0.07606
MOLECULAR WEIGHT 28.73180

STOICHIOMETRIC SPINDT AFR IS 5.06:1 BY MASS

THE ATOMIC H/C RATIO FOR THIS FUEL IS 4.006

»

e de JdP dp P d J°




] APPENDIX III

Photograph "A"
PRE-CATALYST SAMPLE LOCATION

Photograph "B*"

STACK SAMPLE LOCATION



WAUKESHA ENGINE DIVISION

Waukesha [CEZZZZI) DRESSER INDUSTRIES. INC.

1000 WEST ST. PAUL AVENUE « WAUKESHA, WISCONSIN 53188

August 10, 1990

Mr. Richard Evans

State of Rhode Island and Providence Plantations
Division of Air and Hazardous Materials

291 Promenade Street

Providence, RI1 02908-5767

Dear Mr. Evans:

1 have received your letter of July 23 requesting additional information
for our proposed test protocol for the engines at the Central Landfill
in Johnston, RI.

Attachment I (two pages) summarizes Waukesha's and the test team's
qualification and experience with regard to engine emission sources and
test methodology.

Attachment 11 (four sheets) is a partial response to your second query.
1 am attaching sketches and blueprints which describe the engine exhaust
system and our two (2) proposed test locations. Note that the upstream
Jocation, before catalyst, is different from my March proposal in the
protocol. This is caused by expected difficulty in placing the probe
port in the original location.

You will note that neither test port is in an ideal location regarding
flow obstructions. The overall layout of the exhaust system severely
limits the available options for port placement. Since Waukesha does
not plan to measure flow with a pitot tube (See Protocol, Test Methods,
Item #4) we do not feel this is a major concern. We will use a multi-
hole probe extending across the exhaust pipe for emissions measurement.
This will result in a representative sample for analysis.

The plan showing location of source and the floor plan of the facility
.(2 sheets) will be prpvided by Waukesha-Pearce to you directly.

Since particulate matter in a gas engine exhaust is nil, exhaust opacity
is negligible. Waukesha does not feel Method 9 readings are needed.
Also, we do not have a technician certified to perform that test.
Should a Method 9 test be mandatory, §t would be ideal if the Rhode
Island observer were certified and could run that test. If this is not
feasible, arrangements will have to be made for a separate party to run
the Method 9 test.. '

Engines and Energy Systems . . . Diesel Natural Gas Gasoline



Waukesha Engine Division
Page 2

We currently have no plans for a factory representative to attend the
near future site visit. However, Waukesha-Pearce may elect to have a
representative present. I suggest that Rhode Island personnel present
at this visit observe the clarity of the exhaust from the engines. This
may lead to a determination that the Method 9 test is unnecessary unless
mandated by statute. -

Finally, Waukesha proposes an eight day block of time for the testing.
Our first choice would be October 1-October 8, inclusive. If Columbus
Day, October 8, is an observed holiday, the last day of testing would be
October 9. If this is unacceptable, other alternatives, in order of
preference are: '

15
October $-October 3~
November S5-November 12

For the time being, 1 have assumed that the October 1-8 period will be

acceptable and have begun planning accordingly.

If you need to discuss any part of this, or our earlier submission,
please contact me at (414) 549-2753.

Sincerely,

WAUKESHA ENGINE DIVISION
DRESSER INQUSTRIES, INC.

R.W. Stachowicz p
Senior Project Engineer

RWS/bes

cc: C. Hoefflin
R. Kakoczki
J. Derra
W. Briggs
E. Brumbaugh
R. Pollock

Attachments




-ATTACHMENT 1

The Waukesha Engine Division of Dresser Industries, Inc.,
located in Waukesha, Wisconsin, is a leading manufacturer

of gaseous fueled internal combustion engines. Since its
founding in 1906, the Company has always strived to be at
the leading edge of industry technology. For example, we
currently offer, or are developing, several electronic
controls to make our products more fuel efficient and envir-
onmentally acceptable.

The Company recognized early that emissions control and
reduction would be an important design parameter and began
testing and control programs in 1972. Over the years we
have tested, developed, and marketed catalyst, exhaust gas
recirculation, and lean combustion (both prechamber and open
chamber) systems for emission control of our products. We
hold one U.S. patent in emission control technology and
currently market a lean burn combustion control with a
proprietary oxygen sensor which can function in the 26-32:1
air/fuel ratio regime.

OQur understanding of our product line and our long history
of involvement with emission measurement has resulted in
Waukesha periodically being asked to critique or trouble-
shoot emissions tests run by independent testing firms.

This was particularly true in the early period of stationary
source testing in California when local testing firms had

- 1ittle or no internal combustion engine experience.

Waukesha currently operates five full function emissions
test benches in our development laboratory. Any research or
development work now includes emissions measurement.

OQur mobile engine exhaust emission measurement laboratory
(test van) includes a full function emissions test bench.

It was built for the purposes of offering a testing service
to our customers, allowing us to personally monitor the
emissions of field test engines, and as a means of trouble-
shooting emissions problems with field engines if necessary.
It has been in service since 1982. .

Using this van, waukesha has performed emissions tests in
California, Texas, lowa, Rhode Island, and other states. We
have always employed 40CFR86, heavy duty engine test require-
ments, methodology 2s opposed to Method 20 because the former
was designed specifically for reciprocating internal combus-
- tion engines. : . :




The test team will be composed of three participants:

Engineer: Robert Stachowicz - Senior Project
Engineer. BSME and MSME from the University of
Wisconsin system. Nineteen years of engine
experience; the last ten of which have been in the
emissions legislation, measurement, and reduction
areas.

Technician: Dennis Perkins - Experimental Techni-
cian II. Associate degree in engine technology.
Eleven years of engine experience; the last 6 1/2
of which have been in the emissions measurement
area.

Serviceman: A factory serviceman will be part of
the team. His main functions will be to assist
with hardware operation, particularly installation
and movement of the fuel meter, and to ascertain
that each engine is properly adjusted and in good
operating condition prior to certification testing.
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"ANALYZER NOISE CHECK
(F.R. VOL. 42, NO. 174, 10/8/77, 86.315.79)

Analysis Bench: - (%

pate:__§~2 £ ~9/1

Operator: /2;4 Y E

Analyzer: NO

Analyzer Serial No. [QAR<134YD=140

Analyzer Range: 250 PPM Analyzer Range:__ (DD PPM
Span Gas Conc.: 2326 PPHY Span Gas Conc.: 943 PPM

cC17 4D Bottle No.:__ (Y9 793

Bottle No.:

Analyzer PTP Response with Zero Gas.

Analyzer PTP Response with Zero Gas.
Chart Deflection:

Analyzer PTP Response with Span Gas.
Chart Deflection: 94,0 +» 94,7

Noise: , 53 % FSCD

Analyzer Range:

2500 PPM

Span Gas Conc.: ZHO? FPM

Bottle No.:__ (. 49804

Analyzer PTP Response with Zero Gas.

Chart Deflection:

Analyzer PTP Response with Span Gas.
Chart Deflection:_ 94,2 1p 94 ./

oy % FSCD

Noise:

Analyzer Range: [/ NP0 gPM

Span Gas Conc.: 95’/-39 V227

rrUIED >

Bottle No.:

Analyzer PTP Response with Zero Gas.

Chart Deflection: N : Chart Deflection: o)
Analyzer PTP Response with Span Gas. Analyzer PTP Besponse with Span Gas.
Chart Deflection:__ 9,0+ 96, 4 Chart Deflection:_95,2 1 94, 5"

% FscD Noise:_ . b2 Y % FSCD

Noise: Ulg

1. Zero and span analyzer on all analyzer ranges.

2. Note analyzer peak-toapéak (PTP) response to zero and span gas over a ten
second interval.

3. Noise shall not exceed 2% of full scale chart def]éction (FSCD) on all
ranges used.

"Rev. 4/85"



ANALYZER RESPONSE TIME CHECK ]

(F.R. voL. 42, NO. 174, 10/8/77, 86.315-79)

Date:

9-27-90

D AP

Operator:

N

Analyzer:

2h0D PPM

Analyzer Range:

Analyzer Range:

234

étep Gas Conc.:

Chart Deflection for

95% of Step Gas: 8§89, 7

Time to Respond to

95% of Step Gas: & sec.
Analyzer Gas Flow: 2. scth
Analyzer Range: 2500 PPM
Step Gas Conc.: 2 HO?

Chart Deflection for

95% of Step Gas:_ /. B

Time to Respond to

95% of Step Gas: [h 2 sec.
Analyzer Gas Flow: - scth

1. Set chart speed at 60 cm/min. to record the following data:

Analysis Bench: Lf

1000 PPH.
1463

9l 5"
1.9

Analyzer Gas Flow: 2

Step Gas Conc.:

Chart Deflection for
95% of Step Gas:

Time to Respond to
95% of Step Gas:

Analyzer Range:
Step Gas Conc.:

Chart Deflection for
95% of Step Gas:

Time to Respond to

95% of Step Gas: sec.

scfh

Analyzer Gas Flow:

2. Zero/span analyzer on respective range.

3. Introduce to inlet, step change gas Of at Teast 60% of full scale chart
deflection. (Step gas in W.E.D. lab is equivalent to span gas.) o

4. Begin timing moment analyzer begins to respond to gas and stop timing when

analyzer has responded to 95% of step gas concentration.

(Chart recorder

may be used as a timer, i.e. each am division = 1 sec.)

- 8. " Analyzer responsé timé-may'not exceed 6.0 secﬁnds for any éna]yzer range

used.

6. Caondensata bath may be by-passed when performing NO analyzer response time.

"Rev. 4/85"
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ANALYZER ZERO AND SPAN DRIFT
(F.R. VOL. 42, NO. 174, 10/8/77, 86.315-79)

Date:___|p~/=90 Analysis Bench: 4
Operator: DAL
Analyzer: NO
Analyzer Serial No.: 10;4[4‘1351{0‘&_0
Analyzer Range: 250 PPM
Zero Gas: .. NZ e Zero Air‘-

SPan Gas Bottle No.: (CJ7 410

Zero Gas Response: 4 (% FSCD/30 SEC.)
Span Ga.;. Response: 0 /5 % FSCD/30 SEL.)
Zero Drift: () . % FSCD/HR.
Span Drift: L8N % FSCO/HR.

1. Zero and span analyzer on lowest range used.

2.
3.

(Yo ]
.

Set chart speed at 10 au/miv b+,

Offset zerg reading on chart, introduce zerg gas over a 1 hour time
period. N

Determine average zero gas response over a 30 sseond time interval.
Evaluate average zero gas response for 1 hour time period to detarmine

drift.

Zero gas drift must be not more than 2% of full scale chart deflection
(FSCD) over a 1 hour time period.

Rezero.ana]yzer, check z=ro and span points.
Introduce span gas over a 1 hour time period.
Continue with stenos 3 and 4 for span gas.

Retain chart paper to file with this page. "Qey. 4/85™



- CHEMILUMINESCENT ANALYZER QUENCH CHECK

(F.R. VOL. 42, NO. 174, 10/8/77, 86.327-79)

Date: 4-2&~ 40 Analysis Bench: Y
Operator: n,A,P Barometer: .29, /9 In. Hg.
Wet Bulb: X °F. Dry Bulb: 74 °F.

Analyzer Serial No.: JO) ;fﬁ*ﬁ%‘/ﬂﬁq[y
Analyzer Range: 250 PPM

€0, Cal. Gas Conc.:__/J§, 2/ NO Cal. Gas Conc.: 234
Bottle No.: Y2 1804 " Bottle No.: CCl749)0
€O, Anal. Response: q | ~ ppm '

Blend Ratio = CO, R = 402

CO2 Gas Conc.
Calculated NO Conc. = NO Calc. Gas Conc. X (1 - Blend Ratio) = ‘73,‘] ~ ppm

Chemi. Anal. Response: 97,/ __ppm

% Response Difference =Calculated NO Conc. - Chemi AR X 100 = "/ga E %
Full Scale NO Conc.

1. Zero and span analyzer on lowesti range used.
2. Blend CO, cal. gas and NO cal. gas using divider.
| 3. Analyze COp/NO mixture for COzgéonc.
4. Determine true NO concentratiéﬁ.
5. CO0, concentration of blended mixture should equal approximately 12%.
6. Record Chemi. analyzer response.

7. Recheck zero and span if changed more than * 1% of full sca]e,'repeat _
Steps 1-7.

8. Determine % response difference.

9. % résponse difference must not be greater than 3%.
"Rev. 4/85"




NOy CONVERTER EFFICIENCY DATA

(F.R. VOL. 42, NO. 174, 10/8/77 86.332-79)

Date: () ~)-90) " Bench No.: © Y

Operator: DA P _
NO Analyzer Range: )DQDfPM Converter Temp: 39/

NO Bottle Conc:__ 943 PPM 0 Bottle Conc.: 99.9%

NO Bottle No.: (L 49 792
1. Supply 100% 0 to "DRY AIR" input on NO generator.
2 X -

2. Select most common NO analyzer range not over 1000 ppm. Supply zero
and span gas "to rear of the bench (span port).

3. Set up as follows:
A. Bench switched to "COND BYPASS" ("BATH BYPASS").
B. Bench switched to "BYPASS CONVERTER".
C. Bench "NO Generator" solenoid switch on.

X
D. Bench NO analyzer main and bypass flow controls full open.

E. Adjust zero and span flowrates to 8 scfh using the NO generator
“NITRIC OXIDE" flowmeter. Switch between "NOy ".and "NO" mode
(converter bypassed) balancing flows with bypass needle valve.

F. ?et NOy generator’“DRY AIR" and "OZONE BYPASS" flowmeters to 0
off).

G. Verify that the "OZONE & AIR SHUTOFF" valve is closed.

H. Turn on temp controller for converter and NO sample lines.
' X

4. With NOy generator "POWER" switch OFF, zero and DVM PPM
span the analyzer (analyzer is now in "NO" mode).

Record NO reading. flé;:l_ lzéLjL_’

‘5. Open the "OZONE & AIR SHUTOFF" valve.

6. Adjust "DRY AIR" flowrate so that the NO
indicated by the analyzer is about 10% less )
_ than that in Step 4. Record the concentration ,
. of this NO + 0 mixture. 26 5 845

7. Turn on the NO generator "POWER" switch.
X
,8. Adjust "OZONE BYPASS" to about 1 scfh.

"Rev. 5/85"
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10.

11.

12.

13.

Adjust "OZONE FLOW" needle valve so that the NO
measured by the analyzer is about 20% of that
in Step 4. There must be at least 10%
unreacted NO at this point. Record the

concentration of NO. 9.3 _193

Switch the bench to the “NOy" mode (NOy converter
NOT bypassed), and measure %ota] NOy; record

this value. 0.0 g00

Turn off the NOY generator "POWER". The
analyzer will now indicate the Total NOy in the
NO + 0, mixture. Record this value. R2. 2 g22

Close the "QZONE & AIR SHUTOFF" valve. The
analyzer will now indicate the NOx in the
original NO/N> mixture (span gas). This value
should be no more than 5% above the value in
Step 4.

Calculate the efficiency by substituting the
appropriate concentrations (ppm) into the
following equation:

efficiency = 1 + 10 - 11 x 100 = 9¢,73 %

6 -9

The efficiency must be at least 90%. If not recheck and/or adjust
converter temperature.

See HORIBA NO generator manual.
X

"Rev. 5/85"
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EMISSION ANALYZER CALIBRATION
CALIBRATION DATE:%/27/%0

BENCH: 4
DFERATOR'S IMITIALS: DAF
BEAROMETER: 22.12 IN HG
DRY BULE: 7B F
WET BULE: 66 F

ANALYZER: CHEMI

RANGE: 250 FFM
CONCENTRATIOM % CYLINDER NUMEER: Z3&/CC17410

FRECISION CHECK ANALYZER RESFONSES: %4.4 94.4 4.4
94.4 94.2 94.7 94.4 54.5 94.5 74.4

AMNALYZER RANGE FRECISION IS : +.22% OF FULL SCALE

ANALYZER RANGE LIMEARITY CHECEK

ANALYZEFR ACTUAL FREDICTED » FERCENT
FESFONSE FFEM FFM LINEARITY
4.4 236. 00 235.32 27
7S5.9 1838.80 18%.20 -.16
56.9 141.560 141.84 -. 10
8.0 24,40 Q4.73 -.13
i9.1 47 .20 47 .51 -.17

.« 0,00 .75 -, 30



EMISSION ANALYZER CALIBRATION

CALIBRATION DATE:?/2Z7/90

BENCH: 4
OFERATOR®S INITIALS: DAF
BAROMETER: 29.13 IN HG
DRY BULE: 78 F
WET BULER: &6 F

ANALYZER: CHEMI
RANGE: 1000 PFM

CONCENTRATION 2 CYLIMDER NUMRER: 963/CC49793

RECISION CHECK AMALYZER RESFONSES: 96.7 96.3 96.2
6.1 96.4 96.3 96.T 6.1 96.2 6.1

NALYZER RANGE FRECISION IS : +.26% OF FULL SCALE

ANALYZER RANGE LINEARITY CHECE

AMNALYZER ACTUAL FREDICTED
RESFONSE FFM FFM
F&.3 QRET. 00 F58.33

773 770,30 76%.25

=8.4 577.80 =81.17

I9.3 3B85. 20 I91.09

19.9 192. 60 198.04

.4 ' 0.00 Z.98

FERCENT
LINEARITY
47
.12
-.34
-.5%
-.3=

- 40




EMISSION ANMALYZER CALIBRATION
CALIBRATION DATE:9/27/90

BENCH: 4
DFERATOR®S INITIALS: DAF
BAROMETER: 29.13 IN HG
DRY BULE: 78 F
WET BULEB: && F

ANALYZER: CHEMI

RANGE: 2500 PPM
COMCENTRATION % CYLINDER NUMBER: 2409/CC49806

FRECISION CHECK ANALYZER RESFONSES: 6.4 96.3 96.4
P&.5 96.3F F6.2 96.4 96.4 6.5 F6.5

ANALYZIER RANGE PRECISION IS : +.25% 0OF FULL SCALE

ANALYZEFR RANGE LINEARITY CHECK

ANALYZER ACTUAL FREDICTED FERCENT
RESFONSE FFM FFM - LIMEARITY
F6.4 240900 2383T.02 1.05
78.2 1927.20 1933012 ~-.24
S59.1 1445.40 14860.76 —-. &3
9.7 REI.ED %81.39 -.72
20,3 4g1 .80 S01.82 -.81

-] 0,00 14.83 =. 60



ANALYZER NOISE CHECK

(F.R. VOL. 42, NO. 174, 10/8/77, 86.315.79)

Date: a-24-90 Analysis Bench: L/
Operator: D,A t B
Analyzer: (', 0

Analyzer Serial No. __ Y& 2 q‘7/25/

/%

Analyzer Range:

2500 PPM

Analyzer Range:

2200

Span Gas Conc.:

§2 7484

Bottle No.:

Analyzer PTP Response with Zero Gas.
Chart Deflection: -, 2 4p O

Analyzer PTP Response with Span Gas.
Chart Deflection:

§&. 6 70 88.9

h b

Noise: % FSCD

5%

Analyzer Range:

Y 5%

Span Gas Conc.:

v ALY,

Bottle No.:

Analyzer PTP Response with Zero Gas.
Chart Deflection:

Analyzer PTP Response with Span Gas.
Chart Deflection: 95y, b 98,7

J0Y

Noise:

% FSCD Noise:

,95%

Span Gas Conc.:

T 03007

Bottle No.:

Analyzer PTP Response with Zero Gas.
Chart Deflection: /) rp ./

Analyzer PTP Response with Span Gas.

Chart Deflection: 94,8 1 94 .9

Noise: % FSCD

207

Analyzer Range:

Span Gas Conc.:

Bottle No.:

Analyzer PTP Response with Zero Gas.
Chart Deflection:

Analyzer PTP Response with Span Gas.
Chart Deflection: -

% FSCD

1. Zero and span analyzer on all analyzer ranges.

2. Note analyzer peak- to peak (PTP) response to zero and span gas over a ten
second interval.

3. Noise shall not exceed 2% of full scale chart deflection (FSCD) on all
ranges used.

"Rev. 4/85"



ANALYZER RESPONSE TIME CHECK
(F.R. VOL. 42, NO. 174, 10/8/77, 86.315-79)

Date: 9-25 — 90 ~ Analysis Bench: L

Operator: 57/74, }2 .

