NTRD Program Disclaimers
1. Disclaimer of Endorsement:

The posting herein of progress reports and final reports provided to TCEQ by its NTRD Grant
Agreement recipients does not necessarily constitute or imply an endorsement, recommendation, or
favoring by TCEQ or the State of Texas. The views and opinions expressed in said reports do not
necessarily state or reflect those of TCEQ or the State of Texas, and shall not be used for advertising
or product endorsement purposes.

2. Disclaimer of Liability:

The posting herein of progress reports and final reports provided to TCEQ by its NTRD Grant
Agreement recipients does not constitute by TCEQ or the State of Texas the making of any
warranty, express or implied, including the warranties of merchantability and fitness for a particular
purpose, and such entities do not assume any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information,apparatus, product, or process disclosed, or represent
that its use would not infringe privately owned rights.



New Technology Research & Development Program
Grant Contract 582-5-70807-M025

Final Report

The preparation of this report is based on work funded in part
by the State of Texas through a Grant from the
Texas Commission on Environmental Quality.



'w.v. WestVirginiaUniversity,

whereGreatness <Learned

Evaluation of a Pre-Combustion Fuel
Catalytic Converter for Heavy-Duty On-
Road Diesel Engine Applications

Work performed on behalf of:-

Clean Air Associates Inc.
1125 Bradshaw Drive
Corpus Christie, TX 78412

W. Scott Wayne Ph.D. (Principal Investigator), Gregory J. Thompson Ph.D.,
Nigel N. Clark Ph.D., Mridul Gautam Ph.D., Donald W. Lyons Ph.D. (Co-Principal
Investigators)

Report prepared by:-
Richard J. Atkinson, Michael R. Shahan, and W. Scott Wayne Ph.D.

Center for Alternative Fuels Engines and Emissions
Department of Mechanical & Aerospace Engineering
West Virginia University
Morgantown, WV 26506-6106

July 10, 2006

CAFEFE Centerfor Alternative Fuels, Engines and Emissions



Introduction

Researchers at the West Virginia University (WVU) Engine and Emissions Research
Laboratory (EERL) conducted engine dynamometer testing in order to evaluate a pre-
combustion fuel catalyst device intended for use on heavy-duty on-road diesel engines.
A 1995 model-year Mack E7-400 V-Mac Il engine was coupled to a 550 hp General
Electric DC Dynamometer and operated over the EPA Engine Dynamometer Schedule
for Heavy Duty Diesel Engines as set out in the Code of Federal Regulations Volume 40
“Protection of the Environment”, Part 86 (the “FTP” test) [1], while emissions,
performance, and fuel consumption were recorded. Three sets of tests (one warm-start
followed by three hot-start FTPs) were performed with the first and third set of tests with
the engine in its stock configuration, second set with the pre-combustion fuel catalyst
device installed and the third set with the catalyst installed but electrically isolated from
the engine.

All regulated emissions (carbon monoxide, oxides of nitrogen, hydrocarbons and
particulate matter), as well as carbon dioxide, were continuously monitored and recorded
and are reported for each test in specific units of grams per brake-horsepower hour
(g/bhp-hr). Fuel consumption was monitored both using a fuel flow measurement
system, and through a carbon balance calculation of the exhaust emissions.

Objective

It was proposed that a pre-combustion fuel catalyst device has the ability to reduce
emissions and improve performance of a heavy-duty diesel engine. This research
measured the effect of the Clean Air Associated Inc. pre-combustion catalytic converter
on the exhaust emissions and fuel economy of a Mack E7-400 diesel engine. Emissions
and fuel economy were measured both with and without the device in place.

Description of Test Engine

A 1995 Mack E7-400 V-Mac Il was employed for this testing. The test engine bears the
model number E7-400 V-Mac Il and serial number 5A0796. As specified by the engine
manufacturer the engine should produce 400 brake horsepower (bhp) at a rated speed of
1800 revolutions per minute (rpm), and 1460 foot-pounds (ft-Ib) of torque at 1250 rpm. The
recommended cruise rpm for this engine is 1600 + 50 rpm. The low idle speed for the engine
is 650 + 25 rpm. The high idle speed for the engine is 2100 + 50 rpm. The engine is a 6
cylinder turbocharged engine with a 12 L displacement. The engine was originally built as an
E7-350 V-Mac Il engine in 1995. It was upgraded to E7-400 V-Mac Il specifications in March
of 1999. It should be noted that the injection pump and turbocharger are the same for the E7-
350 and the E7-400.



Table 1 Engine Description

Engine Manufacturer

Mack Trucks Inc

Engine Model E7-400-V-MAC Il

Model Year 1995

Displacement (liters) 12

Power Rating (hp) 400 @ 1800rpm
Configuration Inline 6

Bore (in.) x Stroke (in.) 4.875 x 6.500

Induction Turbocharger with Aftercooler
Fuel Type Diesel

Engine Strokes per Cycle

Four

Injection

Direct, Electronic

Description of Laboratory

Engine and Dynamometer Installation

The engine was attached to a General Electric Direct Current dynamometer, capable of
motoring 500hp and absorbing 550hp, through a Vulkan® vibration-damping coupler. The
exhaust was plumbed to the dilution tunnel via a butterfly-type throttle valve, using steel
tubing.

Fuel System

The WVU engine test cell was equipped with a conditioning system to control the
temperature and measure the delivery rate of the fuel in accordance with the Code of Federal
Regulations. Fuel temperature was maintained between 90°F and 100°F through out the
engine testing procedure.

Fuel and Oil

Standard No.2 diesel pump fuel was used as a fuel for the entire test program. One
hundred and ten gallons of diesel fuel was obtained by WVU for use during the testing.
This quantity of fuel was sufficient to allow for flushing the fuel system, performing
engine mapping, executing the FTP test program, and running the 6-hour aging routine.
Samples of the fuel were collected. Engine oil and filters were changed prior to initiating
the test program.

Instrumentation and Data Recording

Engine fuel temperature and flow rate, manifold air pressure (MAP) and exhaust
temperature were monitored continuously. The engine was also instrumented to
measure coolant temperature, intake air temperature and humidity, oil temperature, and
intake air mass flow rate.

The dilute engine exhaust was characterized both continuously and with the collection of
an integrated bag sample, for oxides of nitrogen (NOy), hydrocarbons (HC), carbon
monoxide (CO) and carbon dioxide (CO,). Integrated particulate matter (PM) levels were
determined gravimetrically. All emissions were corrected for background emissions
levels.



Test Cycle

Emissions, performance, and fuel consumption were measured while the engine was
operated over the EPA Engine Dynamometer Schedule for Heavy Duty Diesel Engines
(CFR Volume 40, Part 86), the “FTP”. The test sequence comprised a warm-start FTP,
followed by three hot-start FTPs. A twenty minute soak was observed between tests
during which time the engine was shut down.

Full-Flow Exhaust Dilution Tunnel

The primary goal of engine emissions testing is to determine the effects that exhaust
constituents have on the environment. In order to simulate “real world” conditions and
produce accurate data, it is necessary to simulate the dilution process that occurs when hot
exhaust gases mix with ambient air. The primary reason for dilution is to allow any in-use
exhaust-air interactions to take place, but it also quenches post-cylinder combustion reactions
and lowers the exhaust gas dew point, thus inhibiting condensation. Exhaust line quenching
is necessary to prevent measurement inconsistencies. The elimination of water in the
sampling stream is of utmost importance as certain gaseous components, such as nitrogen
dioxide (NO,), are soluble in water. Uncontrolled condensation in the sampling system could
adversely affect measurement accuracy. Water presence in sample lines can also physically
affect certain instruments, and reduce the accuracy of particulate matter measurement.

The dilution tunnel system used for this research was based upon the Constant Flow Venturi
(CFV) principle, where a large centrifugal blower draws the diluted exhaust gas mixture from
the tunnel through a critical flow venturi. When the critical flow venturi reaches sonic
conditions (also known as “choked flow”), a constant mass flow rate is maintained in the
dilution tunnel. Under this choked condition, the flow rate of the gas through the venturi is
directly proportional to the diameter of the throat of the venturi, and the pressure and
temperature of the gas entering the venturi.

