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ABSTRACT

An analysis of smoke emissions from Diesel transit buses indicates
that while most buses have peak smoke levels which are invisible or
just barely visible, some buses emit peak smoke levels of 40-45%
opacity. Buses with the lowest smoke levels tend to be equipped with
clder, naturally aspirated engines. Buses with the highest smoke
levels are usually equipped with later model, turbocharged engines.
However, some of these late model engines exhibit very low smoke
levels, while others have relatively high smoke levels.

Transit district officials believe that late model, turbocharged
engines are more difficult to keep in proper tune. In addition, the
variability in smoke emissions from late model turbocharged engines
seems to indicate that late model engines are quite sensitive to the
manner in which they are maintained. The incorporation of routine
smoke measurements may be effective in detecting those engines which
are in need of further adjustment.

Analysis of bus engine maintenance histories indicates that the
frequency of smoke related maintenance is a very poor predictor of
exhaust opacity in customer service, This fact supports the position
that bus smoke would be gontrolled more effectively through an
"inspection and maintenance" (I/M) approach, rather than a "mandatory
maintenance" approach. Identification and correction of the highest -
smoke buses of each engine type could reduce smoke and particulate
emissions from the entire fleet by approximately 35%.

The use of turbocharging and engine calibrations used to meet current
NOx emission standards appears to be related to increased smoke
levels; however, the newest turbocharged engines have significantly
lower smoke levels than 1980-1982 models. Improved turbocharger
matching and other improvements incorporated into new engines may
offer some potential for improving the performance of earlier model
engines. Because the components used on late model engines are
interchangeable with those used on earlier models, the "upgrading" or
retrofit of engines during rebuilding may be an effective means of
reducing smoke and particulate emissions.

Differences in the engine models used by transit districts made it
impossible to determine whether differences in fuel specifications are
having a significant effect on smoke emissions from buses. However, a

"literature review indicates that fuels with lower aromatics content

and lower 90% boiling point reduce smoke and particulate emissions.
Although the cost of requiring all Diesel fuel to meet more stringent
fuel quality specifications may be relatively high, costs would be
significantly lower if only the limited amount of Diesel fuel used by
transit districts were subject to more stringent requirements.
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Section 1

SUMMARY AND CONCLUSIONS

Federal emission standards for heavy duty Diesel engines require a
certain degree of smoke emissions control; however, engines meeting
the federal standards may still exhibit visible smoke, and may emit
gignificant amounts of particulate. The federal smoke standards in
force today have been unchanged for eleven years and no smoke or
particulate emission standards for heavy-duty Diesels have ever been
adopted by the California Air Resources Board.

Recent studies have shown that particulate emissions from heavy-duty
Diesel engines contribute significantly to visibility degradation in
California. In addition, the effects of Diesel particulate emissions

on human health is a serious concern.

Although small in number relative to the total population of vehicles
powered by heavy-dufy Diesel engines, transit buses are operated
almost exclusively in urban areas where the impact of smoke and
particulate emissions are of the greatest concern. In addition, smoke
and particulate emissions from transit buses have long been considered
a nuisance by the general public.

The California Air Resources Board (ARB) has several on-going projects
under which the feasibility of further particulate emissions control
from Diesel powered vehicles is being investigated. To supplement the
existing program, ARB and the South Coast Air Quality Management
District (SCAQMD) contracted for a study of the effect of maintenance
practices and fuel specifications on smoke emissions from transit
buses.

Tasks performed during the course of the study included:

1. A literature review of the effect of maintenance practices
and fuel specifications on smoke and particulate emissions;

2. Discussions with maintenance supervisors from three transit
districts;

3. Discussions regarding the effect of fuel specifications and
maintenance practices with the principal bus engine
manufacturer in the U.S.;

4, Documentation of the smoke emissions from hundreds of transit
buses in field service using video tape, still photography,
and a trained observer;

page 8



P =

S

5. Review of detailed maintenance records and fuel
specifications for the buses that were observed in field
service;

6. Analysis of maintenance records and fuel specifications in
conjunction with smoke emissions data to determine whether
correlations were evident;

7. Estimation of the cost of various changes in maintenance
practices and fuel specifications; and

8. Preparation of a report summarizing the work performed and
drawing conclusions regarding the feasibility and cost-
effectiveness of reducing emissions through changes in
maintenance practices and fuel specifications.

Field Observations

Bus Smoke Levels Are Highly Variable - The field observations

Bus Study

performed during the course of the study indicate that the "average"
transit bus has peak smoke emissions of only 7%. At this opacity
level, the exhaust plume is only slightly visible and it would not be
considered objectionable to the average observer. However, some
transit buses have peak opacity levels of 45%. This opacity level is
very objectionable to the average observer. Figure 1 shows what an
exhaust plume of 30-40% opacity looks like.

Current laws and regulations governing the opacity of smoke emissions
usually use 20% opacity (Ringelmann 1) as the criteria for determining
whether the emissions are excessive or not. However, based on the
subjective judgment of the personnel involved in the field
observations, 20% opacity would probably be considered objectionable .
to the average person. An opacity level of 10% is considered a better
dividing line between buses which are "clean" and buses which are
"dirty". The field observations indicated that 35% of transit buses
have peak smoke levels of 10% or higher.