Analyzer: - [ 0 Analyzer Serial No.:__ 48247054
Analyzer Range: 2500 PP Y ~Analyzer Range:_ 5%

étep Gas Conc.: 2200 Step Gas Conc.: 4, 5%
St Bl T B i Rl P

Time to Respond to ‘ | Time to Respond to

95% of Step Gas: L’ / ’ sec. 95% of Step Gas: 5,7 sec.
Analyzer Gas Flow: B) ~ scfh Analyzer Gas Flow: 3 scth
Analyzer Range: | % Analyzer Range:

Step Gas Conc.: ,C]’)’% Step Gas Conc.:

Chart Deflection for ‘ Chart. Deflection for

95% of Step Gas:____ 4 3, O 95% of Step Gas:

Time to Respond to Time to Respond to

95% of Step Gas: 9.9 sec. 95% of Sten Gas: sec.
Analyzer Gas Flaow: 55 scfh  Analyzer Gas Flow: | scth

1.7 Set chart speed at 60 an/min. to record the following data:

| 2. Zero/span analyzer on respective range.

- 3. Introduce to inlet, step change gas of at least 60% of full scale chart
deflection. (Step gas in W.E.D. lab is egquivalent to span gas.)

o 4. Begin timing moment analyzer begins to respond.tu gas and stop timing when
analyzer has responded to 95% of step gas concantration. (Chart recorder
may be used as a timer, i.s. each cam division = 1 sec.) :

5. Analyzer response time may not exceed 6.0 secdnds for any analyzer range
C . used.
6. Condensate bath may be by-passed when performing NO analyzer response time.

"Rev. 4/85"



ANALYZER ZERQ AND SPAN ORIFT

(F.R. VOL. 42, NO. 174, 10/8/77, 86.315-79)

" Date: L0-[-90 Analysis Bench: (//
Operator: 17/}4'; ID,
Analyzer: C O

Analyzer Serial No.: Y§24 7035
Analyzer Range: 2500 PPM

Zero Gas: _x:_ N2 — Zero Air'

Span: Gas .Botﬂe No.: _52 75’8ﬁbf |

Zero Gas Response: 002 (% FSCD/30 SEC.)
Span Gas Response: ‘ 003 ‘ (% FSCD/30 SEC.)
Zero Drift: | ~. 7 | % FSCO/HR.

Span Drift:_~_ 338 % FSCD/HR.

1. Zero and span analyzer on lowes: range used.

2. Set chart speed at 10 am/mire b~

3. Offset zero reading on chart, introduce zero gas over a 1 hour time
period.

4. Determine dverage zerc gas response over a 30 second time interval.
Evaluate average zero gas response for 1 hour time period to detarmine

drift. -

5. Zero gas drift must be not more than 2% of full scale chart deflection
(FSCD) over a 1 hour time period.

6. Rezero.analyzer, check zero and span points.
7. Introduce span gas over a 1 hour time period.

8. Continue with stens 3 and 4 for span gas.

(Y]
L)

Retain -chart paper to file with this page. "Qey. 4/85"
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NDIR WATER REJECTION RATIO CHECK
(F.R. VvOL. 42, NO. 174, 10/8/77, 86.316, 86.318, 86.331-79

Data: q ~ Z_H - 9/7 Analysis Bench: Lj
Operator: [, A, P, Barometer: 24,7
Analyzer: C 0

Analyzer Range: 2800
Analyzer Serial No.:__ Y4 &2 I’{ 705

Zero/span on lowest range used.

Bubble zero gas through distilled water and introduce water/gas mixture
directly to analyzer inlet.

Record water/gas mixture temperature: Z ft of
R i ' ssure:
ecord analyzer operating pre 2 In. H,0, 108>9 PSI

gage).
Record analyzer response to water/gas mixture: L,,(? 5/ ppm.

Determine the water concentration using:

W.C. = Saturation Vapor Pressure (SVP, psi) «x 106
Absolute Gage Pressure (AGP, psi

SVP is found from saturation vapor pressure
table @ water/gas mixture temperature: , psi.

AGP is the gage pressure (psi) + the
barometer (psi): [ﬂ“{iééﬂﬂ psi.

(0.03613 psi/in HZO’ 0.4912 psi/in. Hg)
Ww.c.28780.82752 .

. Determine water rejection ratio using:

7934, 191292

WRR = Water Concentration
Anal. Response in ppm

Minimum WRR CO Analyzer - 1000:1.
Minimum WRR €0, Analyzer - 100:1.
Minimum WRR NO Analyzer - 5000:1.

' "Rev. 7/85"



_NDIR CO, REJECTION RATIO CHECK
F.R. VOL. 42, NO. 174, 10/8/79, 86.316, 86.318, 86.332-79)

Date: ? - 2 ﬁ’ - 90 Analysis Bench: b/
Operator: D. A._P’

Analyzer: 0 Serial No.:__ 4 §2Y 70 5

Analyzer Range: 2.5 0 (O

CO2 Concentration: l LL 8 q

1. Zero/span on lowest range used.

2. Introduce a CO calibration gas of at least 10% CO to the analyzer.
2 2

3. Record analyzer response to 5023 2.4 _ppm.

4. Calculate CO rejection ratio using:
2

CO,RR = (0, Conc. in.pom P
e ‘Anal. Resp. in ppm 204 )66667

§. Minimum CO,RR CO analyzer - 5000.

6. Minimum cozgR'No analyzer - 30,000.

"Rey. 7/85"
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EMISSION ANALYZER CALIBRATION
CALIBRATION DATE:%9/25/90

BENCH: 4
OFERATOR®S INITIALS: DAF
BEAROMETER: 2B8.79 IN HG
DRY BULEB: 74 F
WET BULE: S2 F

ANALYZER: NDIR CO
RANGE: 2S00 FFPM
CONCENTRATION 2 CYLIMDER MUMERER: 2200/527884
AMALYZER FERFORMANCE BASED UFON OLD REGRESSION DATA OF 8/2Z/88
OLD REGRESSION COEFFICIENTS

+1.98645E-001 +2.38793E+001 -1.50881E-002 +3.38099E-004 -8.07689E-007

ANALYZER ERRUOR TABLE
OLD REGRESSION DATA OF: 8/22/88

AMNARLYZER ACTUAL FREDICTED % ERFOCR % ERROR OF

! RESFONSE FFM FFM OF FPOINT FULL SCALE
i 88.7 2200, 00 2199.73 .01 -.01
| 72.3 1760.00 1761.23 .07 L5
SS.t 1320, 00 1322.69 « 20 11

37.3 380, O 886.97 .79 .28

18.9 440,00 448,45 1.92 )

0.0 .00 ‘ 20 i, 00 .01

NEW REGRESSION MODEL DATE: 9/25/%90

FFM NDIR CO = +2,B8&387E-00Z +£+2.29295E+Dﬂ1)#(RH)+(+1.87ESGE—DDE}$(AR“2)+
{5, 60854E-0035) ¥ (AR™I) + (+2,27TF0E-007) X {AR™4)

ANALYZIER ERROR TAELE
MEW REBRESSION DATA QF: 9/25/90

ANALYZER ACTUAL FREDICTED % ERFDOR % ERROFR QOF
RESFONSE ~FM FFM OF FPOINT FULL SCalLE
88.7 2200,00 2199.9& -. 00 — 0
72.3 17560, 00 1760.19 .01 01
25.1 1320,00 1317.65 -. 03 ' -.01
37.3 880 . OO 880. 3% .04 01
18.9 T 340,00 439,85 -.03 -.01
Q.0 Q.00 e O, Q0 . Q0

FRECISION CHECEK ANALYZER -RESFONSES: 288.7 88.7 88.7
88.6 88.7 88.8 B8.8 88.7 B8.8 BE6.?

HAALYIZIER RAMGE FRECISION IS +.23% OF FULL SCALE
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17Z.04
184.84
124. 26
207.88
219.51
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254.47
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277.81
289.50
301.19
I12.8%9
24,61
T3&.TT
I48.06
I59.80
Z71.54

383. 30
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404,84
418.462
470.41
442,21
454,02
465.87
477 .64
48%.50
Sol.34
Z13.1°
5Z5.05
STH.T2

348.80

36069

[ L B
S72.99

84,50

EMISSION INSTRUMENT CALIBRATION CHART

ANALYZER: NDIR CO
DATE OF CALIERATION REGRESSION:
DATE OF LATEST CALIBRATION CHECE:

ANALYZER

Ll I
prape g

26,0
26.5
27.0
27.5
28. 0
28. 5
29.0
29.5
T 0
30.5

I1.0

- =
—td ot
- ™)
RPN
hec ol e TN —f

a8 S
33,0
I3.5
34.0
34.5
35.0
35.5
T6.0
6.5
7.0
37.5
8.0
8.5
9.0
39.5
40,0
4.5
41.0
41.5
42.0
42.5
43,0
43.5
44,0
44.5
A5G
45,5
46.0
36.5

47,0

47.3
48.0
48.5
49,0
4%.5

5.0

596.41
608,54
620,27

I2.21

644,164
6596.12
&68.09
&B80.07
E£F2.06
704,06
716.07
728.09
740,11
7S2. 1S
764.19
776.25
788.31
800 .39
812.47
824.56

I6.67
5848.78
860.91
873%.04
885. 18
897.34
Q09.350
221.68
33.86
456,06
SB. 26
$70,48
982.79
224,94
1007.19
1019.45
1031.72
1044, 00
1056.29
1068.60
1080,91

1093, 24

1105.57
1117.92
1130.28
1142.65
1152, 04
11567.43%
1177.84

1192.26

2500 PFM

0.5
S1.0
S51.5

92.0

2.5
5.0
S5. S
S4.0
S54.8
55.0

[—t —4
55.3

S6.0
6.5
S7.0
S7.S
z8.a
8.9
7.0
59.5
60.0
60.5
61.0
61.3
2.0
2.9
&3,
61
&4.
&4,
65
&5,
66,
6.
67.
&7.
&8.
&8.
69,
6%.
7.
70.
71.
71.
72
-

/e

prp—
7

LARESE B

-,

[ B & Noal U RN 1 R

-
=

=

T (s

s N

0D

-

o W e

'

——

75
74.
74.5

g —4

n S

iy

i
ot o

?/285/90
Q/28/90

RESFOMNSE VERSUS COMNCENTRATION

1204.69
1217.14
1229.59
1242.06
1254.324
1267.04
1279.34
1292.06
1304.60
1717.14
1329.70
1742.27
1354.86
1367.46
1380.07
1392.70
1405.34
1417.99
1430.66
144%.734
1456.04
14468.75
1481.48
1494 .22
1506.97
1519.74

1532.53

15345, 53
15538. 1S
1570.98
1283.83
15396.69

1609.57 -

1622.47
1635.38
1648. 71
1661.25
1674.21
1487.19
1700.19
1713.20
1726.27
1739.28
1752.34
1745, 42
1778.52
1791 .54
1804.78
1817.93
1871.11

o — L T T T

75.9
76.0
76 L] 5
770
77.5
78.Q
78.5
79.0
79.5
/0., 0
g0.5
81.9
81.5

2. (:)
82.3

I 0
83.9
B4.0
84.5
B85.0
85.5
8&6.0
86.5
g7.0
87.2
88.0
88.5
[, 0
B89.5
P,
0T
1.0
1.5
QZ.0
2.5
3.0
3.5

?4.0

4.3

83,0
?3.5

06,0

5.5
7.0
97.9
8.0
8.5
9.0
2.5

1800, O

1844.30
1857.51
1870.74
1883.99

1897.26

1910.83
192%.886
1937.1°
1980.53
19&635.99
1977.2°9
1290.70
2004.13
2017.2
2031.08
2044 ,3C
2058.07
2071.61
2082. 16

2098.75
2T T
=1

2125.98
2139, 67
2153, 30
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2180.71
2154, 44
no0g. 22

e
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222380 1
e
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2E03.17
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EMISSION ANALYZER CALIBRATION
CALIERATION DATE: ?/235/90 LY
: BENCH: 4
OFERATOR®S INITIALS: DAF
BAROMETER: 28.79 IN HG

DRY BULE: 74 F
WET BULE: F

AMNALYZER: NDIR CO
FAMGE: 1%
CONCENTRATION % CYLINDER NUMEER: . FSh/JOT0OT
ANALYZER FERFORMANCE EASED UFON OLD REGRESSION DATA OF 11/17/89
OLD REGRESSION COEFFICIENTS

+2.42000E-Q02 +7.14846E+001 +2.61363E-001 -9.61423TE-004 +1.14716E-203

ANALYZER ERROR TAELE
OLD REGRESSION DATA OF: 11/17/89

i ANALYZER ACTUAL FREDICTED % ERROR % ERROR OF
; RESFONSE FFPM FFM OF POINT FULL SCALE
i 94.8 9500, OO PSOI. 96 .04 - 04
: 81.8 78600 . D0 7983.71 -.21 -.15
j &4.8 S700.00 S670.357 -. 52 - 50

45.8 800,00 I780.38 -.52 -.20

Z4.4 1900, 00 188%.93 -. 33 =.10

Q.0 0, 00 L0032 .00 O

FRECISION CHECE ANALYZER RESFONSES: 96.8 76.8 %6.8
76.8 96.8 946.8 96.9 95.8 95.8 F&.9

AMALYZER RANGE PRECISION IS : +.14% OF FULL SCALE
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22.0

s @ .
hov Eor B —
i @
Lo 2 SR
PESRIER D)
i =
At )
~a -
S
-
24.5
25,0

et

FEM NDIR CO

33.87
71.77
107.84
144.03
180.35
216.81
253.38
290.09
I26.71
I63.87
400,95
478.15
475.47
S12.92
S550. 49
588.18
626,00
6T
701.99
740,14
778.4%
8146.87
B2%S.40
894,05
?32.82
@71.71
1010.72
1049.84
1089.08
1128.44
1167.91
1207.50
1247.2
1287.03
1326.97
1367.0Z
1447.20
1447 .48
1487.89
1528.41
1569.04
1609,79
1650. 66
1691.54

—-=m =
1732.73

1773.94
18135.27
1856.72
13948. 28
1939.935

EMISSION INSTRUMENT CALIBRATION CHART

ANALYZER:
DATE OF CALIBRATION REGRESSION:
DATE OF LATEST CALIEBRATION CHECE:

ANALYZER RESFONSE VERSUS CONCENTRATION

25.5
26.0
26.5
27.0
27.5
28.40
28.5
C29.0
29.8
DL 0
30,
31,

-
31,
T/
etan e
-y

Py}

U S D o
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test e 22
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S0, 0

SO IR |

A e o«

L Lol L s
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e

-1981.74

2023, 65
20635. 68
2107.82
2150.07
2192.45
2234.94
2277.35
2T20.28
236312
2406.09
2449.17
2492.37
2535. 59
2579.14

222,77

2622.70
26h64.738
2710.18
2734.10
2798.15
2842.32
2B86.61
2931.03
297=.326
020,25
I06S.01
T10%9,.93
Z154.97
I200. 132
J245.43
3I290.85
3336.40
IT82.08
3427.8°9
I473.83
I519.91
2566.11
3I612.45
263B.9Z2
ITRS.3Z
I7IZ2.27
Z799.15
I84&.16
893,32
IP40.4&1
398,04
45735, 41
4087, 33
41=31.1°9
4179.19

NDIR CO

1%

0.5
1.0
S51.5
S2.0
S2.5
S3.0
=53.5
4.0
S4.35
=S.0
S5. 5
S6. 0
S56.5
7.0
S7.3
=8.
=8.
S%.
S59.
60.
60,
&1.0
61.5
62.0

e

oo

L]

n

o

2.0
7I2.5
734.0
74.5

= -
aald

11/717/8%9
/25790

mecy e
4227 .33

4Z75.62
4324.06
4372.65
4421.738
4470. 26
4519.30
45468, 49

4417.87

4667.32
4716.97
47866.78
4816.74
48466.87
4717.15
49567 .60
S018.20
S0&8.98
S117.91
=171.02

e i W

SmwT o
S273.73

SI25.35
S377.13
S429.09
S481.22

So =
b P PRI IR

S=86. 02

o638.69

56921.83
S744.56
S797.78
=8%51.18
S904.77
S258.54
&012.51
686, 66
&a121.01
6175.54
8230, 30
288.Z2
&340.38
6I395.72
&451.27
&507.02
6382, 98
£619.14
6&75.352
&732.11

&788.72

75.5
76.0
76.5
77.0
77.5
78.9
78.5
79.0
79.5
80.0
80.5
81.0
81.5
2.0
82.5
83.0
83.5
84.0
94.5
85.
BS.5
8&. 0
§6.5
87.0
87.5
88.9
88.5
89.0
89.5
90,0
0.5
91.0
91.5
92.0
2.5
$3.0
3.5
94,0
94.5
95. 0
95.5
95.0
98,5

7.0

97.5

8.0
78.3
9.0
?¢.S

190G, D

£845,94
4903, 17
660,47
7018.31
7076, 22
7134.34
T192.7¢
73251.29
7310011
I69.16
7428, 44
7487 .97
7547 .7Z
7807.74
786467.99
7728.48
7789.2=
7850.22
7911.47
TI72.97
BOZ4.73
80946.74
813%9.02
8221.3558
8284.3%7
8347.44
8410.,79
8474.41
88538. 30
8&602.47
B&h6&L. P2
B731.&63
B879&. 67
8861.%97
8227.36
829=. 4%
QOE9. 462
FL126.10
@192.87

9259, 795

Q=Tmny TT

Y e/ el
IT95. 02

F44T. 0L

9531.32

PE59%. 74
P5468. 88
?738.14
QBOT7.TT
FBT7. 64
247 .87

o~y

= +2.4Z000E-00Z +{(+7.14845E+001) X (AR + (+2, 51 5&TE~-001 ) § (&R -

(=9, H1ADTE-O04) ¥ (AR™T) + (+1. 147 1E-00S) & (AR}



EMISSION ANALYZER CALIBRATION

CALIERATION DATE:9/25/90

BENCH: 4
OFERATOR™S INITIALS: DAF
ERAROCMETER: =-8.79 IN HG
DRY BULE: 74 F
WET BULE: F

ANALYZER: NDIR CO
RANGE: 5%
COMCENTRATION & CYLIMDER NUMEER: 4.5%/581350

ANALYZER FERFORMANCE BASED UFON OLD REGRESSION DATA OF 11/17/8%9

OLD REGRESSION COEFFICIENTS

+2. 18004E-005 +1.63868E-002 £2.79306E-004 -1, 9THOTE-D00 +2.4678SE-O0E

ANALYZER ERROR TAELE
OLD REGRESSION DATA OF: 11/17/8%

ANALYZER aCTUAL FREDICTED % ERROR v, ERRCOR OF
RESFONSE % A OF FPOINT FULL SCALE
5.7 4,50 4,50 -. 01 -.01
8&.0 T.60 .59 -.18 -.13
74.0 2.70 2.70 I v -.05
58.3 1.80 1.81 .34 12
9.9 20 .20 - 03 -. 01
Q.0 Q.00 . Q0 Q.00 als!

