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Executive Summary

Hampton Roads Trangit Authority in Norfolk, Virginia, owns and operates a pair of similar passenger
ferries on the Elizabeth River between Norfolk and Portsmouth VA. Severd years ago one of the
ferries was converted from diesdl to natural gas fueled engines. The ferries were the James C Echals,
which is powered by twin Caterpillar 3406 _G natural gas engines and the Elizabeth River 11, powered
by twin Detroit Diesdl 671 diesel fueled engines. This project was undertaken to perform in-use
emissions testing to determine environmental benefits of ferry converson to CNG, and to compare the
operating economics of the two vessels. Sponsors of the program included United States Coast Guard,
Hampton Roads Transit, Norfolk by Boat, U.S. Department of Energy, U.S. Maritime Administration,
U.S. Environmental Protection Agency, Lyons Shipyard and NAV SEA.

The project was designed to measure exhaust emissions under two separate sets of conditions. (1)
Under constant engine speed conditions (idle, 40%, 60%, 80%, 100%) in order to duplicate as far as
possible the ISO test protocol, and (2) under transent conditions, where emissions were averaged over
one complete circuit of the ferry route (1.37 miles). The parameters measured were: particulate mass,
gaseous emission analysis, NOx, CO, CO2, THC, fud massflow rate, intake air & exhaust flow rates,
shaft speed/torque and air temperature, pressure, and humidity. All the data was recorded in red time
and later reduced to industry standard units such as grams of NOx per horsepower-hour. One
additiona ad-hoc experiment was performed whereby one of the gas engines was operated under lean-
burn conditions.

A secondary goal was to compare the results from West Virginia University’s portable laboratory
grade testing equipment to a new EPA portable exhaust emissions instrument specially designed for
measuring emissions from off-road vehicles. Throughout the tests, the project followed the 1SO and
the CFR standards/specifications for measurement and precision.

Overview of Results

Stated broadly, the test results indicated that the natural gas engine emissions were significantly lower
in particulate matter (10-100x), 2-3x higher in CO and THC and roughly equal in NOx. Emissions
results for CO and NOx from the natura gas fired ferry were expected to be significantly lower than
the diesd fuded ferry. The hydrocarbon emissons were dominated by methane, which is not a
reactive gas. The poor gaseous emissions performance of natura gas ferries was due to poor control of
the engine fud-air ratio. According to the operator, the gas vessd conversion was the first variable
speed application of what had been a congtant speed generator engine and it is apparent that the
system was not capable of maintaining control over a wide range of variable speed operating
conditions.

Recommendations

The natural gas engines were running significantly richer than optimum. An ad-hoc attempt to adjust
the fud-air ratio resulted in a significant reduction in emissions a one point (almost zero NOx) but
also in a dramatic reduction in power. It is suggested that a properly designed air-gas mixer with




oxygen sensor and closed loop controls could significantly improve emissions, while maintaining
adequate horsepower.

It is expected that a modern electronicaly controlled diesal engine operating on ultralow sulfur diesel
fuel (lessthan 15 ppm S) and fitted with an exhaust PM after-treatment system will have PM emission
levels equivalent to that of a natural gas fueled engine. Also, SOx emissions from natura gas-fueled
engines would be lower than those from diesdl-fueled engines. However, use of low sulfur fuel would
aso lower SOx emissons.

Conclusions

The primary lessonsto be drawn from these tests are that
»  Careful condderation must be given to design when installing new technology.
* Somelevd of initial emissonstesting iscritical, particularly on new technology applications.

*  Proper instrumentation must also be provided to permit the operator to assure that the engine
is properly adjusted and is performing in accordance with design parameters.

Summary of Data

Compared to diesdl, gas engine emissions were found to have: 10-100x lower particulates, 2-3x higher
CO, and approximately the same NOx. In generd, the emission results from this study showed that
the THC emissions from the natural gas-powered ferry are ~2.5 times higher than the diesel-powered
ferry. The CO emissions are generdly lower for the diesel-powered ferry, except for the 100% speed
point. NOX is generaly lower for the diesal-powered ferry, except at the 40% speed point. The
natural gasferry has significantly lower PM emissions, as expected.

The transient test results between the two ferries showed that the natural gas ferry required ~30%
more work to perform the test than the diesel ferry. Both ferries covered the same distance of ~1.37
miles. The brake specific THC mass emissons from the natural gas-powered ferry (1.51 g/bhp-hr)
were 2.5 times that of the diesdl ferry (0.6 g/bhp-hr). The brake specific CO mass emissions for the
natural gas-powered ferry (13.7 g/bhp-hr) were 2.6 times that of the diesdl ferry (5.2 g/bhp-hr). The
brake specific NOx mass emissions from the naturad gas-powered ferry (25.5 g/bhp-hr) were 10
percent higher than that of the diesd ferry (23.0 g/lbhp-hr). The brake specific PM results show that
the diesd-powered ferry (0.50 g/bhp-hr) was emitting 50 times greater than the natura gas-powered
ferry (0.01 g/bhp-hr). The brake specific fuel consumption (bsFC) results show that the natura gas-
powered ferry (274 g/bhp-hr) and the diesdl ferry (270 g/bhp-hr) were equivaent in fuel consumption.

The idle point data for the diesdl ferry port engine showed significantly higher mass emissions rates
for THC, CO, CO,, NOx, and fuel consumption rates than the starboard side engine. This may be
attributed to over fueling at the idle point as aluded to in the oil analysis for this engine as shown in
Figure 25. However, the concentration levels of THC, CO, CO,, and NOx were equivaent for both
engines but the measured fuel rate was gpproximately four times higher for the port engine than the




starboard engine, leading to a higher (or lower) calculated mass rate for the port (or starboard) engine.
Thisis borne out in Equation (1) or (2) where the emission mass rate was linearly proportiona to the
fuel massrate. Thus, if the idle data was incorrect for one of these engines, then the resulting mass
emission rate (or brake-specific) was incorrect. No other data points appeared to have a discrepancy
in the fuel measurement; care must be exercised in interpreting the idle datafor the diesel engines.

The over fueling reference in the port-side oil analysis, Figure 25, of the diesdl ferry’ s port engine was
supported by higher mass rate and brake-specific mass emissions for this engine compared to the
sarboard engine. Generaly, the emissions measured during the steady state and transient tests from
the port engine were higher than those measured for the starboard engine.

The CO emission levelsfor the natural gasferry’ port engine were significantly higher than that of the
starboard engine as shown in Figure 6. and Figure 12 for the 40% point. This may be attributed to
incomplete combustion condition, as supported by the lower exhaust temperature in Figure 4 this
steady-state point. However, the THC emissions in Figure 5 and Figure 11 were not significantly
different between the two engines.

The results from an additiona set of tests for the natura gasferry’s port engine are shown in Table 5.
This test was performed in an ad hoc manner to examine the effects on emissions from adjusting the
natural gas carburetor to aleaner setting. The test consisted of operating the engine at the three points
as shown in the figure. The engine was operated at each point for approximately five minutes; the
data from the last 60 seconds of each set point were averaged for the results shown in the table. The
NOx datafor Point 1 was negative, no errorsin the NOx data collection could be found for this point.
This observation merits further investigation following awell laid out test plan. All four engines were
checked for proper operation and tuning prior to the emissions test. As set up, the natura gas engines
were running very rich. An attempt to adjust air-fuel ratios after initia testing resulted in a dramatic
drop in emissions at higher powers but aso resulted in asignificant loss of available power.

This data indicates that the emissions performance of the natura gas engines is well below optimum,
and that the problem lieswith poor control of the air-fuel mixture under different operation conditions.
It isnot clear that the installed air/gas mixer is capable of maintaining an air-fud ratio that will provide
low emissions and sufficient power over the operationa range. It should be noted that this application
was among the first variable speed marine installations of this engine. It is believed that provision of a
modified air/fud mixing sysem with closed loop oxygen controls could provide significant
improvements in emissions while maintaining acceptable power.

