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EXECUTIVE SUMMARY

The objective of the Phase 1 (1997-1998) of the West Virginia Diesel Study,
conducted at the National Center for Mining Engines and Safety, West Virginia
University, was to evaluate the mass emissions rates of exhaust emissions from diesel
powered equipment specified by the West Virginia Diesel Equipment Commission
(Commission). The Commission laid down the tasks undertaken in the study. Data was
collected on "available" technology for curtailing exhaust emissions from diesel engines
earmarked for underground coal mine operations. The experimental data generated in
this study is to be utilized by the WV Diesel Equipment Commission to promulgate
initial rules, requirements and standards governing the operation of diesel equipment in
underground coal mines. While progress on the project was reported to the Commission
ona regular basis during the course of the study, the final presentation was made on
February 28, 1998 at West Virginia University. This report presents the details on the
test equipment, procedures, results, and conclusions and recommendations. At the risk of
being more extensive than most, the Executive Summary provides the reader with
quantitative information on the emissions values and subsequent emissions reductions
with the prescribed exhaust aftertreatment systems.

The test engines and the respective aftertreatment systems were selected by the
Commission. WVU received the equipment through the Commission. The engines and
the aftertreatment devices were tested by WVU in their as-received condition.
Modification of engines or exhaust aftertreatment devices were performed by the
manufacturers or with their expressed consent. The testing component of the WV Diesel
Study was initiated in late November 1997 after receipt of the equipment. At the onset of
the investigation it became clear that diesel particulate matter was of primary concern,
and for that reason this Executive Summary focuses on the findings associated with
particulate matter reductions of the aftertreatment devices that were tested. Additional
results are discussed in the Results and Discussion section, and the Appendices of this
report. Particulate mass emission rates in g/hr and the subsequent reductions are
tabulated in this section. Weighted-averages are presented for complete 8-mode tests
only. The weighting factors for each of the modes may be found in Table 8.

When reporting diesel particulate matter data, it should be noted that the 30 CFR,
‘Part 7, Subpart E considers diesel particulate matter to consist of elemental carbon,
soluble organic fraction, engine wear metals, sulfates, and bound water. Therefore, the
mass measurements of collected particulate matter could consist of all of these
contributors. Of particular interest is the contribution of sulfates and bound water. Wall
and Hoekman, (1984) reported that at 50% RH, 1.3 grams of water is present for every
gram of sulfuric acid. In addition, a linear relationship between bound water and sulfuric
acid was reported to exist up to 60% RH, with a rapid increase at levels above 60%. In
accordance with the requirements of the 30CFR, Part 7, 40CFR, Part 86, Subpart N, and
40CFR, Part 89, WVU equilibrates the particulate matter filters at 50% RH and 70 F in
an environmental chamber.
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Summarized below are the test results from the four engines, namely, MWM
D916-6, Lister Petter LPU-2, Isuzu C240 and Caterpillar 3306 equipped with the
respective exhaust aftertreatment systems.

Summary of MWM D916-6 Results

A comparative study of high sulfur (0.37 % by mass) diesel fuel versus low sulfur
(0.04 % by mass) diesel fuel was performed on a MWM D916-6. Analysts, Inc. tested
samples of both fuels, and the analysis resuits are included in the Equipment and
Procedure section of this report. Table 1 indicates that lower sulfur fuel exhibited 22 %
less diesel particulate matter over the entire eight mode test cycle (weighted-average).
Gaseous emissions, as expected, were basically unaffected by the fuel sulfur content.

Summary of Lister Petter LPU-2 Results

As Table 2 indicates, two different catalyzed particulate traps were tested on the
Lister Petter LPU-2. Based upon the exhaust backpressure readings and particulate
reductions of the first 8-mode test, it was determined that a failure had occurred in the
first Rohmac/DCL particulate trap. After further inspection by DCL, WVU’s findings
were confirmed. Once the new particulate trap was installed, it was evident that the
exhaust aftertreatment system would not able to handle the associated high engine
exhaust emissions rates. Due to backpressure limitations imposed by the engine
manufacturer, only two test modes could be performed. Regeneration of the new
catalyzed trap was not possible because the rate of soot deposition was much higher than
the rate of combustion. In order to produce preliminary results for the Pallflex high-
temperature glass-fiber paper filter, a single mode 7 test was performed. Based on
WVU's recommendations, Rohmac and Lister-Petter derated the LPU-2 engine within the
limits imposed by the MSHA certification requirements. Under the time constraints
imposed by Phase 1 of the WV Diesel Study, further tests with the LPU-2 were not
performed. However, tests have been scheduled for Phase 2 (1998-1999) of the WV
Diesel Study.

Summary of Isuzu C240 Results

An Isuzu C240 was used to evaluate the emission reduction capabilities of a
Rohmac/DCL exhaust aftertreatment system. The manufacturer’s original system
consisted of a catalyzed particulate filter in series with an oxidation catalyst. In order to
explore the effects of component position within the system, the order of the oxidation
catalyst and catalyzed particulate filter were reversed. In addition, the engine was
operated through four modes with only an oxidation catalyst. A summary of the test
results is given in Table 3. The weighted-average reduction of diesel particulate matter
for the system configuration with the trap positioned upstream from the oxidation catalyst
(operated over the complete eight mode cycle) was 67.7 %. Considering, however, that
the testing performed for this study was the first of its kind for the Rohmac/DCL system,
it should be evident that further development work could produce higher reductions in
particulate matter emissions. Rohmac independently had the particulate sample filters
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analyzed for sulfate content and verbally disclosed, to WVU, that sulfates contributed
approximately 50% of the total measured particulate mass.

Summary of Caterpillar 3306 Resuits

Two aftertreatment devices were tested on a Caterpillar 3306. A Dry Systems
Technology dry scrubber system (DST) and a Clean Air Systems catalyzed particulate
trap were evaluated for their exhaust emissions reduction abilities. The results for the
tests are presented in Tables 4a, 4b, and 4c.

Goodman Equipment Corporation, through the Commission, supplied WVU with
a Caterpillar 3306 that was retrofitted with a DST system. During the initial eight-mode
test, a coolant leak was detected in the heat exchanger of the DST system. Resuits of this
test are presented in Table 4a as DST I. Prior to the second test, which consisted of only
four modes (see DST II in 4a), Goodman representative performed subsequent repairs
and inspections. During this second series of tests, WVU noticed that the level of
collected particulate matter for the first two modes was significantly higher than
expected. Expectations were based on engineering judgement and experience. Hence,
the Caterpillar 3306-DST was operated through only two additional modes, Modes 5 and
7. Goodman Equipment Corporation was contacted through the Commission and
informed of a possible persisting problem with the equipment. After an engine checkup
by a local Caterpillar maintenance technician and various Goodman-required system
inspections and clean-up procedures, the Caterpillar 3306 with the DST system was
tested for a third time.” The results of this complete 8-mode test are presented in Table 4b
(DSTIII). Once again, the reductions from this system were rather low under high
speed/high load (Mode 1, in particular) conditions. PM reductions at Modes 2 - 8 were
greater than 91%. Modes 3,4 7 and 8 show reductions in excess of 95%. ,

Clean Air Systems provided WVU with a catalyzed particulate filter that had been
designed for the Caterpillar 3306. The results of the tests are given in Table 4c. It should
be noted that, although the overall weighted-average particulate reduction of the system
was 72 %, this test was the first of its kind for this particular system model. In addition,
the particulate sample filters were not analyzed, but, based on previous experience, WVU
would expect test results to indicate that a considerable amount of sulfates were
contained on the filters. Moreover, as with the Rohmac/DCL system, further
development could minimize sulfate production and, hence, improve overall particulate
reduction efficiency.

Recommendations

It was apparent that the manufacturers of the catalyzed trap systems, employed in
this study, had not carried out any development work on these systems. Hence, there is
room for considerable amount of improvement in catalyst formulation, trap selection and
sizing and in the optimization of the complete packages. Prior to this study, engine
manufacturers never had to comply with any real emissions requirements and this study
has highlighted a critical area that needs to be addressed. Derating the LPU-2 engine is a
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small example of what manufacturers may have to start doing. Selecting low-emission
engines could be a first step move in the right direction. Surface temperature
requirements limit the potential avenues for trap regeneration. Relaxation of the 300°F
requirement would help in the implementation of regeneration techniques other than
noble metal-rich catalyst formulations that lead to high sulfate formation at elevated
temperatures. It is recommended that in-use (in-mine) diesel equipment be instrumented
to collect data not only exhaust temperatures but also on speed (engine and vehicle), load,
and the overall duty cycle. This will assist in optimizing the design of aftertreatment
devices for underground mining applications.




Mode 1

High (0.37 %) Sulfur Low (0.04%) Sulfur

Particulate Reduction
for Low Sulfur Fuel

Mode 2

Mode 3

Mode 4

Mode 5

Mode 6

Mode 7

Mode 8

Weighted-Averages

Eff. Total T 20.87 16.27 22.02

Table 1. Overall DPM Reductions for the MWM D916-6

Mode 1

Initial
Trap
(g/hr)

Trap

Reduct- Catalyst

Mode 2

Mode 3

Mode 4

Mode 5

Mode 6

Mode 7

Mode §

Weighted-Averages:

| EffiTotal [2887) 1028 [ 644 [ 1 [ | T ] |

Table 2. Overall DPM Reductions for the Lister Petter LPU-2
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Trap + Cat
Reduction

0
(1]

Cat. +
Trap
(Reverse
Order)
(g/hr)

Cat. +
Trap
(Reverse
Order)
Reduction
Yo

Catalyst
Only
(g/hr)

Catalyst
Only
Reduction

Mode 1

16.0

6.83

40.1

19.65

Mode 2

62.4

Mode 3

82.2

0.77

92.5

Mode 4

99.2

Mode 5

72.4

7.12

79.4

Mode 6

96.3

Mode 7

97.5

0.04

98.7

Mode 8

87.5

l Weighted-Averages

l Eff, Tota

10.16

Mode 1

Table 3. Overall DPM Reductions for the Isuzu C240

%

Reduction

DST II (g/hr)

EETHNNCIEA I N —

DSTII |
Reduction
%

Mode 2

Mode 3

Mode 4 85.87
Mode 5 90.66
Mode 6 17.12

Mode 7

Mode 8

Eff. Total 46.23

Weighted-Averages
e [ w2 T

Table 4a. Overall DPM Reductions for the Caterpillar 3306 (DST I and DST II)
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Bare -

(After DST III DST I (After
Engine/DST |(After Inspection becti
. . Repair)
Inspection & & Repair) Reduction
Repair (g/hr)

¥

(g/hr)

Mode 1
Mode 2 47.64

Mode 3 60.29 3.03 95.0
Mode 4 68.22 1.41 97.9
Mode 5 39.38 3.06 92.2
Mode 6 15.05 1.38 90.8
Mode 7 24.26 0.56 97.7
Mode 8 1.93 0.06 96.9

l Weighted-Averages i
Efifom | 6 ]| 6w | 818

Table 4b. Overall DPM Reductions for the Caterpillar 3306 (DST III)

Clean Air Cat-{Clean Air Cat-

Trap Trap ,
(g/hr) Reduction
%

Mode 1

Mode 2 55.1

Mode 3 71.51

Mode 4 85.87

Mode 5 90.66

Mode 6 17.12

Mode 7 20.71

Mode 8 0.57 82.6

Weighted-Averages
Eff. Total 46.23 | 12.88 i 72.1 i

Table 4c. Overall DPM Reductions for the Caterpillar 3306 (Clean Air System)
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1.0 OBJECTIVES

The global objective of the recently completed Phase 1 of the West Virginia
Diesel Study, at West Virginia University, was to evaluate mass emission rates of exhaust
emissions from diesel powered equipment specified by the West Virginia Diesel
Equipment Commission. The experimental data generated in this study has been utilized
by the WV Diesel Equipment Commission to promulgate initial rules, requirements and
standards governing the operation of diesel equipment in underground coal mines.

A more recent study, funded by the State of West Virginia and coordinated by the
WYV Diesel Commission, is currently in its second phase. The objective of this study is to
collect data on 'available' technology for curtailing exhaust emissions from diesel engines
earmarked for underground coalmine operations. The test matrix was decided upon by
the WV Diesel Commission. The set of tasks accomplished by the study follows:

1. MWM D916-6 engine using high sulfur diesel fuel (0.36% S)

2. MWM D916-6 engine using low sulfur diesel fuel (0.05% S)

3. Caterpillar 3306 engine (baseline).

4. Caterpillar 3306 engine with catalyzed trap.

5. Caterpillar 3306 engine with a dry scrubber system.

6. Caterpillar 3306 engine with dry scrubber system - retest with the repaired heat
exchanger.

7. Isuzu C240 engine with a catalyzed trap followed by a catalytic converter.

8. Isuzu C240 engine with a catalytic converter.

9. Isuzu C240 engine with a catalytic converter followed by a catalyzed trap.

10. Development of a measurement system (dynamometer test bed) for LPU-2 engine.

11. Lister-Petter LPU-2 engine (baseline).

12. Lister-Petter LPU-2 engine with a catalyzed trap with a catalytic converter - trap
failed.

13. Lister-Petter LPU-2 engine with a catalyzed trap with a catalytic converter - retested
with new trap.

14, Lister-Petter LPU-2 engine with a catalytic converter.

