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ABSTRACT

Evaluation of regulated and a variety of non-regulated emissions
from four diesel powered cars, one diesel powered pick-up truck and
five diesel engine configurations used in trucks and buses are reported.
The cars were a comprex equipped Mercedes 220D, Mercedes 240D and
300D, Peugeot 204D and the pick-up was powered by a Perkins 6-247
diesel engine. A bus engine, Detroit Diesel 6V-71 (run with two injector
designs) and two truck engines, a Cummins NTC-290 (run in two timing
configurations) and a Detroit Diesel 8V-71TA, comprised the heavy duty
engines evaluated. A DF-2 diesel tuel, similar to a national average fuel,
was used in all evaluations except the bus engine, which was operated on
a kerosene DF -1 fuel,

Measurements included unburned hydrocarbons, carbon monoxide,
oxides of nitrogen and smoke. A variety of non-regulated emissions in-
cluding aldehydes, odor, particulate, selected hydrocarbon components,
sulfate, sulfur dioxide, polynuclear organic matter, carbon hydrogen
nitrogen and sulfur content of the particulate, fuel consumption/economy
and noise and performance (cars and pick-up only). The basic test pro-
cedure included several recognized transient driving cycles for the cars
and the 13-mode Federal Test Procedure for the dynamometer operated
heavy duty diesel engines, Emission rates are computed and summarized
for both light duty and heavy duty diesels. Expression in terms of mass
per unit of time, per unit of fuel consumed, and per unit of distance
driven (light duty) or per unit of power output (heavy duty) allow direct
comparison between different cars or different engines as well as with
previously reported data.
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FOREWORD

This project was conducted for the U, S. Environmental Pro-
tection Agency by the Department of Emissions Research, Automotive
Research Division of Southwest Research Institute. The EPA Project
Officer was Mr. Ralph C. Stahman. Assisting the Project Officer on
this project and hereby acknowledging their assistance were Mr. John
J. McFadden and Dr. Joseph Somers, both of the Ann Arbor, Michigan
EPA laboratories.

The project was under the overall direction of Mr, Karl J.
Springer, Director of the Department of Emissions Research, who
served as Project Manager. Mr, Harry E, Dietzmann was responsible
for the chemical and analytical studies. Mr. Daniel A. Montalvo per-
formed the odor studies with the prototype CRC CAPE-7 DOAS method.

The project began in June 1974 and was authorized under Con-
tract 68-03-2116. It was known within Southwest Research Institute as
Project 11-4016-001 and constituted Part VII of a long range investi-
gation of diesel emissions begun in 1966,
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I, SUMMARY

Dieselization of passenger cars and light and medium duty
trucks is considered as a partial solution to both energy and environ-
mental problems. This report comprises the evaluation of five diesel
powered light duty vehicles (LDV) and five diesel engine configurations
used in truck and bus heavy duty vehicle (HDV) applications. The
LDV's include Comprex equipped Mercedes 220D, Mercedes 240D,
Mercedes 300D, Peugeot 204D and an International pick-up truck
powered by a Perkins 6-247 engine. The LDV's were operated over
three transient driving cycles used in the 1975 Federal Emissions
Test (city driving), proposed sulfate emissions cycle (congested free-
way driving) and the Federal fuel economy cycle (highway driving).

The five heavy duty engine configurations included a Detroit
Diesel Allison Division {DDAD) 6V -71 city bus engine operated with two
injector designs, a Cummins NTC-290 truck engine operated with and
without variable injection timing and a Detroit Diesel 8V-71TA truck
engine., All vehicles and engines were operated on a ''national average'
type DF-2 fuel except for the 6V-71 which operated on a kerosene type
DF-1 fuel consistent with city bus practice. The 13-mode Federal Test
Procedure (FTP) used for gaseous emissions of unburned hydrocarbons
(HC), carbon monoxide (CQO), and nitric oxide (NO) was used as the
basic engine test cycle, A 7-mode version of this test was also utilized.

In addition to measurement of the currently regulated emissions
from diesel LDV's (HC, CO and oxides of nitrogen, NOx) and from HD
diesel engines (HC, CO, NO as NO3 and visible smoke), a wide variety
of non-regulated contaminants were determined, These included
aldehydes by the dinitrophenylhydrozine (DNPH) method, odor by Public
Health Service Quality/Intensity (PHS Q/I) method and the diesel odor
analytical system (DOAS), particulate, sulfate, sulfur dioxide (SO2) by
the barium chloranilate (BCA) method, benz alpha pyrene (BaP), detailed
hydrocarbons, noise (LDV's only), smoke, elemental analysis of
particulate and fuel consumption/economy.

Emission rates were computed for the LDV's in terms of mass
per unit of time, per unit of fuel consumed and per unit of distance
driven for the five LDV's, The results of the five diesel engines were
expressed in the same mass rates except mass per unit of power output
was used instead of mass per unit distance driven. The data allows
direct comparison between each of the five LDV's for each type of driving
cycle employed, Similarly, the modal and cycle composite results of
the five HD engines can be directly compared to each other,



. The key findings are summarized as follows, first for the
five HD engine configurations and then for the five diesel powered
LDV's.

Heavy Duty Diesel Engines

The turbocharged and aftercooled DDAD 8V-71TA engine was
included for baseline purposes in this project. Most of the comments
that follow are specific to the two emission configurations of the DDAD
6V-71 and Cummins NTC-290 engines.

Gaseous - Substantially lower NO (as NO}), HC and CO were
found for the DDAD 6V-71 when equipped with the constant end of in-
jection B60OE injectors set at retarded timing relative to the variable end
of injection I.SN<-60 injectors. The brake specific fuel consumption,
mass of fuel burned perx unit of work output, increased slightly due to a
reduction in maximum power with the retarded timing,

Substantially lower NO (as NOj}) but higher HC and CO resulted
with the automatic variable injection timing version of the Cummins
NTC 290 engine. Brake specific fuel consumption was, like the 6V-7l,
increased slightly again, presumably due to the lower maximum power
observed.

Smoke - Higher Federal smoke test opacities wdre observed with
the B60E, retarded timing configuration of the DDAD 6V -71 bus engine,
The "a'" accel and '"b" lug smoke values were more than doubled from
their relatively low 5.5 and 1.9 percent opacity with LSN-60 injectors.
The increase in smoke from the city bus engine is a distinct disadvantage
for the B60E retarded timing configuration because of the proximity of city
buses to the large sectors of the population., No change in smoke output
was noted with the 'low' emissions configuration of the Cummins NTC-290
relative to its 'current' configuration,

Qdor - Odor tests by the trained panel revealed that the transient
operating conditions continue to dominate the production of odor, being
more intense than steady state operation. No significant or consistent
- differences in perceived odor were found with either emissions configu-
ration of the 6V-71 or NTC-290 engines. Odor intensities ranged from
"D'" - 2.5 to "D'" - 3 for the 8V-71TA, a moderate odor strength,

The diesel odor analytical system (DOAS), developed under Co-
ordinating Research Council direction, resulted in total intensity of aroma
(TIA) values that did not correlate with the "D'" odor intensity panel ratings
for the five HD engine configurations as a group.

Aldehydes - The difficulty in converting from previous methods for
formaldehyde, acrolein and aliphatic aldehydes to the DNPH procedure



allowed only the last HD engine tested, the DDAD 8V-71TA, to be
evaluated. For the first time in this long range project, data are
available on formaldehyde, acetaldehyde, acetone, isobutanal, crotanal,
hexanal, and benzaldehyde by an improved method.

Particulate - Particulate emission rates for the DDAD 6V-71
were about the same regardless of the injector-timing configuration.
The variable timing equipped Cummins NTC-290 emitted about the same
rate of particulate as the standard system. The important finding was
the substantial range in particulate rate from the two-stroke cycle bus
engine and the four-stroke cycle truck engine, on the order of 0.4 to
1.9 g/kW-hr based on a 7-mode cycle. The higher rate of particulate
from the DDAD 6V-71 was substantially different in composition having
much more hydrocarbon content as unburned or partially burned fuel
and lube oil, The NTC-290 particulate was basically soot or carbon,

Sulfate and SO, - Of the many ways to express the content of
sulfate and SO, in the exhaust, percent sulfur in the fuel converted to
either sulfate or SO} is most instructive. This is especially true where
fuel sulfur content varies appreciably as with diesel fuel, On the average,
about 2,5 percent of the fuel consumed by the five diesel configurations
tested was converted to sulfate, measured by the dilution tunnel barium
chloranilate method. The range was from 0.9 to 4,5 percent depending
on engine and condition,

Exhaust SO, was found to account for the remainder of the fuel
sulfur and permitted sulfur balances to be made within the normal 10
percent of theoretical sulfur burned. The inaccuracy of the SO, measure-
ment is greater than the amount of sulfur converted to sulfate making the
measurement of SO2 in future projects of minimal importance. The
engine configuration apparently had no significant effect on the sulfate
conversion,

PNA - Attempts at measuring polynuclear aromatic hydrocarbon,
emphasized the need for additional procedural development. BaP was
measured only on one of the HD engines, the DDAD 8V-71TA., Poly-
nuclear aromatic hydrocarbons were measured by a different method on
the Cummins and DDAD 6V-71 engines, The sampling and analysis of
PNA's is in its early exploratory stage and is in need of a substantial
amount of development before confidence in the quantitative rates can
be established,

Light Duty Diesel Vehicles

Gaseous - All three Mercedes passenger cars had HC emissions
well within statutory limits of 0.25 g/km (0.41 g/mi), while both the



Peugeot 204D and Perkins 6-247 were above the limit, All five vehicles
were well below the statutory CO limit with the Perkins 6-247 about
double the 0,6 of the three Mercedes cars, The Peugeot 204D with
Comprex equipped Mercedes 220D were lower in NO, than previously
tested diesel cars and approached the statutory limit of 0,25 g/km.