Based on the actua fuel costs of 72 cents per 137.33 cu ft for natural gas and 65 cents per galon of
diesd, the fud cost per circuit computes to an average of $1.64 for the naturd gas ferry and $0.81 for
the diesd ferry.

Introduction

In-use exhaust emissions tests were performed on two Hampton Road Transit Authority passenger
ferryboats. The James C. Echols craft, as tested, was powered by two Caterpillar 3406 engines
operating on compressed natura gas, while the Elizabeth River Il was powered by two Detroit Diesel




engines operating on diesdl fud. The purpose of this testing was to determine the differences in
exhaust mass emissions from the two crafts while they were operated over smilar test conditions.
Gaseous emissions (CO,, CO, NOx, THC) and particulate matter emissions (PM) data were collected.
The test engine specifications are listed in Table 1 All emissions tests were performed on the
Elizabeth River near the cities of Norfolk and Portsmouth, VA. Representatives from the Hampton
Roads Trangt Authority provided and operated the ferryboats, while West Virginia University
(WVU) provided and operated the emissions measurement equipment. The computed results of the
four sets of emissonstests are presented in this report.

JamesE. Echols Elizabeth River |1

(Natural gasfueled-ferry) (Diesd-fueled ferry)

Many organizations lent their support to this research effort. USCG provided the primary funding for
the project and provided the air flow meter. MARAD managed the project and subcontracted Dr. Tom
Fox for engine instrumentation, logistics, and on-site management. Hampton Roads Transit Authority
and Norfolk by Boat provided access to the ferries, crewing and genera support. Instrument
ingtalation was performed a Lyon shipyards. DOE funded WVU who provided the gaseous
emissions and PM sampling and measurement, data acquisition and recording systems and generated
the fina report. The US EPA provided their SPOT system, the US Navy (NAVSEA Philadelphia)
instrumented each prop shaft to provide real time shaft speed and torque, and MARAD managed the
project and furnished a Micro Motion fuel mass flow measurement system. With the exception of the
US EPA SPOT data, al data were recorded and maintained by WV U through either e ectronic means
and/or field custody logs.




Table 1 Test engines specifications.

Ferry James C. Echols Elizabeth River |1
Engine Manufacturer Caterpillar Detroit Diesdl Corporation
Engine Port Starboard Port Starboard
Engine Model 3406 3406 671 671
Model Year 1982 1982 1986 1986
Enginel.D. 4FDOQ770 | 4FDOO771 6A 82689 6A7518
Displacement (cu. in.) 893 893 426 426
Power Rating (hp) 215 215 172@1800 | 172@1800
RPM RPM
Configuration Inline 6 Inline 6 Inline 6 Inline 6
Bore (in.) x Stroke (in.) 54x6.5 54x6.5 425x5 425x5
Induction Naturally Naturally Super Super
Agpirated Agpirated Charged Charged
Fue Type CNG CNG Diesd Diesd
Engine Strokes per Cycle 4 4 2 2
Injection Direct Direct Direct Direct

Objective

The objective of this study was to measure engine emissions of oxides of nitrogen (NOx), tota
particulate matter (TPM), carbon monoxide (CO), carbon dioxide (CO,), oxygen (O), and tota
hydrocarbon (THC). For this testing, West Virginia University designed and developed a raw
emissions sampling system, based on recommendations provided by Title 40 CFR 86, Title 40 CFR
89, Title40 CFR 92, Title40 CFR 94, 1508178, and SAE J177 [1-6], where gpplicable.

Overview of Exhaust Emissions Measurement System

The following section is included in order to outline the equipment and the procedures used for the
evaluation of the ferryboat engine exhaust emissons. Due to space limitations and the nature of in-
use emissions testing, special attention was paid to the selection of the anaytica equipment. WVU
designed and developed a raw exhaust emissons sampling and measurement system that would
provide the highest possible accuracy while following the requirements set forth in Title 40 CFR 86,
Title 40 CFR 89, Title 40 CFR 92, Title 40 CFR 94, 1SO8178, and SAE J177 [1-6], where gpplicable.
In particular, analyzers and transducers were selected that would provide the required accuracy
specified in the above documents and not be influenced by the vibration of the ferry found during the
in-use testing.




A. Particulate Sampling System

The primary goa of engine emissions testing was to determine the effects that exhaust congtituents
have on the environment. In order to smulate “red world’ conditions and to produce accurate
particulate matter measurements, it was necessary to smulate the dilution process that occurs when
hot exhaust gases mix with ambient air. The effects of this exhaust gas dilution are threefold. The
primary reason for dilution is to alow any in-use exhaust-air interactions to take place, but it dso
guenches post-cylinder combustion reactions and lowers the exhaust gas dew point, thus inhibiting
condensation.

The dilution tunnel used for this research was of a partia-flow design, where a measured amount of
exhaust gas emitted by the test engine was routed into the tunnel and mixed with a regulated amount
of HEPA-filtered, conditioned dilution air in order to achieve desired dilution ratios. The system was
mass-flow controller based, but uses conditioned, time-aigned raw and dilute CO, tunne
concentrations to infer dilution ratios and exhaust sample inlet flow rates. The dilution tunnel, which
was gpproximately 2 inchesin diameter and 24 inches in length, was constructed with stainless stedl to
prevent oxidation contamination and degradation. The dilution air supply was provided by a rotary-
vane pump, and was HEPA-filtered and cooled - to remove water as well as maintain near-ambient
temperatures. The exhaust gases entered the tunnd at its centerline and passed through a mixing
orifice plate that was close-coupled to the divergent tunnel entrance. The orifice plate creates
turbulence in the flow path that promotes thorough mixing, and tunnel flow rates were maintained
aufficiently high so as to promote the fully-developed, blunt-shaped turbulent flow profile, which
reduces the sengitivity of the sample probe placement. The full tunnel flow stream was pulled through
a dainless sted filter holder, which contains two Pdlflex 70mm diameter Modd T60A20
fluorocarbon-coated glass micro-fiber filters. Two filters, a primary and a secondary filter, were used
in the filter holder to extract the maximum amount of PM from the sample stream for analysis. The
diluted sample stream was maintained at temperatures below 125°F, measured at the inlet of the PM
filter holder. The purpose of thiswas to keep the face of the particulate sampling filter at a sufficiently
low temperature so as to prevent any damage, and to prevent the stripping of volatile components that
would normally condense upon the filter surface.

Sierra mass flow controllers provided flow rate control of the tota flow and dilution air based on
computer voltage outputs determined from the raw and dilute CO, concentrations. The mass flow
controllers are routindy recdibrated by the manufacturer and additionally checked with Merriam
Instruments laminar flow elements. As mentioned before, the deduction of the dilution ratio was
provided through the measurement of dilute and raw CO, concentrations in the dilution tunnel.
Exhaust sample flow rate into the tunnd was inferred from this dilution ratio along with the total mass
flow rate measured with the mass flow controller.

The sample filter collected the particulate matter from the diluted exhaust to enable the determination
of the amount of PM emitted by the engine during a test cycle with a gravimetric andyss. The PM
collected congists primarily of elemental carbon as well as sulfates, the soluble organic fractions
(SOF), engine wear metds and bound water. The sample filters were conditioned in an
environmentally controlled chamber to 70°F and 50% relative humidity, in compliance with
requirements of CFR Parts 86 and 89 [1, 2], and weighed before and after sample collection using a
Cahn C-32 microbaance. However, for thisresearch effort, the filters were pre-weighed at the Engine
and Emissions Research Laboratory (EERL) a WVU and shipped to the test site in individualy




labeled petri dishes. After the filters were used, they were shipped back to the EERL and
reconditioned and the final weight was recorded. The required times set forth in CFR Parts 86 and 89
[1, 2] were not followed. However, previous experience with PM gravimetric analyses performed at
remote sites indicates minimal, if any, variations due to non-standard PM conditioning congtraints.