15. Preliminary development and testing of high temperature trap for use with catalytic
converter/trap combination and for other engines.

16. Microwave Enhanced Trap Oxidizer System (METOS).

17. Exhaust gas recirculation (for NO reduction).

18. Arrange meeting/discussions with USDOE-FETC and WV diesel commission on
Fischer-Tropsch diesel for underground mining applications.

19. Development of a portable mini-dilution tunnel system for in-field measurement of
diesel particulate matter from mining engines.

NOTE: Tasks 15, 16, and 17 were assigned a low priority by the commission for the
1997-98 year. Research on these tasks will continue into the 1998-99 year.

e s e e




2.0 INTRODUCTION

In considering the utilization of diesel equipment in underground mining, one
often thinks of only face haulage operators. However, diesel equipment plays an equally
important role in other vital functions, such as material haulage, personnel transportation
and support operations. Other underground coal mine equipment that may be powered by
diesel engines are shuttle cars, compressors, hydraulic pumps, generators, scoops and
roof bolters. Currently, nearly 2900 diesel units are operating in the U.S. underground
coalmines. This number may possibly increase to 4,000 by the turn of the century. Some
of the versatility, maneuverability, and mobility of diesel power equipment make it an
efficient alternative to electric powered equipment. The electrically powered equipment
in underground coalmines suffer from a lack of mobility because of the restraining power
cables, the "umbilical cords" attached to them. Moreover, electrically-powered
equipment has many associated safety hazards.

Also, it is well established that the utilization of permissible diesel equipment
poses less potential for dust or methane ignitions than does the use of electrically
powered trailing cable machines (Gambill, 1978). Use of diesel equipment eliminates
shock, burn or electrocution hazards commonly associated with electric trailing cables
and open trolley wires. Electrical shock is one of the leading causes of injury and death
in U.S. coalmines (Shanks and Weittenhiller, 1988). Currently utilized trolley wire
systems consistently expose miners to a bare 300-volt DC conductor. Similarly, batteries
and battery overcharging have also exposed the miners to several hazards. In addition,
electric sparks are significant sources of ignition in coalmine fires (Shanks and
Weittenhiller, 1988). Another important safety issue deals with the large number of back
injuries that can be attributed to lifting of power cables by the miners. An additional
advantage of diesel powered equipment is the potential for safe and rapid evacuation of
personnel if there is a power failure. Considering higher productivity which can be
obtained by using diesel equipment, on a per-ton basis, there is less human exposure to
the known health and safety hazards associated with underground coal mining. As the
amount of exposure necessary to mine a given quantity of coal is reduced, subsequent
frequency of accidents will also diminish. Thus, the use of diesel powered equipment,
with appropriate exhaust emissions controls, in mining operations may improve the
overall safety.

The exhaust from diesel engines operated in the closed confines of underground
mines has been a subject of concern, because of its relationship with health problems.
Mine Safety and Health Administration (MSHA) has recently proposed a rule that would
establish new health standards for underground coalmines that use diesel engine powered
equipment. MSHA’s proposal requires installation of high-efficiency filters on diesel-
powered inby equipment. Within 30 months, heavy-duty outby equipment will also have
to be equipped with such high-efficiency filters. Whole diesel exhaust is considered to be
a probable human carcinogen (IARC, 1988) and NIOSH (1988) considers it as a potential
occupational carcinogen. Cohen and Higgins (1995) suggested a small to moderate
excess relative risk of lung cancer in workers who were exposed to emissions from older,
uncontrolled diesel engines. This finding is particularly relevant to the mining




applications because the majority of engines used are of older design and uncontrolled.
similar to those discussed by Cohen and Higgins (1995). It is understood that, to-date, no
epidemiological study has presented quantitative evidence of the past exposures of the
study subjects and, hence, the use of this data to estimate the magnitude of cancer risk is
limited. Heavy-duty diesel vehicle exhaust particulate is of concern because long term
exposure to particulate matter has been associated with excess lung cancer rates in
laboratory animals [Mauderly et al., 1986; Iwal et al., 1986; McClellan, 1986]. Several
other toxicological and epidemiological studies have also investigated the relationship
between diesel emissions and the development of cancer and other diseases (HEI, 1998;
California EPA, 1998; U.S. EPA, 1998). These studies have shown that long-term
exposures to very high concentrations of diesel emissions produce lung tumors in rats and
that soot (carbonaceous core PM), not the adsorbed chemicals, is the likely cause of
tumors in this species. The intent of this discussion is not to debate the relevance of the
current rat model for risk assessments. Rather, to show that these recent findings confirm
WVU’s earlier findings (Wallace et al., 1986, 1990) that diesel soot particles can express
in vitro genotoxic activity without extraction, as simple dispersions in surrogate
pulmonary surfactant.

Abdul-Khalek et al. (1998), Bagley et al. (1996) and several supporting references
suggest that advanced diesel engines yield a high number count of ultrafine particles and
that these particles may pose a significant human health risk. A recent joint European
study (VERT Report, 1997) evaluated the exhaust emissions from diesel engines
employed in the large tunnel construction projects in Austria, Germany and Switzerland.
The exclusive motivation was to minimize the effect of nanometer particles on
occupational health. The study evaluated several particulate trap systems, catalytic
converters, and fuel types with the objective of reducing emissions of nanometer
particles. The report indicates that only particulate traps can curtail the total solid
particulate count, in the fine particulate range below 50 nm, by more than two orders of
magnitude. The VERT study did not address the regeneration of traps and neither did it
assess the genotoxic potential of the diesel PM emitted from engines equipped with the
after-treatment devices.

Diesel engines, in general, emit solid particulates in the range of 0.1 pm (100 nm)
at concentrations above 1x10’ particles/cm®. While Cohen and Higgins (1995) focussed
on older engines, other reports indicate that fine diesel soot below one micron in size is
produced in high number counts by modern engines running low sulfur fuel, high
pressure injection and late injection timing (strategies designed to reduce the regulated
emission inventory). It should be noted that most of the engines studied were
turbocharged. Details of those studies have been given in a paper by Pataky et al. [1994]
and a Health Effects Institute report [Bagley et al., 1996]. Associations between
suspended particulate matter and lung function parameters, respiratory symptoms, and
mortality have been reported by Monn et al. [1995], Braun et al. [1992], Pope and
Dockery [1992] and Dockery et al. [1993]. The respiratory health effects have been
found to be associated with particulate matter with diameters less than 10um. These
particles constitute the respirable range, that is, particles that penetrate the alveolated
regions of the lung. In addition to the particle size, the number of inhaled particles could




be of great relevance. A change of the median particle diameter from 1 pm to 0.1 um
increases the number of particles by more than a factor of a thousand for a constant total
particulate mass [Monn et al., 1995]. This causes problems in the macrophage clearing
mechanism. Kreyling [1994] has suggested that macrophage clearing is more efficient
for a smaller number of larger particles than for a very high number of fine particles.
Recent studies [Donaldson, 1994] have suggested that the very smallest particles, smaller
than 0.1 um in diameter, are toxic by virtue of their size and cause stress of lung cell
lining, leading to irritation and inflammation in some areas. Size related toxicity rather
than chemical composition alone, may be of greater concern because chemical
composition has been shown to be highly variable [Koa and Friedlander, 1995]. Diesel
particulate impact on human health has been highlighted in recent reports {HEI, 1995;
NESCAUM, 1997].

The brief discussion on the effect of diesel PM (mass, number count and size
distribution) on occupational health highlights the urgent need to explore viable methods
for cleaning up the diesel engines. Using a four pronged approach, namely, fuels,
aftertreatment and cleaner engines, and combinations there of, an effective emission
reduction strategy can be developed.

Oxidation catalytic converters are being deployed nowadays in diesel engines.
Catalytic converters are known to reduce the soluble organic fraction by 20% to 45%.
However, the undesirable aspect of the catalytic converters is the promotion of reactions
that lead to sulfate formation at temperatures above 350°C. In addition, the VERT report
(1997) indicates that catalytic converters may have an effect of converting up to 40% of
the NO to NO; and increase the NOy toxicity. The VERT report (1997) suggested that
the negative effects of catalytic converters outweigh the potential advantages. Catalyzed
traps on the other hand can drastically reduce the PM emissions. However, the negd to
achieve on-line regeneration and the subsequent use of precious metals to assist in this
regeneration, results in excessively high mass emissions rates of sulfates.

The concern about DPM has resulted in the development and application of a
number of new on-board control systems that limit the quantities of PM produced by the
engine, collect the DPM or convert it to a potentially less harmful form. Both ceramic
and paper filters have been designed for use in underground mines, with limitations
inherent in each. Paper filters must be replaced often, which has a significant impact on
its acceptability. Two entirely different temperature-related problems occur with ceramic
filters. One is the result of the regulated limits on equipment surface temperatures that
exist for U.S. underground coal mines. The other problem arises as PM buildsup in a
ceramic filter in the diesel's exhaust system. The engine back pressure increases to such
a high level the level that the PM must be removed (a process called regeneration) or else
the engine may be damaged. Combusting these particles to less harmful gases during
normal operations (on-board regeneration) is essential if the filter's use is to be continued
for more than a few shifts without a special regeneration process. Catalyzed traps have
also been employed to not only trap the soot but also achieve regeneration at lower
exhaust temperatures under normal engine operating conditions. An important concern




with each of the new control systems or devices is whether the potential health hazard is
reduced or whether more harmful contaminants are produced.

Diesel control technology in underground coal mines is clearly a more difficuit
task than in metal mines due to the need for maintaining permissible conditions, such as,
maintaining the outside surface temperature below 300°F, which is mandated by safety
regulations. Thus the primary control technology in metal mines, ceramic filters, may not
be as readily applicable in coal mines. Pleated-media filters are being scrutinized very
closely as a possible PM control technology for coal mine face applications.

The use of a paper like pleated media filter has some problems that need to be
resolved before these filters can be accepted in mines. The exhaust temperature for these
systems must be controlled to prevent the filter media from igniting. This has been
accomplished by using a wet scrubber system. These wet scrubbers require significant
maintenance, a foolproof system to insure proper water level, and a considerable space
within the equipment. Wet scrubbers have been known to run out of water during
operation. In the past the wet scrubbers have added excess moisture to the exhaust, while
lowering its temperature. In addition, wet exhaust can lead to unexpected and/or
premature failure of the pleated paper filters.

A dry exhaust system that cools the exhaust to an acceptable level for the pleated-
media would seem to resolve several of the shortcomings of the wet scrubber systems.
WVU has investigated two designs of the dry scrubber systems for two different engines.
The first system, the DST Management System for an MWM-D916-6 engine, was
studied under a grant from the Generic Technology Center for Respirable Dust (U.S.
Bureau of Mines). The test plan was drawn up in consultation with the industry, miners
and MSHA. Both transient and steady state testing with a high sulfur diesel no. 2 (0.37%
S - the specified fuel at the time of the study) yielded PM emission reductions in excess
of 95%. The management system is an emissions control system that may/may not
utilize an oxidation catalyst. It employs dry cooling of the exhaust gases and a disposable
paper filter to reduce both gaseous and particulate emissions. Another dry scrubber
system designed for the Caterpillar 3306 was evaluated under the current WV Diesel
Study.

A preliminary investigation of a novel high-temperature filter media was
undertaken at WVU. A PM trap, using the high temperature filter, was designed,
fabricated and tested on the LPU-2 engine. The filter can withstand temperatures as high
as 2400°F. This is well beyond the required regeneration temperature in the trap. This
preliminary design trap was located downstream of a catalyzed trap, on a LPU-2 engine,
and a test on Mode 7 resulted in 96% reduction in mass emission rates of PM. The
proposed high temperature trap merits further investigation.

Diesel fuel specification is also of relevance in the development of methodologies
for particulate matter control. Diesel no. 2, that meets the requirements of 30CFR, Part 7,
does have a lower sulfur content compared to the fuel from a few years ago, but it is still
not low enough to prevent the high rates of sulfate emissions. If the fuel sulfur content




could be lowered to a few ppm, the aromatic content of the fuel be reduced and the cetane
number increased well beyond 50, then the catalyzed traps or combinations of catalytic
converters and traps could readily yield extremely high PM reductions. These reductions
would be realized even during high speed/high load conditions and also during
regeneration modes that may or may not need an external energy source.