7

FRECISION CHECE AMALYZER RESFONSES: 95.7 95.7 95.7
5.7 95.6 95.6 95.& 95.56 95.6 95.7

ANALYZEFR RANGE PRECISION IS : +.27% OF FULL SCALE




EMISSION INSTRUMENT CALIEBRATION CHART

ANALYZER: NDIR CO 5%
DATE OF CALIBRATION REGRESSION: 11/17/89
DATE OF LATEST CALIBRATION CHECk: 9@/25/%0

ANALYZER RESFONSE VERSUS CONCENTRATION

S 01 25.5 .58 50.5 1.45 75.2 2.80
1.0 02 26.0 .39 1.0 1.47 78,0 2.8=
1.5 O3 26.5 .61 51.5 1.49 76.5 2.87
2.0 27.0 .62 2.0 1.82 77.9 2.99
2.5 27.5 .64 S5Z2.9 1.54 77.5 2.94
3.0 28.0 Y= 53.0 1.56 78.0 2.97
3.3 28.5 67 SZ.5 1.58 78.5 J.01
4.0 29.0 .68 S4.0 1.&80 TF.0 J.04
4.5 22.5 .70 3.5 1.7 7.5 .0
S.0 30.0 .71 3S5.0 1.583 .0 F.12
5.5 I0.5 e 5.3 1.67 0.5 I.16
S.0 1.0 .74 5.0 1.7 1. I. 19
6.5 1.3 7S S6.5 1.72 81.5 3.23
7.0 3Z.0 77 57. 0 1.74 82.0 TL27
7.5 IZ.3 .79 57.5 1.77 Z.Z I.3
3.0 I5.0 . 30 S8.0 1.7% 82.2 3.35
8.5 35.5 .22 S3.5 .82 8l.% Z.39
7.0 EZ4.0 . 34 9.0 1.84 84.0 J.43
7.3 I4.5 . 3= 52.5 1.87 84.3% .47

10,0 3500 .87 &, O 1.8% g85.0 Z.91
1.5 « 20 35.3 .89 6.5 1.9Z2 85.5 3.55
1.0 .1 S&.0 . T &1.0 1.94 3&6.0 .59
11.3 22 6.3 22 61.5 1.97 86.5 I.64
12,9 .o 37.0 .94 62,14 1.59 87.0 2. 68
12.5 .25 7.5 25 &2.5 2.0 87.5 .72
1Z3.D 2 38.0 .97 Z.0 2.5 88.0 2.77
13.5 27 I8.5 .99 . 835.5 Z2.07 88.95 .81
14.0 ) I9.0 1.01 64.0 2.1 39.0 .85
14.5 .29 39.5 1.02 &4.3 2.13 §9.5 T.90
15.0 1y 40.0 1.04 6e3. 0 2.15 P D .95
S.5 <32 40.5 1.0& 65.5 2.18 FCG. S T.99

16.0 .33 41.0 1.08 &, 0 2.21 1.0 4,04 -
16.5 « o4 41.5 1.10 &4, 91.5 4,
17.0 .o 42,0 1.11 67 . 7 Q2.0 4,
17.5 .« b 42.35 1.13= &7.5 2.30 72.3 4,
18.9 .38 43,0 1.15 48.0 2.32 T.0 4.2%
i8.S —t 4.5 1.17 68.3 2.5 2Z.5 - 4,2
19.0 . 40 44,0 1.19 &9.0 Z.38 4.0 v
19.5 <41 44 .3 .2l 69.5 2.41 g4.% 4,5
20.0 <473 45,0 23 T0.0 2.44 5.0 4,47
20.5 44 45.3 1.25 7.5 2.47 9s. 5 4.
21.90 - .45 46.10) 1.27 71.0 2.31 Qs 4.
21.5 47 46.3 . 29 71.5 Z.94 P&.5 4,
Z22.0 .48 47.0 : 1.31 T2.4 2.37 P70 4,464

a1 b
¥

o
-3
3]
$a

3
SES
]

]

o

22.5 w49 47.5 1.33 72.5 2.60 P7.5 3,69
23.0 . S1 48.0 1.35 73.0 .63 9g. -

2.5 .52 48.5 1.37 7.5 2.46 98.5 4.80
23,0 .54 49,0 1.39 74.0 2.7 . 99,0 4.82
24.5 .55 39,5 1.41 74.5 2.7 29,5 4,91
25.0 .56 SO0 1.4= 7S5.0 T.76 100, 3 .76

% MDIR CO = +2.18004E-005 +(+1.53868E-002) K (AR) +{+2. T9I0NEE-004) X (AR-Z) +
(=1.PTHOTE-206) ¥ (ARTT) +(+2. 467E5E-00D) & (AR™4)




ANALYZER NOISE CHECK

(F.R. VOL. 42, NO. 174, 10/8/77, 86.315.79)

~ Date; |
ate - ':;qu ) QQ?
Operaa..,,! )4 }7
Analyzy, D, [L/,/l‘
Analy, e
Y rial No. 4212908
Analyzy, H,hge, 1000
Span Ga,, | :
Bottle | Yhe.: 909 PPM

I :
atyay, | A=2UDBS0

Chart H“,“‘h Response with Zero Gas.
tion:

Ana'lyzq'

Analysis Bench: Lf

Analyzer Range: 3000

Span Gas Conc.: 244/ PPMA
Bottle No.: -72 )3/

Analyzer PTP Response with Zero Gas.
Chart Deflection:

Analyzer PTP Response with Span Gas.
Chart Deflection: AL 7

% FSCD

Noise: )

Analyzer PTP Response with Zero Gas.
Chart Deflection:

Analyzer PTP Response with Span Gas.
Chart Deflection:

% FSCD

Chart ), 'l - Gas.
Noise: N "‘:t?g:?onse ‘vllbt?ispan )
- 0 % FSCD
Analyzg, '
s hge: Analyzer Range:
pan Gq
! e Span Gas Conc.:
fottle . Bottle No.:
Analyzg, \ ‘ -
Chart qu'Lr Response with Zero Gas.
‘tion:
Analyzg, \ )
Chart u“‘lirrgesponse with Span Gas.
. ‘kion:
Noise: _
- % FSCD Noise:
1. Zery
" Span analyzer on all analyzer ranges.
2. Notg

Sec“hd""’yzer peak-to-peak (PTP) response to zero and span gas over a ten

L hterval.

ra"Uuqqpﬂll ﬁot exceed 2% of full scale chart deflection (FSCD) on all

sed.

e

"Rev. 4/85"
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~ ANALYZER RESPONSE TIME CHECK
(F.R. VOL. 42, NO. 174, 10/8/77, 86.315-79)

Date: 9 "L_?_- qp " Analysis Bench: q

Operator: DA, . '

Analyzer: H Analyzer Serial No.:_ 4812908 i
Analyzer Range: il Analyzer Range:_ 2000 ;
- ' |
Step Gas Conc.: 909 PPHILC. Step Gas Conc.: 2 L6/ |
Chart Deflection for - Chart Deflection for

95% of Step Gas: L. Y 95% of Step Gas:____ &3 4+

Time to Respond to 3 /
/

Time to Respond to ,

95% of Sten Gas: 3, sec. 95% of Step Gas: sec.
Analyzer Gas Flow: § scth  Analyzer Gas Flow: ’7— scth
Analyzer Range: Analyzer Range: ;
Stap Gas Conc.: Step Gas Conc.:

Chart Deflection for Chart Deflection for

95% of Step Gas: 95% of Step Gas:

Time to Respond to Time to Respond to

98% of Step Gas: sec. 95% of Step Gas: sec.
Analyzer Gas Flow:__- scfh  Analyzer Gas Flow: | scth

1.” Set chart speed at 60 cm/m‘in-. to record the following data:

2. Zero/span analyzer on respective range.

3. Introduce to inlet, step change gas of at least 60% of full scale chart
deflection. (Step gas in W.E.D. 1ab is eguivalent to span gas. ) :

4, Begin timing moment analyzer begins to respond to gas and stop timing ‘when
- analyzer has responded to 95% of step gas concentration. (Chart recorder

may be used as a t1mer, i.e. esach cu division = 1 sec.)

- §. Analyzer response time may not exceed 6.0 secdnds for any analyzer range
- used. _

6. Candensats bath may be by-passed when performing NO analyzer response time.

"oy, 4/85"




ANALYZER ZERQO AND SPAN DRIFT
(F.R. VOL. 42, NO. 174, 10/8/77, g6.315-79)

Date:__ /D —=/-9) Analysis Bench: Zf
Operator: 77//4/ }7,
Analyzers HC

Analyzer Serial Ne.:_ YR /2 90&
Analyzer Range: 1000 PPML
Zero Gas: N _& Zero Air

-2

Span Gas .Bottle No.: A/ - 3Y 08850

Zero Gas Response: 4 (% FSCD/30 SEC.)
Span Gas Responsa: 0 % (% FSCD/30 SEC.)
Zero Drift: i % FSCD/HR.
Span Drift: °* EF % FSCD/HR.

1. Zero and span analyzer on lowest range used.

2. Set chart speed at 10 cn/cife b o,

3. Offset zero reading on chart, introduce zers gas gver a 1 hour time
period.

4. Determine dverage Zaro gas response over z 3g second time intarval.
Evaluate average zerg gas response for 1 hour time period to detsrmine

drift.

S- Zero gas drift must be not more than 2% of fuil scale chart deflection
(FSCD) over & 1 hour time period.

6. Rezera analyzer, check zero and span points.
7. Introduce span gas over a 1 hour time perigq.
8. Continue with steos 3 and 4 for span gas.

9. Rerzin chart paper to file with this page. "Ray. 4/85"



HYDROCARBON ANALYZER O, INTERFERENCE

.(F.R. VOL. 42, NO. 174, 10/8/77 86.331-79)

pate: 9 -29- 90 Analyzer Bench: q
Operator: U:j4 ‘fi
Analyzer Serial No.: 32/25142&
Type of Sampling: ___ Diesel ~ _ Gasoline X_ Gaseous
FID Temperature: & L9 Fuel Bottle No.: 5A 143/
Regulator Air Press: h ‘psi Burner Air Bottle No.:_CC 847
02 HC : |
Conc. Conc. Bottle A = HC conc., PPMC of span
(%) (PPMC) No. gas used in Step 3.
20,97 | 9432 CAL=85LE | g _ ¢ conc., PPMC of Op inter-
LY gED. 2. CAL=-2976 ference gases used in Step 5.
IEAE) &7 %5 CAL=YTDS5
Analyzer Response (ARPPM) A X % OF FSCD due to B.

9 of FSCD due to A
(FSCD = Full Scale Chart Deflection)

% 0, Interference (%OZI) = B-ARPPM X 100.
B

BY-PASS
PRESS.

AIR
PRESS. ,

FUEL

PRESS. FiCD FECD FSCD | ARPPMc

ARPPM44

%0515

(kg/cm?)

(kg/cm?)

5

Bio

S—

)

75 | L 1 1529 R L AL

-

877

Connect "Shop Air" to bench sample inlet (to simulate sample flow).
. Zero analyzer. : : _
Span analyzer with 21% 0, /propane blend for diesel, gaseous; 0% 02 for
gasoline. ' :
. Record mv output for 21% 02 or 0% Oz span gas.
. Introduce 5 and 10% 02 interference gases.
Record Full Scale Chart Deflection for 5 and 10% 0y interference gases.
Determine analyzer response in PPM (ARPPM) for each gas, 5 and 10%.
Determine oxygen interference (%021) for each gas, 5 and 10%.
. % 051 must be less than + 3.0% for all gases. :

If %021 is not within specification, vary air flow, then fuel flow, and
thereafter sample by-pass flow, repeating Steps 1 through 7 for each flow.

- : s
CWoO~NOVOY WM =

“Rev. 4/85"
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EMISSION ANALYZER CALIEBRATION
CALIBRATION DATE:9/2%9/90

BEEMCH: 4
OPERATOR™S IMITIALS: DAF
BAROMETER: 29.44 IN HG
DRY BULER: 7S5 F
WET BULE: &3 F

ANALYZER: FID

RANGE: 1000 FFM
COMCENTRATION % CYLINDER NUMEER: 909/N-340880

FRECISION CHECK ANALYZER RESFONSES: 0.9 0.8 90.%9
e0.8 90,9 90.8 90.8 0.9 F0.9 F0.9

ANALYZER RANGE FRECISION IS = +.13% OF FULL SCALE

ANALYZER FRANGE LINEARITY CHECK

ANALY ZER ACTUAL FREDICTED FERCENT
RESFONSE FFM PEM T LINEARITY
90.9 0T, 00 FOT7T.F1 .11
72.8 727.20 727.13 L1
4.8 245. 40 =47 .34 -.19
6.4 I26T. 60 236T.36 L0
18.2 181.89 181.78 L Q0

O G 0, 00 0. 00 0. 00




EMISSION ANALYZER CALIEBRATION
CALIBRATION DATE:?/29/70

BENCH: 4
OPERATOR®S INITIALS: DAF
BAROMETER: 29.44 IN HG
DRY BULR: 75 F
WET BULE: &3 F

AMALYZER: FID
RANGE: 3Z000 PPM

CONCENTRATION % CYLINDER NUMBER: 2661/7Z1731

FRECISION CHECEK ANALYZER RESFOMSES: 88.7 88.7 88.8
88.7 B88.8 88.7 88.7 88.8 B88.8 88.7

ANARLYZER RANGE FRECISION IS : +.13% OF FULL SCALE

AMALYZER RANGE LINEARITY CHECH

ANRLYZER ACTUAL FREDICTELD
RESFONSE FEM FFM
88.7 2661.00 2656.09
71.2 2128.840 2132, 06
ST 1596. 60 1599.04
IS.6 1064 .40 1066 03
17.8 ST2.20 SIE.01
.1 0. 00 2.99

FERCENT
LINEARITY
.16
-.11
-. 08
—-. 05

~. 03

=-.10




ANALYZER NOISE CHECK

(F.R. VOL. 42, NO. 174, 10/8/77, 86.315.79)

Date: 9-25—90
Operator: DAY
Analyzer: (: C)P

4g49 8112

Analyzer Serial No.

Analyzer Range:

L%

15,2%

Span Gas Conc.:

Bottle No.:

U2 1804

Analyzer PTP Response with Zero Gas.
Chart Deflection:

Analyzer PTP Response with Span Gas.
Chart Deflection: 97. ()

Noise: 0 % FSCD

Analyzer Range:

Span Gas Conc.:

Bottle No.:

Analyzer PTP Response with Zero Gas.

Chart Deflection: :

Analyzer PTP Response with Span Gas.
Chart Deflection:

Noise:

% FSCD Noise:

Analysis Bench: Zi

Analyzer Range:

Span Gas Conc.:

Bottle No.:

Analyzer PTP Response with Zero Gas.
Chart Deflection:

Analyzer PTP Response with Span Gas.
Chart Deflection:

Noise: % FSCD

Analyzer Range:

Span Gas Conc.:

Bottle No.:

Analyzer PTP Response with Zero Gas.
Chart Deflection:

Analyzer PTP Response with Span Gas.
Chart Deflection:

% FSCD

1. Zero and span analyzer on all analyzer ranges.

2. Note anaﬁyzer peak-to-ﬁeak'(PTP) response to zero and span gas over a ten

second interval.

3. Noise shall not exceed 2% of full scale chart deflection (FSCD) on ail

ranges used.

“Rev. 4/85"



" ANALYZER RESPONSE TIME CHECK

(F.R. VOL. 42, NO. 174, 10/8/77. 86.315-79)

Date: g - 25"70

Operator: Z7/}4, fZ
Analyzer: )2
Analyzer Range: 1L %

152%

étap Gas Conc.:

g5% of Step Gas:

Chart Deflection for
; 932

Time to Respond to

95% of Step Gas: 2.5 sec.

) scth

Analyzer Gas Flow:

Analyzer Range:

Step Gas Canc.:

Chart Deflection for
95% of Stap Gas:

Time to Respond to |
95% of Step Gas: sec.

Analyzer Gas Fiow: - ‘ scth

Analysis Bench:

4

Analyzer Range:

vAnaIyzer serial No.: 4849K1/7

Step Gas Conc.:

Chart Deflection for
95% of Step Gas:

Time to Respond to
958% of Step Gas:

sec.

Analyzer Gas FTow:

scth

Analyzer Range:

Step Gas Conc.:

Chart Deflection for
95% of Step Gas:

Time to Respond to
98% of Step Gas:

sac.

Analyzer Gas Flow:

scth

1.° Set chart speed at 60 an/min. to record the following data:

2. lero/span analyzer on respective range.

3. Introducs to inlet, step change gas af at least 60% of full scale chart
deflection. (Stsp gas in W.E.D. 1ab is equivalent to span gas.)

4. Begin timing’ﬁcment analyzer begins to respond to gas énd stop timing when
analyzer has responded to 95% of step gas concentration.
may be used as a timer, i.e. each cm division = 1 sec.)

(Chart recorder

5. Analyzer response time may not exceed 6.0 Secdnds for any analyzer range

" used.

6. Condensata bath may be by-passed when performing NO analyzer response time.

"Rev. 4/88"
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ANALYZER ZERQO AND SPAN ORIFT
(F.R. VOL. 42, NO. 174, 10/8/77, 86.315-79)

Date:___ /A-/—9N) Analysis Bench: 9’
Operator: 4.0

Analyzers CO2

Analyzer Serial No.:  Y&Y9 &1/2

Analyzer Range: /é}f%é . _
Zero Gas: _x_ Nz — Zero Air

Span Gas .Bottle Na.:__ Y2 |80,

Zero Gas Response: 18 (% F_SCD/BO SEC.)
Span Gas Response: 0 % FSCD/30 SEC.)
Zero Drift: ~, ]/ | % FSCO/HR.
Span Drift: *, % FSCD/HR.

1. Zero and span analyzer on lowest range ysed.

2. Set chart speed at 10 cm/mise b,

3. 0fiset zerg reading on chart, introduce zerg gas over a 1 hour time
period. ' ‘ B

4, Determine dverage Zero gas response over a 3g second time interval._
Evaluate average zers gas response for 1 hoyr time period to detarmine

drift.

3. Zerg gas drift must be not more than 2% of full scale chart deflection
(FSCD) over a 1 hour time period. .

6. Rezeru.analyier, check zero and span points.
7. Introduce span gas over a | hour time perigg.
8. Continue with steps 3 and 4 for span gas.

Retain chart paper tg file with this page. "Qay. 4/85"
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NDIR WATER REJECTION RATIO CHECK
e B2a MO 174, 10/8/77, 86.316, 86.318, 86.331-79

::2[2, Analysis Bench: Lf
pate: s f P Barometer: 28,80

Operator: L/L~
(D2

Analyzer: __.-=" lé%

nalyzer " ST g ug g2

Analyzer sar!

| jowest range used.

o .
1. Zero/span through distilled water and introduce water/gas mixture

2. Bubble zer 2"4lyZEP inlet.

; L0
directly /443 mixture temperature: 75 °F.
: atal
3. Record w erating pressurei__J9 _ In. Hy, 10839 PS1

yrar P

4. Record andl
(gage).

Jar respanse to water/gas mixture: '3, é’ _ppm.
5. Record ana!/

. the
. e ]
6 - Determin saturation Vapor Pressure (SVP, psi) «x 106
W.C. ° fBsolute Gage Pressure (AGP, psi§ o
SVP is found from saturation vapor pressurg )
Table @ water/gas mixture temperature: Y/ Up[ psi.

water concentration using:

AGP is the gage pressure (psi) + the

barometer (psi): [4,25495 psi.

(0.03613 psi/in H,0, 0.4912 psi/in. Hg)

1LﬁUfaqqqq .

W.Ci.rr

aler rejection ratio using:
7. Determina W'

9248, 444303

, Water Concentration
Wit nal. Response in ppm

6. i i (0 AT 7 1000
o nimu

L - 100:1.
9. Minimum Wikt 02 Analyzer
() Analyzer - 5000:1.