All of these values were from vehicles without intentional emissions
optimization, The Comprex equipped Mercedes 220D is an experi-
mental adaptation.

Fuel Consumption -~ The superior thermal efficiency of the
diesel cycle was illustrated by the five vehicles. For example, the
three Mercedes cars had city estimates of 9.1 to 9.9 liters/100 km (25,9
to 23.8 mpg) and highway estimates of 7.0 to 7.8 liters/100 km (33,5
to 30.0 mpg). The Peugeot 204D (1134 kg, 2500 lbs test weight) had a
city estimate of 6.7 liters/100 km (35.9 mpg) and a highway estimate
of 5,4 liters/100 km (43,8 mpg). The heavier pick-up truck (2041 kg,
4500 1b test weight) powered by the Perkins 6-247, had city estimates
the same as the Mercedes paséenger cars and a highway estimate of
8.32 liters/100 km (28. 3 mpg).

Smoke - From continuous recordings during various driving cycles,
it was found that the exhaust opacity was at or near the threshold of
visibility most of the time. Only during accelerations were there easily
noticeable smoke discharges. The Comprex equipped Mercedes 220D
had the highest opacity being quite noticeable, especially during the
acceleration, The Comprex acted somewhat as a conventional turbo-
charger might in smoke behavior,

Particulates - Of the five vehicles, the Comprex equipped Mer-
cedes and Perkins 6-247 had the highest particulate rates., This is con-
sistent with the visible smoke discharge even though the smoke-particulate
relationship at or below the threshold of visibility is not defined, Values
ranged from 0,237 to 0,500 g/km over the FTP, 0.150 to 0,307 g/km
for the SET and 0,185 to 0,335 for the FET,. The lowest particulate
rate was obtained with the smallest car, the Peugeot 204D, an overall
average of 0,328 g/km, about twice that of a car operating on leaded
. gasoline, These are very rough and general comparisons to place
diesel car particulate into some perspective,

The particulate from the Peugeot 204D was found to plug the plastic
Fluoropore filters for sulfate collection during the run necessitating a
change in flow rate during the test. Examination of the particulate re =
vealed that the carbon fraction was much lower and the hydrogen content
much higher than the other passenger cars., The apparent higher amount
of hydrocarbon matter in the particulate indicates a greater amount of
unburned or partially burned fuel and lubricating oil.



Sulfate - Sulfate ranged from 5.1 to 12.9 mg/km for the five cars
by the three transient test procedures, On the order of 1.6 percent of
the fuel sulfur was converted to sulfate during city driving cycles, 1.9
percent during the sulfate test cycle and 2.3 percent during the highway
fuel economy test. The remainder of the 0.23 percent by weight sulfur
in the fuel was apparently converted to 50,.

It may be shown that for an average conversion of 20 percent of
fuel sulfur to sulfate by catalyst and air pump equipped gasoline cars
that the diesel contributes about half as much sulfate per kilometer
driven. This is based on average sulfur content of 0,23 percent by weight
for DF-2 and 0,03 percent for gasoline., The variability of sulfate emis-
sions from catalyst cars make this rough comparison subject to improve-
ment as better data becomes available,

Odor - Odor ratings at 100:1 exhaust dilution by trained panel
indicated that the three Mercedes cars had about the same odor quality
and intensity, in the range of '""D'"-2,5 to '"D''-3, a moderate level yet
quite noticeable, The Peugeot 204D and Perkins 6-247 had significantly
higher odor levels, on the order of "D'"-3.5 for the Peugeot and '"D'' -4
for the Perkins., These levels are moderate to strong and are easily
noticed. Contrary to the HD engine experience, the odor ratings made
during steady state were generally in the same range as the transient
acceleration, deceleration, and cold start.

Overall, the relationship of DOAS to observed ""D' rating was
much better and more encouraging than found with the five HD engines.
This was found for both steady state and transient cycle vehicle operation.

Aldehydes - A variety of aldehydes were found to be higher in
concentration during the steady state odor test conditions from the
Peugeot 204D and Perkins 6-247 than the three Mercedes cars. This
was also true during the tests over the transient driving cycles in the
case of formaldehyde and acetaldehyde., For the most part, the three
Mercedes passenger cars reacted the same, Full scale testing to
establish vehicle test repeatability has not been performed and therefore
the results, especially during transient test cycles, should be used with
caution, One thing is clear, however, and that is the higher aldehydes
from the Peugeot 204D and Perkins 6-247 vehicles is consistent with the
higher hydrocarbons, NRHC, particulate and odor from these two vehicles,

Noise = All four passenger cars had relatively low dBA noise levels.
based on acceleration, cruise and curb idle interior and exterior sound
level measurements. The Perkins 6-247 powered pick-up truck had
higher exterior dBA ratings during the SAE acceleration test as well as
curb idle., However, none of the vehicles would be classed as noisy



with all measurements below 80 dBA. Compared to many gasoline powered

cars, the diesel engine noise has a different quality sound, especially at
idle.

Acceleration Performance - The minimum time to accelerate
from 0-96.5 km/hr (0-60 mph) was with the Comprex equipped Mercedes
220D. The Mercedes 300D, Perkins 6-247 powered pick-up truck,
Mercedes 240D and Peugeot 204D had next fastest acceleration times.




II. INTRODUCTION

More and more, the diesel engine is considered a viable al-
ternative to the conventional SI engine for automobiles. For many
years, the diesel engine has dominated intercity trucking and both
intercity and intracity buses. In these applications, the diesel has
demonstrated a clear superiority over all other power plants in terms
of fuel economy and durability. In recent years, a renewal of interest
in mid-range diesels for use in urban delivery trucks has been evident.
The basic reason given has been the superior fuel economy. This
trend is expected to continue with the real possibility of diesel powered
light duty vehicles (LDV's) becoming much more popular.

A, Background

The Clean Air Act amendments of 1965 were specific in ex-
pressing concern over odor and smoke from diesel powered vehicles.,
This legislation prompted a long range investigation of diesel emis-
sions which began in 1966 at Southwest Research Institute's Depart-
ment of Emissions Research on behalf of the Environmental Protection
Agency (EPA)., This continuing activity, currently in its tenth year, has
resulted in a large number of reports and papers on the Subject.(1'5)*

A number of other studies regarding diesel emissions were made by
SwRI on behalf of EPA under separate projects.(6'25)

The original project was concerned with visible smoke and
noticeable odor, both classed as '"nuisance' emissions which inter-
ferred with the general welfare. Much was learned in how to measure
odor and smoke and the types of conditions which would result in
obvious discharges. In the intervening years, a steady broadening
of this activity included unburned hydrocarbons (HC), carbon monoxide
(CO) and oxides of nitrogen (now regulated emissions), methods of
control and procedural development.

During the last few years, an increasing variety of non-regulated
materials in diesel exhaust have come under scrutiny. Measurement of
particulate, aldehydes, polynuclear organic matter, sulfate (SO47),
sulfur dioxide (SO2) and several other contaminants have been investi-
gated in an attempt to quantify emissions for which little data was
available,

*Superscript numbers in parentheses refer to the List of References
at the end of this report.



It is important to know as much as possible about the advantages
and disadvantages of an alternative to the conventional gasoline engine as
well as to document the emission rates from state-of-the-art diesel
heavy duty engines. Thus, the justification for the work described in
this report.

B. Objective

The objective was to determine and compare the emissions from
a group of five heavy duty diesel engines and from a group of five diesel |
powered light duty vehicles, The approach was to build on and use pro-
cedures and measurement methods perfected during the previous parts
of this project. General emission measurement techniques had to be
adopted from other EPA projects(27, 28), modified as necessary, and
experience gained in their use. The principal "New' items to this
project were particulate measurement, aldehydes by the DNPH method,
sulfate by BCA method, SO by the SwRI-BCA method, and PNA emis~
sions, Thus the objective was not only to acquire emission values for
a group of diesel cars and diesel engines but to bring into everyday use
several measurement procedures for which little or only limited exper-
ience was available,

C. Coordination Conference

On September 17, 1974 a conference was held in San Antonio to
discuss the chemical measurement part of this project. The major con-
cern of the meeting was the measurement of polyorganic matter (POM)
as they relate to polynuclear aromatic (PNA) compounds. In attendance
were Mr. Ralph Stahman, Mr. Dick Lawrence, Dr. Joe Somers, all of
EPA Ann Arbor and Dr. Ron Bradow of EPA Research Triangle. Also
discussed were the selection of suitable test fuels and the test conditions
to be used. The tentative agreements reached are reported in Section II
of this report,

Also reported in Section II are other discussions of specific im-
portance that were made with the advice and at the consent of the Project
Officer. The September 17, 1974 coordination meeting was in effect the
first of many informal but none-the-less important actions of a coordi-
nation and project guidance nature.

D. Acknowledgement

The Environmental Protection Agency selected and furnished the
five diesel LDV's evaluated. The cars were provided to EPA for SwRI
test program through the courtesy of the respective manufacturers. They
were Mercedes-Benz of North America, Peugeot,and Perkins Company.
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III. DESCRIPTION OF ENGINES, VEHICLES, FUELS
AND PROCEDURES

This section describes the test engines and vehicles, fuels and
their selection, test plan and procedures followed.