Fischer-Tropsch (F-T) diesel fuel is one of the two types of fuels that were
discussed during this study. F-T liquid fuels produced from synthesis gas (a mixture of
carbon monoxide and hydrogen) are straight chain aliphatic hydrocarbons containing
virtually no aromatic compounds or sulfur species. F-T diesels are currently being
processed from methane (coal bed methane could be a potential source) and/or coal. The
cetane number could be higher than 70, thus making it an excellent compression ignition
fuel. F-T liquid fuels offer such significantly different chemistry that, when compared to
typical petroleum based diesel fuels, a new PM versus NOy variable emerges. F-T diesel,
with virtually zero sulfur content, would be an excellent candidate for engines equipped
with exhaust treatment devices, such as catalyzed traps. Regeneration of the traps to
temperatures beyond 350°C would not lead to high sulfate emission levels and by the
virtue of the low aromatic content and the high cetane number, NO, emissions could be
simultaneously reduced. It is understood that NO, remains the hardest of all regulated
emissions to alter by fuel reformulation. Shell Oil operates a gas-based middle distillate
synthesis plant that supplies F-T liquid fuel as a blending stock to California. The
California Air Resources Board (CARB) has mandated a maximum fuel aromatics
content of 10% (poly-aromatics <1.4%) and a minimum cetane number of 48. Blends of
diesel no. 2 and F-T diesel (synthesized from natural gas) meet the tough emission
standards imposed by CARB. "

Dr. Gautam had arranged a meeting between the Federal Energy Technology
Center (FETC) and the Commission to explore the possibility of using the Fischer-
Tropsch diesel fuel in the near future. WVU intends to test catalytic converters and
catalyzed traps with F-T diesel fuel.




3.0 EQUIPMENT AND PROCEDURES
3.1 TEST ENGINES AND EXHAUST AiTTERTREATMENT DEVICES

Exhaust emissions testing for the West Virginia Diesel Study was performed on four
diesel engines. The engines were specified by the West Virginia Diesel Commission so as
to encompass most power ranges that would be used during underground mining operations.
Table 5 lists basic technical specifications of the engines (further engine details can be found
in the Appendix).

3.1.1 MWM D-916-6

A naturally aspirated, pre-chamber, in-line six-cylinder MWM D-916 engine was
used for the portion of the study that compared and contrasted the exhaust emissions
produced by high (0.25%) sulfur and low (0.05%) suifur fuel. The experimental setup is
shown in Figure A.1 of the Appendix. These tests were scheduled in order to expand upon
the results obtained from an earlier Bureau of Mines study performed by the PI, in which a
Dry Systems Technology exhaust aftertreatment system on the same MWM D-916.

3.1.2 Lister Petter LPU-2

A naturally aspirated, pre-chamber, in-line two-cylinder Lister Petter LPU-2 engine
was tested with various combinations of a DCL/Rohmac exhaust aftertreatment system.
Figures A.2 — A.4 of Appendix A illustrate the engine-aftertreatment system and the test bed
that was utilized for this study. The combinations of the oxidation catalyst, catalyzed soot
filter, and high-temperature paper filter that were used during the experiments are outlined
in Table 6.

3.1.3 TIsuzu C240

An Isuzu C240, pre-chamber, in-line four-cylinder engine was also tested with
various combinations of a DCL/Rohmac exhaust aftertreatment system. Illustrations of the
engine-aftertreatment system and the test bed are included as Figures A.10 and A.11 of
Appendix A. Details on the combinations are outlined in Table 6.

3.1.4 Caterpillar 3306

A Caterpillar 3306, in-line, direct-injection six-cylinder engine was tested with both
a Dry Systems Technologies and a Clean-Air Systems aftertreatment device. The 3306-
DST sytem is illustrated in Appendix A, Figure A.12, while the 3306-Clean Air System
setups are presented as Figures A.19 — A.20. Since space constraints prevented the Clean
Air trap from being mounted directly to the engine exhaust manifold, an elbow adapter pipe
was fabricated. The entire assembly was then double insulated. The resultant setup
provided substantial clearance with negligible temperature differences between the exhaust
manifold exit and trap entrance. Two 8-Mode tests had to be performed on the DST system
due to manufacturing flaws, which necessitated repair by the supplier, Goodman Equipment




Corporation. Brief documentation of the repair procedures and supporting illustrations are
included in the Results and Discussion section and Appendix A. The engine specifications
for the 3306 are given in Table 5, while the exhaust aftertreatment configuration is presented

in Table 6.

ENGINE

INJECTION

Indirect

LISTER

PETTER

LPU-2

Indirect

Indirect

Direct

CYLINDERS

6 — inline

2 —inline

4 —inline

6 —inline

BORE xSTROKE

(in inches)

4.13 x 4.72.

3.38x3.15

3.39 x 4.02

4.75x 6.0

DISPLACEMENT

379 CID

(6.234 L)

56.5 CID

(093 L)

144 CID

(2.369 L)

638 CID

(10.46 L)

COMPRESSION

RATIO

22:1

22:1

20:1

21:1

PEAK TORQUE

(in Ft-lbs.)

211

@ 1500 rpm

33.5

@ 2150 rpm

98

@1960 rpm

@ 1320 rpm

RATED POWER

(in Hp.)

82

@ 2100 rpm

20.7

@ 3100 rpm

474

@ 3000 rpm

Table 5. Test Engine Specifications

123

@ 2200 rpm




Engine Tested | Exhaust Aftertreatment Device

Rohmac/DCL Catalvzed Trap Followed by Oxidation Catalvst
Lister Petter Rohmac/DCL Oxidation Catalyst

LPU-2 Rohmac/DCL Catalyzed Trap Followed by Oxidation Catalyst
and Pallflex High Temperature Glass Fiber Filter
Rohmac/DCL Catalvzed Trap Followed by Oxidation Catalyst
Isuzu C240 Rohmac/DCL Ocxidation Catalyst
Rohmac/DCL Oxidation Catalvst Followed by Catalvzed Trap
Clean Air Systems Catalyzed Trap
| Drv System Technology dry scrubber system

Caterpillar 3306

Table 6. Test Engines and Associated Exhaust Aftertreatment Devices

3.2 ENGINE INSTRUMENTATION

Due to the time constraints imposed by the WV Diesel Study, test bed
instrumentation was designed in a modular fashion so as to reduce down-time during the
changeover periods between various test engines. Exhaust pressure measurements were
made using Validyne Model P305 pressure transducers. These transducers were calibrated
before each emissions test. Exhaust temperature measurements were made using Omega K-
type thermocouples, which were calibrated on a regular basis as per manufacturer
specifications. Representative exhaust temperature and pressure readings that were
observed for the emissions tests are presented in Tables 7a and 7b. It should be noted that
the backpressures associated with PM traps are largely dependent upon the amount of
particulate loading at the time of testing. For this reason it should be understood that the
values found in Tables 7a and 7b are only samples of observed values that were obtained at
the time that the respective emissions tests were performed.

321 MWM D916-6

The MWM D916-6 was fitted with a pressure tap at the exit of the exhaust manifold
in order to obtain total exhaust pressure measurements. However, since no aftertreatment
devices were tested with this engine, pressure and temperature data were not included.

3.2.2 Lister Petter LPU-2

The Lister Petter LPU-2 engine was fitted with exhaust pressure and temperature
taps at the entrance and exit of the Rohmac/DCL Aftertreatment system. The pressure
differential across the trap and/or oxidation catalyst can be obtained by comparison of the
respective aftertreatment configuration data with the baseline backpressure measurements.
It should be noted that, due to the over-design of the exhaust-transfer tube, bare-engine total
exhaust backpressure was minimal. Lister Petter requires that the maximum exhaust
backpressure for the LPU-2 be less that 35 inches of water. Only once did the backpressure




Engine Exhaust
Configuration

: ster Petter LPU-2

Li
Bare 4.2 4.4 4.2
Trap 1 + 10.2
Catalyst
Catalyst Only 3.2
Trap 2 +
Catalyst
Trap 2 +
Catalyst +
Paper Filter

Bare 0.4 . 0.3
Catalyst Only 0.8 0.6
Trap + Catalvst 5.7 . 4.72
Catalyst + Trap 6.0 4.7

| Caterpillar 3306

Bare
DST I
DST I (No
Catalyst)
DST II
Clean Air
Svstems
Bare I1
DST Final

Table 7a. Observed Exhaust Temperatures (in °F) and
Backpressures (in inches of H,0) for Modes 1 - 4
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Engine Exhaust
Configuration

Lister Petter LPU-2
Bare

Trap 1+
Catalyvst

Catalyst Only

Trap 2 +
Catalvst

Trap 2 +
Catalyst + Paper
Filter

Bare

Catalyst Only

Trap + Catalyst

Catalyst + Trap .

illar 3306

Bare

DST I

DST I (No
Catalyst)

DST I1

Clean Air
Svstems

Bare II

DST Final

Table 7b. Observed Exhaust Temperatures (in °F) and
Backpressures (in inches of H;O0) for Modes 5 - 8.

11




exceed this value, and that was during the initial regeneration cycle (40 inches). After this
test, a Rohmac representative inspected the system and performed a pressurized cleaning.

3.23 Isuzu C240

As with the LPU-2, the Isuzu C240 engine was fitted with exhaust pressure and
temperature taps on the entrance and exit of the Rohmac/DCL aftertreatment. Again, the
pressure differential across the trap and/or oxidation catalyst can be obtained by comparison
of the respective aftertreatment configuration data with the baseline backpressure
measurements. Isuzu specified that the maximum engine exhaust backpressure could not
exceed 40 inches of water. Values observed while testing never exceeded 30 inches.

3.24 Caterpillar 3306

The Caterpillar 3306 was fitted with exhaust pressure and temperature taps on an
insulated elbow at the exit of the exhaust manifold. In addition, for the DST tests a
thermocouple was also placed at the exit of the paper filter canister. Caterpillar
recommends that exhaust system backpressure should be maintained below 34 inches of
water, and this backpressure limit was never exceeded.

33 OPERATING CONDITIONS

All test engines were operated at eight different steady state modes. The engine
speed and load factors of the 8 Mode test cycle (30CFR, Part 7) are shown in Table 8.
The operating speeds and loads are similar to those listed in the ISO/DIS 8178-4 Section
6.3.1.1, “Test Cycles Type C - Off-Road Vehicles and Industrial Equipment”. When
overall emission reduction or weighted-averages were reported, the associated weighting
factors given in Table 8 were used.

Mode Number Engine Speed Load Factor (%) | weighting Factor

Rated
Rated

Rated
Rated

Intermediate

Intermediate

Intermediate

Idle

1
2
3
4
5
6
7
8

Table 8. The 8-Mode Test Cycle
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34 DYNAMOMETERS

In order to simulate real-world loading operations on an engine in a laboratory
environment, a dynamometer, or power absorber, is used. Engine testing is generally
performed with one of three basic types of dynamometers. In order to familiarize the
reader with the basic principles of operation, the following discussion has been included.

34.2 Water-brake Dynamometers

Water-brake, or fluid, dynamometers are generally divided into two categories:
viscous shearing types and agitator types. Viscous shearing fluid dynamometers absorb
engine loads by shearing a fluid between a rotor and a stator (housing). The amount of
load is controlled by varying the flow rate of water into the housing. An agitator fluid
dynamometer loads an engine by changing the direction of water flow from rotor vanes to
stator (housing) vanes, i.e. an inward flow to an outward flow. The associated change in
momentum results in a reaction force on the stator housing. In addition, a viscous
shearing force is superimposed as the rotor cuts through the fluid moving from rotor
pockets to stator pockets. Load adjustment for the agitator-type fluid dynamometers is
accomplished by varying the inlet water flow rate or the restriction of the casing outlet.

3.4.3 Eddy-Current Dynamometers

Air-cooled eddy current dynamometers operate by establishing a magnetic field
by energizing a set of stationary coils with DC power. Iron rotors, which are attached to
the output shaft of the test engine, rotate in the magnetic field and generate eddy currents
in the rotors which produce a counter force to the direction of rotational motion. The
power absorbed by the dynamometer is then dependent upon the amount of DC power
applied to the dynamometer and the speed at which it is rotating. The absorbed energy is
converted into heat in the two externally located rotors, which are designed with
curvilinear cooling fins for fast heat dissipation. The windage losses associated with this
cooling are compensated for during data reduction.