10. Minimum WRH "Rey. 7/85"
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EMISSION INSTRUMENT CALIBRATION CHART h
T ANALYZER: NDIR COZ 16%
DATE OF CALIEBRATION REGRESEION: 11/17/89
DATE OF LATEST CALIBRATION CHECK: ?9/26/90

ANALYZER RESFONSE VERSUS CONCENTRATION

- 06 25.5 J.33 50.5 6.97 75.5 11.12
1.0 - 13 26.0 3. 40 =1.0 7.085 7.0 11.2
1.5 .12 26.5 .47 S1.S 7.13 76.95 11.390
2.0 . 25 27.0 z.594 S2. 7.21 77.0 11.39
2.9 .ol 27.5 S.61 S2.9 7.28 77.5 11.48
3.0 .38 28.0 3.68 93.0 7.36 78.10 11.57
J.5 .44 28.3 3.75 S3.9 7.44 78.5 11.66
4.0 - o0 29.0 3.82 S4.0 7.92 79.0 11.75
4.5 7 29.5 3.89 S4.5 -1 79.5 11.84
S.0 « 83 0.0 J.96 95.0 7.68 82.0 11.93
5.5 .69 0.5 4,.0% S9.5 7.74 80.Z 12.02
6.0 .76 1.0 4,10 56.0 7.84 81.0 12.11
6.9 .32 31.5 4.17 o96.3 7.92 81.5 2.2
7.0 .89 32.0 4,24 S7.0 8. 00 82.0 12.30
7.5 .95 32.9 4.71 S7.9 8.08 BZ.Z 12.39
8.0 1.01 3.0 4,38 =8.90 8.16 83.0 12.48
8.5 1.08 IT.9 4,45 =6.2 g.24 B8Z.9 12.28
Q.0 1.14 34,0 4.32 =S9.0 8.32 g84.70 2.467
2.5 .21 I4.5 4,39 S9.2 8.40 g84.5 12.76

10.0 « 27 3I2.0 4.67 60,0 8.48 85.0 12.846
1i0.8 1.34 3I5.9 . 4.74 &0.5 8.32&6 BS.3 12.9%
11.90 1.40 T6.0 4.81 &1.0 8.44 846.10 13.05
11.%5 1.47 J6.3 4.88 &l1.5 8.73 86.5 1Z.14
12.0 1.53 37.0 4,95 &2.10 g8.81 87.0 13.24
12.5 1.60 37.5 S.03 &2.5 8.89 87.5 13. 53
1Z.0 1.66 I8.10 S.10 &I 0 8.97 88.0 1Z3.472
13.35 1.732 8.5 S.17 63 S .06 88.2 17.32
14.0 1.79 39.0 .24 &40 Q.14 g8g.0 TL. 82
14.5 1.86 39.5 5.32 &4.5 .22 B9.5 13.72
15.90 1.92 40.0 S.3 &5. 0 ?.31 Q0,0 1Z.81
15.5 1.99 40.5 .46 &65.S 2.39 Pn.3 13.91
16.0 2.06 41,0 2.254 5.0 2.48 1.0 14,21
146.5 2.12 41.5 S.61 86.3 2.56 ?1.5 14.11
17.0 2.19 42.9 S.&9 &7.0 9.64 F2.0 14,20
17.5 2.25 42.3 =2.76 &7.35 9.73 2.5 14,30
18.0 2.32 4.0 5.83 &8.0 ¢.81 93.0 14,40
18.5 2.39 43%.5 S.21 68.2 .90 93.3 14,350
19.0 2.45 44,0 S.98 &3, ?.78 94,0 14,60
19.5 2.22 44,5 6.06 69.5 10.07 24.5 14,70
20.9 2.99 45.0 6.13 70,0 10.16 9S5.0 14.80
20.3 2.66 45.35 .21 70.5 10.24 9S.3 14,90
21.0 2.72 45,0 .28 71.9 10.33 5.0 15,00
21.5 2.79 446.3 b.36 71.5 10.42 ?8.5 15.10
22.90 2.86 47 .1 _ 6.44 72,0 10.30 7.0 15. 20
22.5 2.93 47.3. 6.91 72.8 10.89 7.2 15. 3G
23.0 2.99 48.0 6.59 7I.0 10.68 8.0 15,40
23.8 T.06 48.5 .57 73.3 10.77 °g8.5 15.51
24,0 3.13 429.0 &.74 74.0 10.88 9.0 15.61
24.5 Z.20 49.35 &6.82 74.35 10,94 9.3 15.71
25.0 T.27 50,0 6. 70 75.0 11.03 100,0 15.21

% NMDIR COZ = +3.40841E-004 +(+1,25141E-301) K (AR) +(+1. BI04FE-004) # (AR™2) +
(+1,4285BE-006) ¥ (AR + (+3.94490E~010) & {AR"4)
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EMISSION ANALYZER CALIBRATION.
CALIBRATION DATE:?/26/°0

BENCH: 4
OFERATOR™S INITIALS: DAF

RANGE: 1&%
CONCENTRATION % CYLINDER NUMEBER: 15.2%

BAROMETER: 29.02 IN HG
DRY EBULE: 75 F
WET BULE: &2 F
AMALYZER: NDIR COZ

/421806

ANALYZER FPERFORMANCE EBASED UFON OLD REGRESSION DATA OF 11/17/89

+3. 40841E-004

ANALYZER
RESFONSE
27.0
81.3
6Z.9
44,7
23.4

D.0

OLD REGRESSION COEFFICIENTS

+1.25141E-001

+1.83047E-004

ANALYZER ERRDR TABLE

OLD REGRESSION DATA OF: 11/17/89%

ACTUAL FREDICTED % ERROF
A ) 7% OF FOINT
19,20 15.20 . 20
12.1& 12,17 .07
?.12 7.12 .04
&. 08 5,.0% .15
T.04 Z.05 . 24
QD0 - 25 D, 00

+1.42858E-006

FRECISION CHECK AMALYZER RESPONSES: 97.0 97.0 7.0
7.0 F7.0 97.0 97.0 97.0 7.0 7.0

AMALYZER RANGE FRECISION IS : +0.00% OF FULL SCALE

% ERROR OF
FULL SCALE
. 00
.06
L 02
. 6
05
)

. e e

+5.94499E-010



' Nm’sg: . '

ANALYZER NOISE CHECK

(F.R. VOL. 42, NO. 174, 10/8/77, 86.315.79)

vate:__ 9 ~2&~90
Operator: V £ )4, Z
Analyzer: 07 |

8817

Analyzer Serial No.

Analyzer Range: 2 %
Span Gas Conc.: [' ?%‘P
Bottle No.: Lf S’ 7? q /

Analyzer PTP Response with Zero Gas.
Chart Deflection: ‘

Analyzer PTP Response with So?an Gas.

Noise: O

Chart Deflection: 9%,

Noise: 9, % FSCD
Analyzer Range: 2. "T%D

Span Gas Conc.: 2 ”;Q7%3
Bottle No.: 398

Analyzer PTP Response with Zero Gas.
Chart Deflection: .Y

Analyzer PTP Response with Szfan Gas.
Chart Deflection: 19,

% FSCD Noise:

Analysis Bench: (f

"%
4, 759
L3424]

Analyzer PTP Response with Zero Gas.
Chart Deflection: . Y

Analyzer Range:

Span Gas Conc.:

Bottle No.:

Analyzer PTP Response with 5pan Gas.
Chart Deflection: ~ 45,

% FSCD

Analyzer Range:

Span Gas Conc.:

Bottle No.:

Analyzer PTP Response with Zero Gas.

Chart Deflection:

Analyzer PTP Response with Span Gas.
Chart Deflection:

% FSCD

1. Zero and span analyzer on all analyzer ranges.

2. Note analyzer peak-to-peak (PTP) response to zero -and span gas over a ten

second interval.

3. Noise shall not exceéd 2% of full scale chart deflection (FSCD) on all

ranges used.

"Rev. 4/85"




ANALYZER RESPONSE TIME CHECK
(F.R. VOL. 42, NO. 174, 10/8/77, 86.315-79)

Date: 47 "g__c? "'Q/}) "~ Analysis Bench: q
Operator: /7,';43 /?

Analyzer: (9> Analyzer Serial No.: 3>/
Analyzer Range: - J é%& Analyzer Range:_ ls-é%é _

Step Gas Conc.: /. 9% Step Gas Conc.: Zﬁ75\'%

Chart Deflection for Chart Deflection for

95% of Step Gas: a0,73 95% of Step Gas: 99 3

Time to Respond to Time to Respond to

95% of Step Gas: ’3: L{ sec. 95% of Step Gas: 47;(? sec.
Analyzer Gas Flow: L1 scth  Analyzer Gas Flow: ff - scth
Analyzer Range: 7 5-9%5 Analyzer Range:

Step Gas Conc.: 7 H’;q7 Step Gas Conc.:

Chart Deflection for - Chart Deflection for

95% of Step Gas: CM,C? 95% of Step Gas:

Time to Respond to

Time to Respond to

98% of Step Gas: q ; 2= sec. 95% of Step Gas: sec.

Analyzer Gas Flow: - Lf scfh  Analyzer Gas Flow: scth

1.7 Set chart speed at 60 an/min. to record the following data:

2. Zero/span analyzer on respective range.
Introduce to inlet, step change gas of at least 60% of full scale chart
deflection. (Step gas in W.E.D. lab is equivalent to span gas.)
Begin timiné'moment analyzer begins to respond to gas and stop timing when
analyzer has responded to 95% of step gas concentration. (Chart .recorder
may be used as a timer, i.e. each am division = 1 sec.) '

5. Analyzer response time may not exceed 6.0 secdnds for any analyzer range

: used. ' S :

6. Condensate bath may be by-passed when performing NO analyzer response time.

"Rev. 4/85"




" Data

Oper

Zero

Span

Zero

Span

Zera

Span

1.
2.
3.

ANALYZER ZERQ AND SPAN DRIFT
(F.R. VOL. 42, NO. 174, 10/8/77, 86.315-79)

__In~]-90 Analysis Bench: 4
ator: DAL
Analyzer: ﬁﬁ’Z

Analyzer Serial No.: 38 &17
Analyzer Range: 25 %

Gas: _X NZ —— Zgro Air

Gas .Bott'le No.: 537&

Gas Respanse: /] (% F;CD/BO SEC.)
Gas Respanse: 00y (% FSCD/30 SEC.)
Drift: 0 | % FSCO/HR.
Drift: A0 % FSCO/HR.

Zera and span analyzer on lowest range usad.

Set chart speed at 10 cm/mife h~,

Offset zero reading on chart,  introduce zerg gas gver a 1 hour time
period.

Oetarmine average zero gas response over a 30 second time interval.
Evaluate average zero gas response for 1 hour time period to determine

drift.

Zerg gas drift must be not more than 2% of fuil scale chart deflection
(FSCD) aver a 1 hour time period.

Rezerg .analyzer, check zero and span -points. .
Introduce span gas aver a | hour time period.
Continue with stens 3 and 4 for span gas.

Retain chart paper to file with this page. "Ray. 4/85"
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EMISSION ANALYZER CALIBRATION

CALIERATION DATE:2/2B/9G

BENCH: 4
QFERATOR™S INITIALS: DAF
BAROMETER: 29.23 IN HG
DRY BULE: 74 F
WET BULER: &2 F

ANALYZER: OXYGEN

RANGE: 2%
CONCENTRATION 2 CYLINDER NUMEER:

FRECISION CHECK ANALYZER RESFONSES: 95.0 935.0 95.1
95.1 93.0 95,1 9S.1 95.2 95.2 95.2

ANALYZER RANGE FRECISION IS : +.20% OF FULL SCALE

ANALYZEFR FRAMGE LINEARITY CHECE

ANALYZER ACTUAL FREDICTED
FESFONSE A 7
5.0 1.90 1.88
76.8 1.22 .52
38.0 1.14 1.15
Z9.0 .76 .77
20.0 .38 .40

.9 Q.00 .02

1.9%/4872%91

FERCENT
LINEARITY
.88
-.1z
-.49
-. 56
-.83

—. P




EMISSION ANALYZER CALIBRATION

CALIBRATION DATE:2/28/90

BENCH: 4
OPERATOR®S INITIALS: DAF

BAROMETER:

DRY BULE: 74 F
WET BULE: 62 F

ANALYZER: OXYGEN
RANGE: S%
COMCENTRATION %

CYLINDER MUMEER:

FRECISION CHECKE ANALYZER RESFONSES: 93.0 93.0 95.0

5.0 ¥2.0 95.0 95.1 95.1 95.

ANALYZER RANGE FRECISION IS

a—

7wl w oan

+.21%

OF FULL SCALE

ANALYZER RAMGE LINEARITY CHECHK

ANALYZER ACTUAL FREDICTED
RESFONSE ra %
5.0 4,75 4,72
75.4 Z.80 Z.80
S7.6 2.835 2.86
8.8 1.90 1.93
19.5 .95 .97

0,0 0,00

0, 00

29.25 IN HB

4.73%/6354241

FERCENT
LINEARITY
.31
.1
-. 29
-. 59
-.30

0, 00



.Il'll.ll........................-.-I-II------14

EMISSION ANALYZER CALIBRATION
CALIBRATION DATE:9/28/%0

BENCH: 4
OFERATOR™S INMNITIALS: DAF
BAROMETER: 29.25 IN HG
DRY BULR: 74 F
WET BULEB: &2 F

ANALYZER: OXYGEN

RANGE: 25%
CONCENTRATION & CYLIMDER NUMBER: 24.97%/5398

>RECISION CHECK ANALYZER RESFONSES: 99.9 99.8 99.8
99.7 99.7 99.6 99.7 99.7 99.7 99.7

ANALYZEFR RANGE FRECISION IS : +.21% OF FULL SCALE

ANALYZER RAMGE LINEARITY CHECE

ANALY ZER ACTUAL FREDICTED FERCENT
RESFONSE % % LINEARITY
99.9 24.97 24,397 .00
80O. 0 19.98 20.00 -. 08
59.9 14.98 14.97 .04
I9.9 9.99 9.97 . 06
19.9 . 4,99 4.97 .08

.3 Q.00 .07 - 0
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o NOV 16 ’S@ @9:32 IGT CHICAGO IL P.2/6
Page 1 IQT_ANALYTICAL REPORT : Work Orcer 8 $0-11-028
- Received: 11/12/90 11/16/30 09:27:02 Work Not Complete
REPORT Waukagha Enginm Divigien PREPARED Chguical Research Services
TO Dresssr Industries, Inc, 8y Instityts of Gas Technoloay
1000 Weer Saint Pay) Avenye | 2424.8. State Strest
waukesha, W, $3188-4099 Ghicage, JI 60016-3896 _ CERTIFIED 8Y
ATTEM Mr. Bob $tachowicz Exp, LD, ATTEN §. 3, Chao _ i8usineso Phone
PHONE 312-587=5738 : 312-587-3630 CONTACT KONCAR 3815
CLIENT WAUKESHA ENG SAMPLES _4
COMPANY Maukesha Engine Divisien {For additional information, phone the CONTACT sbove.)
FACILITY Drasser Industries, Inc, _ NEITMER IGT NOR ANY PERSON ACTING ON REMALF OF IGT ASSUMES ANY
; Maukesha, Yil, 531BB~4999 LIABILITY WITW RESPECT TO THE USE OF, OR FOR DAMAGES RESULTING
; FROM_THE USE OF, ANY INFORMATION PRESENTED It THIS REPORT.
; WORK ID Land?i)) gages 10/8 - 11/8/90 :
TAKEN EAX results to 8ob Stachowies at 414-349e2705
; TRANS Dy United Purcs] Sarvice -

TYPE Landfil) Gag Samples
P.O. 8 93882=455 (VR No. 59988)
: INVOICE ynger gsparate cover ..

SAMPLE IDENTIFICATION ’ TEST CODES and NAMES used on this workorder
Sample »1  S6psi, 9OF  GAS2Z  GAS ANALYSTS
Sample 92 S8pei, 93F
Sawple 33 $7pei. 90F
gample 84 __ _ S5psi, 708

REBRI2







T NOV 16 ’S@ 29:33 IGT CHICAGO IL ' P.3/6
fage 2 - JGT_ANALYTICAL REFORT Work Order ¢ 30-11-028
fReceived: 11/12/%0 fesults by Sample :
“QIPLE ID Jample 87 S8Cosi, BOF FPRACTION Q1A TEST CODE GAS2 = NAME QAR ANALYSIS
Dats & Time Collsctesa 30/08/80 ~ Category

COMPONENT MOLEX ’ D. L. WEIGHTX

Heliun ND

Hydrogen 0.18 0.01 0.01

Oxygen & Argen BDL 0.01

Nitrogen 0,33 0.01 0.33

Carten Dioxide 43.8 0.01 ¢8.1

Carbon Monoxide 8bL 0.01 .

Mathane 65.8 0.01 31.58

Ethane BOL - 0.01

gthane 8oL 6.0

Ethyne (Acetylene) BOL 0.01

Propane 0L 0.01

Propane 8oL 0.01

Propyne 8oL 0.01

Propadiens BOL 0.01

i-Butane 8oL 0.0t

n-8utans BOL 0.01

1-Butens 80L 0.01

1so=Bytene 80L 0.01

trans-2-utsne SDL 0.01

cis-2-Butens 80L 0.01

Sutadiene S0L 0.01

neo~-Pentane BDL 0.01

1=Pentans 80L 0.01

A=Pentane 8OL " 0.01

Pentanas . BDL 0.01

Pentadienes 80L 0.01

C~8 & Meavier 0.02 0.01 0.07

Hydrogan sulfide NO

Total 100.0 100.0

CALCULATED PROPERTIES at 60 F / 14.73 paia (ASTH 3588)

Specific Gravity i 0.980
Compressibility [z2] 0.9973 )
Gross WHeating Valus (BTU/9CP) let Heating Value (BTU/SCF)
' o= gry -- 588 - ary == : 510
~— sat.e- : 557 , == mag.== : 801

Amalyst : Robert Siguood

NOTES: BDLs be'ow detection limit (D.L.): ND= Component not determined

NOTICE: Neither IGT nor any person acting on dehalf of IGT assumes any
11apility with respsct to the uUse Of, or for dasxaes resulting from
tthe use of, any information pm.in this report.

e v -

W m——— ek
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y NOV 16 ’9@ ©3:33 IGT CHICRGO IL
_np' 3 ZGT_ANALYTICAL REPQRT wark Order $ $0-11-026
Racsived: 11/12/%0 fesults by Sample . :
AMPLE ID Symols $2 S9pni, 93F FRACTION 924 TEST CODE GAS2 = NAME GAS ANALYSTS
Date & Time Collected 10/11790 °___ . Category
COMPONENT _MOLEX D. L. WETGHTX
Helium no
Nyarogan 0.17 0.01 0.0
Oxygen & Argon oL 0.01
Nitrogan 0.10 0.0t Q.10
Carbon Dioxide 43.8 Q.01 8.1
Carpon Monoxids 80L 08.01
Mathane 5.9 0,01 31.7
Ethane 8oL - 0.0
Ethens 8oL 0.01
gthyna (Acetylens) 8OL 0.01
Propans 80L 0.01
Propens BDL 0.01
Propyns 0L 0.01
Propadiens BOL 0.01
{=8utane 80L 0.01
n-iutans DL 0.01
1-Butane BOL 0.01
iso=Butens J0L 0.01
trans-2-utane SOL 0.01
¢is—-2-Butans BOL 0.01
Butadiane 8bL 0. 01
neo-Percans BOL 0.01
¢ i-Fentans - BDL 0.01
n=Pentans abL 0.01
Pentsnes 8oL . 0.01
Pentadianes 8oL 0.01
C-8 & Nmavier 0.03 0.01 0.09
Hydrogen sulfide ' ND
Totad ‘100,90 100.0

CALCULATED PROPERTIES at 60 F / 14.78 psia (ASTH 3588)

Spacific Gravity
Compressidility {z]

0.980
0.9872

Gross Meating Valus (BTU/SCF) Net Heating Value (BTU/SCF)

o gry -- ¢ 589 - dry =e ; 512
- SAt.== ;- 839 = 9At,— ! 503
Av\alyn : Robert Bigwood

NOTES: 8DL= below datsction 1imit (D.L.): NDx Component not determined

NSTICE: Neither IGT nor any person acting on bahalf of ICT assures any

1iability with respect to the use of, or for canages resulting from

tne use of . any information prsssantsd in this repor:.



‘ NOV 16 90 ©9:34 IGT CHICAGO IL

 Rags &
Received: 11/12/90

MPLE 1D Spaple 83 S7ped, SOF FRACTION O34

IGT_ANALYTICAL

~COMPONENT ___

Helium
Hydrogen

Oxygen & Argon
Hitrogan
Carbon Dioxice
Carbon Monoxide
Methane

Ethane

Ezhens

fthyne (Acetyisne)
Propane

Prapane

Propyne
Propaciens
i-gutane
n-gutans
1=-Butene
iso-Butens
trans~2-gutens
cis=2=Butsns
Butadiens
neo—-Peantane
i-Pentans
n~Pantane
Pentanes
Pentadienes
C-8 & Haaviar
Hydrogen suifide

Tetal

Specific Gravity .
Compressibility [2)

QGross Heatinsg vnyo (BTU/SCP)

Results by Sample

RKREPORT

Nork Order 8 80-11=02¢

Catsgory

JMotgx D L. _WEIGHTX

N0
0.10
0.93
§.52
40.8

soL
52.6
8DL
80L
8oL

100.0

: 0.877
: 0.9973

- dry == 834
== S3%.~— ! 825

. 0.0

0.01
0.01
0.01
0.01
0.01

+ 0.01

0.01
0.01
0.01
0.0t
0.01
0.01
0.01
0.01
0.0t
0.01
0.01
0.0t
6.01
0.01
0.01
0.01
0.0t
0.0
0.01

CALCULATED PROPERTIES at 60 F / 14.73 paia (ASTM 3388)

Analyst :

0.01
1.08
5.47
3.6

100.0

et Heating Value (BTU/SCF) .
- gry == %
~ SAt.== |

481
473

fobert $igwood

NOTES: 8DLz below detection 1imit (D.L.): ND= Camponent not determined

NOTICE: Neither IGT nor any parson acting on behalf of IOT assumes any
liability with respect tv the uss of, or for damages resulting from

the use of, any information prassnted in tnis regort.