Figure 2 illustrates the distribution in peak opacity levels for the
buses that were evaluated by a trained observer.

page 9
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Figure 1

Observation of High Smoke Bus
During Field Survey
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Figure 2
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Analysis of Records and Specifications

Turbocharged Engines Emit More Smoke - The study results indicate that
there are significant differences in smoke levels that are unrelated
to maintenance and fuel quality. In general, late model turbocharged
engines have higher smoke levels than older, naturally aspirated (non-
turbocharged) engines. For buses observed during the field survey,
60% of all naturally aspirated engines had peak smoke levels that were
invisible (<5% opacity) and only 15% of naturally aspirated buses had
peak smoke levels of 10% or higher.

Bus Study ‘ page 11



= =

==y ==}

=T

——

For turbocharged buses, only 17% had invisible exhausts and 62% had
peak smoke levels of 10% or higher. Figure 3 illustrates the
difference between the observed smoke levels of turbocharged and
naturally aspirated engines.

Figure 3

OBSERVED SMOKE LEVELS
Turbocharged and Naturally Aspirated Engines

5-9~ Invisihle

10-14x

15-19% 5-9y%
Turhocharged Naturally fspirated
Engytines Engines

Note: Smake Levels Shawn
Are Peak Opacity Readings

Smokiest Engines Generally Have High Mileage Since Last Maintenance -
The results of the study also indicate that maintenance practices
appear to have a significant effect on smoke and particulate emissions
from Diesel powered transit buses. For engines of a particular type,
buses with the highest smoke levels generally had accumulated high
mileage since their last injector change or complete engine rebuild.
In addition, "maintenance sensitive" engines (such as the GM 6V-92T)
demonstrated a much greater range of smoke levels in customer service.

Bus Study page 12
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Mileage Since Last Maintenance is a Poor Predictor of Smoke Level -
However, an important conclusion reached was that there is no
statistically significant relationship between maintenance frequency
and observed smoke levels. Engines that had accumulated the highest
mileages since smoke-related maintenance generally were the vehicles
with the highest observed smoke levels, but many vehicles with high
mileage accumulation since last maintenance had very low smoke levels.

Fuel Effects Were Not Apparent - Detailed specifications for the fuel
used by the buses that were observed in the field were not available
in all cases. However, one of the three transit districts used a
60/40 blend of Diesel Fuel Number 1 (DFt1) and DF2, one used
exclusively DF1, and the other district used only DF2 grade fuel.
There was a fairly detailed analysis for the DF2 fuel that was used by
one district. The analysis indicated that this was a "lighter" than
average fuel, making it closer to a mixture of DF1 and DF2 than a
typical number 2 fuel would be. ’

To our great surprise, every single engine model in the sample was
‘unique to a particular district. Because of the potential for model-
to-model differences in smoke emissions, it was not possible to
determine whether fuel differences were a factor.

Literature Review and Consultation

Based on the literature review, the boiling range and aromatics
content of Diesel fuel has a significant effect on smoke and
particulate emissions. A reduction in the temperature at which 90% of
the fuel is distilled and a reduction in the percent of aromatic
hydrocarbons contained in Diesel fuel could reduce average particulate
emission levels by 25-50%. DF1 fuel consistently has a lower 90%
point and lower aromatics content. than DF2.

Despite the inability to quantify the effect of fuel grade based on
the field survey, all three transit districts involved in the study
recognize the significance of fuel quality on smoke and particulate
emissions from Diesel engines. Representatives of the districts which
used DF2 or blends of DF1 and DF2 said that they would prefer to use
DF1 exclusively, were it not for the higher cost of that grade. The
maintenance superintendent of the district that uses DF1 exclusively
would prefer to use jet fuel.

Conclusions

Mileage accumulation does not appear to be the best means of
determining when preventative maintenance should be performed. Many
engines continue to demonstrate low smoke levels with very high
mileage between maintenance. Based on the study results, the most
effective means of ensuring that transit buses receive adequate smoke-
related maintenance would be for routine smoke measurements to be
incorporated into standard maintenance procedures.

Bus Study ) page 13
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Although a variety of techniques could be used to incorporate routine
smoke checks, observation of buses accelerating from a standing start
over a 100 meter distance by a trained observer would be totally
adequate for identifying problem buses. Smoke meters and expensive
chassis dynamometers are not required.

Based on the results of the literature survey and the field
observations, it appears that every model of bus observed can have
peak emissions below 20% opacity when not in need of maintenance.
Buses powered by naturally aspirated engines could comply with a
requirement for peak smoke levels to be below 10%.

With a requirement that buses be immediately scheduled for maintenarnce
when their exhaust opacity is equal to or greater than 10% (naturally
aspirated engines) or 20% (turbocharged engines), the nuisance of
smoky buses could be substantially reduced. In addition, it is
estimated that average smoke ‘and particulate emissions from transit
buses could be reduced by approximately 35%.