3.4.4 Electric Dynamometers

Electric dynamometers operate much like electric motors. In fact, to start the test
engine, the dynamometer is operated as an electric motor, while the fuel (for
compression-ignition engines) or ignition (for spark-ignition engines) sources for the test
engine are disabled. In such a motoring configuration, the parasitic, or frictional, losses
of the engine can be measured and simulations of coast-down may be performed. Once
the fuel or ignition source for the engine is activated, the dynamometer may be used to
load the engine by operating in the same manner as a generator. Torque is developed due
to the magnetic coupling between the armature and stator. The engine output is then
determined from a side-arm load cell that is attached between the stator housing and the
dynamometer mounting frame. The load applied to the engine is varied by strengthening
the field voltage or reducing the load resistance.
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3.5 DYNAMOMETERS USED FOR THE WV DIESEL STUDY

The testing performed for the WV Diesel Study utilized both water-brake and
eddy-current dynamometers. The WV Diesel Equipment Commission did not request
coast-down test cycles. Therefore, no electric dynamometers were used during this
study. '

3.5.1 Go-Power D-100 (Lister Petter, LPU-2)

At the onset of the study, WVU did not have an operational test bed that could
accurately test smaller engines such as the LPU-2. Although many facilities have tested
and reported results from engines of this power output range that were operated with
large eddy current dynamometer test beds, WVU was not comfortable with such a
scenario. The larger eddy current dynamometers had operating windage losses that were
larger than the power output of the LPU-2 during the majority of the proposed test
modes. For these modes, WVU believed that unacceptable levels of measurement errors
would be encountered. Therefore, given the importance attached to the LPU-2 engine
tests by the WV Diesel Equipment Commission, a Go-Power D-100 water brake
dynamometer head was acquired from the WVU undergraduate design program. After
mounting the Go-Power D-100 and Lister Petter LPU-2 on a custom-built test bed,
preliminary tests indicated that the existing dynamometer controls for speed and torque
were inadequate. These manual controls were then replaced with automated components
from another water brake dynamometer that is on loan to WVU from MSHA. After
system optimization, WVU retested the engine/dynamometer combination and found the
speed and torque controls to be acceptable.

The Go-Power D-100 water-brake dynamometer has a continuous operating range
of 14,000 rpm and a maximum operation speed of 16,500 rpm. The dynamometer is
capable of absorbing 100 hp (75 kW). It can handle full continuous loading (65 ft-1b; 90
N-m) at speeds ranging from 4000 rpm through 8000 rpm.

3.5.2 Mustang Dynamometers EC300 (MWM D916-6 and Isuzu C240)

Mustang Dynamometers EC300 eddy current dynamometers were used to control
the load applied to the MWM D916-6 and Isuzu C240 engines. The unit is rated for a
maximum horsepower of 1100 hp (under cold conditions) and has a continuous rating of
250 hp. It can handle a continuous load of 390 ft-Ibs and a maximum load of 2170 fi-lbs
(cold conditions).

For the MWM D916-6 engine tests, an existing test bed was used to produce
results. The MWM engine test cell was outfitted with a Dyne Systems Co. DTC-1
throttle controller and a Dyne System Co. Dyn-Loc IV dynamometer controller. For the
Isuzu test cell, a custom test bed was constructed and the cell was fitted with a manual
fuel control linkage and a Dyn-Loc IV dynamometer controller.
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3.5.3 Mustang Dynamometers K-400 (Caterpillar 3306)

The Caterpillar 3306 engine was mounted on a customized test bed equipped with
a K-400 Mustang dynamometer. The dynamometer was rated at 400 hp. Engine fueling
rate was controlled pneumatically via the Caterpillar air actuator, and a Dyne-Loc IV
dynamometer controller was used to control speed and load set points. Engine load
measurements were made with an Interface SSM-500 load cell, mounted in a side-arm
arrangement to the dynamometer housing. Engine speed was measured with an Accu-
Coder Model 220C PU rotary encoder.

3.6 . DYNAMOMETER CONTROLS
3.6.1 Water-Brake Controls

For the water-brake test rig, a Mason Eilan Camflex II dynamometer controller
was used to vary the load applied by the dynamometer. The system consists of a control
unit and an electro-pneumatic water control valve. It is capable of using either torque or
speed as the controlling parameter. In the “torque mode”, a torque set point is compared
to output from the load cell, which is mounted to the dynamometer case. In the “speed
mode”, an engine speed set point is compared to output from an angular speed encoder,
which is mounted on the dynamometer shaft. In either mode of operation, the controller
then varies the output voltage to the water control valve, in order to achieve the
controlling parameter set point.

3.6.2 Eddy-Current Controlé

For the eddy-current test rigs, Dyne-Loc IV dynamometer controllers were used to
vary the load applied by the dynamometer. The Dyne-Loc IV is capable of using either
torque or speed as the controlling parameter. In the “torque mode”, a torque set point is
compared to output from a side-arm load cell, which is mounted to the dynamometer frame.
In the “speed mode”, an engine speed set point is compared to output from an angular speed
encoder, which is mounted on the dynamometer shaft. In either mode of operation, the
controller then varies the output current to the dynamometers in order to achieve the
controlling parameter set point. The control unit is capable of maintaining speed and load
set points to within + 2 rpm and + 2 fi-lbs., respectively.

For the portion of the testing where the MWM test rig was used, a Dyne Systems
DTC-1 throttle controller was used to control the engine fueling-rate. The DTC-1
consists of a control unit, which is interfaced with the Dyn-Loc IV dynamometer
controller, and a throttle actuator, which is mounted on the engine and attached to its fuel
control linkage. By comparing an operator-defined set point with test rig output, the
desired fueling rate, and hence engine speed, is obtained. The DTC-1 can be operated
with either torque or speed as the controlling parameter.
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3.7 TEST FUELS

The testing performed under the WV Diesel Study utilized both high (0.37%)
sulfur and low (0.04%) sulfur diesel fuel number 2. The high sulfur fuel was purchased
from Ashland Oil, and the low sulfur fuel was obtained from BP Oil. Analysts, Inc.
tested representative samples of both fuel types, and the results of the analysis are
presented in Tables 5 and 6. For the remainder of the report, the actual fuel sulfur
content will be used interchangeably with the maximum standard sulfur content.
According to Federal regulations, high sulfur diesel can have a maximum of 0.5 % sulfur
content by weight, whereas low sulfur can have a maximum of 0.05 %. A comparative
study between these two fuels was performed using the MWM D916-6 in order to
determine the effects of sulfur content on baseline engine exhaust emissions. For the
remainder of the study, the low sulfur fuel was used, in accordance with the requirements
of 30 CFR, Part 7.

3.8  WEST VIRGINIA UNIVERSITY ENGINE RESEARCH CENTER

This section discusses the experimental equipment and procedures that were used
to test the performance of the various exhaust aftertreatment systems on the engines that
were selected by the West Virginia Diesel Commission. All engine testing was performed
at the West Virginia University Engine Research Center in Morgantown, WV. The total
exhaust dilution tunnel, gaseous and particulate matter sampling equipment, and testing
and calibration procedures are presented herein.

3.8.1 Full-Flow Exhaust Dilution Tunnel

The obvious reason for performing exhaust emissions testing is to determine the
effects of tailpipe exhaust on humans. In order to do this, it is necessary to simulate the
dilution process of tailpipe emissions in a laboratory. Not only does this dilution process
account for in-use exhaust-air interactions, but it also serves to quench post-cylinder
combustion reactions and to lower the exhaust gas dewpoint in order to inhibit
condensation. Exhaust line quenching is necessary in order to prevent inconsistent
emissions measurements. The elimination of condensation is paramount, since water
droplets can absorb certain gaseous components (for example, NO2). In addition, the
presence of water in sampling lines would affect certain instruments, such as the non-
dispersive infrared analyzers, and particulate matter measurements.

Two main dilution strategies are available for engine testing, full-flow dilution tunnels
and mini-dilution tunnels. A full-flow tunnel collects the entire exhaust stream from the
engine and mixes it with fresh ambient air, whereas a mini-, or partial, dilution tunnel
samples a portion of an exhaust stream and dilutes this sample quantity with fresh
ambient air. The WVU full flow dilution tunnel was designed and operated in
accordance with 30 CFR, Part 7; 40 CFR, Part 86, Subpart N: and 40 CFR, Part 89.
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Distillation, °F

Fuel Properties for High Sulfur Diesel Fuel No.

(Measured)

Initial Boiling Point 374
Recovered -5% 423
-10% 444
-20% 468
-30% 484
-40% 501
-50% 517
-60% 534
-70% 553
-80% 576
-90% 609 540 640
-95% 640
End Point - FBP 655
Recovery, % volume 97.9
Residue, % volume 1.0
Loss, % volume 1.2
Viscosity @40°C, ¢St 2.7 1.9 4.1
Sulfur Content. % Weight 0.37 0.5
Hydrocarbon Types
Aromatics, % volume 34.6 35
Olefins, % volume 3.1
Saturates, % volume 62.3
API Gravity @ 60°F 32.2
Cetane Index (Calculated) 43.3 40
Cetane Number 46.0 40

Flash Point, °F ‘
Analysis Conducted by:

Table 9a. Fuel Analysis Results for High Sulfur Fuel

Analysts Incorporated
P.O. Box 23200 Oakland, CA 94623
800-424-0099 (Voice)
510-536-5994 (Facsimile)
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Fuel Properties for Low Sulfur Diesel Fuel No. 2

Distillation, °F
Initial Boiling Point - 377
Recovered -5% 414
-10% 429
-20% 449
-30% 47
-40% 490
-50% 509
-60% 528
-70% 548
-80% 571
-90% 601
-95% 632
End Point — FBP 648
Recovery, % volume 97.6
Residue, % volume 1.2
Loss, % volume 1.2
Viscosity @40°C, cSt 2.6
Sulfur Content, % Weight
Hydrocarbon Types
Aromatics, % volume
Olefins, % volume
Saturates. % volume
API Gravity @60°F
Cetane Index (Calculated)
Cetane Number (Measured)
Flash Point. °F

Analysis Conducted by:

Analysts Incorporated
P.O. Box 23200 Oakland, CA 94623
800-424-0099 (Voice)
510-536-5994 (Facsimile)

Table 9b. Fuel Analysis Results for Low Sulfur Fuel
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The WVU full-flow system is based upon the critical flow venturi — constant
volume sampler (CFV-CVS) concept. A blower is used to draw diluted engine
exhaust through critical flow venturis, via a stainless steel 18 in. (0.46m) diameter, 40
ft.(12.2m) long dilution tunnel. The laboratory uses a 75 Hp blower in tandem with a
single 400cfm and two 1000 scfm venturis in order to provide total tunnel flow rates
ranging from 400 — 2400 cfm. A schematic of the test facility is shown in Figure 1.

At the entrance to the tunnel, the entire engine exhaust was injected into an
annulus of dilution air upstream of a mixing orifice plate. The two streams are merged in
the mixing region, and, at a distance of 15 ft. (4.6 m) downstream of the orifice plate,
sample probes were placed to collect dilute gaseous exhaust samples. These probes are
attached to the exhaust gas analyzer bench via electrically heated lines. At'the end of the
sampling region, diluted exhaust is drawn into a 4 in. (0.10 m) diameter stainless steel
secondary dilution tunnel by the particulate sampling system. Additional dilution air can
be injected into this secondary tunnel in order to increase the dilution ratio (this can be
used to ensure a soot collection filter face temperatures of less than 125°F). This sample
flow is then routed through the remainder of the particulate sampling and exhausted into
the analyzer bench manifold. The design specifics and testing evaluations of the full flow
exhaust dilution tunnel were reported by Smith, 1993.

3.8.2 Critical Flow Venturi

In compliance with the CFR 40, Subpart N, a constant volume sampler (CVS)
was used to regulate the flow of diluted exhaust through the dilution tunnel. A constant
mass flow rate is maintained in the dilution tunnel once the venturi section reaches sonic
conditions (state of choked flow), as per the theory of critical flow nozzles (Smith and
Matz, 1962 and ISO 9300, 1990).

Under choked conditions, the flow rate of a gas through a critical flow venturi is a
function of the diameter of the venturi throat and the upstream temperature and pressure.
A Viatran absolute pressure transducer, Model No 1042 AC3AAA20, recorded upstream
pressure and temperature was logged via a Tayco 3-wire resistive temperature device,
Model No. 68-3839. The mass flow rate was then calculated as follows:

K, P .
o T Equation 1
where,
Q = flow rate in standard cubic feet per minute at standard conditions of 20°C,
101.3 KPa (68°F, 29.92 in Hg).
Ky = calibration coefficient.
P = absolute pressure at venturi inlet, in KPa, (Hg).
T = absolute temperature at venturi inlet, °K, (°R).

The venturis were calibrated (Smith II, 1993) with the use of a subsonic flow
venturi traceable to NIST. The CFV-CVS system utilizes a system of three critical venturis
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installed in-line with a 55.9 KW. (75 Hp) centrifugal blower. Two of the venturis have a
design flow rate of 28.3 m*/min. (1000 scfin) and the third has a design flow rate of 11.32
m*/min. (400 scfm). Therefore, a maximum tunnel flow rate of 67.92 m*/min. (2400 scfin)
can be achieved by using this system.