A. Heavy Duty Engines

Table 1 lists particulars that describe the five heavy duty engine
configurations studied. The Detroit Diesel Allison Division (DDAD) 6V-71
engine was operated with both Low Sac Needle size 60 (LLSN-60) fuel in-
jectors and B-60E injectors. The B-60E injectors are needle type with a
constant end of injection helix instead of a constant start of injection helix,
The Cummins NTC-290 engine was operated in a '"current' configuration
where the engine used standard static injection timing and in a "low'" emis-
sions configuration where variable injection timing was employed.

B. Diesel Powered Light Duty Vehicles

Table 2 lists particulars that describe the five LLDV's powered
by automotive type diesel engines. All vehicles were delivered to SwRI
by car carrier transport. The comprex-equipped Mercedes 220D ifé?n
experimental, one-of-a-kind, vehicle and is not a production unit. The
‘Mercedes 240D and 300D passenger cars are sold in the U. S.; while
the Peugeot 204D, which uses a transverse mounted high speed diesel
and front wheel drive, is not marketed in the U, S. The Perkins 6-247
engine was installed in the IHC Model 100 1/4 ton pick-up truck by
Perkins Engine Company and evaluated as-received.

C. _Test Fuels

One area of discussion at the September 17, 1974 Coordination
Meeting was that of test fuel and fuel sulfur level. Use of the standard
smoke test fuel described in the Federal Register for this project could
result in abnormally high emissions of those pollutants sensitive to fuel
sulfur and aromatic content.

For example, the Federal Register smoke test fuel (also used
for gaseous emissions testing for HC, CO and NO) must have 0.2 to
0.5 percent by weight sulfur. This higher-than-normal range of sulfur
is intended to accelerate wear in the engine during the 1000 hour dura-
bility certification test. Since the fuel sulfur content will directly affect
SO2-SO3 readings and indirectly affect odor ( the effect is uncertain), it
was decided to use a sulfur level based on the 1973 Bureau of Mines
survey results for automotive diesel fuel.

The higher-than-normal aromatics in the Federal emissions
DF -2 fuel, because of its effect on smoke emissions, was considered

10
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TABLE 1.

Engine Make
Engine Model
Engine Serial No.
Strokes/cycle
Cylinder arrangement
Displacement, liters

cubic inches
Compression ratio
Type Aspiration

Rated Speed, rpm
Power at rated speed, kw
hp
Peak Torque Speed, rpm
Peak Torque, N-M
1b-ft
Typical Application
Typical Fuel Type

Detroit Diesel
6v-71(1)
6VA53347

2

V-6

6.98

426

18.7:1
Natural
Blower Scavenged
2100

163

218

1200

819

604

City Bus
DF-1

Detroit Diesel
gv-71TA(2)
X-470

2

V-8

9,31

568

18.7:1
Turbocharged
Plus Blower
2100

269

360

1400

1383

1020
Truck-Tractor
DI -2

DESCRIPTION OF HD DIESEL ENGINES

Cummins
NTC-290-C(3)
10357839

4

1-6

14.01

855

14.1:1
Turbocharged

2100

216

290

1400.

1086

801

Truck Tractor
D¥F.-2

(l)Tested with LSN-60 injectors at 1.484 timing and with B-60E injectors at 1. 500 timing setting
2)Aftercooled, N-75 injectors, 1000 hr durability engine
3)Tested with standard timing, "current', configuration and with variable injection timing, "low"

emission configuration



TABLE 2. DESCRIPTION OF DIESEL POWERED LD TEST VEHICLES

21

*Per EPA Records.

(1) Installed in IHC series 100 pickup by Perkins

(2) Measured

Mercedes
220D Mercedes Mercedes Peugeot Perkins(1)
Comprex 240D 300D 204D 6-247
Model 220D 240D 300D 204D IHC
Model Year 1975 1975 1975 1974 1974
Vehicle ID COM-1% 10066208%* 12019885 71-DTM* 4H1 CODHB23906
Type of Vehicle Sedan Sedan Sedan Sta, Wagon Pickup
Number of Doors 4 4 4 4 2
Number of Passengers 5 5 5 4 3
Color Blue Brown Brown White Blue
Odometer, km 13, 853 3,559 8,106 11,591 16,502
Number of Cylinders 4 4 5 4 6
Displacement, litre 2.20 2.4 3.0 1.36 4,05
Bore, m x 10-2 8.171 9.1 9.10 7.8 9.2
' Stroke, m x 10-2 9.24 9.24 9.24 7.1 10.16
Compression Ratio 22:1 21:1 21:1 23.3:1 21:1
Output Power, kw 66 46,3 57.4 38 78.3
at rpm 3800 4200 4200 5000 3600
Transmission Type Man Man Auto Man Man
Speeds 4 4 3 4 4
Rear Axle Ratio 3.46 3.69 3.46 4,06 3.75(2)
Tire Size 175SR14 175SR14 645-14 145SR14 H70-15
Empty Weight (Scale), kg 1500 1497 1588 953 1982
Test Weight (Inertia), kg 1588 1588 1814 1134 2041



and no decision made on whether to use the national average level or
leave it at the minimum 27 percent specification. Not enough was known
about fuel effects on many of the contaminants involved in this study to be
able to give a clear recommendation at the September 17 meeting. There
appears little justification, however, to continue using the Federal smoke
test fuel for research into the variety of contaminants due to its atypical
aromaticity and sulfur content,

It was decided to use the same test fuel in this project and
another EPA Contract 68-03-2118 (Mr, Dick Lawrence, Project Officer),
dealing with sulfates and SO from a Mercedes diesel powered car., It
was also decided to perform a brief study and analysis of fuel properties
and their range and to use the 1973 Bureau of Mines diesel fuel survey(29)
as a basis. To the extent practical, a commercially-available DF-2
fuel that meets these criteria was desired, Fuel sulfur level would
then be adjusted by adding ditertiary butyl disulfide additive to achieve
the national average sulfur content,

An analysis of data in the 1973 Bureau of Mines Survey(zg) was
made. The survey does not give national average values; and after some
study, it was clear that true national average values must be sales weighted.
In order to gain some approximations of national average values, the data
from the five regions in the survey were arithmetically averaged. Thus,

a kind of ""national average' for each fuel property was obtained.

Table 3 lists the maximum, minimum and arithmetic average
for the five regions for both city bus fuel and truck-tractor fuel. The
average of the five U, S, regions surveyed was 0.096 percent by weight
sulfur in city bus fuel (nominally a Type DF-1 fuel) and 0. 228 percent
by weight sulfur in truck-tractor fuel (nominally a Type 2-D fuel). This
overall average value is not sales weighted nor is the individual regional
averages sales weighted. Thus, these average sulfur levels must be used
with much caution insofar as their true national average fuel sulfur con-
tent is concerned. The data on Table 3 were averaged from Tables 1
and 2, reproduced fromReference 29 and included in Appendix A. Also
in Appendix A are Figures 2 and 3, reproduced fromReference 29, that
show the trends of city bus (C-B) and truck-tractor (T-T) fuels.

In conversations with the Project Officer on January 9 and 10,

1975, it was agreed to use a commercially-available name brand

Type DF -1 fuel for the test work on the 6V-71 coach engine. The rea-
soning was to use the type of fuel most nearly used by transit bus oper-
ators and to use the same type of fuel as used during the previous eight
years of work with city buses. Over the years, a substantial data base
and experience level has been accumulated with Gulf Oil DF-1 kerosene
type fuel and it was appropriate to continue with this fuel.

Table 3 also lists the composition of EM-226-F, a DF-1 fuel,

13
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TABLE 3.
OF CITY BUS AND TRUCK-TRACTOR FUEL PROPERTIES

SUMMARY OF 1973 BUREAU OF MINES DIESEL FUEL SURVEY

Test ASTM Max.
Gravity, °API D287 42,7
Viscosity at 100°F
Kinematic, CS D445 1.93
Saybolt Univ, , sec D88 32.4
Sulfur content, wt % D129 0,130
D1266
Aniline point, °F D611 149.1
C residue on 10%wt% D524 0.081
Ash, wt % D482 0.001
Cetane number D613 50. 8
D976
Digtillation temp. °F
Vol. recovered D86
. IBP 353
10% 394
50% 449
90% 516
End point 556
% Recovery
% Residue
% Loss
FIA, % D139
Aromatics
Olefins
Saturates
Flash Point, °F D93

City Bus Fuel DF -1 Truck-Tractor Fuel DF-2
Min, Avg, EM-226-F Max, Min, Avg. EM-176-F
41.0 41.4 44.3 36.7 35,8 36. 4 36.4
1.77 1.87 1.67 2.79 2.56 2.67 2.6
32,1 32.3 31,5 35,3 4.5 34.9 34.8
0.050 0.096 0.251 0.192 0.228

0.10 0.23
146.8 147, 8 148.3 142.7 145.5
0.055 0.069 0.110 0.091 0,102
0.001 0.001 0.002 0.001 0.001
47.1 49,08 Calc. 48,7 46.9 47.9 Calc.
48,6 47,6
347 351 336 378 366 373 368
3871 391 366 430 423 426 424
437 443 399 498 493 495 482
497 505 459 580 571 575 571
537 544 511 624 613 620 623
99.0 99.0
1.0 1.0
0.0 0.0
15,1 25.6
2.5 2.7
82.4 71,7
115 150

Note: The Max., Min,, and Avg. Data are based on regional averages for the five U, S, regions in the 1973
Bureau of Mines Diesel Fuel Survey and are not Sales-Weighted averages.



and EM-176-F, and DF-2 fuel, Both are Gulf Oil Company commercial
pump diesel fuels to which ditertiary butyl disulfide was added to achieve
0.10 and 0. 23 percent by weight fuel sulfur levels, respectively. Although
the DF -2 fuel (EM-176-F) happens to fall directly on the arithmetic average
of the five U, S, regions surveyed in 1973, the DF -1 diesel fuel does not,
The DF -1, the same as that used by San Antonio Transit System, is Gulf
DF -1 kerosene, the same as Jet A fuel and is as close as any in the area

to the '""national average.'" EM-226-F is notably lower in endpoint and is

a lighter fuel than the ''national average' on Table 3. Cetane number and
viscosity were quite close, however, to ''national average."