The cost of improved maintenance practices may be low relative to the
reduction in particulate emissions that could be achieved; however,
further study is required to determine the cost-effectiveness of such
an inspection and maintenance program.

For smoke emission control purposes only, requirements for improved
Diesel fuel quality would probably be higher in cost than an
inspection and maintenance program. However, the cost of improved
quality fuel for transit buses is expected to be significantly lower
than improvements in all Diesel fuel. In addition, the cost-
effectiveness of Diesel fuel specifications depends on whether credit
is given to the effect such specifications would have on secondary
particulates (i.e., particles formed through the atmospheric
transformation of sulfur dioxide into sulfate). Based on our
analysis, control of transit bus fuel quality through limitations on
aromatics content and 90% boiling point would be cost effective
relative to other measures which have been adopted for the control of
the total amount of fine particles in the atmosphere. In addition to
reducing bus smoke, such controls would improve atmospheric visibility
on a regional basis.

page 14
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Section 2

RECOMMENDATIONS

Based on the survey and analyses performed, the following
recommendations are offered for consideration by the California Air
Resources Board and the South Coast Air Quality Management District:

1. Incorporation of frequent and routine exhaust opacity measurements
into the maintenance schedules for transit buses should be
pursued. Standards of 10% opacity for naturally aspirated engines
and 20% opacity for turbocharged engines may be feasible for
determining when a bus should be pulled from service for smoke-
related maintenance. However, a pilot study to determine whether
all engines can achieve these limits should be conducted.

2. Specific requirements for maintenance frequency do not appear to
be feasible or cost-effective and should not be pursued. The
study indicates that the way maintenance is done is at least as
important as how frequently it is done. Frequent adjustments of
throttle delay mechanisms and injectors are of no benefit if the
adjustments are not done in a manner which minimizes smoke
emissions. As has been demonstrated for light-duty gasoline
powered vehicles, "mandatory maintenance" is inferior to
"inspection and maintenance" for controlling emissions.

3. Consideration should be given to the retrofit of improved
components during the rebuilding of transit bus engines. Data
from the literature and the field survey indicate that design
improvements applicable to bus engines have recently been made in
the areas of piston ring design, turbocharger matching, and
transient fuel injection rate control. Incorporation of this
technology on a retrofit basis may represent a practical and cost-
effective means of further reducing smoke and particulate
emissions from the turbocharged engines which are the highest
smoke emitters.

4. Consideration should be given to the establishment of smoke and
particulate emission standards for new bus engines. Smoke and
particulate emissions from transit bus engines have increased over
the last ten years as a result of increased use of furbocharging
and changes made to reduce NOx emissions. 1In the absence of
stringent smoke standards, technology has not been applied which
could have maintained the relatively low smoke levels achieved
with older engines. EPA has recently adopted new particulate
emission standards which significantly reduce the smoke and
particulate emission levels from transit buses in the future. ARB

Bus Study page 15
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should determine whether the new standards represent the most
effective control that can be achieved and whether an expedited
schedule for attainment might be feasible for California.

Regulations governing the 90% boiling point and aromatics content

of Diesel fuel for transit bus use should be considered. The ARB

staff analysis of the cost-effectiveness of more stringent Diesel
fuel specifications indicates that costs per pound of particulate
reduced may be very high. However, the ARB analysis appears to be
quite conservative. More importantly, cost estimates provided by
individual refiners indicated a very high variability in costs
from refiner to refiner. This indicates that the cost-
effectiveness would improve substantially if the specifications
did not apply to all Diesel fuel. Those refiners who are able to
provide higher quality fuel more economically could supply a more
limited market demand. Because of the potentially lower cost of
applying more stringent quality requirements to a limited amount
of Diesel fuel, and given the fact that transit buses operate
almost exclusively in urban areas, it may be reasonable to
consider separate fuel specifications for transit bus use. Using
the lower end of the cost estimates provided to ARB for higher
quality Diesel fuel, more stringent fuel specifications for
transit buses would appear to be a cost-effective means of
achieving further smoke and particulate emissions control.

page 16
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Section 3

INTRODUCTION

The overall objective of this study was to determine whether changes
in transit bus maintenance practices could be effective in reducing
smoke and particulate emissions. In order to accomplish this overall
objective five tasks were planned:

1. Field Survey of Bus Smoke Levels

2. Reéview of Maintenance Records and Fuel Specifications
for Buses Observed in the Field

3. Correlation Analysis of Maintenance Records,
Fuel Specifications and Observed Smoke Levels

4, Literature Review and Consultation
5. Analysis of Possible Maintenance Practice

and Fuel Specification Changes

Summary of the Work Performed

Field Study - In order to be able to determine whether differences
existed between transit districts, buses from three different transit
districts were observed. The three districts involved were Southern
California Rapid Transit District (RTD), Santa Monica Municipal Bus
Lines (MBL), and Sacramento Regional Transit (RT).

The field study of smoke levels was conducted using two principal
techniques: video tape recording and the use of a "trained observer".
The techniques used by the trained observer were those taught in ARB's
"Visual Emissions Evaluation" course, and the observer had been
certified as accurate by ARB. The video tapes were used to document
the human observations and to assist in subsequently resolving any
questions regarding the identification of individual buses.
Information regarding bus identification, date, time, location, and
the position of the trained observer were recorded on paper and on the

sound track of the video tape.