P.S/6

TEST CODE GAS2 _ NAME GAS ANALYSIS =
Date & Tims Collectsd 10/15/80 .
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.. Puage 5
Received: 11712780

. NOV 16 9@ ©9:34 IGT CHICAGO IL
TOT_ANALYTICAL

WLE ID San0le 84 SSpei, 70F PRACTION Q4R

Dats & Time Collected 11/08/90 - Catego

. COMPONENT MoLEx i P MEIGHTY
Holium ND
Hydrogen 0.18 0.01 0.01
Oxygen & Argon 0.07 0.01 0.07
Nitrogen 1.689 0.01 1.685
carbon Dioxids 44.7 0.01 6s.s
Carpon Monoxide 8D 0.01
Methane 53.4 0.01 29.8
Ethane BOL 0.01
Ethane 0L 0.01%
Ethyne (Acetylsne) 8DhL 0.01
Propane BOL 0.01
Propsne 0L 0.01
Praopyne B80L 0.01
Progadiens BOL 0.0t
{-8utane 0L 0.01
n-3utane B80L 0.01
1~Butsne 2oL 0.01
{so~Butene BDL 0.01
srans-2-gutane 8DL 0.01
clis-2-Butane 0L 0.01
Sutadiens Bs0L 0.01
neo=-fentane 8Dt 0.01
{-Pentans B0L 0.01
N n-Pentans 0L 0.01
Pentenes BOL 0.01
Pentadienss oL 0.01
C~8 & Hesavier #0L 0.01%
Hydrogen sulfice ND
Total 100.0 100.0

REPORT
Results dDy Sample

TEST CODE mg__’ NAME Qas

CALCULATED PROPERTIES &t 60 F / 14.73 paia (ASTM 3388)

" Specific Qravity
Compressibdility {2}

0.9%4
0.9973

NetT Heating Value (BTU/BCF)

arcss neating valus (BTU/SCP)
--m—: “z --cr’.-g 438
-~ 8a%.-~ ! 533 -= SAT.-- ! 480
Anatyat : Robert Bigwood

NOTES: BDL= below detsction 1imit (D.L.): ND= Casponent not cetermined

NOTICE: Nesither IGT nor any person acting on sehal? of IGT assuses any
liability with respect to the use of, or for damagas resulting from
the use af, any information presentsd in this raport.
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kxkk¥x GBAS FUEL ANALYSIS XXXXX

FUEL COMFOSITION IN MOLE FRACTIONS:

CH4: (.SSEOC M2: 0.0033
C2Hb: G. 0000 CZH4: O.0000 02: 0. 0000
CIHE: . 0000 CIH&: O 0000 AIR: O.0000

ICAH1G: 0.0000 HZ: Q.0018 COZ: 0.47380
NCA4H1OQ: Q. 0000 H2G: 0. 0000 HZ20: QL0000
ICSH1Z: O.0000 CO: Q. G000 He: C.0000
NCSH12: Q.000Z : A OL0000

CoH14: Q. 0000
C7H16: 0.0000

THE SuM OF THE FUEL MOLE FRACTIONE IS 1.001730
THE AFFARENT FUEL MOLECULAR WEIGHT IS 28.30209

S22 2080 et 23332333 2832833333230t istsssssy
THE FOLLDOWING MASS FERCENTAGES ARE TO EE USED FOR "EAF™ FROGRAM
CAILCULATIONS. THEY INCLUDE THE CARECON IN COZ AND THE HYDRQGEN

IN HZO IM THE FUEL CAREROM AMD HYDROGEN VALUES.

1SR P PR R0 2030332382000 8 s e st et e sy,

THE TOTAL FUEL CARBOM FERCENTAGE IS 42,2587 “
THE TOTAL FUEL HYDROGEN FERCEMTAGE IS 7.560 %
THE FUEL OXYGEN FERCENTAGE IS 49,457 %A
THE FUEL NITROGEN FERCENTAGE IS L3266
THE FUEL SULFUR FPERCENTAGE IS G080 %

Iz FUEL He AND Ar INERTS FERCENTAGE IS 0.000 %

1HE SUMMATION OF MASS FERCENTAGES IS 100,000 %

LSS S22 Sttt st e e ssss sy
THE FOLLOWING MASS FPERCENTAGES ARE TO BE USED FOR SFINDT AIR/FUEL
RATIO CALCULATIONS ONMLLY. THEY DO NOT INCLUDE THE CAREON IN COZ

OF THE HYDROGEM IM HZO IN THE FUEL CARBON AND HYDROGEN YALUES.
AR KRR AR KRR AR KK AN AKX RN KRN R R XA XK X

THE BURMARLE CAREOM FERCENTAGE IS8 23,697 %
THE EURNABLE HYDROGEN FERCENTAGE I3 7.560 %

THE ATOMIC HYDROGEN/CARBON RATIO OF THE BURNABRLE FUEL FRACTION IS 4.004
THE STOICHICMETRIC SFINDT AFR IS ES.4S5:1 BY MASS.

THE UNSATURATED HIGH HEATING VALUE IS& S&65.5 BTU/FTS

THE UNSATURATED LOW HERTING VALUE IS S09.0 BTU/FTE

THE SATURATED LOW HEATING VALUE IS S00.2 BTU/FTI

THE FUEL SFECIFIC GRAVITY IS. .9771

THE -FUEL DENSITY. IS .0748 LE/FTS : , g
THE MOTOR OCTANE NUMEBER OF THE FUEL IS 119.6 ' 5

THE IDEAL STOICHIOMETRIC FLAME TEMFERATURE IS I5BB DEG F. %
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FUEL COMFOSITION IN MOLE FRACTIONS:

CH4: ©.5590 NZ: Q.0010
C2Hb6: . 0000 CaH4: 0.0000 02: ©.QQ00
CIHB: 0. Q00D CIaH6: €. Q000 AIR: Q.0000

IC4H10O: Q. 0000 HZ: Q.0017 CozZ: ©.4380
NCaH10: (.0000 H23: ©.0000 20 QL0000
ICSHLIZ: Q.0000 Co: Q.Q000 He: 0,000
NCSH1I2: 0.0003 Gre 0,0000

C&H14: 0.0000C
C7H16: 0.0000

THE SUM OF THE FUEL MOLE FRACTIONS IS 1.00000
THE AFFARENT FUEL MOLECULAR WEIGHT 1S 28.29730

X****t****X**********X*******t****t**###****t*******i##*********##
THE FOLLOWING MASS FERCENTAGES ARE TO BE USED FOR *EAF™ FROGRAM
CALCULATIONS. THEY INCLUDE THE CAREON IN COZ AND THE HYDROGEN

IN HZO IN THE FUEL CAREON AND HYDROGEN VALUES.
X*##X***X*******##****#*#*#*****#*******X*********#***K#*ix******#

THE TOTAL FUEL CARBON FERCENTAGE IS 42,3782 4
THE TOTAL FUEL HYDROGEN FERCENTAGE IS 7.990 %
THE FUEL OXYGEM FERCENTAGE IS 42,529 %
THE FUEL NITROGEN FERCENTARGE IS LOF? W
THE FUEL SULFUR FERCENTAGE IS 0. 000 %L

{E FUEL He AND Ar INERTS FERCENTAGE IS 0,000 %

\HE SUMMATION DOF M&SS FERCENTAGES 1S 100,000 %

#******X********#**#**X#************i***#*#*#******X#**##*I##****i
THE FOLLOWING MASS FERCENTAGES ARE TO EE USED FOR SFPINDT AIR/FUEL
RATIC CALCULATIONS OMLY. THEY DO NOT INCLUDE THE CAREON IN COZX

OF THE HYDROGEM IN HZO IN THE FUEL CAREBON AND HYDROGEN VALUES.
**#****t**#**#*X**i*#*********t***#*******i*#*t******X*X*****##**l

THE BURMNABLE CAREON FERCENTAGE IS 23.791 %
THE EBURNAELE HYDROGEM FERCENTAGE IS 7.990 %

4,002

THE ATOMIC HYDROGEM/CAREOM RATIO OF THE EURNAELE FUEL FRACTION IS
THE STOICHIOMETRIC SFINDT AFR IS 5.47:1 BY MASS.
THE UNSATURATED -HIGH HEATING VALUE IS 066.9 BTU/FT3

THE UNSATURATED LOW HEATING YALUE IS 312.32 BTU/FTS
THE SATURATED LOW HEATING VALUE IS 3S01.4 BTU/FTZ

_ THE FUEL SFECIFIC GRAVITY IS LF770

THE FUEL DENSITY IS .0747 LB/FTS

"THE MOTOR OCTA&NE NUMEBER OF THE FUEL IS 117.6

THE IDEARL STOICHIOMETRIC FLAME TEMFERATURE IS I8%C DEG F.
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XXikxk GAS FUEL ANALYSIS XXXk

FUEL COMFOSITION IN MOLE FRACTIONS:

CH4: O,.5260 ND: O.0552
CIZHé: . 0000 CoH4: ©O.0000 S: 0. 0097
CIH8: 0.0000 CIH&: ©.0000 AIR: 0.0000

IC4H1G: 0. 0000 HZ: Q.0010 COZ: 0. 4080

NC4H10: O, 0000 H2S: €. Q000 H20: . 0000
ICSHIZ2: 0.0000 CO: ©.0000 He: ©.0000

NCSH1Z: 0Q.0000 Ars . 0000
C6H14: Q.0O0Q00

C7H1&6: 0.0000Q
THE SUM OF THE FUEL MOLE FRACTIONS IS 0Q.99930
THE AFFARENT FUEL MOLECULAR WEIGHT IS 28.25491

K KKK KK KK K KK K KOK A KOK KKK KKK KKK O OOk R KON R KKK N K
THE FOLLOWING MASS FERCENTAGES ARE TO BE USED FOR "EAP” FROGRAM
CALCULATIONS. THEY INCLUDE THE CAREBONM IN COZ AND THE HYDROGENM

IN HZO IN THE FUEL CAREOM AND HYDROGEMN VALUES.

KK KK KKK KKK KO K K KOO R R K RO R K AR KRR KRR KRR R AKX R KRN K

THE TOTAL FUEL CARERON FERCEMTAGE IS 3%.724 %
THE TOTAL FUEL HYDROGEM FERCENTAGE IS 7.S917 %4
THE FUEL OXYGEN PERCENTAGE IS 47.28% %
THE FUEL NITROGEN FPERCENTAGE IS 5.4786 Y

THE FUEL SULFUR FPERCENTAGE IS Cra 200 %
© 4E FUEL He AND Ar INERTS FERCENTAGE IS ©.000 4

tHE SUMMATION OF MASE FERCENTAGES IS 99.997 %

**##*#X*X*X*********#********X*******X****#**********X*****x******
THE FOLLOWING MASS FERCENTAGES ARE TO EBE USED FOR SFINDT AIR/FUEL
RATIO CALCULATIONS ONLY. THEY DO NOT INCLUDE THE CAREON IN COZ2

OF THE HYDROGEN IN HZD IN THE FUEL CAREON AND HYDROGEN VALUES.
S 2 PSR e P23 5355522328082 3038332330332 28 3022222820

THE BURNAEBLE CAREON FERCENTAGE IS 22.3771 %
THE BURNABLE HYDROGEN FERCENTAGE IS 7.517 %

THE ATOMIC HYDROGEM/CAREONM RATIC OF THE BURNAELE FUEL FRACTION IS
THE STOICHIOMETRIC SFINDT AFR IS S.15:1 BY MASS.

THE UNSATURATED HIGH HEATING VALUE IS 532.1 ETU/FTE.
THE UNSATURATED LOW HEATING VALUE IS 478.9 BTU/FTZ
THE SATURATED LOW HEATING VALUE IS 470.6 BTU/FTZ

THE FUEL SFECIFIC GRAVITY IS .9755
THE FUEL DENSITY IS .074& LE/FTS

THE MOTOR OCTANE NUMEER OF THE FUEL IS 119.8

THE IDEAL STOICHIOMETRIC FLAME TEMFERATURE IS T584 DEG F.

4,004
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Xkxxx GAS FUEL ANALYSIS Xkxxkxk

FUEL COMFOSITION IN MOLE FRACTIONS:

CH4: G.S340 NZ: 0.0169
C2H6: 0. 0000 C2H4: ©.0000 02 Q.0007
CIHB: 0.00200 CIH6&6: Q. Q000 AIR: 0.0000

IC4H1O: O, QQGG H2: ©0.0018 CO2: 0.447C

NCAH1Q: O. 0000 H28: ©.0000 HZ20: 0.0000
ICSH12: ©.0000 CO: ©.0000 He: ©Q.0000

NCSH12: 0.0000 Ar: 0,0000
C6H14: Q, 0000

C7H16: ©.0Q000
THE SUM OF THE FUEL MOLE FRACTIONS IS 1.00040
THE APFARENT FUEL MOLECULAR WEIGHT IS 28.72743

12282023233 PSSR e0 e ettt sttt se s st s sse s
THE FOLLOWING MASS FERCENMTAGES ARE TO BE USED FOR "EAFT FPROGRAM
CALCULATIONS. THEY IMCLUDE THE CAREOM IN COZ AND THE HYDROGEN

IM H20 IM THE FUEL CAREON AND HYDROGEN VALUES.

12222823332 83222 2230300233803 03 832¢02 3220230330302 e S

THE TOTAL FUEL CARREBONM FERCENTAGE IS 41.000 %
THE TOTAL FUEL HYDROGEN FERCENTAGE IS 7.904 %
THE FUEL OXYGEM PERCENTA&GE IS 49.848 %
THE FUEL NITROGEN FERCENTAGE IS 1.647 %4
THE FUEL SULFUR FERCENTABGE IS 0. 060 %

iE FUEL He AND Ar INERTS FERCENMTAGE IS 0Q.000 %
THE SUMMATIOM OF MASS FERCENTAGES IS 100,000 %

22222222 000822322002 st st sttt st s s e ee et ey
THE FOLLOWING MASS FERCENTAGES ARE TO BE USED FOR SFPINDT AIR/FUEL
RATIO CALCULATIONS OMLY. THEY DG NCT INCLUDE THE CARBON IN COZ

OR THE HYDROGEN IN HZ0O IN THE FUEL CAREON AND HYDROGEN VALUES.
KRR R KRR AR KRR KKK KKK AR AR AKX KN KRRE KRR RN AK

THE BURMAELE CAREBON FERCENTAGE IS 22.318 4
THE EBURMABLE HYDROGEN FERCENTAGE IS 7.5904 %

THE ATOMIC HYDROGEM/CAREON RATIO OF THE BURMABLE FUEL FRACTION IS
THE STOICHIOMETRIC SFINDT AFR IS S.14:1 BY MASS.

THE UNSATURATED HIGH HEATING VALUE IS 540.5 ETU/FTS
THE UNSATURATED LOW HEATING VALUE IS 486.4 BTU/FTS
THE SATURATED LOW HEATING VALUE IS 478.0 BTU/FTZ

THE FUEL SFECIFIC GRAVITY IS .9918

THE FUEL DENSITY IS .07%9 LEB/FTZ

THE MOTOR OCTANME NUMEBER OF THE FUEL IS 119.54

THE IDEAL STOICHIOMETRIC FLAME TEMFERATURE IS 3560 DEG F.

4,007
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ABSTRACT

1he com;osition of a bured mixture of air and hydro-
carbons must refice: the air-fuel ratio of the original
mixture. This paper sikwes that the air-fuel ratio can be
calculated by an equaticu that involves only fuel composi-
tion and exbaust gas compositiou. For this calculation, the
hydiocathor, cuntent of the combusted miixture has been
measured with a flame ionization detector as a carbon
counter.

ENGINEERS KAVE beun aware since the days of the first gas-
oline engirre that the composition of tie exhaust gas reflects
the compositicn of fuel and air that is inducted into the cn-
pive. Since atr-fuel rudo is very imporwant to engine per-
formance and exhaust gas 2nalysis is decepiively simple, a
corrclation of exhaust gas analysis and air-fuel ratio haslong
becn sought. This paper prusents yet another way of corre-
lating these compositicns. The method is based on ratios of
the eompenent concenrrations and jt is ot sensitive 10 small
errers in analysis.

One nf the firs! intersive studies tv correlate air-fuel ra-
tic with exbaus gas aczlysis was reporied by D'Allcva and
Lovell (1).* In the d:ssussion of this paper, H. C. Dicken-
son (1) cautioned that the recults reporicd were accurate and
usable only whea cum:bustion is complete; that is. the fucl
is bumed to ejuilibrinn products. When misfiring or in-
complete combustion vzcurred, no meaningful results could
be obtained. Assumgptious iLade by these authors were that:

1. Combrstion was complete.

2. A “water-gas” cquulibriuni constant of 3.8 was appro-
priate. '

3. 0.15 mole of methane was formed per mole of fuel.

Evca a that time. other hydrocarbons were known to be
present in the =xtaust put iheir analysis was difficult.

L. S. Leonard (5 s described a system for evaluating
air-fuc! raiio fron: eaitavit gas analysis. He assumes com-
plete sembusticn aud an empirical correlation of hydrogen
»nd micthune conzeniraiions with carbon monoxide concen-
tration. The fucl stoichivmetry necessary for a study of fuel
diztribution problwrn: can be calculated izem his charts.
Hewever, when combuction is not complete, erroneous re-

" sutts will be obtaii.cd. lozompiete combustion occurs under
sorae coinmon ecnditions.

In 1ecent years tue siudy of exhaust gases for their hydro-
carbon contreat has become very unportant jor understanding
thei: contibution to 3ir pullution. While methane is an im-
poctant cxhawst cunstituent, almnost all the constitueats in

®Nun.bers in parenthoses designate References at end of
paper. :

-

Te ok -

650507

Air-Fuel Ratios from
Exhaust Gas Analysis

R. S. Spindt
Gulf Research & Development Co.

the original gasoline, aswell as light cracked products are
also present. Ouly under good coinbustion conditions does
methane occur at a larger concentratior: than any other sin-
gle hydrocarbon. Figs. 1-3 illustrate how the exhaust gas
hydrocarbons resembie those of the origiual fuel. These
figures were obtained by gas chromawgraphy using a capil-
lary column coated with squalepe.

Fig. 1 is obtained from the original frel. Fig. 2 is the
exhaust from a single-cylinder engine runniug at 15/1 air- -
fuel ratio. 1800 rpm. and 10 in. Hg maaifold vacvum. Fig.
3 is the exhaust from the same engine under the same con-
ditions except at 20 in. Hg manifold vacuum. Obviously.
the exhaust gas contains significant amounts of nnbumed
fuel.

ARBITRARY SCALE
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Fig. 1 - Chromatographic record of hydrocarboa compo-
gents -- original fuel
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Fig. 2 - Exhaust gas cruise conditions

While methane and ethylenc (unresolved components of
the first peak from the right in Figs. 2 and 3) are majorcon-
stituents, they represent less than $0% of the total unbumned
hydrocarbons present under any conditions studied (3). Fur-
ther, thermodynamic consideration of combustion processes
(4) shows that methade should be a minor product of com-
bustion preseat in concentrations less than 0.01% of the mix-
ture under the most favorable conditions. Under many con-
ditions of use, much more unburned fucl may be prescut.

The exhaust gas, however,-still reflects the input charge
o the engine and its analysis should permit air-fuel ratios
o be calculated indcpeundent of the exteat of combustion.
This paper supports this hypothesis and maintains that com-
bustion is complete in the flame. All unburned hydrocar-
boos arise from incomplete passage of the flame through the
mixture. Methane and other products are formed from com-
bustion intermediates reacting by undefined processes in the
quench zone (5) next to the combustion chamber walls.