B. Gaseous Emission Sampling System

The gaseous sampling system originated with insulated, stainless-stedl sample probes that were
mounted in the raw exhaust stacks and close-coupled with heated filter assemblies and heated
sampling lines.  The multi-hole, dainlesssted probes were designed according to the
recommendations included in CFR 40 Part 89, Subpart E [2]. The wall temperatures of the filter
assembly and the heated sample transport lines are eectrically heated and maintained at atemperature
of 375° +10°F using electronic temperature controllers. This temperature set point, prescribed by CFR
40, Parts 86 and 89 [1, 2], prevents the high molecular weight hydrocarbons from condensing in the
sample line. The heated sample lines transport the exhaust sample to the gaseous emissions sample
conditioning system. This system incorporates yet another heated filter assembly, a heated-head
pump, a redundant externa NO, converter, flow control devices, and a sample moisture control
system. The flow rate controllers were implemented to provide a constant, pulsation-damped sample
for the NDIR and HCLD analyzers, since sample pressure fluctuations can compromise measurement
accuracy. The sample humidity control was used to prevent the interference effects of water — a
common problem for both NDIR and HCLD devices.

C. Exhaust Gas Analyzers

The gas anaysis bench houses four mgor analyzer components. THC analyzer, CO analyzer, CO,
analyzer, and two NOx andyzers, one of which was operated in NO only mode. A brief description
of each anayzer and its components as well as theory of operation isincluded in this section. The gas
analyzers used meet or exceed the recommendations set forth in CFR 40 Part 86, Subpart N and Part
89, Subpart D [1, 2].

Oxides of Nitrogen Analyzer

The NO/NOx andyzers used for testing were Cdifornia Andyticd Modd 400 Heated
Chemiluminescent Detectors (HCLD). Each of the analyzersis capable of detecting the concentration
of NO or NO and NO; together, which is commonly referred to as NOx. An additiona external
converter, Horiba COM11, was used to facilitate optima NO, conversion efficiencies. When
measurement of NO is desired, the sample NO is converted into NO, by gas-phase oxidation with
molecular ozone (Og). During this reaction, about 10% of the NO, becomes dectricaly excited,
followed by an immediate return to the non-excited state. This phenomenon is known as photon
emission. A photon detector, or multiplier tube, is used to detect the photon emission quantity, which
is proportiona to the amount of NO present in the sample. For the detection of NOx, the sample is
first passed through a NO, converter that converts the NO, into NO, which is then measured with the
principle described previoudy. Therefore, in the NOx detection mode, total analyzer response would
determine the amount of NO present in the origind sample, as well as the NO created through the
dissociation of NO; in the converter. The mode of operation is determined by the converter bypass
switch on the front panel of the analyzer. A NOXx efficiency tester, designed and operated according to
the procedures set forth in CFR 40 Part 86, Subpart N [1], was used to ensure that the converter in the




Mode 400 analyzer was operating optimally. For the testing, one of the CAl Modd 400 anayzers
was operated in NO mode, while the other was operated in the NOx mode. With these simultaneous
measurements inferences could then be made regarding the levels of NO, produced by the engines
that were tested. An HCLD andyzer is inherently linear by nature, but the linearized response was
validated through calibration curves that were generated before each testing sesson began. These
calibration curves were generated by using a capillary-flow gas divider and component gases mixtures
that are traceable to the standards set forth by the Nationd Ingtitute of Standards and Technology
(NIST).

Hydrocarbon Analyzer

The hydrocarbon anadlyzer used was a Rosemount Model 402 Hested Flame Ionization Detector
(HFID) analyzer. Counting of the elemental carbon atoms in the sample is used to determine the
amount of hydrocarbon levels in the exhaust stream. The sample gas flow is regulated and flows
through a hydrogen/hdium-fueled flame that produces ions that are collected with polarized
electrodes. The absorption of these ions by eectrodes produces a current flow in the andyzer's
measurement circuitry, which is quantified and related to the number of carbon atoms contained in the
sample. An HFID analyzer is inherently linear by nature, but the linearized response was vaidated
through calibration curves that were generated before each testing session began. These cdlibration
curves were generated by using a capillary-flow gas divider and component gases mixtures which are
traceable to the standards set forth by the NIST.

Carbon Monoxide/Carbon Dioxide Analyzers

Gaseous constituents of CO and CO, were measured with a Caifornia Analyticd, Inc. Modd 300,
three-component, non-dispersive infrared (NDIR) gas analyzer. NDIR anayzers operate using the
principle of selective infrared light absorption — where a particular gas will absorb a certain
wavelength of light within the infrared spectrum, while the other spectra wavelengths are 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 concentration of the measured absorbent gas in the
sample stream. An NDIR anayzer isinherently non-linear by nature, so linear calibrated curves were
generated for the analyzers before each testing sesson began. These cdibration curves were
generated by using a capillary-flow gas divider and component gases mixtures which are traceable to
the standards set forth by the NIST.

Bag Sampling

In addition to being sampled by the anayzers during the test, a portion of the raw exhaust was
collected in 3-liter Tedlar bags that were stored in black plastic storage bags for post-test speciation of
total hydrocarbon results.

D. Fuel Flow Rate

Continuous direct fuel flow measurement was provided by Micro Motion, using two CMF025 flow
meters with RFT9739D4SUA transmitters. Two units were incorporated into the testing. The two
units were ingtalled on the James C. Echolsferry, one for each engine. The same two units were used
for the diesdl-powered Elizabeth River Ferry 1l ferry. However, for the diesal-powered engines both
units were used on the engine under test; one for the supply side and one for the return side. Personnel




from Micro Motion provided the unit and support to interface the units into the WVU DAQ. The
WVU DAQ recorded redundant signals for each unit, one was a frequency-generated signa and the
other was a current-generated signal. The cdlibration constants for each signa were entered into the
WVU DAQ program and verified through signals generated from a laptop with software from Micro
Motion.

E. Intake and Exhaust Flow Rates

Three different means were used to measure the intake and exhaust flow rates through the engine.
The first method was provided by Tom Fox using a hood located in the passenger area and connected
to the intake with a flexible duct. This system required that the intake flow rate data be manually
recorded by WV U into field logs and latter transcribed into an Excel file for processing. The second
method was an Annubar™ provided by WVU and located in the exhaust stream just downstream of
the exhaust manifold. The absolute pressure, differential pressure, and exhaust temperatures were
recorded and stored with the WVU DAQ. These transducers were cdibrated at WVU prior to the
testing and the calibration checked at the test Site. The third method was a proprietary unit integrd to
the SPOT system provided by the US EPA and ingtaled in the exhaust outlet at the end of the stack.
The data from this system was provided to WV U.

F. Shaft Speed/Torque

Prop shaft speed and torque was measured using Binsfeld's Model BT9000 transmitter and RD9000
receiver. Personnd from the US Navy ingtaled the unit on each prop shaft of the engine under test.
An rf signal was transmitted from the shaft in the engine compartment area to the receiver located on
the lower deck sedting area of the ferry. The signas from the receiver were connected into the WVU
DAQ. The cdlibration constants for the speed and torque were entered into the WVU DAQ program
and the torque was checked with a shunt calibration. The caibration of shaft speed was confirmed
with the wheelhouse engine speed display and transmission gear ratio.

G. Additional Signals

Additional signals included the ambient pressure, temperature, and humidity. These signas were
recorded and stored into the WVU DAQ. These transducers were calibrated at WVU prior to the
testing and the calibration checked at the test Site.