In these tests, the exhaust gases were led from the outlet of the engine’s turbocharger to the
tunnel through 5” diameter steel tubing and entered the mouth of the tunnel at its centerline.
They then passed through a mixing orifice plate located approximately three feet from the
entrance. The orifice opening was 8” in diameter and was used to create turbulence in the
flow path to promote thorough mixing. The dilution tunnel itself was constructed of stainless
steel to prevent oxidation contamination and degradation, and was 18" in diameter and
approximately 20 ft long.

The constant flow blower was driven by a 75hp electric motor and was capable of flowing
about 4000cfm under standard conditions. Four venturis were connected in parallel at the
entrance to the blower, three of which flow a nominal 1000 cubic feet per minute (cfm) and
the fourth a nominal 400cfm. (By allowing flow through various combinations of these
venturis, it is possible to obtain nominal flow rates, albeit in discrete steps, from 400cfm to
3400cfm with which the operator can provide a suitable dilution ratio for the engine under
test.) Each venturi has been calibrated with a subsonic venturi traceable to the standards set
forth by the National Institute of Standards and Technology (NIST). The flow for this testing
was set nominally at 2400cfm.

Dilution Air

The dilution air passed through an air-handling system, capable of producing about 4000cfm
of HEPA-filtered air. The CFR mandates the temperature to be held between 68°F and 86°F
(40CFR886.1333-84(b)). Although no CFR standard is given for humidity, the air handler also



regulates this throughout the testing day. For consistency, the ambient air used in the main
dilution tunnel was maintained near 50%RH.
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Figure 1: Typical Dilution Air Temperature (E01091-03)
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Figure 2: Typical Dilution Air Relative Humidity (E01091-03)

Particulate Sampling System

The particulate sampling system used for this work incorporated a secondary dilution tunnel
which was constructed of stainless steel, 4” in diameter and 30” long. This provided a double
dilution, proportional-sampling method for particulate matter collection and analysis. Diluted
exhaust from the sampling region of the primary dilution tunnel was drawn into the secondary
dilution tunnel. This flow rate was continuously adjusted to keep it in fixed proportion to the
flow rate occurring in the primary tunnel. The sample then flowed through a stainless steel



filter holder containing two Pallflex 70mm diameter Model T60A20 fluorocarbon-coated glass
microfiber filters, mounted one above the other with an intermediate spacer. These two filters,
referred to as “primary” and “secondary” respectively, were used in combination to extract the
maximum amount of PM from the sample stream for analysis. In order to prevent any
damage to the filter face, the temperature of the stream impinging on the face of the
particulate sampling filters must not exceed 125°F. If it becomes necessary to add secondary
dilution air to keep the filter face temperature down, this is also done in proportion to the main
tunnel flow. (No secondary dilution air was necessary during this testing.)

The sample filters collected the PM from the diluted exhaust to enable the determination of
the amount of particulate matter (PM) emitted by the engine during a test cycle with a
gravimetric analysis. The PM collected consists primarily of elemental carbon as well as
sulfates, the soluble organic fractions (SOF), engine wear metals, and bound water.

A rotary vane pump was used to pull sample air through a Sierra 740-L-1 mass flow controller
(MFC), which maintains the total secondary dilution tunnel flow. The total diluted flow can be
set in the range 0 to 7 standard cubic feet per minute (scfm). Up to 3scfm of secondary
dilution air can be regulated through a second Sierra MFC. The MFCs are routinely
recalibrated by the manufacturer and additionally checked with a Merriam Instruments Model
No. 50MW20 laminar flow element (LFE) rated at O - 23scfm.

The sample filters were conditioned in an environmentally controlled enclosure where the
temperature and relative humidity was maintained to 70°F and 45% respectively, (the
allowable conditions given in 40CFR886.1312-88 are 66.2°F to 77.0°F and 37% to 53%RH)
and were weighed before and after sample collection using a Mettler-Toledo UMX2
microbalance.

After each test sequence was completed, an additional sample filter was used to collect any
particulates that may have been present in the dilution air. This collection was run for 20
minutes.

Gaseous Emission Sampling System

The gaseous sampling system used for this work consisted of heated probes located in the
dilution tunnel and heated sampling lines connecting the probes with the gas analyzer bench.
There were three heated sampling probes. The tips of the probes projected six inches into
the tunnel and were oriented so the opening was directed upstream toward the entrance of
the tunnel. The connection between the sampling probes and the analyzer bench was made
with electrically heated sampling lines. The hydrocarbon (HC) sampling line was maintained
at a temperature of 375° +10°F using Fuji model No. 223-1806 temperature controllers. This
prevented the high molecular weight hydrocarbons from condensing in the sample line. The
sample lines and probes for the oxides of nitrogen (NOyx) and carbon monoxide (CO) / carbon
dioxide (CO,) sampling systems were maintained at 235°F +10°F to prevent the
condensation of water in the line which could induce measurement error as well as cause
damage to the analyzers.

The gas analysis bench housed four major analyzer components: an HC analyzer, high and
low range CO analyzers, a CO, analyzer, and NOyx analyzers. The analyzers will be
described in more detail in the following sections. The bench also housed the sample flow
meters and the temperature controllers for the heated sampling components.



Exhaust Gas Analyzers

A brief description of each analyzer and its components as well as theory of operation is
included in this section. The gas analyzers used during this testing meet or exceed the
recommendations set forth in EPA CFR40 Part 86 Subpart N.

Oxides of Nitrogen Analyzers

The NO/NO, analyzers used for testing were a Rosemount 955 Heated chemiluminescent
analyzer and an Eco Physics CLD 822 chemiluminescent analyzer. These analyzers are
capable of detecting either the concentration of NO alone or that of NO and NO, together,
more commonly referred to as NOx. When measurement of NO is desired, the sample NO is
converted into NO, by gas-phase oxidation with molecular ozone (O3). During this reaction,
about 10% of the NO, becomes electrically excited, followed by an immediate return to the
non-excited state, during which a photon is released. This phenomenon is known as Photon
Emission. A photomultiplier tube (PMT) is used to detect these photon emissions, the rate of
production of which is proportional to the amount of NO present in the sample. For the
detection of NOy, the sample is first passed through a NOx converter that converts the NO,
into NO. This is then measured with the principle just described. If the determination of NO
concentration only is desired, the sample can bypass the converter and be measured directly
by selecting the NO mode of the analyzer. In the case of NOx detection, the total analyzer
response would determine the amount of NO present in the original sample, as well as the
NO created through the dissociation of NO,in the converter A Beckman NOx efficiency tester
was used to ensure that the converter in both the model 955 and the CLD822 analyzers was
operating optimally above 90% converter efficiency, in accordance with requirements of CFR
Part 86.

Hydrocarbon Analyzer

The hydrocarbon analyzer used was a Rosemount model 402 Heated Flame lonization
Detector (HFID) analyzer. The hydrocarbon level in the exhaust stream is determined by
counting the elemental carbon atoms in the sample. The sample gas flow is regulated and
combusted in a hydrogen/helium-fueled flame. The combustion produces ions that are
collected on polarized electrodes in the analyzer. This absorption of ions by the electrodes
produces a current flow in the analyzer's measurement circuitry, which is quantified and
related to the hydrocarbon concentration in the sample.

Carbon Monoxide/Carbon Dioxide Analyzers

The gaseous constituents of CO and CO, were measured using Horiba, Inc. non-dispersive
infrared (NDIR) gas analyzers. CO in the range of 0 - 100ppm was measured with a Horiba
Inc. model AIA-210LE, while higher concentrations (up to 1000ppm) were measured with a
Horiba Inc. model AIA-210 gas analyzer. Exhaust CO, concentration levels were measured
with a Horiba Inc. model AlA-210 NDIR gas analyzer.

NDIR analyzers operate using the principle of infrared light absorption. In its simplest form,
the NDIR analyzer uses the fact that a particular gas will absorb a certain wavelength of light
somewhere within the infrared spectrum, with the other spectral wavelengths still being able
to transmit through the gas. The analyzer detects the amount of infrared energy able to pass
through the sample gas and uses it in the determination of the amount of the measured
absorbent gas in the sample stream.