‘The theory shows that air-fuel ratio can be calculated
using oaly ratios of the exhaust component concentratioas,
that is, per cent of CO, CO,. O,. and hydrocarbons. Fur-

2
ther, no correction for condented water it necessary _as long
as all i be-
Cause the ratio measurement cancels out any such cazec:
tion. ’ :

THEORY OF THE CORRELATION OF EXHAUST
COMPOSITION WITH AIR-FUEL RATIO

Let 100 moles of air react witﬁ X atoms cathonand Y
moles of hydrogen from a l.ydrocarbon Cn"m' The general

=

ol L

ARBITRARY SCALE
[ d
T
mom |

1 1 L ] 1 1 1 -
[ ] L] L]
am

Fig. 3 - Exbaust gas motored conditions (attenuation 10X)

combustion equation then will be:

20.99(02) + X(C)+ Y(Hz)—-)A(Coz) +B(CO) -
Q)

+ C(Hzc) + D(Hz) + E(Oz)

where A, B, C, D represeat moles of product and E repre-
sents moles excess oxygen, if any. (Nitrogea from the air
(79.01 moles) has been excluded from Eq. 1.)
The following equations give the stoichiometry of the
system: '
X=A+B

Carbon Balance (v4)

Y=C+D Hydrogen Balance (3)

2099=A+B/2+C/2+E OxygeaBalance (4)
Carbon moooxide and water are known to equilibrate wit

carbon dioxide and hydrogen in fixed proportions ® yield a

_constant called the water-gas equilibrium constant. This is

defined as:

CxB

k=axD @
This constant is temperature dependent but an average
value (3.5) has been deduced thar is satisfactory for the pur

poses of this correlation.® Quite large variations in value

*The value of the constant K was chosen by treating it
as an adjustable parameter and choosing the value that gav:
the best fit to the data. .




f this constant have ouly a small effect on the calculated
ir-fuel ratio.

Now, air-fuel ratio is defined as Ib air/Ib fucl. There-
fore, :

28.97 x 100

_28.97x100
AJF s 2.016Y ©

Also, lhe' fractions pf carbon (‘Fc) and Lydrogen (‘Fh) ina
hydrocarbon fuel are defined as:

F = 12.01X%

2.010Y
——
¢ 12.01X + 2.016Y

S ————
o = T2oix - zomey M

2897F F

c [+

X= oo @/ - H2 oo ®
2897F F,

Y= ISl A/E - 4910 (A/F) ®

Now, the moles of exhaust gas is equal to the moles of
the original charge times the fraction unburned plus the
moles of the combustion products times the fraction burned.
Also, if Fb = fraction burned and F_ = fraction unburned

MJU.’. E*.. 4 .r'u v Mo i'.uc'm + Fb b UQ;L’S F/'.:",ut"s

Fb - Fll s] (10)

The total moles of exhaust gas per 100 moles of air are,
therefore,

T-Fu(IDO +X/n) + Fb (A+B+C+D+E- 79.01)(11)

where:

X/n = Number of moles of fuel present per 100 myoles of

air.

T is the 1012l moles of exhaust produced by combustion
per 100 moles of air. T is not necessarily equal w the ac-
tual number of moles in the exhaust analyzed since wates
may be condensed from dic gases. In aay event, it is not
Decessary to know T._sixicc air-fuel ratio will be calculated
by ratio measuremeats fron the relative concentrations usu-
ally expressed as a per ceat.

-By definition the following percentage relations hold:

A X IOOFb
PCO = T (12)
2
B x IOOFb
Peo =7 a3

(a4 -

where:

PCH = Per cent carbon in hydr'ocarbons on a per carbon

basis
(20-99F +E xF)100
Py = 2 as)
2 T
Peo
LetR = —--174\ #‘7/,4, (16)
P
co
, 2
P
o, 20.99F + E x £ _
Q= 7= *~——0F an
co b
. 2
Now from Egs. 2, 12, 13, and 14:
PCHP 'xxinr-' ':l as)
l’coz’co (A+BF, F :
Thercfore, from Egs. 10 and 18: .
P
l=ll ® P . PCH + P as)
co co, " ‘cH
Pd) + PC02
F = (20)
b PCO » Pcoz * PCH
Solving Eq. 17 for E gives: | ey
. _ A C‘ -
E= AXQ- 20.99F /F, T’ \~7 (@1 ~ -
B g
From _Eqs. 2. 3,8, and 16:
X
A= 1—’ R (22)
X xR
= _(1 Y (23)
CaXXY (24)




who

Substituting Eqs. 21, 22, 23, 24, and 4, gives:

X XxR/2’KxY/2’XxQ
l1+R l+R K+R l+R

20.99 =

(25)
- 20.99F /F
' b

Substituting Eqgs. S, 8, 9 and 10 into Eq 25 and solvmg
forA/Flves I— T — o~

KE) .
AJE = . )
4.032(K + R)

b
20.99 |12.01

F 2897 | F
c
1+R

1¢R/2#Q)

aoos (1rR72+0) 120 xF
: 3 1+R 3.5+R

el ratio is calculated only from ratics of thc |
peleeuuge components. Therefore, iLisnot necessary wo

know the exienr of water condensed fram the systemn nor the

completeness of combustion as such. = _

o Y
EXPERIMENTAL

Dawa required to solve Eg. 26 are the percentage concen-
teations of CO, C02. CH (per carhon atom), and 02. In-
struments aie available for continuous measurement of each
of the componeuts (6). Carbon monoxide and carbon di-
oxide were measured using Beckman nondispersive infrared
analyzers with 1/8 in. thick sample cells and quartz win-
dows. Oxygen was determined using 3 Beckman F-3 para-
magnelic analyzer. Hydrocarbons were determined on aper
carbon basis with a hydrogen flame detector.

To verify the use of the proposed equation, data were
collected from a2 modified CFR engine. The enginc was run
at 1300 rpm, with a variety of air-fuel ratios and manifold
pressutes and with sevesal fuels. Since fuel composition is
very important, four hydrocarbons of widely varying carbon
content were used: isooctane, diisobutylene, toluene, and a

50-50 biend of iscoctane and toluene. In addition. four ex-

- perimental commercial type fuels were also tested. Their
carbon content varied from 84.55-87.03 weight %. Test
parameten are given in Table 1.

Data were tecorded on a Visicorder, an optical galva-
pometes. Chart width was 5-1/2 in. and readmgs wer
taken 1o the closest 0.02 in.

The data wese collecred at 4-8 different air-fuel ratios
for each fuel and manifold pressure. No attempt was made
10 select any particular ais-fuel ratio so long as a range from
‘at least 10/1 10 15/1 was coveled. Fuel was measured
directly by timing the consumption of 0.1'lb. Airflow was
measured by three techniques. Above 20 in. Hg MAP a
calibrated orifice was used. For low MAP (11-12 in. Hg)
as well as at higher MAP of 28 in. Hg a dry gas metcr and
2 Meriam laminar flow metcr wete used in scries. Since

Table 1 - Tcsi Parametess

CFR engine with RDH head 8:1 Compression Ratio

Coolant temperature, F 210
Oil temperature, F 180
Speed" b 1800 pm
Spark advance, deg bte (20) (25) (35 )
MAP, in. Hg Absolute® 22/ \20/ \28 30
X Air-fuel ratio Variable
4 Total number of A/F
ratio observatioas 243
A Fuels Isooctane
q Diiscbutylene
Toluene
Iscoctane
Tol } Equal Parts

4 Commercial-type fuels
* One set of air-fuel ratios were run at 900 rpm, 12 in.
Hg MAP with diisobutylene.

bOne set of air-fuel ratios were run at 900 rpm, 28.7 in
Hg MAP with diisobutylene.

“One set of air-fuel ratios were run ar 1800 rpm, 11 in.
Hg MAP with isooctane.

absolute airflow is not an easy thing ® measure accurately
the three devices used provided a system for seif -checking.

Experimentally, the engine was run under specified con-
ditions. While the fuel and airflow were being measured,
exhaust gas analysis daia were obtained. Air-fuel ratios
were computed from both the measured air and fuel flow
and the exhaust gas analysis. The data were analyzed by
taking the difference between calculated and measured air
fuel ratio. Table 2 gives some typical results. These daua
were chosen to show the effect of foel cazbon-hydxoge.n a-
tio and operating conditions.

RESULTS

This study, of pecessity, compares air-foel ratios meas-
ured directly with those calculated {rom exhaust gas compe
sition. Fuel flow was measured by one method while aiz-
flow was measured by three techniques. All three methods
gave very nearly the same results reladve to the value cal-
culated from exhaust analysis, with the Meriam meter pe:-
haps most accurate.

Table 3 gives the average deviation between calculated
and measured air-fuel ratios for the three methods of air
measurcment. The Meriam and dry gas meter were uscd
simultancously while the orifice meter was used with a dif-
ferent set of measurements.

The standard deviatiou of an observation with the Mer-



Table 2 - Typical Exhaust Gas Analyses Results

Per Cent Ait-Fuel Ratio Per Cent Air-Fuel Rario
dero- Acas- Hydro- Meas-
CO catbon o 100F Cale. wed .
co at | . e co o L0 carvon ‘0_2 100F Calc ured

Fuel: Toluene - MAP 12 in. Hg ©*  Fuer8 - Map 12 in. Hg

8.70 0.584 0.73 2.87 - 10.69 10.46 6.15 9.85 2638 2.82 4.4 10.37  10.39
435 0421 072 2.28 12.10 11.78 859 8.70 0.760 1.20 «<.21 11.56 1.3
2.98 035 0.75 1.95 12.62 12.50 10.31 6.54 0400 0.37 2.32 12.25 12.15
0.67 0412 140 2.55 13.78 13.68 1273 191 0.273 072 1.83 14.37 1437
023 0.68 377 4.719 15.50 15.29_ 13.26  0.73 0.400 1.30 2,86 15.16 15.22

Fuel: Toluene - MAP 20 in. lig Fuel B - MAP 28 in. Hg

1145 854 0518 045 253 10.69 10.56 7.82 10.85 0.396 0.0 2.08 1048 10.83
12.9T 6.27 0.387 0.63 1.9 1151 11.27 3085 5.54 0.232 0.17 1.40 12.63 12.91
13.85 4.17 0.324 0.90 1.7 12.33 12.02 12.08 3.52 0.137 0.78 0.87  13.88 18.51
4.89 0.2 0226 2.61 0.8% 1512 14.66 14.11 043 0.220 049 0.82 1503 15.31
13.65 0.37 0.096 3.97 0.683 16.17 16.32 1236 0.07 0.0715 8.04 0.60  17.25 17.44

= Fuel: lscoctane - MAP 12 in. Hg TC  FuelC- MAP 121n. Hg

9.44 6.88 0.587 1.22 3.47 12.39 1l1.61 772 1.3 1.600 1.50 . 17.85 10.11 '9.90
10.64  6.13 0408 0.65 2371 1262 12.3 9.18 9.61 1.004 095 505  10.80 10.95
13.06 2.26 0.366 1.11 2.33 14.47 14.06 12.40 5.36 0.690 0.5 3.75 12.29 12.44

13.06 0.77 0.719 217 4.94 1544 14.82 13.26  2.12 0.636 0.8 4.00 18.56 13.47
Fucl: Isogctane - MAP 20 in. Hp o Fuel C - MAP 28 in Hg

9.75 1.09 0.250 0.0 1.46 11.94 12.39
11.06 §.13 0.220 0.0 1.28 12.76 13.33
12.87 2.14 0.158 0.15 1.04 14.10 1441
13.36 044 0.116 045 0.83 15.07 15.44
11.28 0.16 0.060 3.5¢4 0.53 17.88 17.98

N . Fuel A - MAP 12 in. Hg

. Fuel D - MAP 12 in. Hg
7.16 10.67 3.208 1.8¢ 15.31 949  9.83 : o6 109
9.8 975 0979 0.0 4.92  10.35 310.83 639 9.35 2698 230 14.62 y y

11.54 €.24 0621 041 338 1196 1207 837 7.83 0840 084 4.9 1L32 1L.17

13.75 1.81 0438 042 274 1364 13.65 11.50 3.69 0390 048 250 - 1318 1341

| 1336 030 0.270 190 1.86  15.41 1544 1264 085 0703 098 148 1491 15.6

11.34 027 0999 4.70 1.5  16.82 17.22 11.63 0.7 0.250 4.00 .00 16.98 16.75

9.75 10.71 0456 0.08 2.18 10.58 10.58
11.59 8.01 0.360 0.22 - 1.81 11.87 11.5§
11.99 5.8 0.258 0.85 1.43 1244 1247
18.27 0.3 0.119 1.93 077 15.81 15.76
13.96 0.10 0.106 3.51 0.75 16.TT 11.06

’
O,

‘. Fuel A - MAP 28 in. Hg -~ Fuel D - MAP 28 in. Hg

8.99 10.36 0.558 0.0 2.80 10.42 10.69 6.57 11.56 0.540 0.0 2.89 .74 - 9.91
1278 4.52 0336 0.13 1.91 12.64 12.38 - 8.52 892 0382 0.0 214 1093 1120
1473 1.22 0.230 0.62 134 14.20 1429 971 6.71 0310 0.0  1.85 37T 1214
14730 021 0173 129 14 - 1510 1524 1194 276 0.204 0.59 137 33.80. 13.83
18.36 0.12 0.011 3.00 0.08 16.65 16.82 13.16 - 0.16 0.120 1.26 0.89 i

fam gage and the dry gas meter is +0.23 air-fuel ratiounits. point. In each case the readings of each ¢OfPOR
This measure of ertor, however, contairs the error in the arbitrarily increased or decreased by 0.05 B fatistica
analysis of exhaust compusition and the crror in “rue” air  patiern to give a 2x2x2x2 orthogonal aiiY:=ihe net ..
and fuel-flow. A brief study of the cffcct of reading crrors change in reading of 0.1 in. for any one cdfiPonent gave a -
was madc using some of the experimental results as a base maximum deviation in air-fuel ratio of 0.0 B ; a.llg:orfx—




Table 3 - Analysis of Data
Air-Fuel Ratio

Avetage Deviation Standard Deviation

Air Measure- Measucd- Measured-
ment Calculated Calculated
Orifice meter 0.114 0.177
Meriam meter -0.023 0.228
Dry Gas meter <0.134 0.231

ponents of 0.21 under the most extteme conditions (each
component in the direction of maximum crror). Since' the
readings are not likely w0 be in error by more than 0.05 in.
of chart, air-fuel ratios from exhaust gas analyzis are about
as accuratc as those from dircet measurement of 2ir and fuel
flow. This analysis shows that small errors in measurement
do not significantly affect the air-fuel ratio determination.

The analyses so far discussed arc for results obtained with
good combustion, 959 compicte or berter. This equation
will give rcasonably accurate results even with poor com-
bustion.

Table 4 gives some results of operating t:c engine at 11
in. Hg. Even under conditions where only 65% of the mix-
ture burns the equation gives a reasonable measure of the
air-fuel ratio. While these results do not appear 10 be as
good as those obtained with betrer combustion, they are bet-
ter than can be obtained with any othe: methiod of calcula-
tion. For example, the first résult of Table 4 calculates w
20 afr-fuel ratio by the Leonard metiod and is complewly
ambiguous by the D'Alleva charts.

The principal error in these measurements, and this is
true for all of the data, may be in the hydrocarbon results.
Hydrocarbons were measwed with a flame ionization de-
tector which is a carbon counter, ncarly independent of the
type of hydrocarbon burned. This detector gives low results
in the presence of oxygen. With low hydrocarbon concen-
uations, this has little influence on the calculated ait-fuel
ratio since the bydrocarboa concentration enters only in the

. fraction burned calculation.

In the case of poor combustion with large concentrations
of unburned hydrocarbon, there is a consistently large oxy-
gen concentratien. The effcct of the oxygen is 10 underesti-

" mate the amount of hydrocarbon present which resulis in a

calculated air-fuel ratio leaner than measured.
The use of an equarion as complex as the one proposed,
does not lcnd iuself readily to hand computation. With the

_ increasing use of computers for the analysis of exhaust gas

data, calculation of air-fuel ratio can be simply another
computer step 10 give more complete and nuaumgful inter-
prelauon of the data.

CONCLUSIONS

“The 2nalysis of exhaust gases can give a reliable meas-
ure of air-fucl ratio. The method can be applicd to exhaust
gases without regand 1o the degree of combustion encoun-

Tablc 4 - Exhaust Gas Analysis with
Incomplete Combustion

Per Cent Alr-Fuel Ratio

Hydro- Meas

co cO carbon (o) 100F Cale. uvred

Fuel: sooctane - MAP 11 in. Hg

489 6.97 6.40 7.50 385.05 10.91 1047
7.96 6.85 2.16 3.28 12.15 12.16 11.62
10.23 4.61 1.43 2.56 8.719 13.35 12.96
11.63 1.48 1.47 3.86 10.10 15.46 14.55
7.65 0.17° 8.55 9.95 31.32 18.64 16.79

tered in the engine. It is not sensitive to mmall errors in
analysis.

In summary, to calculate air-fuel ratio determnine the
percentage concentrations of CO, CO 2 md hydrocar-

bons (per carbon atom). With these pe:cenuges and the
known fraction of carbon in the fuel ES ). calculate the fol-

lowing ratios:

R= PCO/PC02

/P
o co,

Fb = “’co )/ ( cog PCH)

Then:

* .
1201 -F)
1+R/2+Q c
A/E=F, [u.cmc( 1+8 )’ 35+R ]
*‘ow.y I FerF,=/.0
SeE EQUATION (2 L) oM pAGE &
1. B. A. D'Alleva and W. G. Lovell, SAE Journal, Vol.
38, (1936), 90 _

2 L. 5. Leonard, "Fuel Distribution by Exhaust Gas
Analysis.® Paper 37SA presented at SAE Summe: Meenng.
St. Louis, June 1961.

3. Unpublished data from R. Hurn. U. S. Bureau of Mines,
Bartlesville, Okla.

4. R. D. Kopa, B. R. Hollander, and H. Kimura, “Com-
bustion Temperature, Pressure, and Products at Chemical
Equilibrium.” SAE Progress in Technology, Vol. 7, “Digital
Caliculations ot Engine Cycles,” 1964.