H. Instrumentation Control/Data Acquisition

Data acquisition was controlled with software developed by WVU. National Instruments E-series
data acquisition boards with a minimum 12-bit resolution were used aong with rack-mounted signa
conditioning units (Analog Devices Moddl 3B). All data were recorded in raw voltage form at a
minimum of 5 Hz and later converted to the proper engineering units with a reduction program
developed in-house at WVU. The analog channels collected for the gaseous emissions, shaft speed
and torque, and fue flow measurement are shown in Table 2 along with the abbreviated name. In
addition, GPS data was recorded and stored to disk at 1 Hz.
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Table 2 Analog DAQ channels collected by WV U.

Description Name Source
Cold Junction Temperature anlCJC wWvu
THC anlHC 1 WVU

Cco anlCO_1 WvVuU
High CO, anlC0O2 2 WvVuU
NOXx aniNOx_1 WvVU

NO anINOx_2 WVU
Annubar Absolute Pressure anlAnnAP wvu
Annubar Differential Pressure anlAnnDP WVU
Ambient Absolute Pressure anlAmbAP wvu
Ambient Relative Humidity anlAmbRH WvVuU
Ambient Temperature anlAmbTemp wWvu
Prop Shaft Torque anIShftTorque US Navy
Prop Shaft Speed anlShftSpeed US Navy
Fuel Rate from Meter 1 (Frequency) anlFuelRatela Micro Motion
Fuel Rate from Meter 1 (Current) anlFuelRatelb Micro Motion
Fuel Rate from Meter 2 (Frequency) anlFuelRate2a Micro Motion
Fuel Rate from Meter 2 (Current) anlFuelRate2b Micro Motion
Annubar Exhaust Temperature anlAnnTempPre wWvu

Ferryboat Test Cycle

Steady-state engine set points and trangent runs were utilized for the emissions testing. All testing
was performed on the Elizabeth River. For the steady state tests, nominal engine speeds of 40, 60, 80,
and 100% of rated power and idle were selected as operating points. A single repeat was performed at
each engine set point. Due to the nature of in-use testing, it was nearly impossible to vary the load on
the engine (or engines); the load applied to the engine was a function of the requirements set forth by
the ferry operation (passenger loading, wind, current direction, speed, etc.). Therefore, the loading on
the engine(s) could vary from set point-to-set point since no effort was made to reproduce the exact
path of the ferry for each set point. The data collection procedure consisted of operating the ferry at a
constant engine speed for a short duration (~ five minutes). After the emissions had stabilized, data
collection commenced. The duration of the data collection was dependant upon the PM filter loading.
For the natura gas-powered ferry, fifteen to twenty minutes was required for the runs whereas only
about five minutes were required for the diesal-powered ferry. The test times were varied according
to the expected filter loading.

The transent tests conssted of operating the ferry through a smulated passenger run operating
between three ports. Only the portside engines of the James C. Echols and the Elizabeth River Ferry
[l ferrieswere evaluated for transient operation due to time limitations. A single repeat was performed
for each of these two engines. At each port the ferry was stopped for approximately five minutes with
the engine operating to simulate the loading and unloading of passengers. All data were recorded
continuoudly for these tests from the start of theidle period to the last port stop.
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Data Reduction Methodology

Since the research performed was the in-use emissons evauation from the four engines in the two
ferries, there are no specific standards governing the testing. However, the data reduction procedures
outlined in Title 40 CFR 86, Title 40 CFR 89, Title 40 CFR 92, Title 40 CFR 94, 1SO8178, and SAE
J177 were followed, where applicable, in the experimental setup and data evaluation [1-6]. The
computation of the mass emissons emitted from the natural gas-fueled and diesel-fueled engines in
the ferries can be determined from the sources listed above. Generdly, knowledge of the intake air
flow rate and fud flow rate (or exhaust flow rate) and the concentration level of the exhaust
congtituents are required. However, the three methods used to measure the intake or exhaust flow rate
were deemed unsuitable for thiswork. In this study, the fud flow rate measurement was assumed to
be a more accurate measurement than any of the air flow measurements, permitting the
implementation of the procedures outlined in Title 40 CFR 92 as the primary calculation method for
the gaseous mass emission rate [3]. WV U has successfully employed an averaging pitot tube, the
Annubar™, for exhaust flow rate measurements from on-highway vehicles. While, WVU was not
scheduled to collect exhaust flow rate data in this study, they did install their exhaust flow rate
measurement system on the engine stacks and collected data.  This system was in addition to the
SPOT that was provided by the US EPA. It was clear that the range of the differential pressure
transducer for the Annubar-based system was not optimum.

Steady State Test Reduction Method

The mass rate of each exhaust constituent was determined from the measured concentration levels of
the exhaust and the measured fuel mass rate as defined in Title 40 CFR 92 [3]. The datafrom the last
60 seconds of each steady-state point were averaged and used for the gaseous emission andyss. For
PM, the entire duration of the sampling period was used for the determination of the TPM. The
emission mass rate may be cal culated using the concentration levels reported on awet basis

Nl = M; OC;  OMW, ‘ O
' (12.011+1.008 0a) OlCco,.w *+ Ccow +Crew)
or reported on adry basis
M; OC;q OMW 2

M, = -
' (12.011 +1.008 Jo)O(C o, +Ccoa + Chcua)

The molecular weight of each congtituent is shown in Table 3. The dry and wet concentration levels
arerelated by

Ciq =K, OCyy 3
where the correction factor isgiven as

Ky =1+Dy0- (4)
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Thevaueof Dy, o can be determined from an iterative process or using an approximate solution. An
approximate solution used in thisanalysisand is given by:

a0Ceo. 4 +C
Dh,0 { l Coz"zj CO’O')+Y DVOL Rmio} N Cl , 5)
1+ CO,d
] K DCC02,d |
where
DVOL gy =1- (%) (Cco,q - (% + o.5j (Ceoy- 6)

The constituents of CO, CO», and NOx were measured dry and THC was measured wet. Equation (2)
was used for caculating the mass emission rate. Therefore, the measured concentration of THC is
converted to adry basisfor the calculations by

Crhc,d = Kw BCthc,w - (7)

Table 3 Molecular weight of each exhaust constituent.

Constituent i MW
THC (12.011+1.008 ()
cO 28.01
CO; 44.01
NOx* 46.01
NMHC (12.011+1.008 ()

* NOx MW based on NO»

The concentration level of the nonmethane hydrocarbons may be calculated on awet basis

CnMHC,w = CtHe,w ~TeH, HCehyw 8

or onadry basis

CnmHc,d = CrHe,d ~feH, UCcHy, d- ©)

The concentration level of methane for each test was andyzed from a bag sample by means of Gas
Chromatography on awet basis and then converted to adry basis viaequation (7).

The mass emission rate of NOx is corrected for ambient temperature and humidity according to
procedure outlined in Title 40 CFR 89 [2].
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The particulate matter mass rate was determined from knowledge of the partia flow dilution tunnel
dilution ratio, particulate filter net mass, integrated flow across the filter during the test, and the
average exhaust flow rate. The particulate matter mass rate is analogous to that given in 1ISO8178 [5]
and isgiven by

_ Mnet UQExh

M PM
QSecTun

(10)

The flow across the filter is determined from integrating the measured flow through the mass flow
controller on the mini dilution tunnel. The net filter massisthe sum of the PM loading on the primary
and secondary filter. The average exhaust flow rate can be determined from the measured in-field
methods (Tom Fox (intake + fud), EPA Spot (exhaust), or WV U (exhaust)) or from the measured
exhaust congtituents and fud flow rate. For this analyss, it was determined that the most accurate
method would be from the measured exhaust constituents and fuel flow rate gpproach and is
determined from the approach shown in Ferguson and Kirkpatrick [7].