Bus

Review of Records - Maintenance records and fuel specifications were
assembled for our review by the three transit districts whose buses
were observed during the field study. Meetings with the transit
districts were arranged by ARB after the field study had been
completed. The districts were not made aware of the study until after

Study page 17
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all of the visual observations had been completed. Numerous telephone
conversations with the transit districts were used to clarify the
maintenance records that were provided for review.

Correlation Analysis - All data on exhaust opacity, fuel
specifications, and maintenance history were prepared for computer
analysis using data base management software. Distributions of
exhaust opacity levels were constructed for the entire sample of buses
and for a variety of subsets of the sample. The subsets were
constructed based on transit district, engine model, and fuel
specifications. For each subset, regression analyses were conducted
between the mileage since certain types of maintenance and exhaust
opacity.

Literature Review and Consultation - An extensive literature review
was conducted to determine the results of previous studies into the
relationship between fuel specifications, maintenance practices, and
smoke and particulate emissions from heavy duty Diesel engines.
Discussions regarding the importance of certain maintenance practices
were also held with representatives of General Motors Corporation, the
manufacturer of all of the engines that were used in the buses
included in the field survey. In addition, discussions were held with
the personnel responsible for maintenance at the three transit
districts.

Analysis of Possible Changes - Based on the results of the correlation
analysis and the literature review, estimates were made of the effect
that certain changes in maintenance practices and fuel specifications
would be expected to have on smoke and particulate emissions. Rough
estimates of the cost associated with various changes were also made.

Organization of the Report

This report is divided into ten sections. Section 1 contains the
Summary and Conclusions, Section 2 presents the Recommendations, and
and Section 3 is this Introduction.

Section 4, Factors Affecting Diesel Smoke and Particulates, provides
an overview of the many design, operation, maintenance, and fuel
differences that determine the smoke emissions from Diesel engines.
This section provides a general background for readers who are not
familiar with Diesel engines and the factors affecting their emissions
of particulate matter.

Section 5, Bus Smoke Emissions in Field Service, covers the results of
the field survey. It contains a detailed description of the survey
techniques and a summary of the raw data.

Section 6, Maintenance and Fuel Purchase Practices, contains a
description of how transit buses are routinely maintained. This
section is based on discussions with the transit districts and our
review of the detailed maintenance records that were provide by the
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districts. This section also describes the record keeping procedures
that transit districts use in order to keep track of when a vehicle
requires maintenance.

Section 7, Data Analysis, describes how the available data were
analyzed. This section also shows the results of the analysis of
exhaust opacity differences between various subsets of the data base,
and the relationship that was observed between maintenance history and
exhaust opacity.

Section 8, Literature Review and Consultation, summarizes the
availlable literature on the effect of fuel quality and maintenance
practices on exhaust opacity and particulate emissions. This section
also discusses the view of the General Motors Corporation and transit

-district maintenance personnel regarding how maintenance practices can

be used to minimize smoke emissions.

Section 9, Prospects for Reducing Smoke and Particulates, contains our
analysis of certain changes in maintenance and fuel specifications
that would reduce smoke and particulate emissions from transit buses.
The analysis includes the estimated cost and cost-effectiveness of the
changes.

Section 10 contains a list of references used during the course of the
literature review. Throughout this report, numbers appearing in
parentheses refer to the references listed in this section.

Appendix A contains a tabulation of the raw data from the visual
observations made during the field study and a summary of the vehicle
data and maintenance data received from the transit districts.
Appendix B contains a tabular summary of the opacity distributions for
individual engine models and transit districts. Appendix C contains
the detailed results of the regression analyses conducted.
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Section 4

FACTORS AFFECTING
DIESEL SMOKE AND PARTICULATES

To understand the factors which contribute to particulate emissions
from Diesels, it is necessary to be familiar with the Diesel
combustion process. With an understanding of Diesel combustion, the
effects of engine design features, operational characteristics,

‘maintenance practices, and fuel specifications are easier to

comprehend.

Beginning with a description of the Diesel combustion process, this
section contains a brief overview of most of the factors which are
known to be related to smoke and particulate emissions from Diesel
engines. With the background provided in this section, the detailed
discussion of maintenance practices and fuel effects covered in the
remainder of the report may be easier to follow.

The Diesel Combustion Process

Diesels are compression ignition engines. As with spark ignition
engines, the operation of the Diesel engine involve four main events:

1. Intake of a fresh charge of air into a cylinder;
2. Compression of the intake charge;

3. Power generation during the combustion of fuel and air,
forcing the piston and connecting rod to turn the crankshaft;
and

4, Exhaust of the combustion products from the cylinder.