S. W. A. Daniel and J. T. Wentworth, paper “ExhaustGas
llydrocarbons - Genesis and Exodus.® SAE Progress in Tech-
nology, Vol. 6, “Vehicle Emissions,® 1964. ’
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WAl ESHAS ENGINE DIVISIORN
EMISSIONS ANAGLYSIS FROGRAM

'FILE NAME: JLF-1:D700

EENGINE MODEL: 12VAT25GL - FUEL DESCRIPTION: LANDFILL GAS

§ REF. LOG. NUMBER: 0001

TEST NUMBER: 0001 WEIGHT FRACTIONS

#1106 SHEET NUMBER: 0001 CARBON: .23742 HYDROGEN: .07975

k OPERATOR: D.A.PERKINS OXYGEN: 0O CARBON DIOXIDE: .6811

ATE: 10-9-%0 NITROGEN: .00213
ENCH NUMBER: TRUCK - HYDROGEN TO CARBON RATIO: 4.00&
STOICHIOMETRIC A/F: S5.458

f TEST NAME: FIRST
'RAW DATA PRINT OUT:

'DATA  SPEED BMEP HUMIDITY FUEL FLOW BSFC AIR FLOW
LPOINT RPM  PSI BHP BR/LB LB/MIN BTU/BHP-HR  LB/MIN

1 200 196.7 2410 75 40.855 6829 357.36
2 900 196.7 2410 75 40.855 6829 356.71
3 900 196.7 2410 75 40.855 6829 372.19
4 00 196.7 2410 75 40.855 4829 357.24
5 00 196.7 2410 75 40.855 6829 357.07
DATA co NO NOX coz o2 NMHC
FPOINT PPM PFM PPM % A PPM
1 4460 37 74 11.57 8.35 31
2 407 63 76 11.59 8.30 30
3 377 44 75 11.07 8.93 26
4 407 59 78 11.59 8.33 25
5 466 34 76 11.57 8.33 30

:EMISSIONS ANALYSIS:

5

- DATA BSFC MEASURED .SPINDT LAMBDA WET EXH/  COMBUSTION
i POINT LBS/BHF-HR DRY A/F A/F (SPINDT) DRY EXH EFFICIENCY
1 1.017 8.65 - 8.94 1.64 1.147 .998
2 1.017 8. 64 8.92 1.63 1.147 . 999
3 1.017 .01 - 9.36 1.71 1.141 - 999
4 1.017 8.65 8.93 1.64 1.147 . 999
S 1.017 8.65 B8.93 1.64 1.147 .998

AKE SPECIFIC EMISSIONS F OR DRY EXHAUST GAS
GRAMS /BHP-HR CORRECTED
EPA HUM. TO 157 OXYGEN



-DATA
POINT

1
2
3
4
S

co’

1.82
1.61
1.57
1.61
1.85

.24
.41
« 30
.38
.22

NOX

.48
- 49
«91
«951
.49

COR.
NOX

.48
- 49
.51
«.S51
-49

TOTAL

NMHC

.08
.08
=07
.06
- 08

METHANE METHANE

0.00
0.Q0
0.00
0.00
0.00

NON

0.00
Q.00
0.00
0.00
0.00

NO
PPM

17
30
22
28
16



FILE NAME: JLF-2:D700
ENGINE MODEL: 12VAT256L
REF.LOG.NUMBER: 0002

i TEST NUMBER: 0002

LOG SHEET NUMBER: 0002 CARBON: .23742 HYDROGEN: .07975
;. OPERATOR: D.A.PERKINS OXYGEN: © CARBON DIOXIDE: .é64811
S
DATE: 10-9-90 NITROGEN: .00213
BENCH NUMBER: TRUCK HYDROGEN TO CARBON RATIO: 4.006
STOICHIOMETRIC A/F: 5.458
TEST NAME: ENGINE #2
iRAW DATA PRINT OUT:
{DATA SPEED BMEP HUMIDITY FUEL FLOW BSFC AIR FLOW
{POINT RPM PSI BHP GR/LB LB/MIN BTU/BHP~-HR LB/MIN
1 00 205.9 2323 103 42.293 &733 379.72
2 00 205.9 2523 103 42.295 6753 37%.64
3 {00 205.9 202X 103 42,2935 6733 390.26
P4 200 205.9 2523 103 42.2935 6733 382.43
i 5 900 205.9 2523 103 42,295 6753 382.39
1 DATA co NO NOX coz2 o2 NM HC
1 POINT PPM PFPM PPM Z yA PPM
1 484 39 75 11.25 8.70 35
2 454 39 76 11.25 8.70 35
i3 442 32 71 10.90 ?.08 31
P4 454 25 60 11.12 8.80 33
b5 484 256 SS 11.12 8.80 38
;EMISSIONS ANALYSIS:
%DATA BSFC  MEASURED SPINDT LAMBDA WET EXH/ COMBUSTION
- POINT LBS/BHP-HR DRY A/F A/F (SPINDT) DRY EXH EFFICIENCY
1 1.006 8.85 9.19 1.68 1.150 « 998
2 1.0046 8.84 ?.19 1.68 1.150 « 798
3 1.006 ?.09 9.48 1.74 ‘1.1464 . 998
4 1.00& 8.91 9.28 1.70 1.149 . 998
-9 1.006 8.91 9.27 1.70 1.149 . 998
‘AKE SPECIFIC EMISSIONS FOR DRY EXHAUST GAS '
6RAMS /BHP-HR CORRECTED
EPA HUM. TO 13% OXYGENM

EMISSIONS

FUEL DESCRIPTION:

WalllFEESHAS ENGINE DIVISION
ANGLYSIS FPFROGRAMM

LANDFILL GAS

WEIGHT FRACTIONS

]




co

1.95
1.83
1.84
1.85
1.97

NO

« 26
« 26
« 22
-17
«-17

NOX

. 950
- S0
.49
«40
«37

COR.
NOX

« 54
- 54
.52
«43
« 40

TOTAL

NM HC

.09
.09
.08
.09
.10

METHANE METHANE

0.00
0.0Q
0.00
0.00
0.00

NON

0.00
0.00
0.00
0.00
0.00

NO
PPM

19
19
16
12
13



WalkESHA ENGINE DIVISION
EMISSIONS ANALYSIS FROGRAaM

FILE NAME: JLF-9:D700

ENGINE MODEL: 12VAT2SGL FUEL DESCRIPTION: LANDFILL GAS

REF.L0OG.NUMBER: 0009

TEST NUMBER: 0009 WEIGHT FRACTIONS

LOG SHEET NUMBER: 0009 CARBON: .22371 HYDROGEN: .Q07517
10 _

DATE: 10-16-90 NITROGEN: .05476

BENCH NUMBER: TRUCK HYDROGEN TO CARBON RATIO: 4.006

STOICHIOMETRIC A/F: 5.098
TEST NAME: ENGINE #3 :

|
OPERATOR: D.A.PERKINS OXYGEN: .01054 CARBON DIOXIDE: .635%
RAW DATA PRINT OUT: |

|

DATA SPEED BMEP HUMIDITY FUEL FLOW BSFC AIR FLOW
i POINT RPM PSI BHP GR/LB LB/MIN BTU/BHF-HR LB/MIN.
1 Q00 193.0 2365 43 41.301 6648 S41.72
2 00 193.0 2365 43 41.301 6648 341.19
3 00 193.0 2365 43 41.301 6648 356.33
4 900 193.0 2365 43 41.301 &648 341.81
S 00 193.0 2365 43 41.301 &648 341.56
DATA co NO NOX caoz2 a2 NM HC
POINT PPM FPM PPM y 4 7 PPM
1 4560 42 99 11.39 8.43 24
2 389 61 9 11.41 8.38 23
3 342 S8 100 10.90 ?.00 21
4 389 &3 105 11.39 8. 40 - 23
S 4460 49 108 11.39 8. 40 24

EMISSIONS ANALYSIS:

DATA  BSFC MEASURED SPINDT LAMBDA WET EXH/ COMBUSTION

POINT LBS/BHP-HR DRY A/F A/F (SPINDT)  DRY EXH EFFICIENCY
1 1.048 . 8.22  8.45 1.66 - 1.138 .998
2 1.048 .. B.21 8.43 - 1.65 1.139 999 : |
. 3 1.048 8.58 8.84 1.73 1.133 . 999 |
4 1.048 8.23 8.44 1.66 1.138 . 999
5 1.048 8.22 8.44 1.65 1.139 .998

SRAKE SPECIFIC EMISSIONS FOR DRY EXHAUST GAS
GRAMS/BHP-HR CORRECTED
EPA HUM. TO 15% OXYGEN




DATA COR. TOTAL NON NO

POINT co NO NOX NOX NMHC METHANE METHANE PPM
1 1.79 « 27 «&3 - 38 <06 0.00 0.00 20
2 1.51 -39 « 63 - 58 «06 0.00 0.00 29
3 1.39 « 39 «67 «62 .06 0.00 0.00 - 29
4 1.51 «40 « 67 «62 « 06 0.00 0.00 30
S 1.79 «31 « 69 <64 .06 0.00 0.00 23




WAalFESHS ENGINE DIVISION
EMISSIONS ANAGL YSIS FROGRAM

FILE NAME: JLF-6:D700

ENGINE MODEL: 12VAT2SGL FUEL DESCRIPTION: LANDFILL GAS
REF.LOG.NUMBER: 0006
TEST NUMBER: 0004 WEIGHT FRACTIONS
 LOG SHEET NUMBER: 0006 CARBON: .23742 HYDROGEN: .07975
; OPERATOR: D.A.PERKINS OXYGEN: © CARBON DIOXIDE: .6811
' S
- DATE: 10-12-90 NITROGEN: .00213
BENCH NUMBER: TRUCK HYDROGEN TO CARBON RATIO: 4.004

STOICHIOMETRIC A/F: S5.458B
TEST NAME: ENGINE #4

. RAW DATA PRINT OUT:

. DATA SPEED BMEP HUMIDITY FUEL FLOW BSFC AIR FLOW

- POINT RPM PSI BHP GR/LB LB/MIN BTU/BHP-HR LB/MIN
1 00 192.8 2363 111 41.912 7145 377.50
.2 900 192.8 2363 111 41.912 7145 377.33
3 00 192.8 2363 111 41.912 7143 392.04
4 F00 192.8 2363 111 41.912 7145 375.53
S 00 192.8 2363 111 41.912 7145 375.99
DATA CcOo NO .NOX co2 o2 NM HC
POINT PPM PPM PPHM yd A PFM
1 454 28 S6 11.17 8.70 30
2 389 27 S8 11.17 8.68 29
3 372 22 96 10.468 9.20 30
4 389 26 59 11.19 8.6&0 29
S 454 27 S8 - 11,19 8.63 30

EMISSIONS ANALYSIS:

DATA BSFC MEASURED SPINDT LAMBDA WET EXH/ COMBUSTION
POINT LBS/BHP-HR DRY A/F A/F (SPINDT) DRY EXH EFFICIENCY
1 1.064 '8.86 ?.22 1.69 1.151 . 998
2 1.064 8.86 ?.21 1.69 1.152 .« P99
3. 1.064 ?.21 Q.62 = 1.76 1.146 -.999
4 1.064 - 8.82 9.17 1.68 1.152 . 999
S 1.064 8.83 %.18 1.68 1.152 . 998

AKE SPECIFIC EMISSIONS FOR DRY EXHAUST GAS
GRAMS/BHP-HR - CORRECTED
EPA HUM. TO 157 OXYGEN




co

1.94
1.66
1.66
1.66
1.94

NO

« 20
.19
.16
.18
.19

NOX

-39
41
.41
<41
«41

COR.
NOX

.43
« 45
«45
- 456
«45

TaTAaL

NMHC

.08
.08
.09
.08
.08

0.00
0.00
0.00
0.00
0.00

NON
METHANE METHANE

0.00
0.00
0.00
0.00
0.00

NO
PPM

14
13
11
12
13



WalUFEESHSs ENGINE DIVISION
EMISSIONS aNal-vYSIS FROGRAM

FILE NAME: JLF-8:D700
ENGINE MODEL: 12VAT25GL
REF.LOG.NUMBER: 0008
TEST NUMBER: 0008

FUEL DESCRIPTION:

LANDFILL GAS

WEIGHT FRACTIONS

LOG SHEET NUMBER: 0008 CARBON: .22371 HYDROGEN: .07517
OPERATOR: D.A.PERKINS OXYGEN: .01054 CARBON DIOXIDE: .635%
Q
DATE: 10-14-90 NITROGEN: .035476
BENCH NUMBER: TRUCK HYDROGEN TO CARBON RATIO: 4.006
STOICHIOMETRIC A/F: S5.098
TEST NAME: ENGINE #5S
RAW DATA PRINT OUT:
DATA SPEED BMEP HUMIDITY FUEL FLOW BSFC AIR FLOW
POINT RPM PSI BHP GR/LEB LB/MIN BTU/BHF-HR LB/MIN
1 200 182.1 2232 95 490.203 6857 338.03
2 00 182.1 2232 95 40.203 6857 338.47
3 900 182.1 2232 95 40,203 6857 352.94
4 900 182.1 2232 93 40,203 6857 340.60
S ‘FQ0 182.1 2232 S 40.203 68357 340.40
DATA co NO NOX coz 02 NM HC
POINT PFM PPM PPM A Z PPM
1 466 20 61 11.17 8.70 26
2 430 26 S7 11.17 8.73 29
3 419 i8 5S4 10.63 9.30 31
4 436 23 S5 11.08 8.80 29
S 466 18 S5 11.08 8.80 26
EMISSIONS ANALYSIS:
DATA 'BSFC MEASURED ‘SPINDT LAMBDA WET EXH/ COMBUSTION
POINT LBS/BHP-HR DRY A/F A/F (SPINDT) DRY EXH EFFICIENCY
1 1.081 8.29 8.62 1.69 1.148 . 998
2 1.081 8.30 8.64 1.69 1.147 . 998
3 1.081 8. 66 ?.06 1.78 1.142 . 998
4 1.081 8.36 8.69 1.71 1.147 . 298
S 1.081 8.35 8.69 1.70 1.147 . 998
AKE SPECIFIC EMISSIONS FOR DRY EXHAUST GAS
GRAMS/BHP-HR CORRECTED

EPA HUM.

TO 15% OXYGEN




DATA COR. TOTAL NON NO

POINT co NO NOX NOX NMHC METHANE METHANE PPM
1 1.91 .13 .41 .43 .07 0.00 0.00 10
2 1.76 .18 - 38 - 40 .08 0.00 0.00 13
3 1.80 «13 .38 « 40 .09 0.00 0.00 9
4 1.80 «16 «37 39 .08 0.00 0.00 11
S 1.92 .12 37 -39 .07 0.00 0.00 9




WalFKESHAS ENGINE DINVISIORN
EMISSIONS anNnalLvyYSsSIs FROGRAM

FILE NAME: JLF-5:D700

ENGINE MODEL: 12VAT25GL FUEL DESCRIPTION: LANDFILL GAS
: REF.LOG.NUMBER: 00035
1 TEST NUMBER: 0005 WEIGHT FRACTIONS
i LOG SHEET NUMBER: 0005 CARBON: .23742 HYDROGEN: .07975
1 OPERATOR: D.A.PERKINS OXYGEN: © CARBON DIOXIDE: .6811
19
DATE: 10-11-90 NITROGEN: .00213
BENCH NUMBER: TRUCK HYDROGEN TD CARBON RATIO: 4.006

STOICHIOMETRIC A/F: 5.438
TEST NAME: ENGINE #6

1 RAW DATA PRINT OUT:

i DATA SPEED BMEP HUMIDITY FUEL FLOW BSFC .AIR FLOW
POINT RPM FPSI BHP GR/LB LB/MIN BTU/BHP-HR LB/MIN
1 200 190.9 2340 97 41.382 7124 370.53
2 00 190.9 2340 97 41.382 7124 369.29
3 00 190.9 2340 97 41.382 7124 378.89
4 00 190.9 2340 7 41.382 7124 368.34
S ‘900 190.9 2340 97 41.382 7124 3&8.47
DATA co NO NOX coz - 02 NM HC
POINT PPM PPM PPM A % PPM
1 472 33 80 11.30 8.70 30
2 477 35 8s 11.30 8.63 33
3 460 33 80 10.99 8.98 31
4 477 39 78 11.30 8.58 33
S 477 31 84 11.30 8.58 30

EMISSIONS ANALYSIS:

DATA = BSFC MEASURED SPINDT LAMBDA WET EXH/ COMBUSTION

POINT LBS/BHP-HR DRY A/F A/F (SPINDT) DRY EXH EFFICIENCY
1 1.061 8.83 ?.17 1.68 1.149 . 998
2 1.061 8.80 9.14 1.67 1.149 . . 998
3 1.061 . 9.03 9.40 1.72 1.146 . 998
4 1.061 8.78 9.12 1.467 1.150 . 998
S 1.061 8.78 9.12 1.67 1.150 .998

‘AKE SPECIFIC EMISSIONS FOR DRY EXHAUST GAS
GRAMS/BHP—HR _ CORRECTED
EPA HUM. TO 15% OXYGEN




#
L
B

DATA
POINT

UHUHN

co

2.00
2.02
2.00
2.01
2.01

NO

.23
.24
.24
.27
.22

NOX

- 96
-39
«97
- 04
- 98

COR.
NOX

« 99
-« 63
.61
«37
.62

TOTAL

NM HC

- 08
.09
09
.09
.08

METHANE METHANE

0.00
0.00
0.00
0.00
0.00

NON

0.00
0.00
0.00
0.00
0.00




wWwalldEESHAa ENGINE DIVISIOn
EMISSIONS ANALYSIS FROGRATM

FILE NAME: JLF-4:D700

§ ENGINE MODEL: 12VAT236L FUEL DESCRIPTION: LANDFILL GAS
' REF.LOG.NUMBER: Q004
TEST NUMBER: 0004 WEIGHT FRACTIONS
LOG SHEET NUMBER: 0004 CARBON: .23742 HYDROGEN: .07975
i OPERATOR: D.A.PERKINS OXYGEN: O _ CAREON DIOXIDE: .6811
g 5 .
DATE: 10-11-90 : NITROGEN: .00213
BENCH NUMBER: TRUCK ~ HYDROGEN TO CARBON RATIO: 4,006

STOICHIOMETRIC: A/F: S5.438
TEST NAME: ENGINE #7

P

s

4 RAW DATA PRINT OUT:

3 DATA SFEED BMEP HUMIDITY FUEL FLOW BSFC AIR FLOW
31 POINT RPM PSI BHP GR/LB LB/MIN ETU/BHP-HR LB/MIN
1 00 1935.0 2365 71 41.525 7073 371.81
; 2 900 193.0 2365 71 41.3525 7073 370.61
3 00 193.0 2365 71 41.325 7073 387.47
4 00 193.0 2365 71 41.325 7073 370.61
S 00 193.0 2365 71 41.325 7073 370.57
DATA CO NO NOX coz 02 NMHC
POINT PPM PPM PPM y 4 7% PPM
1 436 30 75 11.35 8.68 26
2 401 43 74 11.37 8.63 25
3 378 31 72 10.83 9.25 27
4 401 43 74 11.37 8.63 - 25
S 436 31 74 11.37 8.63 26

EMISSIONS ANALYSIS:

DATA BSFC MEASURED SPINDT LAMBDA WET EXH/ COMBUSTION
_POINT LBS/BHP-HR DRY A/F A/F {SPINDT) DRY EXH EFFICIENCY
1 1.053 8.86 9.15 1.68 1.143 .998
2 1.053 8.83 9.12 1.67 1.144 . 999
3 1.053 9.24 9.58 1.76 1.137 . 999
4 1.053 - B.B3 - 9.12 1.67 1.144 . 999
5 1.053 8.83 9.12 1.67 1.144 .998

AKE SPECIFIC EMISSIONS FOR DRY EXHAUST GAS
GRAMS/BHP-HR
’ EPA HUM.




co

1.83

1.68

1.67
1.48
1.83

NO

.21
« 30
-22
.30
.21

NOX

« 52
=51
.52
«951
.91

COR.
NOX

.51
.50
.52
.50
.50

TOTAL
NM HC

- 07
« 07
.08
.07
.07

METHANE

0.00
0.00
0.00
Q.00
0.00

NON
METHANE

0.00
0.00
0.00
0.00
0.00

NO
PPM

14
21
16
21
1S5

oty




FILE NAME: JLF-3:D700

WalEESHAa ENGINE DIVISIOR
EMISSIONS AanNAL YSIS FROGRAMM

ENGINE MODEL: 12VAT2SGL FUEL DESCRIPTION: LANDFILL GAS

REF.LOG.NUMBER: 0003 »

TEST NUMBER: 0003 WEIGHT FRACTIONS

LOG SHEET NUMBER: 0Q03 CARBON: .23742 HYDROGEN: .07975
“{ OPERATOR: D.A.PERKINS OXYGEN: © CARBON DIOXIDE: .6811

'5
DATE: 10-10-90 NITROGEN: .00213
BENCH NUMBER: TRUCK HYDROGEN TO CAREON RATIO: 4.006
STOICHIOMETRIC A/F: S.458

TEST NAME: ENGINE #8
{ RAW DATA PRINT OUT:

DATA  SPEED BMEP HUMIDITY FUEL FLOW BSFC AIR FLOW

POINT RPM  PSI BHP 6R/LB LB/MIN  BTU/BHP-HR  LB/MIN |
|

1 900 194.6 2385 67 40.899 6908 369.32
2 900 194.6 2385 67 40.899 6908 372.79 |
3 900 194.6 2385 67 40.899 6908 384.86
4 900 194.6 2385 67 40.899 6908 373.41
S 900 194.6 2385 67 40.899 6908 373.20
|