The average exhaust volumetric flow rate over the PM collection phase was determined from the
equivaence ratio, soichiometric air-to-fud ratio, and fue flow measurement. The exhaust volumetric
flow rateisgiven as

Qexh =P OM gy (1)
where the exhaust massrateisgiven as

Mexh =Mintake + Miuel - (12)
Thefud flow rate was measured. Theintake massflow rateisgiven as
A
— (%:)Stoich

Mintake—TMfuel- (13)

The stoichiometric air-to-fud ratio is based on the hydrogen-to-carbon ratio and is given as

(A ) _ MWearbon + o UMWy grogen
Flstoich 138.180(1+.250a)

The equivalence ratio can be determined from a wet or dry exhaust gas. A dry basisis used in this
analyssandisgiven as

(14)

20(1+.2500) 02 0Cco, ¢ + 20Cco,d *+ CrHe.d) |\'/| )
¢= fuel -
20Cco,,d * CH,0,d +2UC0, d + Ccod

The concentration of “dry water” is somewhat of amisnomer, but isgiven as
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500 0(Cco, g +Ccod) .
C2 Mfuel - (16)
cod

350Cco,.d

Ch,0d =
1+

The concentration of oxygen in the exhaust was not measured but is approximated by experimental
datafor lean-burn engines given in Heywood [§].

The brake specific mass emission for each exhaust congtituent is determined by

bs, =—, 17
where the power is determined from the measured prop shaft speed and torque and is given as

oo TN

=—. 18
5252 (18)

Transient Test Reduction Method

A similar methodology as given above was used for the transient runs brake-specific mass emissions.
However, it must be noted that the uncertainty associated with the determination of the mass of each
constituent emission may be higher for transients tests using raw exhaust gas measurement techniques.
The problem stems from the inherent time delays, diffusion, and disperson of the measured
congtituent at each analyzer. Therefore, the value of the instantaneous (5 Hz) mass, or mass rate, is
affected by these delays. It is possible to recongtruct the actud vaue of the constituent level in the
exhaust stack through various techniques. The approach taken in this anaysis was the shifting of the
measured exhaust constituent so that the rise (or fal) of the signa corresponds to the rise (or fal) of
shaft power and fudl flow rate. Fuel flow was used as a parameter in this analysis since the shaft could
be disengaged from the engine, thus nullifying the inferred engine power signal. Each constituent was
shifted individualy based on this criterion.

Results

For the steady State runs, the engine speed, prop shaft power, vehicle speed, and exhaust temperature
are shown in Figure 1 to Figure 4, respectively. It is noted that the reported power in Figure 2 is that
of the prop shaft and not that of the engine. Therefore, the reported brake-specific mass emissons are
influenced by the transmission efficiency and will thus be lower than those reported. The emission
results for the steady State runs are presented in mass rate units (g/hr) and in brake-specific mass units
(g/bhp-hr) in bar charts for the gaseous condtituents, PM, and fuel consumption in Figure 5 to Figure
16. The magnitude of each of the barsin Figure 5 to Figure 16 represent the average of the two runs
performed a each point; the “error” bars represent the spread of the data. The average of the datais
shown in the table below each chart. The results for the transent runs are presented in brake-specific
mass units for the exhaust congtituents asillustrated in Table 4.
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Fue and oil samples were collected and anadlyzed. The results from these anadyses are given in the
Appendix. The fud sample analyses were typicd for in-use natural gas and diesd fuels used. It is
noted that the ethane content for the natural gas was relatively high a 7.5%. The oil analysis shows
that the James C. Echols starboard engine has a high tin content and the port engine has high copper
content, an indication of engine wear. The Elizabeth River Ferry 1IS starboard engine has high tin,
implying wear and the port engine oil has high water content, indicating a coolant leak.

The datafor the steady runs and the transient tests are included on adisk in an Excel spreadsheet. The
steady sState sheet contains the average of the last 60 seconds of data collection for the measured
parameters aong with the calculated parameters. The Excd file also contains the graphs shown in
Figure1to Figure 16. Table4 isaso contained in one of the sheets.

Figure 1 shows the steady-date test engine speeds for the 40, 60, 80, and 100% points along with the
idle speed. The differences in engines are shown in the idle speed and the associated steady-state set
points. The differences in prop shaft power and ground speed shown in Figure 2 and Figure 3,
respectively, may be attributed to differences in vessdl design and vessdl loading. The vessel loading
is dependant upon, among other conditions, river current direction and magnitude and tidal conditions.
While there were no attempts made to replicate test conditions in this study, a comparison of Figure 1
and Figure 2 shows that the two natura gas engines were operated in a repeatable manner and the two
diesdl engines were operated in arepeatable manner for the steady-state tests.

The data for the prop shaft torque (hence power) were filtered to account for instances where the
torque value would “instantaneoudly” change (impulse) to a very high (or low) vaue. The speed
signa did not show thisimpulse. Generdly, only one or two data points (0.2 to 0.4 seconds) would
show thisimpulse and were replaced with alinearly interpolated val ue between adjacent data points.

A comparison of the exhaust temperature of the four engines is shown in Figure 4. This is the
temperature used in the WVU Annubar flow caculation. The natural gas exhaust gas temperature
measurement location was located within 15 feet of each engine's exhaust manifold and located under
the first deck. The diesdl exhaust temperature measurement probe was further away from the engine
than the natural gas measurement and located at the upper deck access pand location. As shown in
this figure, the natural gas-powered exhaust temperature is greater than the diesd ferry, as expected.
The exhaust temperatures aso indicate that the two natural gas engines were operated in a repeatable
manner and the two diesd engines were operated in a repeatable manner for the steady-tate tests.
The only discrepancy in the exhaust temperature is the 40% speed point between the starboard and
port side engines for the James C. Echols ferry. It is noted that the prop shaft power for these two
engines at the 40% speed are within 7% of each other.

In genera, the emission results from this study showed that the THC emissions from the naturd gas-
powered ferry are ~2.5 times higher than the diesd-powered ferry. The CO emissions are generdly
lower for the diesel-powered ferry, except for the 100% speed point. NOX is generaly lower for the
diesal-powered ferry, except at the 40% speed point. The natura gas ferry has significantly lower PM
emissions, as expected. It is noted that a modern eectronically controlled diesel engine operating on
low sulfur diesd fuel and fitted with an exhaust PM after tresetment system will have PM emission
levels equivaent to that of anatural gasfueled engine. Both ferries have equivaent fuel consumption.
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The idle point data for the Elizabeth River Ferry 1l port engine showed significantly higher mass
emissions rates for THC, CO, CO,, NOx, and fuel consumption rates than the starboard side engine.
This may be attributed to over fueling at the idle point as dluded to in the oil andysis for this engine
as shown in Figure 25. However, the concentration levels of THC, CO, CO,, and NOx were
equivalent for both engines, but the measured fuel rate was approximately four times higher for the
port engine than the starboard engine, leading to a higher (or lower) calculated mass rate for the port
(or starboard) engine. This is borne out in Equation (1) or (2) where the emisson mass rate was
linearly proportiond to the fuel massrate. Thus, if theidle datawas incorrect for one of these engines,
then the resulting mass emission rate (or brake-specific) was incorrect. No other data points appeared
to have adiscrepancy in the fuel measurement; care must be exercised in interpreting the idle data for
the diesdl engines.

The over fueling reference in the port-side oil analysis, Figure 25, of the Elizabeth River Ferry II's
port engine was supported by higher mass rate and brake-specific mass emissions for this engine
compared to the starboard engine. Generdly, the emissons measured during the steady State and
trangent tests from the port engine were higher than those measured for the starboard engine.

The CO emission levelsfor the James C. Echols port engine were significantly higher than that of the
starboard engine as shown in Figure 6 and Figure 12 for the 40% point. This may be attributed to
incomplete combustion condition, as supported by the lower exhaust temperature in Figure 4 at this
steady-state point. However, the THC emissions in Figure 5 and Figure 11 were not significantly
different between the two engines.