During the January 10, 1975 discussions, it was mutually agreed
to utilize both Gulf fuels; since they were readily available and not sub-
stantially different from the average fuel properties listed in Table 3.

A substantial amount of test work and experimentation has been accumu-
lated with both fuels over the years at SwRI on odor, smoke, and gaseous
emissions. The DF-2 fuel was used on all engines and vehicles other
than the DDAD 6V -71 city bus engine.

D, Test Plan

The test plans are described briefly for each category of engines/
vehicles evaluated.

1. Heavy Duty Engines

The five HD engine configurations were operated on a stationary
engine dynamometer. This permitted acquisition of test data that is
consistent with the Federal Test Procedure (FTP) for heavy duty diesel
engines by (1) the 13-mode test for gaseous emissions and (2) the Fed-
eral smoke test for visible emissions. Thus, the data can be compared
to Federal limits for HC, CO, NO (as NOZ) and smoke. The nonregu-
lated pollutants could then also be expressed in units consistent with the
13-mode test; namely grams per kw-hour.

For the DDAD 6V-71 and Cummins NTC-290, the engines were
run in their as-received standard configurations and then modified and
the entire series of tests re-run. The injector replacement with the
6V-71 and the changeover from fixed injection timing to variable timing
(NTC-290) was performed by SwRI staff with the advice and instructions
of the respective manufacturer. In the case of the Cummins engine, it
was necessary to have a service representative from the local Cummins
Sales and Service branch to adjust the timing and provide other assistance.

Each series of tests began with the running of several, replicate,
13-mode FTP gaseous emissions tests followed by several Federal smoke
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tests. ¥ rom this, the general performance of the engine could be as-
sessed in terms of fuel consumption, air consumption and power output.
The engine's smoke level and HC + NO2 were then compared to standards
and to previous data run either at SwRI or by the manufacturer. The
next step in the series was to connect the exhaust to the dilution tunnel
via a suitable muffler so that only a portion of the exhaust was diluted
and the remainder vented. The dilution tunnel runs were based on seven
modes of the 13-mode test and involved replicate runs for 47 mm fiber-
glass, Fluoropore and 8 x 10 size fiberglass. SO, sulfate, PNA, as
well as particulate emission rates were then determined. The engine
exhaust was then connected to the SwRI odor sampling dilution system
for odor panel rating. During these replicate days of operation on each
engine configuration, odor panel rating, diesel odor analytical system
(DOAS) measurement, non-reactive hydrocarbons (NRHC) and aldehydes
were measured as well as HC, CO, NOy, CO; and selected engine para-
meters.

2. Light Duty Vehicles.

All five LDV's were tested as a group in their as-received
condition starting with replicate 1975 cold start Federal Test Proce-
dures (FTP), sulfate emission test (SET) and highway fuel economy
test (FET) for gaseous emissions and fuel consumption determinations.
NRHC, aldehydes, and DOAS analyses were made of selected transient
cycles. Next, smoke tests were performed using the EPA smokemeter
with the three transient test cycles, FTP, SET and FET. The entire
exhaust was then directed into a dilution tunnel and the FTP, SET and
FET transient test series repeated to obtain emission rates of particu-
late, sulfate, SO, and BaP. Repeated runs were made to obtain 47mm
glass and Fluoropore samples and 8 x 10 size fiberglass filter samples.

Next the vehicles were operated on the dynamometer adjacent
to the odor room, and replicate odor evluations performed. Aldehydes,
DOAS, NRHC, CO, CO,, HC and NOx measurements were obtained sim-
ultaneously with the odor panel ratings. Then the vehicles were oper-
ated over the SwRI road course for sound level, noise, measurements.
Last, each of the vehicles were driven to determine general performance
during several maximum power ''wide-open-throttle' accelerations.

E. Procedures and Analysis

The specific test procedures and analysis systems used for
each emissions category are described in the following subsections.
In every case possible, recognized procedures published in the Fed-
eral regulations were employed. Instruments, sampling and analysis,
and other facilities adhered strictly to these methods without exception.
Where a Federal procedure did not exist, existing procedures for HD
diesel vehicles were modified or adapted as necessary for purposes of
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this project. The advice and consent of the Project Officer was obtained
on those areas of substantial modification before proceeding.

In general, the procedures and analytical efforts are the same as
that used in previous projects in the long range investigation. Several
new sangling and analytical techniques were utilize_d from a related
project( »28)and a few such as DNPH and SO, - SOy for diesels for the
first time.

1. 1974 Heavy Duty Gaseous Emissions FTP-HD Engines Only

The 1974 HD gaseous emissions test, known as the 13-mode test,
is described in Reference 28 as a stationary engine test. The 130-minute
long procedure is a speed-load map of 13 modes at 10 minutes per mode.
In addition to CO and NO by NDIR (according to SAE recommended prac-
tice J-177), air rate must be measured continuously (according to SAE
recommended practice J-244). A Flo-Tron system was used to measure
the net fuel consumption of the engine. Exhaust hydrocarbons were
measured by heated, 191°C (375°F), flame ionization detector optimized
in accord with SAE recommended practice J-215.

The HD diesel engines investigated had a common rated speed of
2100 rpm. For the 13-mode test, the intermediate speed is defined as
peak torque or 60 percent of rated, whichever is higher. The procedure
starts with low idle, then 2, 25, 60, 75, and 100 percent load at inter-
mediate speed followed by low idle. Then speed is increased to ''rated"
at 100 percent load with decreases to 75, 50, 25, and 2 percent. Another
idle is then run. Figure 1l upper left view, shows the NDIR's for CO and
NO and heated FID for HC used during the 13-mode test series.

Also shown in Figure 1 are views of the HD diesel engines
mounted on two identical 500 hp dynamometer facilities. The upper
right view shows the Cummins NTC-290. The center photos are left
to right side view of the Detroit Diesel 6V-71. The 8V-71 TA engine
was tested on the same stand as the 6V-71. The center right view shows
aMerriam laminar air flow instrument attached to the engine intake and
drawing air from a plenum which houses activated charcoal and particu-
late filters. The stationary 13-mode procedure uses measured power
output at the flywheel to determine the cycle weighted power for division
into the product of emission concentration times density of emission
times flow of exhaust to get brake specific emission rate. The lower
two photos of Figure 1 illustrates the 500 hp Midwest eddy current-type
dynamometer and large inertia wheel arrangement used to simulate
transient engine operation as well as absorb the power output.

The 13-mode tests were performed in replicate, usually two to
three times and in strict accord with the Federal Test Procedure with the
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FIGURE 1. HD DIESEL ENGINES UNDER 13-MODE GASEOUS EMISSIONS
FEDERAL TEST PROCEDURE
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one exception of test fuel. The 13-mode tests were performed only with
the five heavy duty engine configurations and were not run on the five
diesel powered LDV's. Modal emissions data were taken on the five LDV's
during the odor testing sequence. These modal values were obtained at
speeds more indicative of actual engine-passenger car/light truck
operation than the HD 13-mode test,

2, Smoke Test Procedures

Smoke tests were performed on both heavy duty and light duty
type engines as follows,

a, 1974 HD Diesel Smoke FTP - HD Engines Only

The Federal smoke test, promulgated in 1968 (Reference
30), was the basic smoke evaluation procedure utilized for the five HD
engine configurations. It was improved and more stringent standards
adopted in 1972(31) for 1974 certification purposes. Replicate smoke
tests were made using the Federal HD smoke test, shown inthe Figure 2
schematic. It consists of an initial engine acceleration from 150-250
rpm above the low idle speed to 85-90 percent of rated engine speed in
5.0 £ 1.5 seconds, a second acceleration from peak torque speed (or
60 percent of rated speed, whichever is higher) to 95-100 percent of
rated speed in 10,0 £ 2,0 seconds, and (following this second accelera-
tion) a full-power lugdown from 95-100 percent of rated speed to the
particular intermediate engine speed (peak torque speed or 60 percent
of rated speed) in 35,0 £ 5 seconds. Three of these sequences
constitute one smoke test,

For each sequence, the average smoke opacity from the 15
highest-valued one-half second intervals of the two accelerations deter-
mine the "'a'' factor, and the average opacity from the five highest-
valued one-half second intervals of the lugdown mode determine the
'""b" factor. The maximum values allowed for "a' and "b'' factors of
1970 through 1973 certification engines were 40~ and 20-percent opacity,
respectively. For 1974, the "a'' factor was reduced to 20-percent
opacity and ''b" factor was reduced to 15-percent opacity. The peak
or '"'c¢'" factor, which is the average of the three highest one-half
second intervals per cycle, is determined from the "a'" and '"b'" chart
readings. The three cycle ''¢" values are then averaged to determine
the 'c¢'" factor for the test, Smoke-power curves were obtained in which
the engine was run in 200 rpm increments and smoke measured at full
power throughout the range of operating engine speed. These full power
smoke values give additional insight on steady state maximum smoke
performance.

b, Transient Smoke Tests - LDV's Only
There is currently no recognized U, S. smoke test procedure
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for light duty passenger car exhaust. Although the heavy duty schedule of
speed and load versus time can be used with the light duty vehicle by a
chassis dynamometer version of the test, it is uncertain whether this test
is indeed representative of the way the smaller, higher speed diesels op-
erate. Specifically, engine rated speed is considered higher than that
normally encountered in passenger cars in urban use. The visible smoke
emissions from the five .LDV's were continuously recorded during operation
of the vehicle over the three transient during cycle (FTP, SET, FET) but
with the CVS disconnected. These cycles will be described in the next
section.