Table 2: Gaseous Emissions Instrumentation

Gaseous Calibration Analyzer Model Serial

Emission Concentration Manufacturer Number
CO 0 —500.5 ppm Horiba AlA-210 41469090011
CO 0— 1001 ppm Horiba AlA-210LE | 4283805005
CO, 0-4% Horiba AlA-210 41600730022
NOy 0 —303.5 ppm Rosemount 955 1000645
HC 0-20 ppm C3Hg Rosemount 402 1000438
NOy 0-303.5 ppm Eco Physics CLD 822 | 822CMh0272

Bag Sampling

In addition to being sampled by the analyzers during the test, a portion of the diluted exhaust
was also collected in 80f Tedlar bags. One bag was used to collect a diluted exhaust gas
sample and a second bag was used to collect a sample of the dilution air to account for any
trace gas concentrations. This allowed for the background concentrations contained in the
dilution air to be subtracted from the analyzer measurements to quantify actual exhaust
stream concentrations. The dilute sample bag was analyzed to allow comparison between it
and the integrated sample for a quality control/quality assurance check of the data.

Instrumentation Control/Data Acquisition

All electrical signals from the various dynamometer and engine parameter-measuring
transducers were lead to the main data acquisition system. These signals were sent through
Analog Devices 3B Signal Conditioning Modules and then to one of three RTI815F data
acquisition boards, mounted in the Main Acquisition and Control Computer. The collection of
the data signals and the execution of the test cycles were performed by this microcomputer.
All analog-to-digital and digital-to-analog conversions were performed with a resolution of 12
bits.

Equipment Check-out and Calibration

(Applicable calibration worksheets are included in the Appendix)

In the days immediately preceding testing, the dynamometer torque arm was calibrated and
the speed sensor checked. All the gas analyzers were checked in accordance with the
CFR40. The following pretests were performed:



NO, Analyzers

Efficiency and drift tests:
Instrument Serial No. Conversion Drift:
Efficiency (Limit: <2% per hour)
(Limit: >90 %)
1000645 97.8% -0.2% over 97mins
822CMh0272 97.8% +0.2% over 90mins
HC Analyzer

Flame ionization detector (FID) peaking, drift, oxygen interference and methane response
tests:

Instrument Serial No. | Methane Response O2 Interference Drift
1000438 35.22% 0.33% +0.1% in 90mins
CO, Analyzer
Water interference and drift:
Instrument Serial No. H,O interference Drift:
(Limit: <2% per hour)
41600730022 +0.3% in 90mins
CO Analyzers
H,O and CO, interference and drift:
Instrument Serial No. H,O and CO, interference Drift:
Limits: (Limit: <2% per hour)

<=300ppm: <3ppm
>300ppm: <1%full scale

57777102 on 100ppm +0.1% or +0.1ppm -0.3% over 90mins

4254937005 on 500ppm +0.1% or 0.5ppm +0.1% over 90mins

Propane Injection

In order to confirm the integrity of the tunnel, venturis, blower, and sample train, pure propane
was injected through a calibrated nozzle into the emissions-gathering system at the entrance
to the dilution tunnel, for a period of 300 seconds. The response of the hydrocarbon analyzer
was recorded during this period, while a Tedlar bag of background air was simultaneously
collected. From these values, the quantities of propane injected and recovered were
compared. The 40CFR86 allows for a “spread in results” of up to 2%. As can be seen in the
Appendix, the difference between the injected and recovered values for each injection in this
case was within 0.5%.




Engine Mechanical Output

A full-power performance map was obtained for the engine in stock configuration.
The torque output of the engine was measured while the engine speed was
increased from curb idle to 105% of the speed range at 8rpm per second (as set out
in 40CFR886.1332-90). The power and torque curve are shown in the following
figure.
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Figure 3: Engine MAP

This engine map curve showed the actual mechanical output to be as follows:

Table 3: Engine Mechanical Output

Maximum Torque 1465 ft-Ib
Speed at Maximum Torque 1397 rpm
Rated Speed 1578 rpm
Power at Rated Speed 413 hp
Curb Idle Speed 655 rpm

High Idle Speed 2147 rpm

These parameters were then used to convert the percentage speed and load setpoints, given
in Appendix 1 of 40CFR Part 86, into engineering units for the subsequent FTP tests, using
the method given in 886.1333-90.



FTP Engine Speed Schedule
2500
B
g 2000 ]
ool A L A A
‘§ 1000 -+ |
g) 500 Lﬂ-ﬁ* L—k W u u L"P* \'F
(T
0 T T T T T T 1
0 200 400 600 800 1000 1200 1400
time (sec)
Figure 4: FTP Engine Speed Schedule
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Figure 5: FTP Engine Load Schedule

Test Procedure

The engine was operated in its stock configuration through one warm-start FTP followed
by three hot-start FTPs. Clean Air Associates then fit the pre-combustion fuel catalytic
converter device to the engine. The engine was operated for a period of 6 hours over a
run-in cycle comprised of a repeating series of steady-state speed and torque set-points.
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The engine was then operated in this configuration through a further set of one warm
FTP and three hot FTPs. The pre-combustion catalytic converter device was then
removed from the engine and the engine remapped. A complete set of engine maps is
shown below.

1995 Mack E7- 400 V-Mac Il Engine Maps
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Figure 6: Engine Maps with and without Catalyst Installed

In Figure 6, lines labeled 91, 92, 93, and 94 represent the engine torque of the stock
configuration. The lines labeled 91C, 92C, 93C, and 94C represent the engine torque
with the pre-combustion fuel catalytic converter installed. The lines labeled 91 C2, 92
C2, 93 C2, and 94 C2 represent the engine torque with the pre-combustion fuel catalytic
converter installed and electrically isolated from the engine.
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Results

Detailed results from each run are included in Appendix 3 and 4. Summaries of the
results are shown in the following figures:
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Figure 7: Summary of FTP Test Results Stock Configuration
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o E01093-02
m E01093-03
0 E01093-04
0 E01095-02

g/bhp-hr
w
|
|

, I T || 1N I

HC X10 CcOo C0O2/100 NOx NOx2 PM X 10

Figure 8: FTP Test Results with Catalyst Installed

Each column of Figure 7 and Figure 8 is the average value in terms of g/bhp-hr for each
of the emissions components of the three hot-start tests. Figure 7 displays the results
with the engine in its stock configuration. Figure 8 shows the results with the catalyst
installed. Run E01095-02 in Figure 8 illustrates the hot run results with the catalyst
electrically isolated from the engine.
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FTP Results
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Figure 9: Summary of FTP Test Results

Each column of Figure 9 is the average for each of the emissions components of the three
Hot Starts for that configuration. The “Error Bars”, shown at the top of each respective
column, represent the 95% Confidence Index of that component for all three runs. (A shorter
error bar reflects more consistency within a given batch of tests.)

The 95% confidence value is widely used when expressing consistency of emissions results,
and is given by the equation:

95% Confidence Index = X il.96{£j (1)
Jn

where X is the average of the three Hot Start runs, o is the value of one standard deviation,
and n is the number of tests: 3, in this case.
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Figure 10: Percentage Change in Emissions after Catalyst Installation

Figure 10 shows the percentage difference between the averages of the three hot runs
of the stock and modified configurations. Any exhaust constituent found to have a
negative percentage illustrates a reduction in that constituent.
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Appendix 1

Instrument Calibrations
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Dynamometer Tachometer

Calibration Date: 4/19/2006 Time: 13:03:28
Manufacturer: GE Type: AN-DG-A
Serial Number: NP36A424873AT
Span: 3000rpm
Calibration Results:
ADC: Speed:
0.3 0
400.1 300
800.2 600
1200.0 900
1600.5 1200
2000.1 1500
2399.8 1800
2799.8 2100
3199.5 2400
3600.1 2700
3999.7 3000
3500
3000 - 3
2500 -
(92}
©
@ 2000 -
o
3
3 1500
1000
500
0 T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000
ADC value

Speed (rpm) = 0.7500 x ADC

R* =1.0000
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Torque Arm Load Cell
Calibration Date: 04-19-2006
Manufacturer: Eaton Lebow
Serial Number: 11315
Span: 1000 Ib

Calibration Results:

Time: 13:16:51

Type: 6214-112

ADC Value Applied Torque
53 0

398.55 393

705.12 693

1010.52 993

1316.46 1293

1469.55 1443

0.27 0

-397.46 -393

-704.66 -693

-1012.6 -993

-1319.1 -1293

-1472.3 -1443

naan y=0.9816x + 04172
) 1000 /
by 500 /
5
|9 T T T T T T T 1
T -2000 -1500 -1000 -500-" 0 500 1000 1500 2000
§ / / -1000
ADC Value

Applied Load = .9816*ADC+0.4172

R?=0.9999
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CO, Analyzer

Calibration Date: 04-19-2006 Time: 11:19:36
Manufacturer: Horiba Type: AIA -210
Serial Number: 41600730022
Span: 36000 ppm
Calibration Results:
ADC Value Gas Con.
1843.5 36000
1682.8 32000
1507.5 28000
1325.25 24000
1134.65 20000
933.65 16000
720 12000
496.95 8000
258.05 4000
0.1 0
CcOo2

40000

y = 3E-07x° + 0.0018%° + 15.189x - 19.326

2

R™=1

P

35000

P

30000
25000 -
20000 -

15000

/

10000
5000 "

Gas Concentration (ppm)

-5000

ADC Value

00

CO»(ppm)=3E-07*ADC? + 0.0018*ADC2+ 15.189*ADC — 19.326

R?=0.99999
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High CO Analyzer

Calibration Date: 04-19-2006 Time: 8:43:13
Manufacturer: Horiba Type: AIA -210
Serial Number: 4254937005

Span: 900.9 ppm

Calibration Results:

ADC Value Gas Con.
1848.55 900.9
1681.25 800.8
1508.85 700.7
1327.85 600.6
1138.05 500.5
936.85 400.4
724.75 300.3
498.6 200.2
258 100.1
-1.25 0
HI CO
y = 4E-09x° + 6E-05x% + 0.3713x + 0.525
E 1000 RZ=1
o
o
e 800 e
g /
B 600
‘E /
S 400 /
c
O
O 200
@
(D [ 0 I I I 1
-500 0 500 1000 1500 2000
ADC Value

CO(ppm)= 4E-09ADC?® + 6E-05ADC?*+0.3713ADC+0.525

R? = 0.9999



LOW CO Analyzer

Calibration Date: 04-19-2006 Time: 8:37:12
Manufacturer: Horiba Type: AIA - 210
Serial Number: 57777102
Span: 500.3 ppm
Calibration Results:
ADC Value Gas Conc

1823.6 450.2

1641.5 400.2

1454.95 350.2

1265.5 300.1

1069.8 250.1

869.35 200.1

663.25 150.0

449.65 100.0

228.75 50.0

0.3 0
LOW CO

y = -6E-10x% + 2E-05%° + 0.214x - 0.0092

500 R?=1 o
300

/

Gas Concentration (ppm)

200 /
100

0 500

1000
ADC Value

1500

2000

CO(ppm)= -6E-10ADC? + 2E-05ADC? + 0.214ADC — 0.0092

R?=0.9999
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NO, Analyzer

Calibration Date: 04-19-2006 Time: 9:45:18
Manufacturer: Rosemount Type: 955
Serial Number: 1000645

Span: 303.5ppm

Calibration Results:

ADC Value Gas Conc
1798.55 201.0
1598.3 178.7
1399.65 156.3
1202.55 134.0
1001.25 111.6

800.4 89.3
601.7 67.0
403.05 44 .6
202.35 22.3
0.3 0
NOx

y = -2E-10x° + 8E-07%° + 0.111x - 0.0891
R? =1

250

c 200 -
8 150
E /
(]
S 100 /
S
50
@
O
O I I I 1
50 0 500 1000 1500 2000

ADC Value

NO,(ppm)= -2E-10*ADC*+8E-07ADC?+0.111ADC-0.0891

R2=1



HC Analyzer

Calibration Date: 5-2-2006 Time: 11:48:51
Manufacturer: Rosemount Type: 402
Serial Number: 100438
Span: 27ppmC
Calibration Results:
ADC Value Gas Con.
1799.7 27
1599 24
1398.55 21
1197.95 18
999.1 15
800.2 12
600.25 9
402.7 6
202.9 3
-1.25 0
HC y = -1E-10x% + 3E-07x% + 0.0148x + 0.0048
R%=1
30 4
25 /
s
J<
= 15 -
8
5 10 |
@
o 5
-200 200 400 600 800 1000 1200 1400 1600 1800 2000

ADC Value

HC(ppm)= -1E-10ADC>+3E-07ADC?*+0.0148ADC-0.0048

R

2_

1
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Appendix 2

Propane Injections
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WEET VIRGINIA UNIVERSITY ENGINE AND EMISSIONS RESEARCH LABORATORY

PEOPANE INJECTION 05-04-2006 13:51:47

Velume of mixing air: 11,412.2 scf
Barometric Pressure: 28.81 in. Hg
Fropane kit pressure: 64,90 psig
Fropana kit temperature: 71.30 deg F

Measured propans (avg.): 146,38 ppm of Propane

Measured HC back ground: 0.92 ppm of Propane
Volume of propane recovered: 1.68009 scf
Volume of propane injected : 1.63809 seof
Fropane Volume difference: -0.02200 scf

Percent error in propane volumes: -1.343 %

2,400 scfm Blower venturis and 3,000 scfm Injection kit nozzle used.
Venturis used : BCD Ev of venturis : 26,1254

Test pericd: 300 Seconds

HC BAnalyzer Channesl: 15

Kit nozzle coefficients used in calculations:

A = -5.478353D=02
B = 95.1686537D-02
= = 5.730750D-05

24



WEST VIRGINIA UNIVERSITY ENGINE AND EMISSIONS RESEARCH LABORATORY

PROPANE INJECTION 05-04-2006 14:03:17

Volume of mixing air: 11,405.2 scf

Barometric Pressure: 2d.al in. Hg

Propane kit pressure: 65.00 p=sig

Propane kit temperakture: 7V2.40 deg F

Measured propans (avg.): 146.39 ppm of Propane
Measured HC back ground: 1.02 ppm of Propane
velume of propane recovered: 1.8663687 sof
Volume of propane injected : 1.63878 =scf

Propane Volume difference: -0.0248% scf

Percent error in propane volumes: -1.51% %

2,400 scfm Blower wvenburis and 3,000 sefm Injection kit nozzle used.
Venturis used : BCD Ev of wenturis : Z6.1254

Test pericd: 300 Seconds

HC Analyzer Channel: 15

Kit nozezle coefficients used in calculations:

B = -5.47B353D-02
B = 9.166537D-02
C = 5.750730D-05
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WEST VIRGINIA UNIVERSITY ENGINE AND EMISSEIONS RESEARCH LABORATORY

BROPANE IMNJECTION 05-04-2006 14:12:19

Volume of mixing air: 11,407.6 scf

Barometric Fressurae: 28.80 in. Hg
Propane kit pressure: G5.00 psig

Fropans kit temparature: 7Z.70 deg F

Measured propans (avg.): 146.70 ppm of Fropane
Measured HC back ground: 1.6 ppm of Propane
Volume of propane recovered: 1.66048 scf
Volume of propane injected : 1.83832 sof

Propane WVolume difference: -0.02217 scf

Fercent error in propane volumes: =1.353 %

2,400 scfm Blower venturis and 3,000 scfm Injectien kit nozzle used.
Venturis used : BCD Ev of wvanturis @ 26.1254

Test pericd: 200 Seconds

HC Analvzer Channal: 15

Eit nozzle coefficients ussd in calculaticns:

h = -5,.478353D-02
B = 9.166537D-02
€ = 5.750750D-05
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WEST VIRGINIA UNIVERSITY ENGINE AND EMISSIONS RESEARCH LABORATORY
FPROFANE INJECTION 05-04-2006 14:22:02

Volume of mixing air: 11,401.8 scf
Barometric Pressure: Z6.7% in. Hg
Propane kit pressure; 65,00 psig
Propane kit temperature: 73.00 deg F

Measured propane (avg.): 146.65 ppm of Propane

Measured HC back ground: 1.09 ppm of Propane
Veluma of propane recovered: 1.65969 sef
Velume of propane injected : 1.63775 sef
Propans Volume difference: -0.021%4 sof