3.8.3 Secondary Dilution Tunnel and Particulate Sampling System

The WVU Engine Research Center uses a proportional sampling, double dilution
method for particulate matter collection and analysis. In such a system, a diluted exhaust
sample is drawn from the sampling region of the full-flow dilution tunnel into a
secondary dilution tunnel. The flow rate into this secondary tunnel is varied throughout
an emissions test in order to draw a proportional sample from both dilution tunnels. In
the secondary dilution tunnel, additional dilution air may be added in order to obtain high
dilution ratios and filter face temperatures below 51.7°C (125°F). The sample flow is
then drawn across PM collection filters, which enables the determination of the amount
of DPM collected during a test cycle via gravimetric analysis. DPM consists of elemental
carbon, soluble organic fractions, sulfates, and bound water. The PM sample flow is then
exhausted into a common sampling-stream exhaust manifold.

Specifically, the WVU sampling system draws a diluted exhaust sample through a 1.3 cm
(0.5 inches) diameter transfer tube, 17.8 cm (7 inches) in length, located in the sampling
zone of primary dilution tunnel. The inlet faces upstream and is connected to the
stainless steel secondary dilution tunnel, which is 7.62 cm (3.0 inches) in diameter and
76.2 cm (30 inches) long. The secondary tunnel provides sufficient residence time for the
exhaust sample to be mixed with the dilution air, resulting in a sample with a temperature
less than 51.7°C (125°F). The sample stream is drawn across a stainless steel filter
holder, which attaches to the end of the secondary dilution tunnel. The filter holder
houses two (a primary and a secondary) Pallflex 70 mm (2.76 inches) fluorocarbon-
coated glass fiber filters, Model T60A20, upon which the DPM is collected. Two Sierra
740-L-1 series mass flow controllers and two Gast series 1023-101Q-583X rotary vane
pumps control total secondary tunnel flow and secondary dilution airflow. An additional
check on flow rates is provided by corrected measurements from a roots positive
displacement flow meter. The total secondary flow ranges from O Ipm to 170 Ipm (0
scfm to 6 scfm) while the secondary dilution air flow ranges from 0 Ipm to 85 Ipm (0
scfm to 3 scfim). The mass flow controllers are routinely returned to Sierra for calibration.
Additionally, the controllers are checked at WVU using a Meriam Instruments laminar
flow element (LFE) Model No. 50MW20 rated at 0 m*/min to 6.52 m>/min (0 scfm to 23
scfm).

Further details of the WVU Particulate Sampling System were reported by Smith,
1993.
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3.8.4 Gaseous Emission Sampling System

The WVU Engine Research Center’s gaseous emissions sampling system consists
of heated sample probes, heated transfer lines, and a gas analysis bench. Three heated
stainless steel sample probes were installed 10 diameters downstream of the mixing zone
origin in the primary dilution tunnel in order to ensure fully developed turbulent duct
flow. The probe tips were inserted six inches into the diluted exhaust flow stream and
were directed toward the tunnel inlet (upstream). These probes are connected to the
gaseous emission sampling bench via electrically heated lines. The hydrocarbon probe
and line were maintained at a wall temperature of 191°C + 6°C (375°F £10°F) by Fuji
Model #223-1806 temperature controllers, in order to prevent the higher-molecular
weight hydrocarbons from condensing out in the sampling stream. The NOy and
CO/CO; probes and lines were maintained at 113°C = 6°C (235°F+10°F) by the
temperature controllers in order to prevent water condensation, which would lead to
analyzer measurement errors.

The gas analysis system consisted of four major components: CO; analyzer, CO
analyzer, NOy analyzer, and a HC analyzer. The gas analysis bench housed Rosemount
and Beckman analyzers and the sample flow conditioning system. Low CO and CO;
emissions were analyzed using Rosemount 868 and 880 Series Non-Dispersive Infrared
(NDIR) analyzers. NOy measurements were performed by a Rosemount Model 955
heated chemiluminescent analyzer. A Beckman Model 958 NO, efficiency tester was
included in the bay in order to ensure that the Model 955 operated at above 90%
converter efficiencies, as per CFR 40, Part 86, Subpart N. A stand-alone Rosemount
Model 402 heated flame ionization detector was used to measure exhaust hydrocarbons.

3.8.5 Exhaust Gas Analyzers

In order to make this document complete, a brief explanation of analyzer theory is
included in this section. Additional information on the analyzer theory and operation can
be obtained from Rosemount operations manuals.

3.8.5.1 Hydrocarbon (HC) Analyzer

The hydrocarbon analyzer is a Rosemount Model 402 heated flame ionization
detector (HFID). Exhaust hydrocarbon levels are measured by counting elemental carbon
atoms. A regulated flow of sample gas flows through a flame that is produced by
regulated flows of air and pre-mixed hydrogen/helium fuel gas (FID fuel). The flame
causes ions to be produced, which are in turn collected by polarized electrodes. The ion
absorption produces a current flow through the associated electronic measuring circuitry
that is proportional to the rate at which carbon atoms enter the burner (Heinein and
Patterson, 1972 and Reschke, 1977). The Model 402 is capable of measuring
hydrocarbon concentrations from 50 parts per million (ppm) to 250,000 parts per million
and produces a full-scale linear output.
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3.8.5.2 Carbon Monoxide (CO)/Carbon Dioxide (CO;) Analyzers

The CO and CO; analyzers are Rosemount Model 868 and 880 Non-Dispersive
Infrared (NDIR) analyzers. The NDIR operates upon the principle of selective
absorption. Loosely stated, the infrared energy of a particular band of wavelengths,
specific to a certain gas, will be absorbed by that gas, whereas infrared energy of other
bands will be transmitted. The NDIR then determines gas concentration by the amount
of transmitted (or absorbed) energy. The transmission (or absorption) is directly
proportional to the concentration of the measured component gas. The NDIR’s do not
produce a linear output; therefore it was necessary to generate calibration curves for each
of the analyzers. There are two CO analyzers on the gas analysis bench, a high CO
analyzer and a low CO analyzer. The high CO analyzer has ranges of 0-2 percent and 0-
10 percent while the low CO analyzer has ranges of 0-1000 ppm and 0-5000 ppm. The
low CO analyzer was the only CO analyzer used in this research. The CO, analyzer has
ranges of 0-5 percent and 0-20 percent.

3.8.5.3 Oxides of Nitrogen (NO,) Analyzer

The NO/NOy analyzer used is a Rosemount Model 955 Chemiluminescent
Analyzer. The analyzer can determine the concentration of either NO or NO + NO,
which together is called NO,. For the determination of NO, the sample NO is
quantitatively converted into NO, by gas-phase oxidation with molecular ozone. When
this reaction takes place, approximately 10% of the NO, molecules are elevated to an
electronically excited state, followed by immediate reversion to the non-excited state.
This conversion process produces a photon emission. A photon detector (multiplier tube)
is then used to produce an instrument response that is proportional to the NO present in
the original sample. The operation for NO is identical to that of NO except that the gas
sample stream is first passed through a converter which converts the NO, into NO. In
this case, the instrument response is proportional to the NO present in the original sample
plus the NO produced by the dissociation of NO,,

3.8.6 Bag Sampling

Diluted exhaust gas and background dilution air samples were collected in 80
liter Tedlar bags during each emissions test. After each test, the bags were analyzed and
then evacuated, so as to be available for subsequent testing. The background dilution air
bag was analyzed and the concentration levels were used to account for the dilution air
contribution to emissions levels that were recorded during a given test. The dilute bag
sample, when compared to the continuous sample, served as a quality control/quality
assurance check.

3.8.7 Instrumentation Control and Data Acquisition

The software used in the study was already developed and installed in the
Stationary Laboratory (Chasey, 1992) at West Virginia University. The program
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utilized an RTI-815F data acquisition board and rack-mounted signal conditioning
boards, comprised of Analog Devices 3B series conditioning modules.

The data acquisition programs acquired the raw data (in the form of ADC codes)
and a reduction program (Pei, 1995) converted the raw data into proper engineering
units, '

3.8.8 Fuel and Air Flow Metering

Producing accurate dilution ratios for a full-flow dilution tunnel involves
recording total tunnel volume flow rates and engine exhaust mass flow rates. Tunnel
flow rates are measured using the CFV-CVS system. However, due to backpressure
limitations and extreme temperatures and high particulate concentrations, engine exhaust
flow rates are not directly measured. Instead, an indirect approach is used to calculate
engine exhaust flow rates, where a summation of engine fuel consumption rates and
engine air flow rates are used.

A Max Flow Media 710 Series Fuel Measurement System measures performs the
fuel flow rate measurements. During testing, a transfer pump directs fuel from the
storage tank, through a filter, and into a vapor eliminator, which is maintained at 30 psi.
Before entering a Model 214 piston-displacement flowmeter, excess fuel is routed via a
pressure regulator through an internal heat exchanger and then back to the storage tank.
This internal heat exchanger uses the by-pass supply fuel to cool the engine return fuel.
The metered fuel supply then passes into a level-controlled tank. In this tank, it is mixed
with unused engine return fuel, which has been cooled in the internal heat exchanger.
The tank volume is maintained at a constant level, so the amount of metered fuel
recorded during a given test period will necessarily be the quantity of fuel that is used by
the engine. The exit to this mixing tank is connected to a secondary fuel pump. In most
cases when the system is supplying a high-pressure injection system, this additional
pump is used to further increase pressure, so as to minimize the requirements of the
engine’s original equipment fuel pump. Before the fuel exits the measurement system, it
passes through a bubble detector, which controls a solenoid valve that connects the to-
engine and from-engine fuel lines. Removal of air and fuel vapors prevents poor engine
performance and flowmeter inaccuracies. After the purge solenoid, the fuel passes
through an external heat exchanger, where the temperature is controlled via a Fuji Model
#223-1806 temperature controllers.

Meriam Laminar Flow Elements (LFE’s) measure intake air flow rates. The LFE
consists of a matrix of tiny capillaries that are used to produce a laminar flow stream
from the normally turbulent flow found in the intake line. As the intake air flows through
the triangular-shaped capillaries, friction creates a pressure drop. Meriam supplies a
calibration equation and coefficients for each LFE. These are obtained through
calibrations involving a flowmeter that is traceable to NIST. Using the absolute pressure
and temperature of the inlet flow is known, as well as the differential pressure across the
LFE; the volume flow rate of air is obtained from Equation 2.1,
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v = {Bx(AP)+Cx (AP)?} x Lad_ Equation 2
actua /Iﬂow
where B and C are the coefficients supplied by Meriam, and igang and pow are standard
and actual flow kinematic viscosities. The viscosity variations are calculated using
correction factors expressed in Equation 2.2,

529.67 Jx(181.87

CorrectionFactor = ( ) Equation 3

459.67+T in'F)) \ ug
where,
Ca S
i 58{459.67:;‘("1 F))
HE= - Equation 4

459.67+T(in °F)
1.8

110.4+

Specifically, A Meriam Model 50MC2-6 (6” 1.D. — 1000 cfm) LFE was used for
the MWM D916-6 and Caterpillar 3306 tests, while a Model SOMC2-4 (4”L.D. — 400
cfm) was used for the Lister Petter LPU-2 and Isuzu C240 tests. Differential pressures
across the LFE are measured using an MKS 223 B, while upstream absolute pressures are
measured with a Setra Model C280E transducer. LFE inlet temperatures are recorded
from RTD measurements. All pressure transducers were calibrated before each
emissions test.
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40 QUALITY CONTROL/QUALITY ASSURANCE PLAN

The National Center for Alternative Fuels, Engines, and Emissions and the
National Center for Mining Engines and Safety at West Virginia University are
committed to a Quality Control/Quality Assurance (QC/QA) program that assures data
generation and measurement of the highest quality.

The responsibility for QC/QA rests with one of the senior investigators (the
principal investigator or the co-principal investigators) who have been designated as
senior engineers on several projects. The senior investigator assigns a project engineer
and a laboratory technician, who will not be directly involved with data generation, to
assist them. The PI discusses the work plan and QC/QA plan with the project engineer.
The engineer, in consultation with the senior investigators, ensures that the necessary
equipment, supplies, engines, manpower, and other resources are available in accordance
with the test schedule. The prime responsibility for management, project execution, work
assignment, and deliverables rests with the Principal Investigator (PI). The Co-Principal
Investigators (Co-PI) offer their expertise and form an integral part of the management
and execution plan.