The two top photos of Figure 3 show selected test cars as prepared
for the smoke tests. Note the short 0.61 meter (24 inch) exhaust pipe
extension of 50.8 (2 inch) exhaust pipe. The EPA smokemeter is mounted
at the end of this pipe so that the centerline of the light beam is 127 mm
(5 inches) fromthe tip of the pipe. The usual light duty water brake
Clayton 50 hp chassis dynamometer with belt drive inertia system was
employed. Figure 3 (center left photo) also shows the multi-pen strip
chart recorder used to monitor smoke opacity, vehicle and/or engine
speed. The usual driving aid was used to drive the transient LA-4, SET
or FET speed versus time trace.

3. Transient Test Procedures - LDV's Only

The cold start 1975 FTP was the basic gaseous transient procedure
used for the five diesel powered LDV's. This procedure was not employed
with the stationary heavy duty diesel engines. It is essentially the same
for both gasoline and diesel fueled cars. The basic gasoline procedure
was described by Reference 31 and modified in more recent Federal
Registers. The diesel procedure was originally described in Reference
32 and modified in later Federal Registers. Hydrocarbon values were
obtained by the continuous hot flame ionization analysis. (9) A1l tests
were on the same light duty chassis dynamometer with the same CVS and
analytical train. The Federal Test Procedures for gaseous emissions
were followed without exception. No evaporative hydrocarbons tests were
made.

In addition to the usual HC, CO and NO, measurements, samples
were continuously taken and collected in reagents for wet chemical analysis
or in suitably packed traps for later odor analysis. These samples were
withdrawn in the stainless steel pipe section connecting the exhaust dilution
point (below the CVS filter box) and the CVS inlet. Several probes were
inserted into this pipe section; one probe for the DNPH bubblers and one
for each of the three odor trapping systems for the diesel odor analytical
system (DOAS).

These probes were located adjacent to the probe used to obtain
the continuous HC sample. All sample lines and interfaces were heated
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FIGURE 3. GASEOUS AND SMOKE EMISSIONS MEASUREMENT
FROM LDV's DURING TRANSIENT CYCLES
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as required to maintain sample integrity for diesels, HC sampling and
diesel odor analytical systems (DOAS) traps were taken at gas tempera-
tures of 191°C (375°F). Aldehyde samples were obtained by use of large
glass bubblers immersed in ice water.

A digital integrator was used to integrate the time-concentration
signal from the HC analyzer, a flame ionization detector with linear
response. The other continuous samples depended on their absorbing
materials, reagent for wet collected samples, and chromosorb in the
case of the diesel odor traps, to integrate a total representative sample
for the entire 1975 FTP. It should be understood that each FTP included
three separate bags for gaseous emissions. The integrator for HC was
wired to give three separate integrations.

In the case of wet collected and odor traps, the entire 23-minute
(Bags 1 and 2) and the third bag 505-second portion of the 1975 FTP were
taken in a single collector (bubbler or trap). This was necessary to ob-
tain sufficient sample for analysis and preclude the problem of switching
after the first 505 seconds of the run (cold start bag).

All runs were made with the CVS main blower slowed to a nominal
5.38m3 per minute (260 CFM). The reason was to prevent overdilution
of the already air dilute exhaust and maintain the sensitivity of analysis.
No problems were encountered by operating at this lower-than-normal
speed once the CVS was calibrated and propane checked.

Figure 3 also shows various views of the test set-up used with
the eight cars tested by the 1975 LD FTP. The driving aid strip chart,
engine cooling fan, chassis dynamometer and variable inertia system
are shown in the center right photo. The lower two photos of Figure 3
shows the arrangement of the items used to continuously monitor or sample
the dilute exhaust for oxygenates, HC, and DOAS. Three ovens housed
the systems. Each interface was separate and had its own set of controls,
heated sample line or lines. The lower left view shows the DOAS trap
interface and part of the HC oven relative to the CVS in the background.
The lower right view shows the sample interface for oxygenates.

4. Odor and Related Instrumental Analyses - HD and LDV Engines
This subsection includes evaluation of odor by trained panel,
the measurement of gaseous emissions and trapping-analysis of odor
samples by the DOAS simultaneously with odor measurements.

a. Evaluation by Trained Panel

The EPA (PHS) quality-intensity (Q/I) or Turk kit method of
evaluation of dilute samples of diesel exhaust odor was employed to
express odor judgements by the trained ten-person SwRI odor panel. The
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kit, shown in Figure 4, includes an overall "D'" odor in steps 1 through
12, (12 being strongest) that is made of four sub-odors or qualities.
These comprise burnt-smokey "B', oily "O'", aromatic "A", and pun-
gent "P'" qualities each in a 1 through 4 intensity series, 4 being strong-
est. Special odor sampling, dilution, and presentation facilities'"’

for diesel odor research were developed ten years ago using design cri-
teria obtained in field studies of atmospheric dilution of bus and truck
exhaust. Horizontal exhaust at bumper height from a city bus was found
to be diluted to a minimum reasonable level of 100:1 before being ex-
perienced by an observer. This dilution level was used in the odor test
of both HD engines and diesel LDV's, although it is uncertain that this
is the reasonable minimum dilution level from a diesel powered passen-
ger car. References 1 and 4 describe the odor facility and References
2, 3, and 4 describe the development of procedures and operating con-
ditions for research purposes.

Figure 4 shows a number of views of the test set-up used
during odor testing. The top left view shows the odor kit and top right
a view of the odor room and panel. The center views show the Mercedes
240D passenger car under test. The lower left view is of the driver's
‘controls for the dilution and odor measurement signalling while the lower
right view shows the Perkins 6-247 powered IHC pick-up under test.

b. Test Conditions

Both steady state and transient vehicle operation were simu-
lated for odor evaluation.

(1) Heavy Duty Engines

For the first time in the entire long range project,
odor measurements were made from diesel engines operated on a
stationary dynamometer (see Figure 1). In the past, only diesel powered
trucks and buses have been evaluated. With the advent of large inertia
wheels used in the Federal smoke test, it was decided to employ the
same inertia wheels to simulate vehicle acceleration and deceleration.

Simulation of the seven steady-state conditions, that
comprise each morning's odor test runs, was as easily accomplished on
the stationary dynamometer as with the chassis dynamometer vehicles.
The seven conditions, a curb idle in neutral, 2, 50 and 100 percent of
maximum power at each of two speeds - intermediate and rated, are
replicated three times in random order for a total of 21 runs. Thus,
most of the same conditions used for gaseous emissions by the 13-mode
test are used. In the case of the city bus engine, the DDAD 6V-71, the
rated and intermediate engine speeds were reduced from the 2100 and
1260 rpm of the 13-mode test to 1600 and 900 rpm, speeds indicative of
the general range typically encountered by buses in urban operation.
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FIGURE 4. ODOR MEASUREMENT BY TRAINED SwRI PANEL
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The afternoon runs included three conditions each
replicated four times in random order. The acceleration after a pro-
longed curb idle is meant to represent the repetitive idle-accel of city
buses and the acceleration in a low gear of large trucks. It was simu-
lated by using the large inertia wheel without dynamometer pre-load and
merely advancing the engine fuel control to the "full-rack'" or maximum
power demand position. The panel then rated the odor perceived during
this rapid acceleration. Pre-test investigation revealed a specific time
during the acceleration when maximum odor levels are produced.

Table 4 lists the times and engine condition when the
odor was evaluated. The acceleration condition follows a brief cruise
and is intended to simulate the upshift of a vehicle into a higher gear.

It is performed at maximum '"'rack' or power position. The deceleration
condition investigates the odor levels produced during the '"closed-rack!
no fuel demand position of the pump and simulates the deceleration of
the vehicle from cruise. In both the accel and decel conditions, inertia
and a pre-set dynamometer load was used to simulate the vehicle oper-
ation.

In all transient runs, the odor measurement was at a
pre-determined point that produces the most noticeable odor level. The
transients along with the steady state '"odor map' provide a compre-
hensive evaluation of the engine's exhaust odor.

(2) LD Vehicles

The odor measurement procedures a‘fplied to the diesel
powered cars was in keeping with that used in 1974(1 » 15)and was based
on the extensive previous work with diesel exhaust odor measurement from
larger size vehicles. The basic philosophy was to characterize odor over
a range of loads and speeds that could be encountered and over a wide
enough range to cover steep uphill plus moderate trailer towing as well as
the moderate load and no load conditions.

Table 5 lists pertinent operating data for each of the test
conditions. The steady state runs were made at three power levels, nor-
mally zero, mid and high power at a high and at an intermediate speed.
The seventh condition was a low idle of a well warmed-up engine. Mid -
load was defined as a fuel rate midway between the fuel rates at full and
no load (transmission in neutral). These seven conditions were per-
formed in random order so as to replicate each condition three times for
a total of 21 runs. Cold start odor ratings were taken with all cars.