The heat generated by the compression of air under the relatively high
compression ratio (usually 17:1 to 22:1) of a Diesel engine is
sufficient to ignite the fuel without the aid of a spark plug. The
temperature achieved during the compression of air in the cylinder of
a Diesel is affected by both the temperature of the engine and the
temperature of the air drawn or blown into the engine. In addition,
the temperature at which a fuel will ignite is difficult to precisely
control because of differences in the crude oil from which fuels are
made and the extraordinary refining costs that would be associated
with making all fuels ignite at exactly the same temperature and
pressure. Because of these variables, it is not possible to precisely
control when the temperature necessary to initiate combustion will be
achieved during the compression stroke. '
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For optimum engine performance, it is necessary to initiate the
combustion of the fuel just before the end of the compression stroke.
Earlier ignition would cause the burning fuel to work against the
piston as it is still rising in the cylinder. Later ignition would
not allow for maximum heat release to occur while the piston is still
near the top of its expansion or "power" stroke.

Because of these considerations, Diesel engines are designed with a

significant margin of safety for the temperature that will be achieved
Just before the end of the compression stroke. The compression ratio
must be high enough that ignition temperature will be achieved during
cold weather and before the engine is fully warmed-up. However, this
means that under most operating conditions, the ignition temperature
will be achieved before it is needed to ignite the fuel at just the
right moment. Because of this, the fuel must not be injected into the
cylinder until just before the moment when combustion should begin.

(In contrast, spark ignition, gasoline engines do not have high enough

compression ratios to cause auto ignition of the fuel. The fuel can
therefore be mixed with the intake air and brought into the cylinder
well before the point where the start of combustion should occur. At
the right moment, the spark plug is fired, and the fuel air mixture is
ignited.)

Because the fuel must be injected into the Diesel engine just before
the start of combustion, it is not possible to achieve a uniform
mixing of the fuel and air. The tiny droplets of fuel sprayed into
the cylinder by the fuel injector begin to burn before they are
completely vaporized and mixed with the air in the cylinder.

It is this non-homogeneous, droplet combustion process that is the
source of carbonaceous particulate emissions from Diesel engines.

Origins of Directly Emitted Particulates

Near the vaporizing droplets, there is insufficient oxygen to
completely burn all of the fuel. Rather than burning the fuel
completely, to form carbon dioxide and water vapor, there are very
high levels of carbon monoxide formed. As explained by Behrens (1),
reactions between the carbon monoxide molecules can form solid carbon
by the following reaction:

2 CO = CO, + C (solid) + 40 K cal

Any remaining carbon monoxide is easily oxidized to carbon dioxide as
turbulence within the combustion chamber brings oxygen into contact
with the carbon monoxide. However, the solid carbon does not react as
easlly with oxygen and some of the carbon formed during the earlier
phase of the combustion process is exhausted as soot. (It should be
noted that numerous other processes leading to soot formation have
been suggested. Some involve a very complex chain of reactions.
However, the literature indicates that pyrolysis and combustion
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occurring in fuel-rich regions in the combustion chamber are key to
high levels of soot emissions.)

Although fuel characteristics are a factor, high soot formation
potential is an inherent feature of the droplet combustion process.
If the compression ratio is sufficient, warmed-up Diesel engines will
also burn gasoline (2). Significant soot formation still occurs when
gasoline is the fuel (2).

Figure 4 illustrates the non-uniform nature of the air-fuel mixture
that exists in the vicinity of a vaporizing fuel droplet.

Figure 4

AIR FUEL DISTRIBUTION

AROUND BURNING FUEL DROPLET

AIR

LEAN-ZONE

RICH-ZONE

VAPORIZATION
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Most factors.that affect directly emitted particulate from Diesel
engines are related to 1) the amount of combustion that occurs in
fuel-rich regions of the cylinder, and 2) the opportunity of
carbonaceous combustion products created in the rich-zone to be
subsequently oxidized as more mixing occurs in the cylinder. "Rich-
zone" combustion is the key.

Secondary Particulates

In addition to the emissions of directly emitted particulates
discussed above, Diesels, like all other combustion sources, also
contribute to the formation of "secondary" particulates in the
atmosphere. Secondary particulates are particles formed from the
atmospheric reactions of certain gaseous emissions. Oxides of
nitrogen (NOx) and sulfur dioxide (SO,) are the two principal
"precursors" of secondary particulate from Diesel engines.

Sulfates and nitrates have little effect on the opacity of engine
exhaust because. there is little of these compounds in the exhaust as
it leaves the engine. However, in the atmosphere, SO, and NOx
emissions are transformed into sulfate and nitrate particles.
Sulfates and nitrates are significant contributors to the regional
visibility degradation that is apparent in such areas as the South
Coast Air Basin.

SOx emissions from Diesel engines are directly related to the sulfur
content of the fuel. About 97%. of the sulfur contained in the fuel is
converted to sulfur dioxide in the combustion process (3). The
remainder is further oxidized to sulfate (30,). The sulfur contained
in fuels used in other engines (e.g., gasoline engines) also
contributes to sulfate in the atmosphere. However, Diesels are a
particular problem because Diesel fuel sulfur levels tend to be much
higher than the sulfur levels in gasoline.