Percent error in propane volumes: -1.340 %

2,400 scim Blower wventuris and 3,000 scfm Injection kit nozzle used.
Wenturis used : BCD Ev of wenturis : 26.1254

Test period: 300 S2econds

HC Analyzer Channel: 15

Kit nozzle coefficients used in calculations:

-5.4783531D-02

B =
B = 9.186537D-02
€ = 5.750750D-05
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WEST VIRGINIA UNIVERSITY ENGINE AND EMISSIONS RESEARCH LABORATORY
PROPANE INJECTION 05-04-2006 14:31:03

Volume of mixing air: 11,39%.1 scf

Barometric Pressure: 28.79 in. Hg
Fropane kit pressure: 65.00 p=sig

Propene kit temperature: 73.10 deg F

Measured propane (avg.): 146.40 ppm of Propane
Measured HC back ground: 1.03 ppm of Propane
Valume of propane recovered: 1.65700 scf
Volums of propane injected : 1.83759 =cf

Fropane Volume difference: -0.01%40 scf

Percent error in propane wvolumes: =1.718B5 %

2,400 scfm EBlower wenturis and 3,000 scfm Injection kit nozzle used.
Venturis used : BCD Ev of wenturis : 26.1254
Teszt parisd: 3200 Saconds
HC Analyzer Channel: 15
Kit nozzle coefficients used in calculations:
A = -5,.478353D0-02

B = B.168537D-02
C = 5.750750D=05
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Appendix 3

Baseline
FTP Results
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FTP Test ¥alidity Analysis Table

Cold start diesel cycle FTP et taken an 053/02706 a1 3: 18 PM for MACK EMT7-300L Engine

SPEED Walidation St EFA: Criterion Resuli
fin - Max
Standord Error 3,45 0 -- 100 poss
Slape of Reg. 09968 097 - 1.403 piss
¥ Imbercept g1 +50) [ass
Coeff. of Reg. (L0000 0,07 - | [1755
TORQUE Walidation Stat. EPﬁ.r Criterion Result
Pefens = Mins
Standard Eeror 7815 0 -- 19003 pass
Slope of Reg. 0.9569 0.77 - 1.03 pass
% Intercepl .39 15 pass
Coeft. of Reg. 0.9627 0.85 - | pass
BHP Validation Stat. E::fr::cm Resuli
Standard Error 27.68 0--32.72 pass
Slope of Reg, (L9601 U-E??Iﬂl pass
Y [ntercept 201 5 piss
Coeff. of Reg. 0.9531 091 - | pitss
Integrated BHP 25.741 23060 - 29507 piss

Iibdack 198995 EMT - Clean Air Associaes\ED 105 D
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E01091-01 Taken on 05/02/06 at 3:18 PM

Background Bag Dilute Bag Continuous Sampling

PPM g/BhpHr PEM g/BhpHr PPM g/BhpHr

HC 3.159 0.077 5.035 0.053 5.597 0.0666
co -0.627 -0.031 16.088 0.876 16.252 0.852

co2 386.703 30.122 7352.176 576.474 7468.940 541.997
NOx 0.125 0.010 51.735 4.555 50.791 4.258
NOx2 -0.029 -0.002 51.460 4.543 50.836 4,272
PM 0.1164

FTPOl Warm Start, BP D2, Baseline

Engine Name:

Start Type:

Volume of total mixture:
Dilution factor:

Work actual/reference:

Brake specific fuel con.:
Fuel consumption:

Fuel recovered:

MT temp Ave/Max/Min:

Fltr face temp Ave/Max/Min:
Fuel temp Ave/Max/Min:

MA temp Ave/Max/Min:

Intake Air Temp Ave/Max/Min:
Exhaust Temp Ave/Max/Min:
Cat Inlet temp Ave/Max/Min:
Cat Outlet temp Ave/Max/Min:
Average Intake Air Mass:
Average Humidity Factor:
Average Relative Humidity:
Intake Absolute Humidity:
Barometric Pressure:

Total Flow Through Filter:
Split Ratio:

Channel 50:

Channel 51:

MACK EM7-300L
Cold Start
43,091.3 SCF
17.89

27.06/28.19 BhpHr

0.3681 lb/BhpHr

9.961 1b
10.190 1b
223/398/107
88/99/79 °F
92/95/88 °F
94/134/86 °F
77/78/76 °F

°F

527/912/227 °F
82/96/76 °F
77/80/74 °F
481.3 1b
1.023

55.24%

83.7 grain/lb
28.80 in. Hg
33.39 SCF
1.000

0.00 SCF

0.00 litres
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FTP Test Validity Analysis Table

Hot start diesel cycle FTP test taken om 05020046 at 3238 PM for MACE EM7T-300L Engine

SPEED Validation Stat, EP}’: Criterion Resull
Belin - Bolax
Standard Error 14.20 0= [} pass
Slope of Reg. 099546 087 - 1.03 pass
Y Inercept Q.63 50 pass
Coelf, of Reg, 0.998% 0.5 - | pass
L EPA Criterion
TOROQUE Validation StaL. TR Fesult
Standard Ermor .36 O -- 190,03 (1353
Slope of Bep. 0.9583 .83 - 1.03 pass
Y Intercepl -2.82 =15 pass
Coeff. of Reg. 09619 (.88 - | pass
BHP Walidation Stat. Epﬁf Criterion Fezult
idin - Max
Standard Errar 2R01 0-.32.72 piss
Slepe of Reg, (LBGEEY 0.8%-- 1.03 [pass
Y Inicrcept -L.B7 +5 pilss
Coeff, of Reg. 0.5523 0gl -1 [iss
Indcgrated BHP 24,807 23,900 -- 2‘3-5‘5'?. pass

D hack 198995 EMT - Clean Air Associates\ B0 |68 1024




E01091-02 Taken on 05/02/06 at 3:58 PM

Background Bag Dilute Bag Continuocus Sampling

PPM g/BhpHr PPM g/BhpHr PEM g/BhpHr
HC 3.41e 0.083 5.342 0.055 5.871 0.0673
co -0.638 -0.032 14.546 0.793 14.964 0.784
coz 399,837 31.057 7314.160 | 570.8635 | 7455.924 538.852
NOx 0.070 0.006 51.626 4.522 51.650 4.308
NOx2 0.117 0.010 51.599 4.516 51.169 4.261
PM 0.1017

FTP0Z2 Hot Start BP D2, Baseline

Engine Name:

Start Type:

Volume of total mixture:
Dilution factor:

Work actual/reference:

Brake specific¢ fuel con.:
Fuel consumption:

Fuel recovered:

MT temp Ave/Max/Min:

Fltr face temp Ave/Max/Min:
Fuel temp Ave/Max/Min:

MA temp Ave/Max/Min:

Intake Air Temp Ave/Max/Min:
Exhaust Temp Ave/Max/Min:
Cat Inlet temp Ave/Max/Min:
Cat Outlet temp Ave/Max/Min:
Average Intake Air Mass:
Average Humidity Factor:
Averzage Relative Humidity:
Intake Absclute Humidity:
Barometric Pressure:

Total Flow Through Filter:
Split Ratio:

Channel 50:

Channel 51:

MACK EM7-300L
Hot Start
43,056.5
17,92
27.12/29.19 BhpHr
0.3658 1lb/BhpHr

SCF

9.919 1b
10.151 1lb
224/398/107 °F
88/99/79 °F
91/95/80 °F
93/133/86 °F
77/78/77 °F
530/900/265 °F
81/96/75 °F
77/80/74 °F
481.5 1b

1.020

54.53%

82.5 grain/lb
28.80 in. Hg
35.23 SCF
1.C00

0.C0 sCF

0.C0 litres
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Hot stiart diesel cycle FTP st izken on 05020806 at 4:38 PM for MACK EMT-300L Engine

FTP Test Validity Analysis Table

SPEED Validation Stat, ET;:;::IrLT" Resuit
Standard Error 1814 0 - [ e [rass
Slope of Heg, 0.9985 0.97 = 1.03 pass