Dr. Gautam, who serves as the PI for this study, has extensive experience in
heavy-duty engine emissions measurement, characterization, and analysis. He was
responsible for the design, development, and execution of the emissions measurement
systems on both the Transportable Laboratories and in the Engine Research Center
(engine cells). Dr. Gautam also serves as the Director of the National Center for Mining
Engines and Safety. He has authored technical papers in the area of emissions
measurement uncertainty and on novel exhaust conditioning and sampling systems.
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5.0 QUALITY CONTROL/QUALITY ASSURANCE PROCEDURES

Quality control and quality assurance procedures adopted by the WVU
Transportable Heavy Duty Vehicle Emissions Laboratory and the WVU engine test cells
in the Engine Research Center are given below.

5.1  Emissions Testing

The laboratories are capable of measuring regulated and non-regulated vehicle
emissions such as carbon monoxide (CO), oxides of nitrogen (NOx), total hydrocarbons
(THC), total particulate matter (TPM), carbon dioxide (CO,), oxygen (O,), and unburned
alcohols and aldehydes. Reliable sampling is assured through system design, periodic
system inspection, and scheduled instrument calibration.

In order to obtain accurate and repeatable data a strict set of rules and guidelines
were developed and adhered to in the experiments. CFR 40, Parts 86 to 99, Subpart N was
used as a guideline, but more stringent controls were enforced to ensure repeatability.

5.2 Sampling Lines and Probes

The sampling streams use separate sampling probes and lines with their own
pumps (heated in the case of NOyx, THC, and also CO/CO; to avoid condensation of
moisture in the lines). This design feature ensures reliable operation of the THC and
NOx analyzers.

Because of the nature of the Transportable Laboratory, its components have been
designed to withstand a significant mechanical stress during transfer operations. Great
care is taken in verifying that emissions measurement equipment is in order before
commencement of emissions testing. Prior to performing a test schedule, supervisory
personnel verify that all dilution tunnel sample probes are equidistantly located from
tunnel center and are oriented with their sample inlets facing upstream. In addition
inspections are made to ensure the integrity of the sampling systems. The sampling lines
are leak checked (by pressurization) and back-flushed with high-pressure air in order to
clean the lines of residual particulate matter. Heated sampling lines and their associated
control systems (PID temperature controllers and associated thermocouples) are checked
to ensure continuity between the controller, heater elements, and thermocouples. The
temperature settings also are verified (THC sampling probes and lines are maintained at
375°F for diesel engines and 235°F for methanol engines while NOx lines and probes are
maintained at 250°F). Sample line temperatures, at various locations, are sampled and
recorded at 10Hz at various locations throughout each test in addition to being displayed
on the sampling cabinet for monitoring by the operator. .

5.3  Pumps and Blowers

Prior to vehicle testing, the secondary dilution air and the secondary tunnel PM
sample flow mass flow controllers are calibrated using a Roots-type positive
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displacement meter and a laminar flow element. Formaldehyde and alcohol mass flow
controllers (in case of alcohol fueled vehicles) are calibrated using a Gillian bubble flow
meter. The above mentioned flows are also monitored and recorded during testing using
a Roots type positive displacement meter.

54 Exhaust Transfer Tube

The exhaust transfer tube, which routes exhaust from the engine exhaust system
to the inlet of the primary dilution tunnel, is checked for leaks after assembly. Joints in
the tube are sealed using a high-temperature aluminum tape and periodically checked to
ensure integrity. The exhaust transfer tube is insulated to minimize errors in PM
measurement due to thermophoretic effects.

5.5  Exhaust Analyzer Calibration and Calibration Gases

Calibration procedures utilized by the WVU Engine Research Center are in
accordance with the requirements of 40 CFR, Part 86, Subpart N. The gases used to
calibrate the exhaust analyzers are certified by the supplier to have an accuracy of 1%,
traceable to NIST. No gas cylinder is used if the pressure drops below 200 psig.

Zero reference states for the analyzers were provided by zero gas that did not to exceed
the following impurity concentrations: 1 ppm equivalent carbon response, 1 ppm carbon
monoxide, 400 ppm carbon dioxide, and 0.1 ppm nitric oxide. Span reference was
provided by gases with concentrations that were approximately 85% to 95% of the full-
scale concentration for the respective analyzer. All exhaust gas analyzers are calibrated
using appropriate ranges of calibration gas for the vehicle being tested. These
calibrations are performed before each series of tests and after any instrument
maintenance has been performed. For the 10-point calibration curve, a Horiba SGD-
710C gas divider was used. The divider accurately produced varying concentration of
component gas in 10% increments by mixing the span gas with a balance zero reference
gas. The instrument readings are allowed to stabilize at each measurement point and a
computer averaged (100 points) reading of the instrument is recorded. These data points
and corresponding gas concentrations are fitted to a second-degree (third degree in case
of NDIRs) polynomial and constitute that particular analyzer’s calibration data file. This
calibration file overwrites any previous calibration file for that analyzer in order to
prevent using incorrect calibration files for testing. The downloaded data disk for each
test contains the calibration files for each analyzer. '

5.6 Additional Calibration and Maintenance Procedures

In addition to the calibration procedures, each analyzer is subjected to a range of
checks and maintenance procedures as described below.

5.6.1 Hydrocarbon Analyzer

The THC analyzer is subjected to the ‘FID burner peaking process’ to get the
highest flame ionization detector (FID) response. This process involves measuring and
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recording the response of the instrument to 100% span gas and zero air with various
settings of FID burner fuel and air. Upon completion of the FID burner peaking process,
the fuel and air settings of the FID are placed at the setting that produced the highest
instrument response, and the analyzer is calibrated.

An HC hang-up check is also performed on the heated FID. If the differences in
the responses are more than two percent, the sampling probe is backflushed (direct
injection of zero air into the analyzer and through the ‘overflow’ sampling probe) and
steps are taken to rectify the problem.

5.6.2 Oxides of Nitrogen (NOy) Analyzer

On a monthly basis, a NOx efficiency test is performed on the NOy analyzer. This
test is performed to ensure that the analyzer converter (which converts NO; to NO) is
performing satisfactorily. A conversion efficiency of less than 90% is considered a failure
and maintenance is performed to rectify the situation. Filters in the NOx sampling are
visually inspected and replaced after analyzer maintenance has been performed and
whenever necessary.

5.6.3 Carbon Monoxide (CO)/Carbon Dioxide (CO,) Analyzers

Since moisture can affect the operation of the NDIR analyzers used for carbon
monoxide and carbon dioxide, a water interference cheok is performed. The sample flow
is passed through a refrigerator dryer to lower the dew point of the sample stream before
it reaches the NDIR.

5.7  Bag Sampling (Dilute Exhaust and Background)

In the WVU Transportable Laboratories two Tedlar bags (80 liters) are used
during each test to collect dilute exhaust and background samples for quantitative
analysis. This bag analysis of dilute exhaust serves as a check for the continuous gas
measurements. Bag sample results from the test are invariably lower than those of the
continuous analyzer integrated results. The background sample is used to correct the
dilute exhaust reading. This is especially important in regions where background THC is
high.

In the engine test cell, a total of six bags are used. Four bags for the FTP cycle
(one for each mode), one for the integrated sample of the entire cycle, and one bag for the
background sample. For non-FTP testing, only two bags are used — one for the
background sample and the other for the dilute exhaust sample.

Prior to each test, the bags are evacuated and the pressure in the bags is noted.

Leaks in the bag sample system are indicated when the vacuum reading is less than 26"
of Hg. Prior to each test, the bags are purged with zero air and evacuated.
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5.8  Particulate Sampling

A 3-inch diameter, 36-inch long secondary dilution tunnel is used for collecting
particulate samples on 70-mm fluorocarbon coated glass fiber filters. A proportional
sample of the dilute exhaust is drawn from the primary tunnel using an oilless rotary vane
pump in series with mass flow controller. Mass flow controllers are used to measure and
adjust the flow rates of both secondary dilution air and dilute exhaust sample. These
controllers are calibrated using corrected readings from Roots-type positive displacement
meters as well as a laminar flow element. The exhaust particulate matter is collected on
two (a primary and a secondary) Pallflex 70 mm (2.76 inches) fluorocarbon-coated glass
fiber filters, Model T60A20. Filter face temperature is continuously monitored and
recorded using a thermocouple. If the temperature rises above 125°F at any time during a
test, that test is voided.

Particulate matter collection filters are conditioned prior to, and following each
test. An environmental chamber is used to condition the filters at 50% relative humidity
(RH) and 70°F for at least one hour but not more than 80 hours. Reference filters are
conditioned along with test filters in order to account for the effects of humidity on the
filter media. If the average weight of the reference filters changes between * 5% or more
of the nominal filter loading (recommended minimum of 5.3 mg), then all sample filters
in the process of stabilization (conditioning) are discarded and the emissions tests were
repeated. If the average weight of the reference filters changes by more than -1% but less
than -5% of the nominal filter loading, then the option is given of either repeating the
emissions test or adding the amount of weight loss to the net weight of the sample. If the
difference in reference filter weights changed by more than 1% but less than 5% of the
nominal filter loading, then the option is given of either repeating the emissions test or
accepting the measured sample filter weight values. If the weight of the reference filters
changed by less than + 1%, then the measured sample weight was used. Background
filters are collected and analyzed so as to account for the contribution of the dilution air
to the test PM filters (the WVU lab does not filter or condition primary or secondary
dilution air). All particulate filters, reference, background, and sample, are stored in glass
petri dishes (to minimize loss of particulate matter via static charge) while conditioning
in the environmental chamber. These dishes are covered but not sealed to prevent dust
from accumulating on the filters while allowing humidity exchange. The total particulate
matter (TPM) is determined via pre- and post-weighing, using a CAHN 32 micro-
balance, which has a sensitivity of 0.1 pg. The remote weighing unit of the balance is
placed on a vibration isolator, and is calibrated using the weights traceable to NIST.

As mentioned earlier, the 30 CFR considers diesel particulate matter to consist of
elemental carbon, soluble organic fractions, sulfates, and bound water. Wall and
Hoekman, (1984) suggested that at 50% RH, 1.3 grams of water is present for every gram
of sulfuric acid. In addition, a linear relationship between bound water and sulfuric acid
was reported to exist up to 60% RH. The amount of bound water increases rapidly
beyond 60% RH. The 30 CFR recommends humidity control in the environmental
chamber to ensure accurate gravimetric analysis of PM. However, when the research
objective is to determine the filtration efficiency of exhaust aftertreatment PM control
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devices, sulfate formation can often skew findings and conclusions. WVU recognized
the inherent inaccuracies in the PM measurement guidelines set forth in CFR 40, but
chose to report all test findings in accordance with these accepted government standards.

5.9  Tunnel Injections

Tunnel injections are used as an additional quality assurance procedure to check
the operation of the whole emissions measurement system including the dilution tunnel,
sample lines, and analyzers. These procedures involve the release of a known amount of
gas into the dilution tunnel and a comparison of amount injected to amount recovered.

59.1 Propane Injection

Propane injections are performed regularly in order to ensure that the CFV-CVS
system was operating within Federal guidelines. The procedure serves primarily as a check
on the total dilute exhaust flow rate through the primary dilution tunnel, but it also helps
identify HC hang-up in the tunnel and problems in the THC sampling system. Using a
calibrated critical orifice and controlled pressure, a known quantity of 99.5% propane is
injected into the tunnel. The heated FID was used to measure the continuous concentration
of propane in the diluted exhaust sample and dilute and background bag samples are
collected. Quantities reported by the continuous and integrated bag samples (minus
background) are compared to the known amount of propane injected, in to determine if
the THC sampling system and the tunnel are operating correctly. A difference greater
than +2% between the méasured and actual injected mass of propane indicated an error in
diluted-exhaust mass flow rate measurements. Testing was validated only when two
successive propane injection tests reported less than a £2% difference.

5.10 Data Analysis and Reporting

Quality assurance for data reported from testing is achieved using multiple
checks. First, the operators of the laboratory, including the senior supervisory personnel
as well as technicians, have a vast amount of experience in testing a multitude of different
vehicle/engine/fuel combinations. This experience is valuable in quality assurance since
it allows the laboratory operators to identify problems at the test site.

As a test is performed, data is logged to a local hard disk on the data acquisition
computer. After the test is completed, data is transferred to a floppy disk as well as
separate backup optical drive. A data reduction program is used to extract emissions data
from a binary data file and translate it into the appropriate units using calibration files.
By monitoring data on-site, supervisory personnel are able to quickly identify and correct
any equipment malfunctions.

5.11 Experimental Uncertainty

Determination of uncertainty was approached by considering a quantity, N, that is
a function of known variables:
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N = f (u,,u,, Uy,e., 1) Equation 5
The absolute error is given by:
E, = AN =|Ay, 2t + [Au, 2t +...+]Auy, ot Equation 6
! Ju, Ju,

However, when the Au's are not considered as absolute limits, but as +3s limits, the errors
are computed from the root-sum square formula.