NOx emissions from Diesel engines are also related to fuel quality but
there are many other factors which affect NOx emissions as well. The
nitrogen content of the fuel is a factor, since fuel nitrogen can be
converted into nitrogen oxide in the combustion process. However, the
principal source of Diesel engine NOx emissions is the nitrogen and
oxygen contained in the air ingested by the engine.

The high temperatures which occur during combustion cause some of the
nitrogen and oxygen to combine to form nitric oxide (NO). The amount
of NO formation depends on the magnitude of the combustion
temperature, the time during which peak temperatures occur, and the
concentration of oxygen available in the zone where the peak
temperatures occur.

Diesel Engine Design Features

Figure 5 is a schematic of one cylinder of a Diesel engine, showing
the typical location of the fuel injector and the four phases of the
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"4-cycle" engine combustion process. Figure 6 illustrates the 2-cycle
combustion process using a schematic of a "through—-scavenged" engine
of the type used in most buses. With this type of engine, there is no
separate "intake" stroke and "exhaust" stroke.

The intake and exhaust process in a 2-c¢ycle engine occurs at the end
of the "power" stroke and just before the beginning of the
"compression" stroke. As the piston nears the bottom of its travel,
the exhaust valves are opened and intake ports are uncovered. High
pressure air from the blower pushes the exhaust gas up the cylinder
and out the exhaust valves. As the piston starts moving back up the
cylinder, the intake ports are closed off, the exhaust valves are
closed and the compression of the fresh air that was blown into the
cylinder begins. Near the top of the compression stroke, fuel is
injected and the piston then starts to travel back down the cylinder
during the power stroke.

For 2-cycle engines manufacturered by the General Motors Detroit
Diesel Allison (DDA) Division, there is a standard convention used to
describe each engine: a number, followed by a letter, followed by
another number, followed by another letter. The first number is the
number of cylinders. The first letter is the configuration of the
engine ("V" for cylinders layed out in a Vee configuration, and "L"
for in-line engines). The second number is the cubic inch
displacement of each cylinder. The second letter denotes whether the
engine is turbocharged (T) or naturally aspirated (N). Using this
convention, a "6V-92T" engine has six cylinders in a Vee
configuration, 92 cubic inches per cylinder, and a turbocharger.

Figure 5

4-CYCLE DIESEL

Intake Valve

Injector
A//—‘Exhaust Valve

STROKE 1 STROKE 2 STROKE 3 STROKE 4
INTAKE COMPRESSION POWER EXHAUST
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Figure 6

2-CYCLE DIESEL

Injector
Exhaust Valve

Exhaust
Valve

Blower

Intake
Ports

EXHAUST AND STROKE 1° STROKE 2
INTAKE COMPRESSION POWER

Effect of Design Variables

Engine design variables that affect particulate emissions from Diesel
engines include: injector spray pattern, injection pressure, injector
geometry, injection timing, injection rate, fuel delivery response
characteristics, turbocharger response characteristies, minimum
air/fuel ratio, and cylinder head, combustion chamber and piston crown
design.

All of these factors can affect the amount of rich-zone combustion
that occurs in the cylinder. For example:

- injector spray pattern determines how well the fuel will be
mixed with the air in the cylinder;

- injection pressure determines how fine the droplets will be
(with smaller droplets being easier to vaporize and mix with
air before combustion begins);

- injector geometry determines the volume of fuel that dribbles

out of the injector in between injection events (and therefore
does not mix well with air); ‘

Bus Study page 25



s

T

Ry

1
=y

e

— -

—

——

- injection timing determines what peak combustion temperatures
will be and how hot the partially burned fuel will be during
the expansion stroke when there is the opportunity for the
further oxidation of soot particles formed early in the
combustion process;

~ Tfuel delivery and turbocharger response characteristics
determine how well the air and fuel will be matched for
achieving the optimum overall air/fuel ratio needed to
minimize rich-zone combustion;

- the maximum rate of fuel injection determines the minimum
overall air/fuel ratio and therefore the amount of fuel which
is burned in rich-zones; and

- cylinder head, combustion chamber and piston crown geometry

determines the amount of mixing that occurs due to swirl or
turbulence.

Effect of Maintenance Practices

Lack of adequate maintenance can have similar effects on rich-zone
combustion to many of the design variables discussed above. For
example:

- eroded injector tips can disrupt the spray pattern, and reduce
the degree of atomization and fuel air mixing that is
achieved;

- broken or worn rings can allow more lubricating oil to enter
the combustion zone thereby reducing the overall air/fuel
ratio and introducing a more difficult to burn hydrocarbon
into the process;

- worn blowers can reduce the amount of air ingested by the
engine thereby reducing the air/fuel ratio and increasing the
amount of rich-zone combustion;

- defective or misadjusted throttle delay valves can allow too
much fuel to be injected before the turbocharger is delivering
an adequate supply of air to the cylinder;

- improper injector adjustments can increase the maximum fuel
delivery rate, thereby enrichening the engine;

- dirty air cleaners reduce the air ingestion and also enrichen
the overall mixture;

- worn valves or valve seats can allow the leakage of high

particulate concentrations formed early in the combustion
process before there has been an opportunity for the
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particulate to mix with air in the cylinder and possibly be
further oxidized; and

- retarded injection timing can reduce the peak temperature
achieved, thereby making it increasingly difficult to oxidize
carbon particles that are formed early in the combustion
process when they are eventually mixed with air.