The transent test results between the two ferries are presented in Table 4. It is cautioned that the
techniques used to derive this data may have an error on the order of 10% and that care must be
exercised in interpreting this data. The data showed that the James C. Echols ferry required ~30%
more work to perform the test than the Elizabeth River Ferry Il ferry. Both ferries covered the same
distance of ~1.37 miles. The brake specific THC mass emissions from the natural gas-powered ferry
(1.51 g/bhp-hr) were 2.5 times that of the diesd ferry (0.6 g/bhp-hr). The brake specific CO mass
emissions for the natural gas-powered ferry (13.7 g/bhp-hr) were 2.6 times that of the diesd ferry (5.2
g/bhp-hr). The brake specific NOx mass emissions from the natura gas-powered ferry (25.5 g/bhp-
hr) were 10 percent higher than that of the diesdl ferry (23.0 g/bhp-hr). The brake specific PM results
show that the diesdl-powered ferry (0.50 g/bhp-hr) was emitting 50 times greater than the natural gas-
powered ferry (0.01 g/bhp-hr). The brake specific fuel consumption (bsFC) results show that the
natural gas-powered ferry (274 g/bhp-hr) and diesd ferry (270 g/bhp-hr) were equivaent in fue
consumption.

The results from an additiona set of tests for the James C. Echols port engine are shown in Table 5.
This test was performed in an ad hoc manner to examine the effects on emissons from adjusting the
natural gas carburetor to aleaner setting. The test consisted of operating the engine at the three points
as shown in the figure. The engine was operated at each point for approximately five minutes; the
datafrom the last 60 seconds of each set point were averaged for the results shown in the table. The
NOx datafor Point 1 was negative, no errorsin the NOx data collection could be found for this point.
This observation merits further investigation following awell laid out test plan.
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Conclusions

This effort evaluated the in-field mass rate and brake-specific mass emissions of THC, CO, CO,, NOx
and PM for two ferries operating on the Elizabeth River in Norfolk, VA. In generd, the results from
this study show that the THC emissions from the natural gas-powered ferry were ~2.5 times higher
than the diesd-powered ferry. The CO emissions were generdly lower for the diesd-powered ferry,
except for the 100% speed point. NOx was generally lower for the diesd-powered ferry, except at the
40% speed point. The naturd gas ferry had significantly lower PM emissions, as expected. It isnoted
that amodern eectricaly controlled diesel engine with low sulfur diesel fuel and aPM after trestment
device will have equivdent PM emission levels as that of natura gas. Both ferries have equivalent
fuel consumption.

18




2000

1800

1600

1400

1200
1000
o]

(wdi) paads auibug
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Figure 2 Comparison of the prop shaft power for the four engines.
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Figure 3 Comparison of the ground speed for thefour ferries.
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Figure 4 Comparison of the exhaust temperature for the four engines.
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Figure 6 Comparison of the CO emission massratefor thefour engines.
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Figure 10 Comparison of the fuel consumption massrate for the four engines.
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Figure 11 Comparison of the THC brake-specific mass emission for the four engines.
Figure 12 Comparison of the CO brake-specific mass emission for the four engines.
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Figure 16 Comparison of the brake-specific fuel consumption for the four engines.
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Table 4 Transient runs brake-specific mass emission results.

Work Distance THC CO CO, NOx1 NOx2 PM FC
Seq. | Run | Desc. bhp-hr miles g/bhp-hr | g/bhp-hr | g/bhp-hr | g/bhp-hr | g/bhp-hr | g/bhp-hr | g/bhp-hr
Natural Gas
18 14 JCE-P 20.62 1.352 1.5104 12.507 746.2 26.24 24.25 0.01184 276.4
18 16 JCE-P 22.64 1.366 1.5090 14.829 727.1 24.68 23.04 0.00807 270.8
Diesdl
20 12 ERFII-P| 15.53 1.378 0.5074 4.283 809.0 21.82 20.61 0.4334 256.7
20 13 ERFII-P| 15.82 1.380 0.6944 6.181 888.9 24.10 22.40 0.5647 282.9
Table5 Emissions data from the James C. Echolsferry port engine with adjusted carburetor.
S
s _ . 5 & %
B B No] — 8. (% ! N
E meho 8 2 e o | o 5 | 9 508 3
PS8 mE B ey, 88, 2 g 88 gy
o g CEF I | 6| 4 |E O O zZ | =z v £ 48 Fel Fel 8 8 é
ft-lb rpm| C [mph|rpm| gh | gh| gh | gh|gh| gh hp |g/bhp-h|g/bhp-h|g/bhp-h|g/bhp-h| g/bhp-h| g/bhp-h
Point 1| 555 | 724 | 541 |9.12 |1463| 858 | 406 | 53720 | - - 120368 | 76.5| 11.2 531 702 - - 266
Point 2| 309 | 559 | 499 | 7.65(1133| 116 | 157 | 26626 | 614 | 551 | 9761 | 32.9| 3.52 4.77 809 18.6 16.7 297
Point 3| 192 | 446 | 477 |5.99| 898 | 105 | 106 | 18006 | 386 | 311 | 6627 | 16.3| 6.39 6.47 | 1102 | 236 19.0 406
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James C. Echols Natural Gas and Oil Samples Analyses

Gas Analytical Services, Inc.
221 Industrial Dr.; Stonewoed, WV 26301
P.O Box 1028; Bridgeport, WV 26330
304-623-0020
(fax) 304-624-8065

Client: Weast Virginia University - Mechanical/Aerospace Engineering
Date: 7 November 2001

The attached analyses have been calculated utilizing a high precision
analytical method of chromatography on a SRI gas chromatograph. All results
reflect intercomparison with NIST traceable standards (16-A-12-94/16-A-11-96) and
have been quantified utilizing multi-level calibrations to provide linear detector
response for high/low level compound concentrations. Supercompreseibility of the
sample is calculated using AGA 8 extended routines, ASTM standards D-1945/1947
(analytical methods of compressed natural gas) have been applied. GPA Standard
2261 |Analysis for Natural Gas by Gas Chromatography| has been satisfied

All gas samples were conditioned to exceed hydrocarbon dewpoint prior to
analysis. Water vapor and/or sulfur declarations (if present) have been determined
at location during the sampling, and reflect system operating conditions (pressure,
turbulence and temperature) as per ASTM/AGA requirements. Repeatability and
precision of the instrument and its associated equipment, as well as minimum
detection limits and sampling rates, meet or ex¢ceed AGA precision requirements for
the individual compound concentrations.

CE. Monahar

C. E. Honaker, Metrologist
Gas Analytical Services, Inc.

Figure 17 Cover letter for the James C. Echols natural gasanalysis.




Gas Analytical Services, Inc.

P.O. Box 1028 Analysis #: 17475
Bridgeport, WV 26330-0461
Phone: (304) 623-0020 RunDate:  11/07/2001
FAX: (304) 624-8065 Run Time: 09:05
FRACTIONAL ==
Cuslomer: WV University -MAE Department Sample Date: 11/07/2001
Fleld: Morgantewn, WV Sample Time: 00:00
Cust. Cylinder;
Station:.  Echols Ferry Effective Date: 11/07/2001
Meter: Sample Pressure: 0.00 PSIG

WVU P.O.# 2VQEER-04

2l CMOL% T

tane

.Nitzogen 0.026.
co2 0.000
. Oxygen.. .
.Hexaness el oings
[ Total: 100,000 2.56

Analytical Results at Base Conditions

BTU/SCF (Dry): 1106.071
BTU/SCF (Saturated): 1087.746
PSIA: 14.730
Temperature (°F): 60.000
Z Factor (Dry): 0.99750
Z Factor (Saturated): 0.99746

Analytical Results at Contract Conditions |

BTU/SCF (Dry): 1106.071
BTU/SCF (Saturated): 1087.74¢
PSIA: 14.730
Temperature (°F): 60.000
Z Factor (Dry): 0.99750
Z Factor (Saturated): 0.9974¢

_____Caiculated Specific Gravities
Ideal Gravity: 0.6124

Real Gravity: 0.6137

Gross Heating Values are Based
on GPA 2145-91,

Compressibility is Calculated using AGA-8.