2 2 2 %
E, =AN= (Au.ﬁ) +(Au2 af) +...+(Aun é’f)
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A normal distribution is assumed for the random errors. The “Z value” for the
normal distribution for a 95% confidence level is 1.96. Adding all the bias and random
errors, the total error was obtained.

Equation 7

295% =1.96
The full dilution tunnel particulate mass equation is
Pmass = (Vmix + \,sample) * PC - ( PbaCk * l:]' - LiD I Equation 8
Vvsamplc Vback DF

where .
Prass = volume corrected particulate mass.
Vmix = total dilution exhaust volume.
Vsampte = volume of dilute exhaust flow across the primary and secondary filters.
P, = particulate mass from the gravimetric analysis.
Poack = particulate mass from the background filter.
Vback = volume of background flow across the background filter.
DF = dilution factor.

and the uncertainty, DPpass iS

™ 2 2 2 'yz
5Pmass ﬁPmass a”Pmass
T A\’mix + A\,sample | APc +
é’Vmix d\/sample é,Pe
APmass = 2 2 2
é’Pmass a"Pmass &'Pmass
AP, | + AV | +|——AAF
ﬁP back ivback 5DF
Equation 9

A detailed error analysis of the WVU Engine Research Center can be found in Gupta,
1996.

33




6.0 RESULTS AND DISCUSSION

All emissions test results may be found in graphical form at the conclusion of this
section. In addition, the recorded emission data for the entire study is presented in
Appendix B (in g/hr) and Appendix C (in g/bhp-hr). An overview of the particulate
reductions for all engine-exhaust aftertreatment configurations is included in Tables 1 - 4
at the end of the Executive Summary.

When reporting findings concerning diesel particulate matter (PM) reductions, it
should be noted that the 30 CFR considers diesel particulate matter to consist of
elemental carbon, soluble organic fractions, engine wear metals, sulfates, and bound
water. Therefore, the mass measurements of collected PM could consist of all of these
contributors. Of particular interest is the contribution of sulfates and bound water. Wall
and Hoekman, (1984) suggested that at 50% RH, 1.3 grams of water is present for every
gram of sulfuric acid. In addition, a linear relationship between bound water and sulfuric
acid was reported to exist up to 60% RH, with a rapid increase at levels above 60%. Such
bound water would tend to skew reported conclusions, particularly since water is not the
PM component that is associated with any known health hazards or targeted for
reduction. Increased sulfate production, which results in increased amounts of bound
water on sample filters, often results from the use of high contents of noble metal
catalysts, such as platinum, in aftertreatment devices. Although most manufacturers are
reluctant to divulge information on their catalyst coatings, it is believed that the high
sulfate production levels encountered during this study were a direct result of such large
quantities. :

6.1 MWM D916-6 Results

An MWM D916-6 was used to compare emissions levels produced by an engine
operating on diesel fuels of different sulfur content. Specifically, the study measured the
combustion products generated during engine operation with high sulfur (0.37 %) fuel
and low sulfur (0.04 %) fuel. Figure 2 indicates a slight reduction in measured
particulate matter, while Figures 3 - 6 indicate that gaseous emissions, as expected, were
basically unaffected by the fuel sulfur content. The complete test results, averaged over .
three tests per operating mode, are presented in Table B.1-1 (in g/hr) and Table C.1-1 (in
g/bhp-hr). In conclusion, the lower sulfur content produced a weighted 8-mode
particulate matter reduction of approximately 22 %.

6.2 Lister Petter LPU-2 Results

A Lister Petter LPU-2 was used to test the emissions reduction performance of a
Rohmac/DCL exhaust aftertreatment system. The engine-aftertreatment systém is shown
in Figures A.2-1 and A.2-2, while Figure A.2-3 illustrates the test bed setup. Emission
data is presented in graphical form in Figures 7 — 23, while the reduced data for all tests
is compiled in Appendix B.2-1 — B.2-2 (in g/hr) and Appendix C.2-1 and C.2-2 (in g/bhp-
hr).
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After results were compiled from the first 8-mode test, WVU concluded that a
failure had occurred in the catalyzed particulate filter, due to the characteristically low
particulate reduction values. This failure could have occurred prior to the trap being
tested at WVU, or during regeneration that was performed at WVU prior to the 8-mode
test. WVU and Rohmac returned the particulate filter to DCL, where backpressures were
compared to other comparable models. DCL concluded that the trap had indeed failed
and provided a replacement. Once the new particulate trap was installed, preliminary test
indicated that the trap would not able to handle the associated high engine exhaust
emissions rates. While attempting to perform another 8-mode test, engine exhaust
backpressures exceeded limitations imposed by Lister Petter. After consulting Rohmac
and DCL, WVU decided to perform only a limited amount of testing with the new trap.
Obviously the backpressures associated with the new trap were much higher than those of
the initial trap, which had failed during pre-test operation. In order to produce
preliminary results for the Pallflex high-temperature glass-fiber paper filter, a single
Mode 7 test was performed.

Particulate reduction results for all LPU-2 engine-system configurations are
presented in Figures 7 — 11. As the data indicates, the particulate reduction for the initial
(failed) trap ranged from 15 % - 87 %, with a weighted 8-mode average of 64.4 % (see
Table 2 at the end of the Executive Summary). The replacement trap-catalyst system
provided an average reduction of 80 % over Modes 6 and 7. The single Mode 7 test
performed with the trap-catalyst and paper filter yielded a 95 % reduction, while the
catalyst only modes reduced particulate by an average of 43 %. Total hydrocarbon
reductions are presented in Figures 12 — 14, with an overall average for the initial trap-
catalyst system of 97 %. Similar results for HC were obtained by the other aftertreatment
system configurations. . The Rohmac/DCL system provided significant reductions of
carbon monoxide (CO), with an overall average of 90 % (see Figures 15 — 19). Similar
reductions were obtained for the replacement trap tests, as well as the catalyst-only tests.
Figures 20 — 23 indicate that, although the system made no provisions for reduction,
oxides of nitrogen (NOy) were reduced by 28 % by the original Rohmac/DCL system,
with as much as 50 % reductions being produced by the catalyst only tests. Such
attenuation is attributed largely to high fueling rates and, in part, to increased exhaust
backpressures. High fueling rates can cause a reducing atmosphere in the exhaust,
whereas high exhaust backpressures result in internal exhaust gas recirculation, which
inhibits the in-cylinder formation of NO,.

Regeneration studies were performed on both the traps. The regeneration process
consisted of operating the engine at rated power for approximately five minutes, followed
by a five minute run at high idle (no load at rated speed). This two-step process first
elevated the exhaust temperature, in order to achieve trap light-off, and then supplied the
system with excess oxygen, in order to assist the regenerative combustion process.
Collected data for three regenerative cycles is found in Appendix D. Two cycles were
performed on the original (failed) trap, while only one test could be run on the
replacement trap, due to manufacturer-imposed backpressure limitations. Figures D.1-1 -
D.1-5 represent the first regeneration test for the original (failed) trap-catalyst system,
while the second regenerative cycle is included in Figures D.2-1 - D.2-5. The

35




regeneration tests for the initial trap seemed to exhibit trends that are characteristic of
normal trap regeneration. During the first regeneration test on the original trap,
hydrocarbon (HC), carbon monoxide (CO), and carbon monoxide (CO;) traces all peaked
during particulate combustion and then decreased as the trap regeneration ceased. The
reduced system backpressure curve is also indicative of a regeneration process. The
second regeneration study with the failed trap did not exhibit such characteristic trends.
Since the engine did not experience very much operation between the first and second
regenerative tests, WVU surmises that low particulate loading levels were the reason for
the different results. It should be noted that the engine was operated at low load
conditions for at least three hours prior to the first regeneration study. The low exhaust
temperatures associated with such operation is not at all conducive to trap light-off, so,
even in its failed state, the trap would have had a considerable amount of particulate
loading. Data from the third regeneration test (see Figures D.3-1 — D.3-5) indicates that
a successful new-trap regeneration did not occur. Unlike the failed trap tests, the
replacement trap’s loading and associated backpressure could not be reduced via the
regeneration procedure. Since a failure path was not present, the trap had a much higher
loading rate — high enough that the particulate reductions afforded by regeneration could
not keep up with the rate of particulate deposition associated with continuous operation.
For this reason only a limited number of modes could be run before exhaust backpressure
levels exceeded Lister Petter’s imposed limitations. At the conclusion of the replacement
trap tests, WVU urged Rohmac to contact Lister Petter in order to derate the engine.
Since then, Lister Petter has derated the LPU-2, while remaining within the constraints of
MSHA's original certification. Under the time constraints imposed by Phase 1 of the
WYV Diesel Study, further tests of this derated LPU-2 were not performed. However,
tests have been scheduled as part of Phase 2.

6.3 Isuzu C240 Results

An Isuzu C240 was used to evaluate the emission reduction capabilities of a
second Rohmac/DCL exhaust aftertreatment system. Similar to the LPU-2 system, the
C240 system consisted of a catalyzed particulate filter in series with an oxidation catalyst.
With the experience afforded by the Lister Petter tests, WVU advised Rohmac to size the
catalyst and particulate filters for the Isuzu C240 system after baseline emissions values
were established. For the C240 tests, WVU and Rohmac wanted to optimize system
efficiency by altering the order of the oxidation catalyst and catalyzed particulate filter.
A full 8-mode test was performed with the catalyst positioned downstream of the
particulate trap, while 4 modes (1, 3, 5, and 7) were tested with the catalyst positioned
upstream. In addition, the engine was operated for 4 modes (1, 3, 5, and 7) with only an
oxidation catalyst. While performing the 8-mode test, the trap-catalyst system did not
need to be regenerated. At the conclusion of the reported emissions tests, informal
regeneration procedures were performed. Although time constraints did not permit data
recording, typical regeneration patterns were observed.

Test results for the Isuzu C240 are presented in Figures 24 - 43 and in Appendix

Tables B.3-1 and B.3-2 (in g/hr) and Tables C.3-1 and C.3-2 (in g/bhp-hr). The weighted
8-mode average diesel particulate matter reduction for the system consisting of the
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particulate trap with a downstream oxidation catalyst was 67.7% (see Table 3 at the end
of the Executive Summary). Considering, however, that the testing performed for this
study was the first of its kind for the Rohmac/DCL system, it should be evident that
further development work could produce enhanced particulate reduction values. Rohmac
independently had the particulate sample filters analyzed for sulfate content and verbally
disclosed, to WVU, that sulfates contributed approximately 50% of the total measured
particulate mass. Particulate reduction results for all C240 engine-system configurations
are presented in Figures 24 —27. As the data indicates, the particulate reduction for the
catalyst-trap (reverse order) tests ranged from 40 % to 99 %, with an average of 78 %.
However, it should be noted that the catalyst only configuration yielded an average 66 %
higher PM. Obviously such an increase in PM production indicates a substantial amount
of collected sulfates. The trap-catalyst system reduced HC by 79 %, but Mode 5
produced minimal (27 %) reductions. Increased regeneration activity during Mode 5 is
likely responsible for such sub-par reductions. The LPU-2 system reduced CO by an
average of 95 %. As expected NOy emissions were relatively unaffected by the addition .
of the system (6 % increase over baseline). HC reductions for the C240 catalyst-trap
(reverse order) system averaged 87%, while CO was reduced by 94 %. NO, emissions
were basically unaffected by the addition of the reverse-configuration system (6 %)
reduction. The catalyst-only tests reduced HC by an average of 72 % and CO by 93 %.
However CO; and NOy emissions were relatively unaffected by the addition of the
oxidation catalyst.

6.4  Caterpillar 3306 Results

Two aftertreatment devices were tested on a Caterpillar 3306. A Dry Systems
Technology (DST) dry scrubber system and a Clean Air Systems catalyzed particulate
trap were evaluated for their exhaust emissions reduction capabilities. The results for the
tests are presented in Figures 44 - 66-and in Appendix Tables B.3-1 - B.3-4 (in g/hr) and
Tables C.3-1 - C.3-4 (in g/bhp-hr).