Effect of Operational Variables

Bus Study

Operational variables that affect particulate emissions from Diesel
engines include: engine speed and load, ambient temperature, altitude,
and the rate of acceleration.

At any given engine speed, and with any given amount of boost provided
by a turbocharger, there is a certain amount of air ingested by the
engine. Therefore, the load on the engine (power demand) will
determine how much fuel must be injected into the available amount of
air. The load will therefore affect the overall air/fuel ratio of the
engine, and the amount of combustion that occurs in rich-zones. At
lighter loads there is a greater ratio of air to fuel, less rich zone
combustion, and less smoke. At higher loads, the reverse is true.

Ambient temperature also affects the air/fuel ratio of the engine
because of the change in air density that occurs with changes in
temperature. Operation of a Diesel engine in very hot weather can
increase smoke emissions because of the reduced density of the air
ingested.

Increasing altitude also reduces air density, which is why Diesels
smoke more when traveling in mountainous regions.

The rate at which a Diesel powered vehicle is accelerated can effect
smoke emissions because higher acceleration rates put a higher load on
the engine and thereby reduce the air/fuel ratio. However, a second
effect. of acceleration. rate is a. factor with. turbocharged engines.
Since turbochargers are run off of exhaust energy, they turn at a
relatively. low. speed. under idle and very. light load conditions. When
power is applied, it takes some time for the turbocharger speed to
increase to the point where it is supplying additional air to the
engine. During this "delay" or "lag" period, the engine tends to have
a. shortage. of air and an excess of fuel, leading to additional rich-
zone combustion. (Throttle delay mechanisms are incorporated in some
Diesel engines to. minimize this problem by not allowing the fuel rate
to increase instantaneously.)

Relevant Diesel Fuel Characteristics

Compared to gasoline, Diesel fuel has heavier, longer chain molecules..
Gasoline contains such light and volatile compounds as butane (four
carbon atoms) and pentane (five carbon atoms). The heaviest
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hydrocarbons contained in gasoline are distilled off at about 400°F. ¢
These heavier hydrocarbons generally contain about twelve carbon
atoms. In contrast, the lightest hydrocarbon molecules contained in
Diesel fuel have a boiling point that approximately equals the
heaviest molecules in gasoline. The hydrocarbons in Diesel fuel
generally contain twelve to twenty-two carbon atoms. These molecules
have a boiling range of about 350°F to 650°F. )

The two most common grades of Diesel fuel are Diesel fuel #1 (DF1 or
1-D) and Diesel fuel #2 (DF2 or 2-D). Characteristics of DF1 and DF2
used in the certification of Diesel engines are controlled as shown in
Table 1. '

Recommended specifications for Diesel fuels have also been published
by the American Society for Testing and Materials (ASTM). Using the
same format used to display the certification fuel specifications, the
ASTM specifications for DF1 and DF2 are shown in Table 2.

As shown in Table 2, Diesel fuels are generally less well defined by
the ASTM specifications. In addition, it is apparent that the ASTM

specifications allow the use of significantly higher 90% boiling
points and lower cetane values.

Table 1

Specifications for Emissions Certification Diesel Fuels

DF1 DF2

Cetane Number . . . . . . & ¢« ¢ v ¢ v v ¢« « o« & 48-54 42-50
Distillation Range:

initial boiling point, °F . . . . . . . . 330-390 340-400

10 percent point . . . . . . . . . . . . . 370-430 400-460

50 percent point . . . . . . . . . . . . . U10-480 470-540

90 percent point . . . . . . . . . . . . . U460-520 550-610

end point . . . . . ¢ 4 s 4 e e . . . . . 500-560 580-660
Gravity, CAPI . . . . ¢ . ¢ v ¢ ¢« 4 4 s 4 e w 4o-4y 33-37

Total Sulfur, percent . . . + « «+ « « » » « . . 0.05-0.20 0.2-0.5
Aromatic Hydrocarbon Content, min. percent . . 8 27
Paraffins, naphthenes, olefins, percent . . . . remainder remainder
Flashpoint, °F (minimum) . . . . . . . . . .. 120 130v

Viscosity, centistokes . . . . . . . « & + « . 1,6-2.0 2.0-3.2
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Table 2

ASTM‘Specifications for Diesel Fuel

Bus Study

DF1 DF2
Minimum Cetane Number . . . . . . . . . . . .. 40 40
Distillation Range:
initial boiling point, °F . . . . . . . . --not specified--
10 percent point . . . . . « ¢« « « + . . . --not specified--
50 percent point . . . . . . . . . o . . . --not specified--
90 percent point . . . . . . . . . . . . . 550 max. 540-640
end point . . . . . . 0 0 0 b e e e e e --not specified--
Gravity, °API . . . . &« & « ¢ i v e e e e e e s --not specified--
Maximum Sulfur, percent . . . « ¢« ¢« ¢+ + « o ¢« o 0.5 0.5
Aromatic Hydrocarbon Content, min. percent . . ~-not specified~-
Paraffins, naphthenes, olefins, percent . . . . --not specified--
Flashpoint, °F (minimum) . . . . . . . « . . . 100 126
Viscosity, centistokes . . . . . .« . . . . . . 1.3-2.4 1.9-4.1

This comparison is significant because fuels sold in California
(except for the sulfur content of Diesel fuel produced by large
refiners in the South Coast Air Basin) are generally blended to meet
ASTM specifications, not the specifications which apply to
certification fuels. Because fuel specifications affect emission
levels, it is clear that ASTM specifications do not ensure that
vehicles will meet the emission standards in customer service.