In accord with the Project Officer, high speed was de-
fined as the engine rpm corresponding to 90.1 km/hr (56 mph) level
road load. All of the cars were in high gear or high range of the
transmission, operating at approximately 3000 (2800-3500) engine
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TABLE 4. ODOR TEST CONDITIONS - HD ENGINES

DDAD DDAD CUMMINS
6V-71 8V-71TA NTC-290

Steady State Operation

Engine Speed, rpm, High 1500 2100 2100
Inter 900 1400 1400
Idle 440 480 610
Kw @ High Speed, 100% 116.4 252,17 214.1
50% 58.2 126.4 107.1
2% 2.3 5.1 4.3
Kw @ Inter Speed, 100% 72.1 193,.2 162.9
50% 36.0 96.6 81.5
2% 1.4 3.9 3.3

Transient Conditions

Idle-Accel rpm start 440 480 610

end 2100 2100 2100

Odor Test rpm 1200 : 1200 1400
Accel Time, sec. 4.1 4.3 4,0

Accel range, rpm start 900 1400 1400

end 1800 2100 2100

Odor test rpm 1500 1900 1900
Accel time, sec. 10.7 10.1 11.5

Decel range, rpm start 1600 2100 2100

end 440 480 610

Odor test rpm 1100 1400 1600
Decel time, sec. 6.8 7.5 7.7

Note: Power levels are nominal observed and varied slightly for DDAD 6V-71 and Cummins
NTC-290 depending on configuration.



TABLE 5.

Engine High Speed, rpm
Engine Inter Speed, rpm
Engine Idle Speed, rpm

Fuel Rate High, high speed
(kg/hr) inter speed

Mid, high speed

inter speed

No, high speed

inter speed

Idle
Drive Gear, high speed
inter speed
Vehicle km/hr at high speed

inter speed

Idle-Accel km/hr, start
end
Driven in
Odor Test rpm
km/hr
Accel time, sec.

Accel range, km/hr start
end
Drivea in
Odor Test rpm
km/hr
Accel time, sec.

Decel range, km/hr, start
end
Driven in
Odor Test rpm
km/hr
Decel time, sec.
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ODOR TEST CONDITIONS - LD VEHICLES
Mercedes Mercedes Mercedes Peugeot Perkins
220D Comp. 240D 300D 204D 6-247
Steady State Operation

2800 3000 2900 3500 2700

1680 1800 1740 2100 1620

760 710 640 750 1670
16.3 10.9 11.3 6.4 19.5
7.2 6.4 4.0 3.5 11.8
9.6 7.2 7.5 4.1 11.9
4.2 3.9 2.0 2.1 6.8
2.9 3.0 3.7 1.8 4.4
1.3 1.3 1.9 0.7 1.7
0.8 0.5 0.5 0.3 0.5

4 4 D-3 4 4

4 4 D-3 4 4
90.1 90.1 90.1 90.1 90.1
51.5 53.1 53.1 53.1 53.1

Transient Conditions

0 0 0 0 0
29.8 32.2 31.4 32.2 32.2

1 1 D-1 1 2

3060 3320 3150 3650 2380
24.1 24.1 24.1 24.1 24.1
4 3.5 3.5 4 3.5
32.2 48.3 40. 2 32.2 40,2
80.5 80.5 80.5 72.4 80.5

3 4 D-3 3 4

3240 2430 3170 3780 2200
72.4 72.4 72.4 64. 4 72.4
9.0 9.1 7.5 15 11.0
80.5 80.5 80.5 80.5 80.5
48.3 48.3 48.3 40.2 48,3

3 4 D-3 3 4

2550 1920 2800 2860 1720
56.3 56.3 56.3 48.3 56.3
11.0 10.5 9.6 11.0 13.5



rpm at 90.1 km/hr (56 mph). The intermediate speed was then de-
fined as 60 percent of this speed, which was a nominal 1800 (1620-
2100) rpm for most cars operating in the same gear or drive range
resulting in an intermediate vehicle speed of 53 km/hr (33 mph).

In the afternoon, an acceleration after upshift, a decel-
eration after a cruise, and an acceleration after idle, from rest, were
run, These three transients were replicated in random order four times,
for a total of twelve transients per afternoon., In practice, the level road
load, defined for a specific car test weight given in the Federal Register,
was set in the dynamometer at 80.5 km/hr (50 mgh). This road load plus
an appropriate sized inertia wheel was employed to simulate the
acceleration and deceleration performance of the vehicle,

The idle~acceleration test condition, an acceleration
after prolonged 1 minute idle, normally involved evaluation during a
rapid wide-open throttle (WOT) acceleration in low gear. The odor
was evaluated at nominally 24.1 km/hr (15 mph), 2380-3320 rpm
which was reached at 3.5 to 4 seconds after start of the acceleration.

The acceleration test condition was generally made in
high gear after upshift and began at about 24.1 - 40,2 km/hr (15-25
mph)., The acceleration ranged in time from 7.5 to 15 seconds depending
on car performance. The deceleration was from 80.5 km/hr (50 mph)
to 40,2 to 48.3 km/hr (25 to 30 mph) with evaluation at 48.3 -56.3
km/hr (30 to 35 mph) about 9.6 to 13.5 seconds after closed throttle
(CT). In all transients, the LD FTP road load was preset in the
water brake dynamometer at 80,5 km/hr (50 mph).

c. Gaseous Emissions

Gaseous emissions were also taken during the steady state
speed-load odor maps. Measurements included HC by heated FID,
CO;, NO and CO by NDIR, NO and NOy4 by chemiluminescence (CL),
oxygenates, and various NRHC, The seven conditions, in triplicate
(21 runs) were repeated on two mornings normally separated by one
day for analysis and preparation,

These measurements were intended to define the steady state
performance and characterize emissions beyond that possible from the
LDV transient procedures and the 1974 HD FTP 13-mode test. Also,
the data would be useful in comparison with and correlation to the odor
panel ratings and other measurements by the CAPE-7 DOAS instrument.
Figure 5 shows a number of photos of the gaseous emissions instruments,
equipment, and analytical equipment utilized in this category of tests.
The two top photos show the emissions cart and heated HC oven.

d. Partially Oxygenated Compounds - DNPH

Acrolein, aliphatic aldehydes, and formaldehyde, three
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FIGURE 5. GASEOUS EMISSION, DOAS AND DNPH SAMPLE TRAPPING
DURING ODOR EVALUATION
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partially oxygenated materials, were originally planned to be obtained
using the chromotropic acid method for formaldehyde, 3-methyl-2-ben-
zothiazolone hydrazone (MBTH) method for aliphatic aldehydes, and the
4-hexylresorcinal method for acrolein, These wet chemical methods
were employed for many years in previous odor correlation and charac-
terization studies for EPA. References 3, 5, 6, 10, 12 and 14 are all
major final reports under the long range study of diesel exhaust and con-
tain data by these methods.

In January 1975, the Research Triangle Laboratories of
EPA reported that use of the chromotropic acid method for formaldehyde
and the MBTH method for aliphatic aldehydes give generally low results
due to a positive interference of oxides of sulfur on the absorption read-
ings. Both chromotropic acid and MBTH are wet chemical methods that
depend on wet collection of a gaseous sample over a finite time period
followed by several intermediate steps with a color development for de-
tection by a Bausch & Lomb Spectronic 20 colorimeter,

Because of the uncertainty over the amount of interference,
it was decided, after some discussion with the Project Officer and Dr.
Joseph Somers of EPA, to employ the 2, 4-dinitrophenylhydrazine or
DNPH method. This method was used by the Petroleum Research
Center of the Bureau of Mines (Bartlesville) some years earlier
with some success, but only with substantial effort. In the past, the
partial oxygenates were obtained at SwRI for their use in predicting or
correlating to perceived odor and for little other reason. They have
never been reported as absolute values nor has their methodology been
investigated.

In discontinuing the rather routine and simple collection
and determination of oxygenates, there ensued an extended period of
preparation and calibration. As a consequence, partial oxygenate
measurements were not made of the HD engines. The DNPH method,
as described by the procedure in Appendix A, was obtained from Dr.
Ronald Bradow of EPA-RTP. Different collection traps are used, a
GC is employed and there are many additional intermediate steps in
the preparation of the sample once collected relative to the previously
used methods. The more difficult to perform DNPH method resulted
in fewer samples than previously analyzed.

Instead of the usual 21 samples, seven separate samples
were obtained. Each sample contained the three replications and rep-
resented 12 to 15 minutes of sample absorption in the glass bubbler
trap system with 4 to 5 minutes of trapping each run. The seven runs
were made on the first day of the two day sequence for each vehicle.
No samples were obtained from the five HD engines due to the delay
required to prepare the DNPH system for use. All five diesel LDV's
were, however, sampled and analyzed for partial oxygenates by the
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DNPH method. Figure 3 (lower right view) shows a partial view of
the traps and Figure 5 (center left photo) shows the chromatograph
and some of the standards and reagents employed.

e. Characterization of Light Hydrocarbons

The measurement of a variety of light hydrocarbons was
performed using a gas chromatograph procedure developed by EPA
(RTP). (34) This procedure uses a single flame ionization detector
with a multiple column arrangement and dual gas sampling valves.
The timed sequence selection valves allow for the baseline separation
of air, methane, ethane, ethylene, acetylene, propane, propylene,
benzene and toluene. Only methane is considered non-reactive.
Ethane, propane, benzene and acetylene are considered reactive
even though only to a small degree. Propylene, ethylene and toluene
react to form photochemical smog.