-_Notes and Comments

Figure 18 James C. Echols natural gasanalysisreport.
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OILSCIENCE REPORT

CUSTOMER ACCOUNT NO: 526 LUDE DRAND: wnrr 1of so02 PATE: 11/36/0.
west Virginia University LUBE TYPR: motor SYSTEM} Engine, CinG i

M and A Enginescing TOTAL MILES/HOURS: O . COMP/MPGR\_Engine 2,’ cng, Ferry,
PO Box 6101 RO1 cr card gas
Horgantown, Wv 26506 WARRANTY ¢ !

ATTN: Byron L Rapp. ext 2384 ({ NOTB: = = OXLSCKENCE PROPRIETARY VALUES: (NORMAL: 1 OR 2. ABNORMAL: 3. SEVERE: 4.)]
PHONB: 304-2933111

Teat Ho: 000526-00001
pate Sampled: 11/01/01
pate Received: 11/08/01 . i
Iren Ppm 21 :
Chromium  ppm 1
Zine ppm 9158 :
Alumlnum ppm 1 i
Manganese ppn 1 :
—min PPM g —
Phosphorus ppm 738
Calelum ppm 880
Hickel PR <1 :
— Copper PPR 106 — :
Lead PP 4 )
Boron PR 298 2
silicon Ppm 8 !
Sodium pPpm n
Barium PPM 1
Magnesium ppm 381 !
Titanium ppm <1 :
Viscosity (SAX) 40 :
Viscosity (SuUS) 719
Viscoaity L 2 ;
Fuel Dilution = 2 ;
Coolant Leak * 2 ;
Sludge K 0.90 :
Soot . 2 ;
Particulates * 2 :
migration - 2 i
oOxidation 4 2 .
Hew OL1 » 2 ;
Lube Drain '
Total MA/Hrs ;
Sampla Mi/Hrs .

TEST NUMBER: 000526-00001 .
BVALUATIONS: (baseline test results, first sample). Tin and copper levels are above normal. Other wear metal levels
are all in normal ranges, no other undue potential wear conditions evident. (note: uinc, phosphorus; calcium, boroh,
nagnesium and some scdium are additives. Copper could be an additive te the oil but not fraquently used). Tin
signifies wear of bearing overlay, may have other source also. Viscosity, and other physical conditlons of oll nen:ul.
good, Water absent. Sulfur result is attachad. :
ACTION: Abnormal tin could signify wear of baaring overlay. Scme of the copper may be related to boaring wear:
trend /or other source. Oil conditlon smatisfactory. It can continue in use. Resemple after 200 hrs and monitok
tin. i

OILSCIENCE (310) 676-5951. 3940 Marine Ave, Suite L, El Camino Village, Lawndale, CA 90260

Figure 19 James C. Echols starboar d engine oil analysis result.
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OILSCIENCE REPORT

CUSTOMER ACCOUNT mO:» 526 LUBR BRAND:
Wedt Virginia University LUBB TYPE: motor
M and A Engineering TOTAL MILES/HOURS: O

PO Box 6101
Morgantown, WV 26506

ATTN! Byron L Rapp. axt 2384 [ MOTE: * = OILSCIERNCE PROPRIETARY VALUES: (NORMAL: L OR 2. ABNORMAL: 3. SRVERR: ‘..)]
PHOME: 304-2933111 :

Tast Noi 000526-00002 :

Date Sampled: 11/01/01 !
Date Received: 11/08/01 :
Iron ppa 17 '
Chiomium  ppm <1 ;
sinc PPN 890 .
Aluninum ppm 1 !
Manganese ppm 1
Tin Ppm 4
FPhosphorus ppm 718
Caloium ppm 937 .
Nickel PPO <1 :
Copper  ppm 110 —
Lead PPR s '
Boren PPR 280 .
Silicon Pen 4 ‘3
Bodium PPO 19 :
Barium PR 1 :
Magnesium ppm 58 :
Titanium ppm <1 :
Viscosity (BAR) 40 :
viscosity (sus) 710 ;
Viscosity " 2 .
Fuel Dilution * 2 :
Coolant Leak * 2 ;
Sludge X 0.59 :
m - 2 ;
Particulates * 2 )
nigration " 2
oxidation . 2 !
New Oil = 2 H
Lube Drain :
Total Mi/Hrs i
Sample Mi/Hrs ;

TEST NUMBER: 000526-00002 :
EVALUATIONS) (baseline test results, first sample). Copper level is above normal. Other wear netal levels are all .|.n
normal ranges, no other preliminary wear conditions evident. (nota: sinc, phosphorus, caleium, boron. magnesium lnd
some sodium are normal additives. Copper could ba an additive in the oil but not often used). Visocosity, and all otm
physcial conditions of oil are good. Water absent. Sulfur result is attached.
ACTION! No iwmediate maintenance indicated. Resample after 500 hre and monitor.

OILSCIENCE (310) 676-5951. 3940 Marine Ave, Suite L, El Camino Village, Lawndale, CA 90260

Figure 20 James C. Echols port engine oil analysisresult.




%-—;é’ . OIL SCIENCE LABORATORY

3940 Marine Avenue, Suite L, Bl Camino Village * Lawndale, Californis 90260-2333
P’ DTN Phone: 1-800-313-5355 » (310) 676-3951 » Fax: (310) 676-5952

November 16, 2001

West Virginia University, MAE Dept.
Attn: Byron L Rapp

PO Box 6101

Morgantown, WV 26506

Samples: Nat gas engine oils, CNG, as indexed.

LABORATORY RESULTS
Sample # Sulfur, wt%
#002 0.7654
#003 . 0.6338

/:w@ﬂfﬂu.—\

Paul N Rollins

Quality assurance in inspection and test.

Figure 21 James C. Echols starboard and port engines sulfur content.
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Elizabeth River Ferry Il Diesel and Oil Samples Analyses

21730 S. Wilmington Ave,, Suite 201

Carson, CA 90810
3 310-513-2031 Te!
| B CORE LABORATORIES
Corelab 3
BYRON L RAPP = : Date Reported:
WEST VIRGINIA UNIVERSITY " . " Date Recsived:
MAE DEPT \ PO BOX 6106

MORGANTOWN, WV 26505

Analytical Report
Test ggulj_ 5 fllniia Method Date Analyst
Sample Number: 111389001 Sample ID:  Sample #0305
Sample Date: Description: .
API Gravity by Hydrometer 3L 60/60 degF ASTM D-1298 11/20/01 OE
Aromatics by Supercritical Fluid Chromatography :
Total Arnmahcs - 378 wit%e ASTM D-5186 ~ 11/20/01 DD
Monosromatics 22,6 wi% 11/20/01 DD
Polynuclear Aromatic Hydrocarbons 15.2 wi%e 11/20/01 DD
Cetane Index, Calculated 43.2 ASTM D-976 12/4/01 GLC
Cctane Number 41.6 ASTM D-613 12/3/01 FB
Distillation
IBP 368.2 deg.F ASTM D-86 11/20/01 OE
5% Rec 418.2 deg.F OE
10% Rec 440.3 . deg.F OE
20% Rec 4658 - deg.l¥ OE
30% Rec 487.8 dey F OE
40% Rec 506.9 deg.F QE
50% Rec 5257 deg.F OE
60% Rec 544.8 degF OF
70% Rec 5653 deg.[ OE
80% Rec 588.5 deg F CE
90% Rec - 622.9 deg.F OF
95% Rec 655.5 dep.F ' QE
FBP * 674.7 dep.F OE
Recovery 97.7 Y% OE
Residue 1.5 % OF
Loss 0.8 % OE
Hydrocarbon Type - FIA
Aromatics 359 Iv% ASTM D-1319 11/27/01 FB
Olefins 1.0 v% FB
Salurates 63.1 v% FB
Kinematic Viscosity (@ 40 deg. C 2.797 cSt ASTM D-445 11/20/01 OF
The inions of INlerp ined in Inis report are b P and instorial supplied by the cllent for wh clusive and usy this
teport has bean maae The ytical resuits, he best Judgrment of Com L Corw Lab makes no
wmummuwunnnﬂwmmuhu , proper of any oll, gas, coal, or ather

mineral, pmparty, muwhmﬂﬂmmmuwwmwﬂmm.m mmwmum in whola or in part, without
tha writlten appreval of Core Laborsiories.