% Intercept 6,82 £50 s
Coelf. of Reg, 0,998 0oy -1 pass
TOROUE Validation Star, EPA Criterion Resul

bllin - hlax
Standard Error 7587 0 -- 19003 [pass
Slope of Reg, 0,966 083 - 1.03 puss

Y Intercept «1.69 15 pass

Cocft. of Reg. 09625 (.88 - | [riss
BHP “alidazion Stan. £ A Crrtexic Fiesuli

Melim - hax

Sandard Errar 27.31 0--32.72 [pass

- Slape of Reg. 0.9731 0,89 .- 1,03 .pass
Y Imercept -1.55 x5 155
CoefT, of Reg, 09347 08l -1 [uss
Imiegrated BHP 26.546 23.960 -- 29,507 HEE

Ditddack 1989-95 EMT - Clean Air Associoes\EOD 1091103,
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E01091-03

Taken on 05/02/06 at 4:38 PM

Background Bag Dilute Bag Continuous Sampling

PPM g/BhpHz PEM g/BhpHzr PEM g/BhpHr

HC 2.941 0.072 5.083 0.060 5.509 0.0695
co -0.620 -0.031 14.332 0.782 14.600 0.766
coz2 373.679 29.062 7267.378 569.275 | 7402.068 | 537.765
NOx -0.101 -0.008 52.587 4.557 52.618 4.335
NOx2 0.i04 0.008 52.513 4.534 52.323 4.294
PM 0.0974

Hot Start, Clear Air Associates,

Engine Name:

Start Type:

Volume of total mixture:
Dilution factor:

Work actual/reference:
Brake specific fuel con.:
Fuel consumption:

Fuel recovered:

MT temp Ave/Max/Min:

Fltr face temp Ave/Max/Min:
Fuel temp Ave/Max/Min:

MA temp Ave/Max/Min:

Intake Air Temp Ave/Max/Min:

Exhaust Temp Ave/Max/Min:

Cat Inlet temp Ave/Max/Min:
Cat Outlet temp Ave/Max/Min:

Average Intake Air Mass:
Average Humidity Factor:
Average Relative Humidity:
Intake Absolute Humidity:
Barometric Pressure:

Total Flow Through Filter:
Split Ratio:

Channel 50:

Channel 51:

before catalyst

MACK EM7-300L
Hot Start
43,095.2
18.05
27.12/28.19 BhpHr
0.3654 1b/BhpHr
9.909 1b

10.131 1b
223/395/108 °F
87/98/78 °F
92/94/87 °F
93/132/87 °F
76/78/75 °F
529/903/266 °F
81/96/75 °F
77/79/74 °F

48z.2 1b

1.C05

52.26%

76.9 grain/lb
28.82 in. Hg
35.27 SCF

1.000

0.00 SCF

0.00 litres

SCF
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FTP Test Validity Analysis Table

ot starl diesel cycle FTP 1es) tiken on Q50006 a1 519 PM for MACK EMT-300L Engine

SPEED Validation St EPA Crierion Result
Befin - Pelax
Slandard Error 13.65 0o 100 pass
Slope of Reg, 0997 0.97--1.03 pazs
Y Intercept 7.9 £50) s
Caoefi. of Reg. LR 0.a7 -1 pass
L EPA Criterion
TOROQUE Validation 5131 A Fesul
Standard Ermar TE.76 0 - 19003 pasz
Shope of Reg, 09580 083 - 1,03 s
Y Intercept -1.95 %15 pass
Coeff. of Reg. 0.9624 .88 - | pass
BHF Validation Stal. Ep'at Criterion Rasult
Bl - blax
Atandard Ermor 2780 0--32732 paEss
Slope of Beg. .9699 (L8% - 1.03 pass
Y Intercept -1.95 5 piss
Coeff. of Reg, 0.9529 091 .. | pass
Integrated BHP 26,847 23.960 -- 29,597 pass

Diback 198995 EMT - Clean Air Associates\ED 109 1M
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E01091-04

Taken on 05/02/08 at 5:19 BM

Background Bag Dilute Bag Continuous Sampling

PFM g/BhpHr PFM g/BhpHE PPM g/BhpHr
HC 3.092 0.075 5.151 0.058 5.596 0.0680
co -0.529 -0.026 14.1%6 0.769 14.600 0.761
coz2 h-385.144 29,902 7319.614 571.6841 7432.052 538.761
NOx -0.061 ~0.005 52.870 4.542 52.569 4.298
HOx2 6.10? ‘——'djdgg _—m‘gz.?DS 4.515 52.291 4.261
PM 0.0963

FTPO4 Hot Start BP D2 CAR Baseline

Engine Name:

Start Type:

Volume of total mixture:
Dilution factor:

Work actual/reference:

Brake specific fuel con.:
Fuel consumption:

Fuel recovered:

MT temp Ave/Max/Min:

Fltr face temp Ave/Max/Min:
Fuel temp Ave/Max/Min:

MA temp Ave/Max/Min:

Intake Air Temp Ave/Max/Min:
Exhaust Temp Ave/Max/Min:
Cat Inlet temp Ave/Max/Min:
Cat Outlet temp Ave/Max/Min:
Average Intake Air Mass:
Average Humidity Factor:
Average Relative Humidity:
Intake Absolute Humidity:
Barometric Pressure:

Total Flow Through Filter:
Split Ratio:

Channel 50:

Channel 51:

MACK EM7-300L
Hot Start
43,013.9
17.98
27.11/28.19 BhpHr
0.3661 lb/BhpHr
9.925 1b

10.145% 1ib
226/396/110 °F
87/98/77 °F
92/95/87 °F
94/132/87 °F
78/78/76 °F
53C/908/266 °F
B2/96/76 °F
77/80/74 °F

482.0 l1lb

0.999

18.76%

74.5 grain/lb
28.82 in. Hg
35.23 SCF

1.000

0.00 SCF

0.00 litres

SCF
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Appendix 4

FTP Results with
Pre-Catalyst Installed
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Cold start diesel cycle FTP test aken on DEAEA06 &1 10:58 AM for MACK EMT7-300L Engine

FTP Test Validity Analysis Tahle

SPEED Validation Stat. Epﬁt Criterion Result
BAim - Max
Standard Errar 1314 - 100 pass
Slope of Beg, 00,9980 .97 - 1.03 pass
% Intercept ;26 250 piEs
Ciocff, of Reg. LR IR | piLss
TORQUE Validation Stat, EPA Criterion Result
Min - Max
Standzrd Error T8.75 0= 19049 pASS
Slope of Reg. 09568 0.77 - 103 PEEE
¥ Inlercept «| 88 +| 5 et
Cocif. of Reg. 03621 0851 pass
BHF Walidation Stat E-F'.‘jl: Criterion Reault
Min - Max
Standzrd Error 2174 0--33.12 et
Slope of Reg. 0,965 0BT - 103 pass
Y Indercept -2,00 5 =t
Coeff. of Regp. 09520 091 --1 pass
Integrated BHP 26.TBS 23.960 -- 25,597 pass

Cddack [980-95 EMT - Clean Afr Assocmtes\EQIOO3M0 DY
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E01093-01 Taken on 05/03/06 at 10:58 AM

Background Bag Dilute Bag Continuous Sampling

PPM g/BhpHr PPM a/BhpHr PPM g/BhpHr
HC 3.088 0.076 §.992 0.054 5.753 0.0726
co -0.534 -—9.02{- 15,721 0.853 15.504 0.€11
co2 369,965 28.852 T3BB.235 381.207 T420.335 540.798
HOx 0.002 6:060 52.153 4.607 51.156 4.311
NOox2 0.110 _h.ﬂﬂgn 52.514 4.630 51.234 4.308
M 0.0964

FTF01l Warm Start BP D2,

Engine Name:

Start Type:

Volume cof total mixture:
Dilution factor:

Work actual/reference:

Brake specific fuel con.:
Fuel consumption:

Fuel recovered:

MT temp Ave/Max/Min:

Fltr face temp Ave/Max/Min:
Fuel temp Ave/Max/Min:

MA temp Ave/Max/Min:

Intake Air Temp Ave/Max/Min:
Exhaust Temp Ave/Max/Min:
Cat Inlet temp Ave/Max/Min:
Cat Qutlet temp Ave/Max/Min:
Average Intake Rir Mass:
Average Humidity Factor:
Average Relative Humidity:
Intake Absolute Humidity:
Barometric Pressure:

Total Flow Through Filter:
Split Ratio:

Channel 50:

Channel 51:

With catalyst

MACK EM7T-300L
Cold Start
43,137.3
18.01

SCF

27.07/28.19 BhpHr

0.3677 1b/BhpHr

9,852 1lb
10,169 1b
223/395/108 °F
87/98/76 °F
91/95/82 °F
94/135/86 °F
18/79/77 °F
527/911/229 °F
B2/97/76 °F
77/80/74 °F
481.8 1b

1.023

54.20%

83.8 grain/lb
2B.B5 in. Hg
35.31 SCF
1.000

0.00 sSCF

0,00 litres
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Hot start digsel evele FTP test taken on 0303706 a0 1 1:38 AM for MACK EMT7-300L Engine

FTP Test Validity Analysis Tahle

SPEED Validation Stat. EPA Criterion Result
Mlin - Pax
Standard Erros 12.13 0 - 100 pass
Slope of Reg. 0.999] 0,97 « 1.03 piess
Y Indercept 5.57 +50 pass
Coeff. of Rer. {.994972 0.97 - | piss
TORQUE Validation Star, E”: Criterion Rizsult
Pellinn = el
Standard Error 78.32 01— 19045 pass
Slope of Reg. 09604 .83 - 1.03 pass
Y Imercept -85 15 pikss
Coeff. of Reg. 09628 0.588 - | pass
BHF Validation Stat. Ew‘t Criterion Result
Mlin - Pl
Standard Error 27.74 03312 pss
Slope of Reg. 0.9727 0.89--1.03 pass
Y Intercepl dbh e piss
Coeff. of Reg. 0.9533 0,91 - | pss
Integrated BHP 26,811 23,960 - 39,597 [rass

De'Mfack 1980-95 EMT - Clean Air Associates\EO L0930,
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E01093-02 Taken on 05/03/06 at 11:38 AM
Background Bag Dilute Bag Continuous Sampling
PEM g/BhpHz PEM g/BhpHr PPM g/BhpHr
HC 3,122 0.077 £.228 0.059 5.656 0.0833
co -0.935 -0.046 13.759 0.770 14.250 0.787
co2 387.697 -P_EE“E;E_H T332.7398 | 576.050 7426.703 541.031
NOx -0.050 “—_tE.EEE 51.835 4.544 51.626 4.311
Hox2 0.113 0.90% 52.329 4.565% 51.862 4.318
PM | - 0.0926
Hot Start, Cleanair Associates Inc, post catalyst

Engine Name:

Start Type:

Volume of total mixture:
Dilution factor:

Work actual/reference:

Brake specific fuel con.:
Fusl consumption:

Fuel recovered:

MT temp Ave/Max/Min:

Fltr face temp Ave/Max/Min:
Fuel temp Ave/Max/Min:

MA temp Ave/Max/Min:

Intake Air Temp Ave/Max/Min:
Exhaust Temp Ave/Max/Min:
Cat Inlet temp Ave/Max/Min:
Cat Qutlet temp Ave/Max/Min:
Average Intake Air Mass:
Average Humidity Factor:
Average Relative Humidity:
Intake Bbsolute Humidity:
Barometric Pressure:

Total Flow Through Filter:
Split Ratio:

Channel 50;

Channel 51:

MACK EM7-300L
Hot Start
43,137.3
17.99

SCF

27.03/28.19 BhpHr

0.3673 lb/BhpHr

9.%28 lb
10.158 1b
225/397/107 °F
87/99/77 °F
92/96/87 °F
95/134/87 °F
17/78/77 °F
530/910/267 °F
82/98/77 °F
78/80/75 °F
482.7 1b

1.011

52.57%

79.3 grain/1b
28.87 in. Hg
35.32 SCF
1.000

0.00 sCF

0.00 litres
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Hor start diessl ecycle FTP test thken on 050306 at 12:18 PM for MACK EMT7-300L Engine

FTP Test Validity Analysis Table

SPEED Walidation Siat. Ehﬁf Criterion Fesult
i = Max
Standard Error 1229 0--100 pass
Slope of Reg. 0.9985 .57 - 1.03 prass
¥ Intercept 6,52 50 pass
Coeff. of Reg, 0,994 0,97 - | pass
TORQUE Validation Stal, [ Resull
Ml - bfax
Slandard Ermor 7858 = 190.4% pass
Slope of Reg. 0.9573 .83 -- .03 pass
Y Intercept -2.89 15 pass
Cocff. of Reg. 0.9625 088 -1 pass
BHP Walidation S, EPA Criterion Resul
Melin - Mlax
Slandard Error 2781 03312 pass
Slope of Rap, 0.9686 089 - 1.0 pass
Y Intercept -2.09 +5 pass
Coefl, of Reg. 00528 097 - | pikis
Integrated BHP 26.772 23.960 -- 29,597 prass

D\Melnck [989-95 EMT - Clean Air Assaciates\ED 10933
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E01093-03 Taken on 05/03/06 at 12:18 PM
Background Bag Dilute Bag Continuous Sampling
PPM g/BhpHr PPM g/BhpHE PPM g/BhpHr
HC 3.137 0.077 5.237 0.059 5.705 0.0697
co =0.763 =0.038 13.973 0.771 14,168 0.753
coz 373.679 B ZQEEJ. ?3-15.149 573.870 T403.675 539.0861
HOx -CI.DE._I. ;G.GOEJ 52.688 4,580 52.042 4,321
- :
HOx2 0.110 0.009 53.119 4.604 52,397 4,338
PM 0.0821
Hot Start., Cleanfilr Associates Inc., post catalyst

Engine Name:

Start Type:

Volume of total mixture:
Dilution factor:

Work actual/reference:

Brake specific fuel con.:
Fuel consumption:

Fuel recovered:

MT temp Ave/Max/Min:

Fltr face temp Ave/Max/Min:
Fuel temp Ave/Max/Min:

MA temp Ave/Max/Min:

Intake Rir Temp Ave/Max/Min:
Exhaust Temp Ave/Max/Min:
Cat Inlet temp Ave/Max/Min:
Cat Outlet temp Ave/Max/Min:
Average Intake Air Mass:
Average Humidity Facror:
Average Relative Humidity:
Intake Absolute Humidity:

Barometric Pressure:

MACK EMT7-300L
Hot Start
43,084.9
18.05

3CF

27.08/28.19 BhpHr

0.3659 1b/BhpHr

9.910 1b
10,140 1k
227/398/109 °F
88/99/77 °F
92/95/87 °F
95/134/86 °F
T8/79/77 °F
530/904/267 °F
82/97/76 °F
77/80/74 °F
481.8 1b

1.008

50.02%

78.0 grain/lb
28.87 in. Hg

Total Flow Through Filter: 35.26 S5CF
Split Ratio: 1.000
Channel 50: 0.00 sCF
Channel 51: 0.00 litres
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Haot stant diesel cycle FTP test taken an 0303006 at 12:38 PM for MACE EMT-300L Engine

FTP Test ¥alidity Analysis Table

SPEED Validation Stat, EFA Criterion Result
Min - Max
Standard Error 13.85 Q- 100 pss
Slope of Reg, 0. 0,97 -- 1.03 PaSE
Y Intercept 10,00 +350 |pass
Coeff. of Reg. 0.5989 0457 -1 piss
L EPA Criterion
TORQUE Walidation Stas, T Result
Siandard Error TB.35 0 - %049 pass
Slape of Reg. 059613 083 - 1.03 pass
¥ [ntercepd -3.20 +[5 Pilss
Coeff. of Reg. 00628 088 -1 pass
BHP Validation Star, EPA Criterion Result
Min - Max
Standard Error 27.67 0-- 3512 pass
Slape of Reg. 0976 0.8% -- 1.03 pass
Y Intercept -1.94 5 PESS
Coell, of Reg, 05334 0yl -1 pass
Integrated BHP 26833 239464 -- 29397 pass