Samples were obtained directly from the bag samples of
FTP, SET and FET transient LD cycles and 7-modes used during
all odor testing and analyzed. Individual values were determined for
the bag or run. A detailed description of the individual columns,
temperature, flow rates, etc., may be found in Reference 34. The
center right photo in Figure 5 illustrates the analytical instrumenta-
tion that was used for this analysis.

f. Diesel Odor Analytical System

As one result of approximately five years of research, spon-
sored under the CAPE-7 project of CRC APRAC, A,D, Little developed
a prototype liquid chromatograph for use in predicting diesel exhaust odor.
Called DOAS for diesel odor analytical system, the system provides two
results, one being an indication of the oxygenate fraction called LCO for
liquid chromatograph oxygenates, and the other called LCA for liquid
chromatograph aromatics. These were found by earlier research by
ADL to represent the major odorants in diesel exhaust. The ADL studies
had shown a correlation of the TIA (total intensity of aroma) to sensory
measurements by the ADL odor panel. TIA is equal to 1 + log;y LCO.

Both LCO and LCA are expressed in micrograms per liter of
exhaust using either the test fuel or a reference component for calibration.
The LCO is, by virtue of its use to express TIA, considered the most
important indication of diesel exhaust by this method. An entire series
of rea%rt‘lsohave been published by ADL describing their work with diesel
odor{*®"%Y)  Reference 40 describes the DOAS and its use, while Appen-
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dix C in this same reference describes the sample collection procedure.
Rather than repeat these instructions, this section will describe how the
system was employed in this series of tests.

Until the prototype was furnished SwRI, one of the first three
built by ADL, the DOAS had been limited primarily to in-house ADL de-
velopment tests. Their work was based on a Detroit Diesel 4-71 engine-
generator set. Although several fuels and injectors were tried, these
tests of a direct odor panel-DOAS type were limited to the single exhaust
odor source. Tests by Caterpillar with their in-house DOAS and samples
from Cummins and Detroit Diesel, as a part of the CAPE-7 project, had
indicated the potential of the DOAS to work with exhaust from a variety of
engines.

With the availability of this potentially useful odor prediction
method, it was decided to obtain simultaneous DOAS values with the trained
SwRI odor panel on all vehicles in the previous work of this series(14,15)
and to continue its use on all vehicles and engines in this project. Recall
that the DOAS does not measure odor, but measures a class of odorants.

Also, the prototype development by ADL had concentrated on
the liquid chromatograph and the electronic integration and calculation of
the LCO value to give a direct read-out of TIA based on a dialed-in sample
volume. Little had been done on the specific sampling and trapping methods
for collection of the sample except in the broadest general terms of sample
flow, temperature, and time. Therefore, one of the first requirements of
the previous project was the design and fabrication of a suitable interface,
beginning with the sample probe and extending to the preparativeor analyti-
cal trap. This system and its application was described in detail in the
final report(14) of the previous project.

To obtain DOAS samples requires each test mode to be ex-
tended. Double the running time, from a nominal three minutes to six
minutes, was needed to allow up to five minutes of trapping. The first
minute is to achieve a stable operating speed and load. Panel evaluation
is normally during the third minute of the run. No serious problems of
tire or engine overheating were encountered with this schedule.

The sampling interface system, shown by the center left
photo in Figure 5 follows good laboratory practice as applied to diesel
hydrocarbon measurement. Most of the sampling system was housed
in an oven held at 190°C (375°F). Each system, of which three separate
ones are available, began with a multi-opening stainless steel probe
located in the exhaust stack., This is normal practice for HC measure-
ment from HD diesel engines. The sample was then transferred to the
oven via a 9, 5mm (3/8inch) diameter stainless steel line 0. 75m (30 inches)
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long covered by tubular exterior electrical heating sleeves to maintain
190°C (375°F) sample gas temperature. Between the probe and sample
transfer line, a high temperature bellows type stainless valve was placed
for leak check purposes. Inside the oven, the sample passed through a
fiberglass filter, then into a square head welded metal bellows (stainless)
pump head mounted inside the oven.

Immediately as the flow exits the oven wall, the DOAS trap
is mounted so that it is accessible for change but is not located where
the sample could have intentionally cooled. A number of traps are shown
in Figure 5 (center right photo) ready for installation. Once the sample
passes through the trap, the sample goes through a drierite column, a
glass tube flowmeter, and then into a dry gas volume meter. The dessi-
cant removes troublesome water which condenses in the flowmeter and
gas meter. The flowmeter allows monitoring of gas flow, by visual ob-
servation, during the test while the gas meter measures the total flow
of gas during the test run.

The effect of these temperature and flow variables singly
and in combination on trapping efficiency remain to be determined. The
exact temperature, flow rate and sample time given the trap proper is
of some concern. For example, it currently begins at room temperature
and then warms-up significantly during the five minute sampling time as
more and more hot sample is handled. The definition of sample volume
necessary for the DOAS understandably depends on concentration of
odorous contaminants. Using the sampling procedure in Appendix C
of Reference 39, the best sustained flow possible using the specified
model 155 Metal Bellows pumps was about 5 1/min.

In the case of the cars operating on the 1975 FTP transient
LA -4 test, it was estimated that the long sampling time of 31.4 minutes
would compensate for the intentionally diluted (estimated 5 to 7:1) exhaust
by the CVS method. Recall the dilution level was held to a minimum to
prevent over-dilution of the already air-rich diesel exhaust. An improve-
ment to the system would be the specification of 2 maximum trap exit
gas temperature. It is understood from A. D. Little that above a certain
exit gas temperature, the trap can lose efficiency. Presently, the exit
gas temperature is not monitored and it may have a bearing on those
tests in which very long sampling periods are required, such as during
the 31.4 minute transient LD cycle. This is not considered a problem
for the 5 minute trap time for raw exhaust.

5. Particulate
The mass rate of emission of particulate from both HD engines
and LDV's were determined by collecting a known amount of particulate

matter on a pre-weighed glass fiber filter. The 47 mm diameter Gel-
man Type A glass fiber media was the principal size and type of filter
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disc employed. Particulate mass rates were also obtained using both an
8 x 10 size fiberglass filter for polynuclear aromatic (PNA) compound
analysis and by Fluoropore (Millipore Corp.) 47mm plastic filter media
with 0.5 micron mean pore flow size, The Fluoropore filters were used
for sulfate collection.

The basic technique for sample collection was to dilute the ex~
haust with prefiltered air much the same as the constant volume sampler
does with the exhaust in the LDV-FTP for gaseous emissions. The
definition of particulate was in terms of the dilution and collection media
and, importantly, the temperature at the point of filtration. In keeping
with EPA definition of diesel engine particulate from Reference 27, any-
thing that was collected on Type A glass at a temperature not to exceed
51.7°C (125°F) and not condensed water was considered diesel particulate.
The particulate thus included aerosols and unburned fuel-like matter,
Most tests were made at lower average temperatures and depended on
the exhaust volume, temperature, and dilution level,

The nominal 0.457 m (18 inch) diameter by 4. 88 m (16 ft) long
dilution tunnel used to dilute and cool the exhaust is shown in the Figure
6 schematic drawing. The pertinent dimensions, flows, velocities, and
the relationship of the various components which make up a particulate
collection system are indicated. A micro balance, with 1 microgram
accuracy and housed in a special humidity, temperature controlled en-
vironment, was used to weigh the filters before and after the test. The
weighing box is supplied with pre-filtered scrubbed air at a constant
22.2+£ 0.6°C (72£ 1 °F), 10.6+ 0.3 g/kg (74 + 2 grains/lb dry air)
humidity at 0.3 m3/hr (10 CFM).

a. LDV Particulate

The dilution tunnel was quite capable of handling the entire
exhaust from all five of the diesel powered LDV's without exceeding the
51.2°C (125°F) sample temperature. The dilution tunnel nominal flow
of 14,15 m”/min (500 CFM) was not excessive in overdiluting neces-
sarily but is greater than would normally be used in a gaseous emissions
test by conventional CVS technique. The particulate tests were performed
separately from the gaseous emission tests and used the same tunnel as in
the HD engine testing.

In order to achieve a sufficient sample and because there
is no convenient means to switch particulate samples at the 505 second
poini: in the city driving schedule, all cold start FTP's were for the
entire 23 minutes on a given filter. The ten minute soak period was then
observed and then an additional full 23 minute city driving cycle repeated
from a hot start. The other two transient driving cycles were from a
hot start with the sample for the SET and for the FET collected on separate
filters.

The four sample systems permitted the collection of two (2)
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each particulate samples on 47 mm glass and twe. (2) each sulfate samples
on 47 mm Fluoropore media. The testing sequence of cold-hot FTP, SET
and FET was repeated on several successive days. This test sequence was
then performed with the high-vol sampler to obtain larger amounts of par-
ticulate for PNA analysis using the 8 x 10 size glass filters.

The only difficulty encountered was with the Peugeot 204D,
This vehicle, with the smallest displacement of all engines tested and
with the lowest exhaust volume per cycle, would plug the Fluoropore
filters near the end of the cold start FTP and early in the hot start FTP.
The visual appearance of the particulate was such as to suggest an oily
substance that apparently penetrated into the openings of the filter and
completely blocked passage of the sample. The odor of the substance
was similar to crankcase blowby gases and suggested a possible o0il con-
trol problem. Smoke tests were re-performed and the visual appearance
evaluated to determine if the engine had begun "burning oil". No change
in the exhaust appearance was found nor was there any trace of blue smoke
or oil burning. Oil consumption, which had been monitored by daily check
of the engine dipstick level, remained negligible.