Goodman Equipment Corporation supplied WVU with a Caterpillar 3306 that
they had retrofitted with a DST dry scrubber system. Based upon the previous
experience that the PI has had with an MWM D916-6 DST system, the PM sample filters
that were collected during the first eight-mode test (DST I) suggested that there was a
problem with the system received from Goodman. Since the aforementioned
MWMD916-6 DST system did contain the same oxidation catalyst as this CAT 3306
system, the catalyst was omitted in an attempt to isolate the source of the problem.
Results from a 2-Mode test indicated that the catalyst was not the cause of high
particulate emissions. WVU concluded that the coolant in the heat exchanger was
leaking into the exhaust stream. After contacting Goodman representatives, the heat
exchanger was removed for leak testing. A coolant leak, caused by manufacturing flaws,
was indeed detected in the heat exchanger of the DST system (see Figures A.4-3 - A.4-5).
In addition exhaust passage leaks were also found in the manifold end of the heat
exchanger and the filter canister (see Figures A.4-2, A.4-6, and A.4-7). Goodman
representatives and Mr. Norbert Paas (inventor of the DST system) performed subsequent
repairs and inspections. At the onset of the second test, WVU’s visual inspection of the
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sample filters for Mode 1 and Mode 2 resulted in the elimination of four modes for the
remainder of the test (only Modes 1, 2,5, and 7 were tested). The results of this 4-mode
test are presented in Figures and Appendix Tables as Dry Scrubber II. Immediately
following this four-mode test, Goodman and Mr. Paas were contacted. WVU was
instructed to accommodate an engine checkup by a local Caterpillar maintenance
technician and various Goodman-required system inspections and clean-up procedures.
The results of the engine tune-up and inspection are outlined in a letter authored by Toni
Bilitski (Goodman), which can be found in Appendix E. The various engine- and
system-related modifications and procedures that were ordered by Goodman and Mr.
Paas are also included in Appendix E. The Commission-requested release-letter
confirming that the engine and the DST were ready for testing was not received until
after the Caterpillar 3306 DST system was tested for a third time. The release letter is
found in Appendix E, while the results of this complete 8-mode test are presented in the
Figures and in the Appendix tables as DST III. Once again, the reductions from this
system were rather low under high speed/high load (Mode 1, in particular) conditions.

The original DST 8-Mode indicated a weighted-average particulate reduction of
41.2 % (see Table 4a at the end of the Executive Summary). After the leak was repaired,
only 4 Modes were tested, with an average reduction of 70 %. However, similar to the
results found during the first 8-Mode test, Modes 1 and 2 had much lower reductions than
Modes 5 and 7. During the second full 8-Mode test (DST III) the weighted-average
reduction was 82 %, but Mode 1 only posted an 8 % reduction (see Table 4b).

From the DST I results, Mode 8 produced large increases in HC and CO over the
bare engine values. Omitting this mode resulted in average reductions of 56 % for HC
and 89 % for CO. CO, and NOx emissions were not substantially affected by the addition
of the DST system. The gaseous emissions from the limited 4-mode DST II tests
indicated reductions of HC and CO emissions of 67 % and 92 %, respectively. As with
the DST I tests, CO, and NOx emissions were unaffected. The second complete 8-mode
test (DST IIT) produced average HC reductions of 70 % and CO reductions of 85 %. For
these tests, CO; emissions were reduced by 19 % and NOj levels were decreased by
25 %. As a final note, Table 10 provides documentation of the exhaust temperature at the
exit of the DST paper filter canister (immediately following the flame arrestor). Data
presented in Table 10 was taken from the second 8-Mode test (DST III), since there were
coolant leaks associated with the first set of tests. The high DST outlet temperatures in
Modes 1 and 2 could explain the low PM reductions. Tests of filter efficiency, as a
function of stream temperature and flow rates, were not conducted at WVU.

Clean Air Systems provided WVU with a catalyzed particulate filter that had been
designed for the Caterpillar 3306. The results of the tests are given in Figures 44 — 61
and in Appendix Tables B.4-4 (in g/hr) and C.4-4 (in g/bhp-hr). The overall weighted-
average particulate reduction of the system was 72 %. The average reductions in HC,
CO, and CO; were found to be 88 %, 83 %, and 21 %, respectively. Oxides of Nitrogen
(NO,) were not substantially reduced by the Clean Air System. It should be noted that
Mode 8 presented a significant problem with HC and CO emissions. As per regulations,
Mode 8 testing followed Mode 7 after a period of stabilization (generally 10 minutes).
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While following this standard procedure, HC and CO emissions would increase until both
analyzers were out of range. In order to continue testing, the engine had to be shutdown
so that the HC and CO analyzers could be purged. After startup, HC and CO emissions
were still much greater than those obtained from other test modes, but there were
measurable. This problem is attributed to a regeneration process that would be quenched
during the shutdown period. Considering that this study serves as the first and only set of
emissions tests for this particular system model, there is likely room for improvement. In
addition, the particulate sample filters were not analyzed, but, based on previous
experience, WVU would expect that a considerable amount of sulfates were contained on
the filters. Thus, further development could minimize sulfate production and, hence,
improve overall particulate reduction efficiency.

Observed Exhaust Temperatures after DST Flame Arrestor
Mode | Mode | Mode | Mode | Mode | Mode | Mode | Mode
2 3 4 5 6 7 8
Downstream 300 265.5 244 215 221 215 197.5 | 158.5

Temperature

Table 10. Observed Exhaust Temperatures (in °F) after the DST Flame
Arrestor during the Final 8-Mode Test (DST III).
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7.0 RECOMMENDATIONS

The emissions tests performed under the WV Diesel Study have provided a solid
starting point for the development and evaluation of diesel engine aftertreatment devices
used in mining applications. Although there are systems currently operating in
underground mines, in general there has been very little activity in this specialized field
of engine emissions. In fact, with the exception of the DST system, the emissions tests
performed on the exhaust aftertreatment devices associated with this study were the first
of their kind. It would be very misleading to form lasting conclusions concerning the
performance of any aftertreatment device based solely on initial results. The “first-
round” performance of systems was very promising, and the participating manufacturers
of this study deserve a great deal of commendation. However, further testing and
refinement is obviously necessary in order to maximize each system’s potential.

Further improvement in emissions reductions can be accomplished through
increased research efforts. Advancements in catalyst formulation, improvements in trap
selection and sizing, and reduction of base engine emissions should all be explored in
order to optimize aftertreatment system performance. To date, the majority of the
aftertreatment industry has not responded to the need for systems that accommodate the
unique needs of mining-engines. Due to special design constraints and the limited
demand in the current market, there are very few commercially available systems.
Extensive testing is also required to both perfect current designs and provide additional
insight for future systems. Development of oxidation catalysts and PM traps that tailor to
the needs of mining-engine applications will obviously improve performance.
Optimization tests of the integrated engine-aftertreatment system are very crucial to
achieving high levels of emissions reductions. In addition to aftertreatment component
enhancements, efforts must be made to improve the quality of engines used in
underground mines. Until recently, manufacturers of in-mine engines did not have to
comply with any well-defined emissions standards. This study has highlighted this
critical area, and has raised points of interest that need to be addressed. Derating the
LPU-2 engine, which was a direct result of this study, is a good example of what
manufacturers can do to improve in-mine environments. Combined efforts by MSHA
and engine manufacturers to improve current designs, while developing new ones, would
provide the mining industry with a larger variety of certified, high-quality, low-emission
engines.

In addition to these industry-specific contributions, limited deregulation could
also improve the level of system performance. Relaxation of the 300° F surface-
temperature requirement would increase the available options for trap regeneration. In
doing so, the current trends involving use of noble metal-rich catalyst formulations,
which lead to high sulfate formation at elevated temperatures, could be avoided.
Alternative regeneration techniques could lower system costs, improve reliability, and
eliminate sources of additional health concems.
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Looking forward, WVU intends to continue testing and developing emission-
reduction strategies specifically aimed at mining applications. With the help of industry,
labor, and the WV Diesel Commission, WVU hopes to proceed with the research
program initiated by this study. It is anticipated that an integration of such key industry
factions will not only result in improved system designs, but an evolutionary pattern in
the development of both State and Federal emissions standards. Additional research will
generate interest and improve the demand for high-efficiency aftertreatment systems.
WVU’s continued involvement will also serve as a vital resource for the governing
bodies that are responsible for developing in-mine emissions standards. Advanced
research will provide significant contributions to the existing database for mining-engine
emissions and assist in the development of improved test protocols and procedures. As
part of the future research program, WVU recommends that in-use (in-mine) diesel
equipment be instrumented to collect data during everyday operations. Not only could
data such as exhaust temperatures, pressures and emission levels be recorded, but engine
speed and load could be monitored — parameters that are crucial to the development of
duty cycles and test procedures that are used in laboratory testing. This will assist in
optimizing the design of aftertreatment devices for underground mining applications.
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Figure 2. Comparison of Particulate Mass Emission Rates from
MWM D916-6 Using Low Sulfur and High Sulfur Diesel No. 2 Fuel
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Figure 3. Comparison of Hydrocarbon Mass Emission Rates from
MWM D916-6 Using Low Sulfur and High Sulfur Diesel No. 2 Fuel
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Figure 4. Comparison of Carbon-Monoxide Mass Emission Rates
from MWM D916-6 Using Low Sulfur and High Sulfur Diesel No. 2
Fuel
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Figure 5. Comparison of Carbon Dioxide Mass Emission Rates from
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Figure 6. Comparison of Nitrogen Oxides Mass Emission Rates from
MWM D916-6 Using Low Sulfur and High Sulfur Diesel No. 2 Fuel
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Figure 9. Comparison of Particulate Mass Emission Rates from LPU-
2: Bare Engine and Rohmac/DCL System Equipped Engine
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Figure 17. Comparison of Carbon-Monoxide Mass Emission Rates
from LPU-2: Bare Engine and DCL System Equipped Engine



|

CO (g/bhp-hr)

Bare Engine

) Rohmac /DCL - 2

Mode 7

Figure 18. Comparison of Carbon-Monoxide Mass Emission Rates
from LPU-2: Bare Engine and Rohmac/DCL System Equipped
Engine



CO (g/bhp-hr)

40~
35—/
30
25—
20
15—

10—

W Bare Engine
Rohmac / DCL -1

Mode 1 T
Mode 2
Mode 3 Mode 4

Mode 5 Mode 6

Mode 7

Mode 8

Figure 19. Comparison of Carbon-Monoxide Mass Emission Rates
from LPU-2: Bare Engine and Rohmac/DCL System Equipped
Engine
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Figure 20. Comparison of Nitrogen Oxides Mass Emission Rates
from LPU-2 on Mode 7: Bare Engine and Rohmac/DCL System
Equipped Engine
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Figure 21. Comparison of Nitrogen Oxides Mass Emission Rates
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Figure 22. Comparison of Nitrogen Oxides Mass Emission Rates
from LPU-2: Bare Engine and DCL System Equipped Engine
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Figure 24. Comparison of Particulate Mass Emission Rates from
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Figure 25. Comparison of Particulate Mass Emission Rates from
Isuzu C240: Bare Engine and DCL Catalyst Equipped Engine
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Figure 27. Comparison of Particulate Mass Emission Rates from
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Figure 28. Comparison of Hydrocarbon Mass Emission Rates from
Isuzu C240: Bare Engine, Rohmac/DCL System and Rohmac/DCL
System (Reverse Order) Equipped Engine
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Figure 29. Comparison of Hydrocarbon Mass Emission Rates from
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Figure 30. Comparison of Hydrocarbon Mass Emission Rates from
Isuzu C240: Bare Engine and Rohmac/DCL System Equipped Engine
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Figure 31. Comparison of Hydrocarbon Mass Emission Rates from
' Isuzu C240: Bare Engine and Rohmac/DCL System (Reverse Order)
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Figure 32. Comparison of Carbon-Monoxide Mass Emission Rates
from Isuzu C240: Bare Engine, Rohmac/DCL System and
Rohmac/DCL System (Reverse Order) Equipped Engine
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Figure 33. Comparison of Carbon-Monoxide Mass Emission Rates
from Isuzu C240: Bare Engine and DCL Catalyst System Equipped
Engine
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Figure 34. Comparison of Carbon-Monoxide Mass Emission Rates
from Isuzu C240: Bare Engine and Rohmac/DCL System Equipped
Engine
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Figure 35. Comparison of Carbon-Monoxide Mass Emission Rates
from Isuzu C240: Bare Engine and Rohmac/DCL System (Reverse
Order) Equipped Engine
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Figure 36. Comparison of Carbon Dioxide Mass Emission Rates
from Isuzu C240: Bare Engine, Rohmac/DCL System and
Rohmac/DCL System (Reverse Order) Equipped Engine
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Figure 37. Comparison of Carbon Dioxide Mass Emission Rates
from Isuzu C240: Bare Engine and DCL Catalyst System Equipped
Engine

77



CO: (g/bhp-hr)

1992.68

>
SES

" Bare Engine

Rohmac/DCL

Mode6  prode7

Mode 8

Figure 38. Comparison of Carbon Dioxide Mass Emission Rates
from Isuzu C240: Bare Engine and Rohmac/DCL System Equipped
Engine
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Figure 39. Comparison of Carbon Dioxide Mass Emission Rates
from Isuzu C240: Bare Engine and Rohmac/DCL System (Reverse
Order) Equipped Engine
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Figure 40. Comparison of Oxides of Nitrogen Mass Emission Rates
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Figure 41. Comparison of Oxides of Nitrogen Mass Emission Rates
from Isuzu C240: Bare Engine and DCL Catalyst System Equipped
Engine
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