Diback 198995 EMT - Clean Air Associnnes\EQO ] 0931044
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E01093-04 Taken on 05/03/06 at 12:58 PM
Background Bag Dilute Bag Continuous Sampling
PEM g/BhpHr PPM g/BhpHr PPM g/BhpHr
HC 2.877 0.070 4.948 0.058 5.425 0.06530
co -0.803 -0.040 13.887 0.768 14.035 0.747
coz 382.1?5 29l?25 7375.013 | 577.579 | 7413.343 539.056
HOx -0.039 -0.003 53ll29 4,588 52.464 4.314
HOx2 0.109 0.009 53.540 4,611 32.562 4.310
PM 0.0521
Hot Start, Cleanfir Associates Inc., post catalyst

Engine MName:

Start Type:

Volume of total mixture:
Dilution factor:

Work actual/reference:

Brake specific fuel con.:
Fuel consumption:

Fuel recovered:

MT temp Ave/Max/Min:

Fltr face temp Ave/Max/Min:
Fuel temp Awve/Max/Min:

MA temp Ave/Max/Min:

Intake Air Temp Ave/Max/Min:
Exhaust Temp Ave/Max/Min:
Cat Inlet temp Ave/Max/Min:
Cat Outlet temp Ave/Max/Min:
Bverage Intake Air Mass:
Average Humidity Factor:
Average Relative Humidity:
Intake Absolute Humidity:
Barometric Pressure:

Total Flow Through Filter:
Split Ratio:

Channel 50:

Channel 51:

MACK EM7-300L
Start
43,066.2
18.03
27.10/28.19 BhpHr
0.3664 lb/BhpHr
9.929 1b

10.146 1b
227/392/109 °F
89/100/79 °F
92/96/87 °F
95/134/88 °F
78/79/77 °F
531/911/268 °F
82/97/76 °F
77/80/75 °F

482.6 1b

1.002

48.96%

75.9 grain/lb
28.87 in. Hg
35.25 SCF

1.000

0.00 SCF

0.00 litres

Hot
SCF
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Appendix 5

FTP Results with
Pre-Catalyst Isolated
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FTI* Test Validity Analysis Tahle

Cold stant diesel cycle FTP test taken on 03804006 a1 10:21 AM for MACK EM7-300L Engine

EPA Crilerion

SPEED Walidation Seat. T Result
Standard Error 1314 0 -- 100 pass
Slog= of Regp, (.9970 0.97 - 103 [rass

Y Intercepl 181 +50 pass
CoefT. of Reg. (L9900 0,87 - | (5%
TORQUE Validation Star, EPA Criterion Resul

Min - Max
Standard Error 75.02 0 -~ 190,03 [as5
Slope of Rep, (L9367 077 == 1.3 pass
Y Intercepd -2 1B x15 pass
Cocfi. of Reg. 09619 085 -1 (055
BHP Walidation Star. EFA: Criterion Rzl
Min - Max
Srandard Ercor e 0--32.72 Pitss
Alope of Reg. IRH S 087 -- 103 [LHE]

Y [nbercept 214 £5 pass
Coell, of Rap, 09324 8] =1 [PA5S
ltegrated BHP 26751 23,9640 -- 20,507 pass

Divhdack 1989-9% EMT - Clean Alr Associates\EQ (E5WI 1L
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E01095-01 Taken on 05/04/06 at 10:21 AM

Background Bag Dilute Bag Continuous Sampling

PPN g/BhpHr PPM g/BhpHz PEM g/BhpHr
HC 2.692 0.066 4.671 0.055 5.164 0.0669
co -0.809 ;Eiﬂdﬂ-” 14.B43 0.818 15.245 0.810
coz 335.551 29.962 7313.239 572.378 7447.113 | 540.882
HOx -0.047 ;G.Gﬁﬁ 52.064 4.537 51,948 4,319
MOx2 0.105 o.ooe 52.219 4.539 52.124 4.322
B 0.0951

Warm Start, CleanAir Associates, Catalyst isolated

Engine Name:

Start Type:

Volume of total mixture:
DPilution factor:

Work actual/reference:

Brake specific fuel con.:
Fuel consumption:

Fuel recovered:

MT temp Ave/Max/Min:

Fltr face temp Ave/Max/Min:
Fuel temp Ave/Max/Min:

MA temp Ave/Max/Min:

Intake Air Temp Ave/Max/Min:
Exhaust Temp Ave/Max/Min:
Cat Inlet temp Ave/Max/Min:
Cat Outlet temp Ave/Max/Min:
Average Intake Air Mass:
Average Humidity Factor:
Average Relative Humidity:
Intake Absolute Humidity:
Barometric Pressure:

Total Flow Through Filter:
Split Ratio:

Channel 50:

Channel 51;

MACK EM7T-300L
Cold Start
43,008.8
17.94
27.05/28.19 BhpHr
0.3679 lb/BhpHr
9.954 1b

10.166 1b
227/398/109 °F
87/99/77 °F
91/85/81 °F
95/135/87 °F
18/79/77 °F
530/909/240 °F
83/9%/76 °F
18/80/75 °F

481.7 1lb

1.011

50.75%

19.3 grain/lb
28.84 in. Hg
35.17 SCF

1.000

0.00 sCF

0.00 litres

SCF

49



FTF Test Validity Analysis Table

Haa siam diesel eycle FTP west taken on 050406 a1 [ 101 AM for BMACK EMT-300L Engine

SPEED Validation Stat. EPA Crterlon Result
fdin - hiax
Slandard Ermor 1311 {0 -- 100 pass
Slope of Reg, 0,9975 087 - 103 piss
Y Intercep .20 +30 pass
Coeff, of Reg. (L9990 0,97 == | pass
TORQUE Validation Stat. EPA Criterion Result
blin - Max
Standard Error 78.44 0 - 190,03 pass
Slope of Reg, (o583 0.83 - 1.03 [riss
Y [ntercep 3113 15 pass
Coeff. of Reg. (062G (&8 -- | [LHEL]
BHI Walidation Sta. EFP: Critérian Pesuly
flin - hdax
Standard Error 2781 03272 pass
Slope of Rep. 08709 0.9 -- 1.03 [ilss
¥ [ntercep 246 -d:i pass
Coeff. of Reg. 09335 0.91 - | piss N
Iinizgrated BHP 26,759 33.‘}-&1}--.: 29.547 pass

d:\back 1989-95 EMT - Clean Adr AssociatestBO a2y
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E01095-02 Taken on 05/04/06 at 11:01 AM

Background Bag

Dilute Bag

Continuous Sampling

PEM g/BhpHr PPM g/BhpHr PFM g/BhpHr
HC 2.827 0.0&9 4.904 0.058 5.267 0.0662
co _-U,GZE 0.001 14.843 0.782 14,649 0.751
coz 384,532 59,9?5 T2B0.322 270,081 1399.833 348.082
HOx —ﬂ.ﬂBG__—.-G?;E; | 52.411 4.457 S2.174 4.239
HOx2 0.109 0.008 52.533 4.486 52.9585 4.290
FM - 0.0927

Hot Start, CleanAir Associates, Isolated Catalyst

Engine Name:
Start Type:
Volume of total mixture:

Dilution factor:

Work actual/reference:
Brake specific fuel con.:
Fuel consumption:

Fuel recovered:
MT temp Ave/Max/Min:

Fltr face temp Ave/Max/Min:

Fuel temp Ave/Max/Min:
MA temp Ave/Max/Min:

Intake Air Temp Ave/Max/Min:

Exhaust Temp Ave/Max/Min:

Cat Inlet temp Ave/Max/Min:
Cat Qutlet temp Ave/Max/Min:

Bverage Intake Air Mass:
Average Humidity Factor:

Bverage Relative Humiditwy:

Intake Absclute Humidity:

Barometric Pressure:

Total Flow Through Filter:

Split Ratio:
Channel 50:
Channel 51:

MACK EM7-300L
Hot Start
43,026.1
18.06

SCF

27.05/28.19 BhpHr

0.3668 1lb/BhpHr

9.922 1b
10.297 1b

226/398/109 °F

89/100/79 °F
92/96/86 °F
95/134/86 °F
79/81/77 °F

531/908/268 °F

82/98/76 °F
T17/80/75 °F
482.0 lb
0.986

46.34%

72.8B grain/lb
28.83 in. Hg
35.22 BCF
1.000

0.00 SCF
0.00 litres
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