DATA co NO NOX coz 02  NMHC _

POINT  PPM PPM PPM % % PPM |
|
|

| 442 39 74 11.19 8.80 26
P2 395 34 68 11.08 8.93 23
. 3 377 31 66 10.72  9.38 22
4 395 31 &9 11.08 8.95 23
5 430 30 63 11.12  9.00 26
- EMISSIONS ANALYSIS:
DATA  BSFC MEASURED .SPINDT LAMBDA  WET EXH/  COMBUSTION
FOINT LBS/BHP-HR DRY A/F  A/F (SPINDT)  DRY EXH  EFFICIENCY
1 1.029 8.94 9.25 1.70 1.141 .998 | |
2 1.029 9.03 9.35 1.71 1.139 .999 |
3 1.029 9.32 9.69 1.77 1.135 .999 4
4 1.029 9.04 9.36 1.71 1.139 .999 |
S 1.029 9.04 9.36 1.72 1.139 .998 |
AKE SPECIFIC EMISSIONS FOR DRY EXHAUST GAS
6RAMS/BHP-HR CORRECTED
EPA HUM. TO 1S% OXYGEN



DATA

- POINT

A UHNr

co’

1.84
1.66
1.64
1.66
1.81

NO

« 27
« 23
22
.21
.21

NOX

- 51
« 47
47
.48
.44

NOX

« 49
« 46
«46
-47
«43

TOTAL

NMHC

.07
- 06
.06
.06
.07

METHANE

0.00
0.00
0.00
0.00
Q.00

NON

METHANE

0.00
0.00
0.00
0.00
0.00

NO
PPM

19
17
16
135
13




WAaUEESHA ENGINE DIVISION
EMISSIONS ANALYSIS FROGRAOM

FILE NAME: JLF-7:D700

ENGINE MODEL: 12VAT25GL FUEL DESCRIPTION: LANDFILL GAS
REF.LOG.NUMBER: 0007

TEST NUMBER: 0007 WEIGHT FRACTIONS

LO6 SHEET NUMBER: 0007 CARBON: .23742 HYDROGEN: .07975
OPERATOR: D.A.PERKINS OXYGEN: O : CARBON DIOXIDE: .6811
S

DATE: 10-13-90 NITROGEN: .00213

BENCH NUMBER: TRUCK HYDROGEN TO CARBON RATIO: 4.006

STOICHIOMETRIC A/F: 5.458
TEST NAME: ENGINE #1 RECHECK :

RAW DATA PRINT 0OUT:

DATA SPEED BMEP HUMIDITY FUEL FLOW BSFC AIR FLOW

POINT RPM PSI BHP GR/LB LB/MIN BTU/BHP-HR LB/MIN
E 1 200 189.8 2326 102 41.781 7236 374.82
' 2 00 189.8 2326 102 41.781 7236 374.98

3 00 189.8 2326 102 41.781 7236 390.49
4 P00 189.8 2326 102 41.781 7236 375.03
S 900 189.8 2326 102 41.781 7236 374.94
DATA €0 NO NOX coz2 o2 NM HC
POINT PPM PPM FPPM z Z PPM
1 478 15 49 11.17 8.70 30
2 378 28 49 11.17 8.70 28
3 366 25 45 10.66 ?.25 20
4 372 29 S3 11.17 8.68 28
S 478 16 o1 11.17 8.70 30

EMISSIONS ANALYSIS:

DATA BSFC - - MEASURED SPINDT LAMBDA WET EXH/ COMBUSTION

POINT LBS/BHP-HR DRY A/F A/F (SPINDT) DRY EXH EFFICIENCY

1 1.078 8.84 ?.21 1.69 1.149 . 998
2 1.078 8.84 ?.22 1.69 - 1.149 « P99
3 1.078 _ .21 9.65 1.77 - 1.144 : . 999
4 .1.078 8.85 ?.21 1.69 1.149 « 999
S 1.078 8.84 9.21 1.69 1.14% . 998

'AKE SPECIFIC EMISSIONS FOR DRY EXHAUST GAS
GRAMS/BHP-HR CORRECTED
EPA HUM. TO 1357% OXYGEN



. DATA COR. TATAL NON

"POINT COo NO NOX NOX NMHC METHANE METHANE
1 2.07 .11 « 39 .38 .09 0.00 0.00
2 1.64 « 20 « 35 « 38 .08 0.00 0.00
3 1.66 -19 « 34 «36 .06 0.00 0.00
4 1.61 .21 .38 .41 .08 0.00 0.00
S 2.07 .11 « 36 -39 .09 0.00 0.00




WalkK ESHAS ENGINE DIVISION
EMISSIONS ANALYSIS FROGRAM

#ILE NAME: JLF-10:D700

ENGINE MODEL: 12VAT25GL FUEL DESCRIPTION: LANDFILL GAS
REF.LOG.NUMBER: Q010

TEST NUMBER: 0010 WEIGHT FRACTIONS

LO6 SHEET NUMBER: 0010 CARBON: .22318. HYDROGEN: .073504
OPERATOR: D.A.PERKINS OXYGEN: .00078 CARBON DIOXIDE: .684&
DATE: 11-6-90 : NITROGEN: .01647

BENCH NUMBER: TRUCK HYDROGEN TO CARBON RATIO: 4.006
: STOICHIOMETRIC A/F: 5.130
TEST NAME: ENGINE #8 RECHECK

RAW DATA PRINT 0OUT:

DATA SPEED BMEP HUMIDITY FUEL FLOW BSFC AIR FLOW
POINT RPM PSI BHP GR/LEB LB/MIN BTU/BHP-HR LB/MIN
1 00 195.8 - 2400 44 43.532 6888 359.79
2 200 195.8 2400 44 43.532 &888 352.97
3 00 195.8 24Q0 44 43.532 6888 377.07
4 ?Q0 195.8 2400 44 43.532 6888 364.15
S 900 195.8 2400 44 43.532 6888 363.32
DATA co NO NOX co2 02 NMHC
POINT FPM PFM PPM % 7% PPM
1 466 49 104 11.79 8.35 19
2 98 84 105 11.84 8.33 18
3 86 88 101 11.25 B.98 19
4 104 78 104 11.61 8.43 18
S 4646 S1 100 11.61 8.43 19

EMISSIONS ANALYSIS:

DATA . BSFC MEASURED SPINDT LAMBDA WET EXH/ COMBUSTION
POINT LBS/BHP-HR DRY A/F A/F (SPINDT) DRY EXH EFFICIENCY
1 1.088 8.21 . 8.44 1.65 1.139 . 999
2 1.088 - 8.22 ‘8.44 1.64 ' 1.139 1.000
S ~ 1.088 T 8.61 8.88 1.73 1.132 : 1.000.

4 1.088 8.31 8.54 1.67 1.137 1.000
S 1.088 8.29 8.52 1.66 1.137 . 998

AKE SPECIFIC EMISSIONS FOR DRY EXHAUST GAS
GRAMS/BHP-HR : CORRECTED
EPA HUM. TO 15% OXYGEN



‘DATA COR. TOTAL NON NO NOX
POINT co NO NOX NOX NMHC METHANE METHANE PPM PPM

1.88 - 32 « 69 «64 .05 0.00 0.00 23 49
-39 - 356 « 69 - 64 « 05 0.00 0.00 -39 49
-3 .61 «70 « 65 =05 0.00 0.00 44 S0
«42 .52 «70 - 64 .05 0.00 0.00 37 49

1.90 34 « &7 .62 .05 0.00 0.00 24 47

NHUN -




Traowcs| | Vadesha [@Emm] | /-9

CHECKED BY ENGINEERING CALCULATION FORM PROGRAM & PROJECT NO.
sussgcT JBHNgTOk/
Ty SAMPLE CARCULATION
28 Nov ¢o

SAMPLE CALCULATION FOR FUEL CONSUMPTION
AND BRAKE IJPECIFIC EAI/1SSION KHTES. '
CALCULATION Wwrtt BE Fok uwmiT *¥1, Live */[ -
PRE - CATALYST CONDITION .

SEE APPENDIX & FpR PAW DATA.

MeTE: 70 SiHPLFY THIS EXAMPLE | I TERATIVE
CALLULAT/IONS W/LL NOT BE OowE.
INSTEAD , FI/NAL KRESWTS FROM
COMPUTER FPRINTouT \WiLL EBE USED.

A. Beake speciFrC  Fuee Consumrrion (BSFQ)

AVERAGE  HORSEPOWER 240 BHP
FUeL  [FRoPeRTIES : |
| SATURATED Low HEAT VALIE §02 BTU[FT>
SPECIFIC  GRAVITY .980
FusL GAS DENSITY = ,680x ,0763

s Lo7477 Lb[FT®

BSFC = |040.0 sLHv)(-FT‘ )( BP + Paas )
| BHP M) N Teas + 460°F

FORM NO. 5768177




PREPARED 8Y

Sraciowcz.| | Wadkesha [@egmD]  |wae g |

CHECKED BY ENGINEERING CALCULATION FORM  [™"°GRam armoizcr wa

suscT :TOHN STOkI &
TERMATREX NO. | S A M PLE CA LwLA TI M DATE
| 28 Novgo
WHERE * = |OY40.0 UNIT QONVERSION  FacToR
SLHV SATURATED Low HEAT VALUE
BRHP BRAKE HORSEPOWER
73 CUBIC FEET MEASURED
Min MIVUTES To MEASURE FT3
gP BAROME TRIC PeessuRes .
Pang - MeAsoreDp Fuel GAS PLEssL
TaAsS MeasuReD FOEL GAS TemPeRATORE

FOR woiT *| | READINGS 4 AND 5 ARE DiscarDED

PeR THE TEST FPRoTocol BASED oN PREurima Ry
CALCLULATIONS.

Reabing *|
| S5 3/;
BsEC = (1040 )( 5’92.).(200 > (a7“’7 7 % )
2410 /- 680 77° + ~60°
= 6814, B/ BHP -HR
Reading *Q
: : S5 o8/
BSFC = (Joyo)(so2) [ 200 29.87 + 2
2410 l- 80 77° + 46O°
= 8I4. | BW/BHP-HR
Reaping *3 B
' - | | S5 S ps/ \
BSFC = (IO‘-I.tJ)(Soz)( 200 )(27'87'* -5 )
2410 /. 68/ 77° +460°

= 858.9 B/ BHP -+R

FORM NO. 8783177



STACHOW / CZ. I Waukesha II Jone 3 oqm

cHECKED 8Y ENGINEERING CALCULATION FORM FROGRAM & PrOJECT NO.
sussECT JbHNSTOk/
TERMATREX NO. | SA MpL E. CALLULATO &/ DATE
R8NOV 70

AVERAGE BsFc = C8/Y./ +68/%/ +48S8.9
3
= 6837 BTU /B#P -HR

B. Fuctl FlLow

Fuer Flow = BSFC BY  y L. dY/0BHAP y 1

BHP-HR =~ O HE S02 Bry ¢
MIN Fr3
L.07477 b
FT7s

FueL FLow = (682‘0(;’;) 2 WO)(ésZ ) (.07477)
' = 0.855 L6 [uiN = 24513 L [HR

C. AR - Fuer KFarro

FRoM APPENDIX F, EQUAT/ON (Z6) THE AIR-FUEL
KATIO /S

- % . |
/+ ML+ 120 x Fuz

= . /- S ———————— .

oy 5[/ 4/72&( — )+ (3.5”2 )]

THIS  EQUATION MUST BE MobDIFIED FoR FueLs
CONTAINING  SIGNIFICANT LEVELS OF CD, SINCE
Co, /S A PRODUCT ©OF COMBUSTION. ZF A

'2/0(7
£ CT/OA/ WELE MNOT MADE THE C—OZ ENTE
Mc;?ﬂ-feﬂi&’ FOEL GAS WouLD BE ASSUKMED To HAVE

FORM NO. 3768177




srachowicz | [ Waukesha [@mED]| |+ 9

crecKED BY ENGINEERING CALCULATION FORM PROGRAM & PROJECT NO.
SURSECT JE)H NSTO d
TERMATREX NO. | ' SA ufDLE c‘ A L ww T/ 0 A/ DATE
28 NOV SO

| . - x
BeeN FORMED BY COMBUSTION., THIS Woucp GIVE |
AN  ERLONEOUS Ae- FUEL KATIO VALUE.
SUBTRACT /NG FHE FUEL -80PNE co, ¢

i z 2 UL ) /+—'i— +Q |20 % F, £
A’FQ‘F; .//-‘/72/:;'* .13 Cog. J+ R + 3.§5+R -3.13¢ Co,

THE EQUATION PARAMETERS ARE DEFINED (N
APPENDIX  F. |

TAKING THE APPROPRIATE URLUES FOR Fuet “A”
Féod TABLE I 3

calbon  FRACTioN = Fo = L2374
HYDROGEN FRACTION = Fup = OT17S
cAk8oM D)OXIDE FRACT/ION = Fepa = 68115

FRoM APPENDIX & FOR LINE */ , UniT #/ :

CO (N EXHAUST = Pc,o = 460 ppm = <OYE °/o
CO;y IN EXHAUWST = Pep, = /AST %

O, IN  EXHAUST = Po, = 8.35°%

CH IN EXHAUST = [P0 ppms = I1BEY,

THS LATTER VALUE IS MEASURED "WET. To
CONVEET 7o AN EQUIVALENT "Dég" VRALUE
CIT JS . MULTIPLIED By THE weT/ DRy RATIO.
THIS IS DETERMI/VED BY AN ITERATIVE PROCESS,
TAKING THE VALUE 19T FROM APPEMDIX G :

Par =(.186 % )( /- 197) = .2/33 7

FORM NO. 5783177




PREPARKD Y

STACHOWICZ. | Waukesha |@zessen)| | ence §or §

CHECKED 8Y

ENGINEERING CALCULATION FORM "'::"‘" & PROJECT NO.
susJECT JOHNSTO kl
TERRATRER O, SAMPLE CALCULATION e

8 NOVYO

WE CAN ANOW CALCLULATE

R= Pofpey, = *%%%/sp = .00397L

R*= po"/Pco,\ = 85/,.57 = .72/69

Fo= FPog+ Poy oYk + /LS
b L - _
Pes + P@D,\"’PQH 0% +/1.S7 + .2/33 . 7820
AND
093976 | 7,
AFR= 582 J(Ui-#52)(- 23742) + (3. 136)(. 68 ”S.)) |+ =12 4720 .\
| + 093976

(120 )(-©7975)
( 3.s+.oo39n) B (3'/30("8//5}]
AFR = 8-?6‘7 s/ :

De A/ FLOW

AR FLOW = FUEL Flow X HAFR

= (24513 Lb/HR)(<5~947)
=/93/.8 b /KR

£. EXHA—L(ST' FLow/

THE ToTAL ExHAUST FLoW 1§ THE SurM oF THE
AIR  AND FUEL FLOWS.

ExXHAUST Flow = 2451.3 + 2/93/-8 = 24 383,/ Lb/HR

FORM NO. 57¢-8177



Tcrowrce| | [Wasesha |G| | ey

CHECKED BY ENG'NEER'NG CALCULAT'ON FORM PROGRAM & PROJECT NO.
TJomxnsTON

SUBJECT

SAMPLE CALC»“L AT/OKI DATE

TERMATREX NO.

QB NOV SO

. BRAKE SPECIFIC EM/SSION KATES.

FROM APPENDIX £

NOy 74 Fpm Ve [ume ”'1'32 4 t AMEASURETD
co SO pom VolumE DRY  MEASURED

THC . /860 ppm  VolumE "WET ' MeAsURED
NI HC 3/ pPM volurme  "WET MEASUEED

THE WET/DRy RATIO FROH APPENDIX G /S USED
To  CONVERT THE MEASURED MNOy, AND Co VALues
70 EpuiVALeENT “WET" READINGS.

Nox = 7‘7!/0/901//,/5(7 = é‘/-S‘/opm "wer”’ volume
co = f/eoﬁam.//./#?

WE AMUST DETERMINE MHASS FRACT/IONS AS OPPOSED
To THE AMMEASULED . VolukE FrACTIONS (ppm).

7o Do VHIS WE musT DETERMINE THE APPALENT
MoLECU AR WEISHT OF THE EXHAUST STREAM.

Feorf /H’Pe'vb/x E THE Meﬁsueen EXHAUST
ANALYSIS s :

4

. 00007Y DRy

NOX = 74/#11{ = .007‘{% = )

Co = ybol‘gm - .04/6070 = vOOO‘/GO ”DR\/ "

THC =~ /ql’bo/_,ws PO = .00iB6O ‘WET

Co, = /.57 %, = .1 S700 "DR\/"

o5 = 8.35 Y = .08550¢ “DRY "

40/.0 ppm “WET"  volume |

|

FORM NO. 3788177 .



sciourcz. | [Wadkesha [Gaamw] |7+ 7

PROGRAM & PROJECT NO.

eHEcKER oY ENGINEERING CALCULATION FORM
susskcT J— OHNSTO N
TERMATREX NO. SA HPLE CALC—ULA 77 OA/ DATE
28 NOV GO

FROM AFPEMDIX G  THE WeT/ DRy RATIO 1S /197

/
/197 = 8718

THEREFORE [/ — .87/18 = ./282 or /2.82°% ©F
. THE  EXMAUST STEEAA (S
WATER UAPOK.
CONVERTING  To AM ENTIRE “WET" ANALYSIS
NOy = [ 0ovObLYS
CoO = .00040/0
THC = 001860
o,= ./00872
O, = 072729
H.‘Lo = ,/282c0
BALANCE Ny= .675803
THE  APPARENT MOLECULAR WEIGHT pF THE
EXHAUST  STREAKS 1S CALCULATED AS:

. Voluwe SPeweE Moleculnk )
SPECIE FrAcrio  _Mol. WT. WelsT FRACTION
NOy (As /\/Q) . 0000 & YS “He .o/ . .003

co .coo0 4o/ 2f.0/ .o/
7HC CAS CHy) .00/860 -2 .030
co, . /00872 Slo/ 4. 439
o, . -072799 32.00° . 330
H, O ./282 00 /P.02 2. 3/0
N, .695803 28. 03 19.496

Surg = 9995555 28.@|9

.. ¥O®M NO. 5763177



PREPARED BY

Serowics] [ Wadesha [@me>] |6 g

CHECKED Y

ENGINEERING CALCULATION FORM PROGRAM & PROJRCT NO.

sumEcT TO/'I‘A/S TOA/
TeRmATRER RO SAMPLE CALCULATION SaTe

XRE NoV 9O

TO CONVERT - MEASURED VOIUME FRACTIONS To |
MASS  FARCT/ONS MULTIPLY THE VOIUME FRACT/oN

By 7#E LATIO OF SPECIE MOLECULAR \WEIGHT
70  APPRRENT EXHAUST AfoLECULAR WEIGHT.

. Volume = gpeciE Sfecie Mol WT MASS

SPECIE  _FERACTIoN Mol. WT. 2B. 619 FRACT 1onl
NOx (As NO,)  ,000064S 4.0/ /.6 O77 . 000/037

| cO . coo4/o/ 28 .0/ .57817 . 0003525
THC (As CHy) |, 00/86O /.04 .SLo5 .60 /043S

co, L, /00873, .0/ /.537& . 15517195

o, . 072799 32.00 ). 1781 . 08/399¢

H, O . /83600 /P 0N 296 .0%07213

N, . 645803 2. oL 979/ . L6812397
Sur = . 9999295 /-0000/90

FinALLy, EACH BRAKE SPEC/Fie. EMISSIoN RATE 15§
CRLCULATED AS.

Ez'=(7'072t. ExHAUST rASS Frow RATE)%( MASS FRAC?/OU_;')
| BHP

E;= 34383, LB 4/53.6 gram /__ ME
? ' il ?F' * oo snp * ?

E.?.

¥589.2839 x MFy o [snf -nR

FORM NO. $78-8177




‘ PREPARED BY

SHhcsewca o

enscKED sy ENGINEERING CALCULATION FORM FROGRAM & PROIECT NO.

svajgcT jOHMS.TO ‘/
TERMATREX NO. SAMPLE CALW T/OA/ &.:8 NO V 9 O

476l aneig
Lo 1 4/689.2835% 0003935 = [.BOI gu/snr-n

”Oxt 4#589.2839 x [ 000/037

THC :  4S89.2839 x .0010425 = 4.784 g/ BHE~HR

FoR MNon ~-MHerHANE HyDROCHRBONIS *

/PéOf/?»f"f/ pPM = PG ppm ‘.00/827 (velume )
. 00/82% x 5605 = _00/0252 (mASS)

4. 784 - 4. 705"

HC= 4.78¢ — 4585 3 x ,00/025
NMHC 7 - #587.2837 .o77?~/5ﬂf—/¥'€

NMHC

FORM M0, 378-8199