Figure 22 Elizabeth River Ferry |11 diesel fuel analysisreport.




N 21730 S. Wilmington Ave,, Suite 201

Carson, CA 90210
a5 CORE LABORATORIES
] : ek . )
BYRON L RAPP : : _ Date Reported:  12/4/01
WEST VIRGINIA UNIVERSITY - Date Received: 11/14/01

MAE DEPT \ PO BOX 6106
MORGANTOWN, WV 26505

Analytical Report

Test Result Units Method Date Analyst
Sample Number: 111359-001 Sample 1D: Sample #0305

Sample Date: Description:

Sulfur, Total by X-Ray Fluoresc. 0.191 wi% ASTM D-4294 12/3/01 PW

Approved By: i
~€O0K
ASSISTANT MANAGER

fhe y rusulis, op or P iNed in his repart are based info ion and malerial hy tha cliunt for whose exclusive and sonfidential use this
mport nas been made The ions of i P beost judgr of Cora L Care | , Makas no
wmymm.marnnp&-d.nhmm-.mmmm-nmuwhmw.Wmamm-dwdu,uu.-rm
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he writlen approval of Core Laboratorias.

Figure 23 Elizabeth River Ferry |1 diesal fuel sulfur content result.
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OILSCIENCE REPORT

CUSTOMER ACCOUNT NO; 526 LUDE DRAND: UNIT ID DATE: .l.1f|1‘/0
Wewt Virginia Univeraicy LUDRE TYPR: diamel motor SYSTEME Engine, diese.

H and A Engineering TOTAL MILES/HOURS: O comp/
PO Box 6101

Morgantown, WV 26506 WARRAHTY s :

ATIN: Byron L Rapp. ext 2384 | NOTE: * = OILSCIENCE PROPRIETARY VALUES: (NORMAL: 1 OR 2. ABNORMAY,: 3. SEVERE: 4.)]
PHONE: 304-2933111 i

1
Test No: 000526-00003 .
Date Sempled: 11/01/01 !
Date Received: 11/08/01 )
Iren pRm 24 :
Chromium ppm 2 .
Zine PRm 1294 ]
Aluminum ppm <1 :
Manganese ppm |
— Tin PEm @’ ;
Phosphorus ppm 1134 :
Caleium PPm 363 .
Nickel PPm <1 '
Copper ppm 16
Lesd PR L
Boron PPR 660
Siligon PP 13
Sodium PPR 35
Barium PPM 1 |
Magnesium ppm 210 :
Titanium ppm <1 :
Viscosity (SAE) 40 .
vigdosity (SUS) 734 .
Viscoaity * 2 y
Fuel Diluticn = 2 .
Coolant Leak =« 2 .
Sludge K 0.07 H
Soot . 1 i
Particulates 2 :
Migration " 2 H
Oxidation - 2 :
New O1l * 1
Luba Drain
Total Mi/Hra

Sample Mi/Hrs

TEST NUMBER:; 000526-00003
EVALUATIONS: (bassline test results, first sample). High tin level. Marginal wsar of cther bearing alloy llmnt.,
coppar and lsad but thoss aren‘t excessive. Marginal ring, chromium wear. (normal additive group present, but calcium
ie low and maghesium relatively high, in diesel engine oll). Tin wWear level especially looks problematic. Water
absent. Sulfur result is attached. Viscosity normal, and eystem conditionw otherwise are normal.
ACTION: Tin level is very high. If no recent repalr (new bearlng(#)) then the source of tin wear should be
checked ASAP.

OILSCIENCE (310) 676-3951. 3940 Marine Ave, Buits L, Bl Camino Villags, Lawndale, CA %0260

Figure 24 Elizabeth River Ferry Il starboard engine oil analysisresult.

37




0ILSCIENCE REPORT

CUSTOMER ACCOUNT NO: 526 LUBE BRAND: UNIT IDi $00s TR: 11/1670
West Virginla University LUBE TYPBI diesel motor SYBTEM4 Bngine, diesel i

M and A Engineering TOTAL MILES/HOURS: 0 COMP/MFGRA Bngine 5, Diesel, Ferry
PO Box 6101 PO: or card rutmdj.uo'[l"

Morgantown, WV 26306 WARRANTY: )

i
ATTH: Byron L Rapp. ext 2384 [ NOTEt * = OILSCIENCR FROPRIETARY VALUES: (NORMAL: 1 OR 2. ABNORMAL: 3. SEVERE! 4.))
PRONR: 304-2933111

i

Test No: 000526-00004 H
Pate Sampled: 11/01/01 i
Date Received: 11/08/01 i

i

- Iron ppm 50 —
Chromium ppm 2 .
Zine PPm 1291
Aluminom ppm <1
Manganese ppm <1
Tin PPR 5 .
Phosphorua ppm 1033 H
Caleium PR 1042 ;
Nickel ppm < :
Copper PR 14 : i
Laad ppR 6 i
Boren ppm 192 )
8ilicen PPR 3o -
Sodium PP 30
Barlum - 1 .
Hagnesium ppm 364 :
Titanium ppo <1 :
Viscosity (SAE) 30 .
Viscosity (SUS) €62 i
Viscosity » 2 . :
Puel Dilution * 2 :

— coolant Leak * 3 - !

w= Sludge K 1.83 =~ i
soot . 2 ;
Particulates * 2 :
migration L] 2 i
oxidation L 2 :
New 011 . 2
Lube Drain ;

Total Mi/Mre . !
Sample Mi/Hrs

TEST NUMBER: 000526-00004 . X
~— BVALUATIONS: (baseline test results, first sample). Minor ircn/ateel wear; minor top and wear; marginal copper. Othar
wear matal levels are all at normal, acceptable levels. (normal additive group preseat, but calcium 1s low and -
magnesium relatively high, for diesal engine oil). Water present, 0.1%. Posslble coolant leak /or condensation. m"gm

scot, overfueling, could be related to potential coolant leak. Sulfur result is attached. :
[P ACTION: A coolant leak, and/or related overfueling, condensation condition is evident. Running of sarvica tests
for coolant leak and a check of injectors is advised. Oil should ba drained following servicing. Resample nﬂ:ilu

500 hrs and monitor. .

OILSCIENCE (310) 676-5951, 3940 Marine Ave, Suite L, Bl Camino Village, Lawndals, CA 50260

Figure 25 Elizabeth River Ferry Il port engine oil analysisresult.




R __s# ol OIL SCIENCE LABORATORY

3940 Marine Avenue, Suite L, Bl Camino Village * Lawndale, California 90260-2333
Z‘:ﬁm Phone: 1-800-3)3-5555 ¢ (310) 676-5951 = Fax: (310) 676-5952

November 16, 2001

West Virginia University, MAE Dept.
Attn: Byron L Rapp

PO Box 6101

Morgantown, WV 26506

Samples: Diesel engine oils, as indexed.

LABORATORY RESULTS
Sample # . Sulfur, wit%
#004 0.5100

#005 0.5176

ot H- S

Paul N Rollins

Quality assurance in inspection and test.

Figure 26 Elizabeth River Ferry Il starboard and port engines sulfur content.
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