According to the results of a survey conducted by ARB, the following
characteristics represent the average Diesel fuel being sold in
California during 1984:

Sulfur content 0.23%
Aromaties content 33%
90% boiling point 611°F
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As discussed in greater detail in Section 8 of this report, sulfur
content, aromatics content, and 90% boiling point are all related to
the particulate emissions of Diesel engines. Fuels with higher sulfur
contents result in higher emissions of sulfate particles. 1In
addition, the higher sulfur dioxide emissions that result from the
combustion of higher sulfur fuel also increase the formation of
"secondary" particulates (sulfate) in the atmosphere.

Fuels with higher 90% boiling points tend to produce higher
particulate emissions, probably because the heavier molecules
contained in such fuels are more difficult to vaporize and mix with
the air, A high aromatics content is also conducive to the formation
of greater amounts of particulate emissions.

Effect of Production Techniques on Diesel Fuel Characteristics

Bus Study

The simplest way to produce Diesel fuel is from the distillation of
crude 0il., All of the hydrocarbons necessary to form Diesel fuel
occur naturally in crude oil, and those molecules which are boiled off
between 350°F and 650°F generally produce a blend which meets the ASTM
specifications for Diesel fuel. Diesel fuel produced only through
distillation is referred to as "straight-run" Diesel fuel.

However, many of the molecules contained in straight-run Diesel fuel
can also be used to make gasoline if they are "broken" into lighter
weight molecules through the use of thermal cracking, catalytic
cracking, or hydrocracking processes. In addition, many of the
molecules contained in straight-run Diesel fuel are also usable in jet
fuel. The relative demand for gasoline and jet fuel is such that it
makes sense for refiners to use some of the straight-run Diesel fuel
to produce these lighter weight products. Furthermore, the
distillation of crude oil generally produces an excess of molecules
which are heavier than those in the Diesel fuel range. These heavier
molecules can be converted into Diesel fuel through thermal,
catalytic, or hydrocracking processes.

Straight-run.Diesel fuel is.relatively low in aromatics content and
relative high in sulfur content. Diesel fuel produced by
hydrocracking is relatively low in aromatics and low in sulfur.
However, Diesel fuel produced by thermal and catalytic cracking are
relatively high in sulfur content and aromatics.

Significance of Diesel Particulate

Without additional regulation, the ARB staff has estimated (4) that
directly emitted particles from Diesel engines in 1990 will account
for 7% of all directly emitted particles less than 10 microns in
diameter in the South Coast Air Basin. By 1990, Diesels are projected
to account for 17% of total sulfur dioxide emission in the SCAB as
well. Diesel NOx is projected to be 25% of total NOx emissions.
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Although transit buses account for a relatively small fraction of
total Diesel emissions (less than 10%), they are part of a category
that warrants further attention, and techniques that reduce emissions
from transit buses will generally be applicable to other heavy duty
Diesel powered vehicles.
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Section 5

BUS SMOKE EMISSIONS IN FIELD SERVICE

The field survey of exhaust opacity from transit buses in routine
service included buses operated by three transit districts: Southern
California Rapid Transit District (RTD), Santa Monica Municipal Bus
Lines (MBL), and Sacramento Regional Transit (RT). These districts
were selected for the following reasons:

1. Southern California Rapid Transit District operates the
largest fleet of transit buses in the state, and RTD's buses
are used exclusively in the South Coast Air Basin, the region
with the most serious particulate air pollution problems.

2. Santa Monica Municipal Bus Lines operates a much smaller
fleet of buses, also used exclusively in the South Coast Air
Basin. The inclusion of MBL provided an opportunity to
compare a relatively small transit district maintenance
operation to the huge RTD operation.

3. Sacramento Regional Transit operates an intermediate size
fleet of buses in the Sacramento area. Although the
particulate air pollution problem in the Sacramento area is
much less severe, it was believed, based on casual
observations, that the buses operated by RT typically emitted
lower smoke levels than the buses operated by MBL and RTD.

In addition, RT's buses operate in the vicinity of the
contractor's office. This enabled the field survey
techniques to be developed and refined without incurring any
travel costs.

Field Survey Methodology

Control of Variables - Although the overall purpose of the study was
to determine the effect of maintenance practices and fuel guality on
smoke and particulate emissions, it was recognized that many other
factors also affect smoke levels from Diesel engines. As discussed in
Section 4, these factors include:

1. engine operating temperature;

2. Dbasic engine desi