At the time of this difficulty, September 12, 1975, Mr. R.
Lucki and Mr. J. Marty of Peugeot were visiting SwRI regarding this
project. The problem of filter plugging was discussed in detail and the
Peugeot staff were asked if they had noticed this before. The Peugeot
research on particulates was reported to be just beginning and no data was
available. Mr. Lucki and Mr. Marty then test drove the car to make cer-
tain performance was satisfactory and it was, At their request, the oil
was changed and a new oil filter installed. No other maintenance was per-
formed. To'permit operation of this vehicle in the test plan, a pair of
special isokinetic sample probe tips were machined in which the ID was
changed to 0.00813 m (0. 32 inch) from the usual 0.0127 m (0. 5 inch)
probe tips. These new tips resulted in a lower sample rate and permitted
the Fluoropore filters to run the entire cycle without plugging.

The above described observation was carefully documented to
both Mr. Ralph Stahman and Mr. Jack Mc Fadden by telephone, as it
occurred, since it was unusual relative to the other four LD vehicles. The
smaller probes allowed the test plan to be completed without incident.
Tests made with the larger probes after oil and filter change indicated
that the condition of the lubricating oil had no noticeable effect on the
plugging since it still happened.

The various photographs in Figure 7 show the dilution tunne]
in use with the Mercedes 300D car. The dilution tunnel was located along-
side the car, as shown in the upper left and center left views. The posi-
tive displacement blower and the four sampling filter system is shown in
the upper and center right views. The two lower views illustrate the in-

sertion of the four probe assembly and the larger single 8 x 10 sample unit
into the tunnel,
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FIGURE 7. LDV PARTICULATE EMISSION MEASUREMENT
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b. HD Engine Particulate

The large volumes of hot exhaust from the diesel engines
used in trucks and buses preclude the practical dilution of all the exhaust
in a laboratory size dilution tunnel. This was recognized at the outset of
SwRI's initial efforts to characterize particulates for EPA under Contract
68-02-1230 for RTP. In order to use the fairly standard EPA design
0.457m (18 inches) tunnel, an exhaust flow splitting system was devised
whereby only a part of the exhaust is used in the tunnel and the remainder
vented to the atmosphere. Obtaining a true split of the exhaust is a dif-
ficult job and even more difficult is knowing how much of the exhaust is
split and diluted by the tunnel. With much care and attention to detail,
this can be done with reasonable accuracy and repeatability.

After review of several possible flow splitters, it was de-
termined that the vehicle exhaust muffler was the most realistic point
to obtain a split of the total exhaust that retained all of the properties
and characteristics of the bulk exhaust. Adjacent to the usual exhaust
outlet from the conventionally-used stock muffler, a second but somewhat
smaller outlet was added. As with the stock muffler outlet, an open-
ended tube with the same length and wall perforations, diameter and pat-
tern was fabricated and inserted inside of the muffler in a similar
fashion to the stock outlet tube. By trying several size tubes, the exhaust
flow could be matched to the filter temperature for given operating con-
ditions of the test sequence. The use of a '"sampling tube'" within the
muffler of similar design to that for the stock outlet was thought to give
the exhaust a similar opportunity to flow out either tube and thus pre-
serve the integrity of the sample.

The use of a large gate valve on the vented exhaust flow
allowed the use of slight exhaust system backpressure so that some
measure of control was available. The exhaust backpressure was gen-
erally set at or slightly below the engine manufacturer's maximum allow-
able at rated speed and load, as in the 13-mode FTP. At other speeds
and loads, the back pressure was allowed to decrease to a value consis-
tent with lower engine speeds and exhaust flows.

The exhaust sampling and dilution system was, for the heavy
duty engines, identical to that described in References 27 and 28. For
the NTC-290, a truck muffler was used and for the 6V-71 coach engine,
a city bus muffler was used to effect the sample split. It is shown pic-
torially in Figure 8 for the heavy duty engines. The top left photo is of
the tunnel alongside the DDAD 8V-71TA and shows the particulate and
charcoal filtered intake system. A close-up of the exhaust system and
mqffler-splitter arrangement is shown in the upper right view of Figure 8.
Notice the large gate valve used for backpressure and dilution level control.
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FIGURE 8. HD ENGINE PARTICULATE EMISSION MEASUREMENT
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The center two photographs of Figure 8 show the tunnel used
with the NTC-290 engine. A large truck muffler is shown vertically under
the tunnel in the left view, Part of the exhaust then enters directly into
the tunnel and filter samples are taken downstream in the right view. The
lower views show the large 8 x 10 size and the small 47 mm size filters
being removed after a run,

In both situations, the amount of exhaust that was eventually
diluted and from which the particulate samples were obtained, was based
on direct, continuous measurement of the NO, in the raw exhaust and in
the diluted exhaust. The diluted exhaust measurement was corrected for
ambient NOy to compensate for background. This normally was a negli-
gible correction and was not made to the raw exhaust because of the un-
certainty of engine combustion on trace levels of intake NO,. The dilution
ratios typically varied from about 10 to 18 parts of diluent air to 1 part
of exhaust, the higher ratios needed with the higher temperature exhaust.

For purposes of this project, it was decided to obtain par-
ticulate samples during seven steady state modes of the 13-mode gaseous
FTP. To perform all 13 modes was beyond the scope of work, yet to
perform a composite 13-mode test would result in only a single value
with no insight on the effect of speed and load. For most diesels, the emis-
sions behavior can be estimated from a three point curve almost as well
as from a five point curve. This was expected to be the case for particu-
lates and sulfates since they were thought to be a function of fuel rate.

Accordingly, the particulate and sulfate testing followed
the sequence of

Mode _Speed Load, Percent
1 Intermediate 2
2 Intermediate 50
3 Intermediate 100
4 Idle -—-
5 Rated 100
6 Rated 50
7 Rated 2

This sequence resulted in four sample filters per mode, two 47 mm glass
for particulate and two 47 mm Fluoropore for sulfate. A separate testing
sequence was performed to obtain larger sample quantities for PNA ana-
lysis using the 8 x 10 high-vol system. Some additional discussion on
calculation procedures is given in the results section.
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6. Sulfate - SO, Analysis

The methods used to collect the samples of sulfate were
discussed in the previous sub-section. This section will describe
the utilization of the barium chloranilate analysis (BCA) method and its
adaptation for use with diesel engines. The BCA method for sulfate and
the SwRI-BCA method for SO, had been widely used with gasoline powered
LDV's under EPA Contract 68-03-2118. Prior to this project, however,
only limited, preliminary work had been performed by EPA at the Ann
Arbor and Research Triangle Park labs with diesels. Although sulfate
and SO, experiments were performed simultaneously, they will be des-
cribed separately.

a. Sulfate Method

The major concern in using the BCA method was the chemical
work-up procedure for sulfate analysis once the filter had been collected.
Although the soluble sulfates in the barium chloranilate isopropyl alcohol
(IPA) solvent were analyzed using the same detection method for gasoline
and diesel exhaust samples, a number of questions regarding sample ex-
tract were unanswered. One question was the ability of the existing ex-
traction procedure to quantitatively extract the sulfate from the Fluoropore
filter and the carbon particles. Replicate sulfate emissions tests were
run using the Mercedes 240D to generate the exhaust samples. Sulfate
samples were obtained using the dilution tunnel and sampling probe net-
work for obtaining four simultaneous 47 mm Fluoropore filters. The
filters were weighed before and after the test to validate equal particulate
distribution on the filters.

Two of these four filters were ammoniated and extracted using
the standard procedure as it is normally used for gasoline sulfates. The
second two Fluoropore filters were ammoniated and extracted using partial
immersion in an ultrasonic bath. All four filter extracts were filtered
using Swinney syringe adapters with a 13 mm Fluoropore filter to remove
the particulate. The results of this experiment indicated that there was
essentially no difference between any of the four filters and that the two
grossly different extraction procedures produced the same results.

The chief concern was that the collection of carbon particles
on the filter provides a potentially ready-made absorber of hydrocarbons
on the filter. Extraction of the hydrocarbons and the solubility of these
in the IPA solvent could cause some potential interference problems. The
group of greatest concern would be the substituted multiple ring aromatic
hydrocarbons. Consequently, an experiment was designed to determine if
this was a problem. Another SET was run and four more Fluoropore filters
with equal weight distribution were obtained. The first two were ammoniated
and extracted using the standard hydrocarbons. The cyclohexane was then ’
removed and the filter and container were thoroughly dried. The IPA solvent
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was then added and extracted using the standard method. Again there
was no difference between the cyclohexane washed and the unwashed
filters for total sulfate content.

A similar experiment was conducted on a third SET where all
four filters were ammoniated and extracted as usual. Two of the filters
were run in the BCA system as usual and the final two were run without the
barium chloranilate column in the system. The first two filters produced
results equivalent to the two previous SET tests whereas the two samples
analyzed without the BCA column had responses only slightly greater than
the solvent blanks.

Based on the results using the Mercedes 240D exhaust sulfate
samples, two previously assumed items have been verified. First, ex-
traction of diesel sulfate samples can be effectively performed using the
same ""wrist-action' shake used for gasoline sulfate samples; and secondly,
hydrocarbons in the sample were not found to produce any interferences.
These same experiments were repeated on the DDAD 6V-71 HD engine
and the same conclusion reached. The 2-stroke cycle engine produces
a particulate with different composition from that of most four-stroke
engines and was important to verification of the BCA system.

As a result of the above experiments, it was determined that
the BCA method would be quite satisfactory for use with the range of diesel
engines in this project. A description of the test procedure for sulfate de-
termination is included in Appendix A.

b. S0O2 Method

The measurement of SO, involved the evaluation of a TECO
Model 10 pulsed fluorescense (P¥) instrument as well as the SwRI-BCA
method. Early in the project, the TECO Model 10 PF was tried with raw
exhaust from a Cummins NTC-290 engine. The very brief try indicated
apparently good response. This was prior to finding a number of problems
with the TECO PF unit with gasoline exhaust and the subsequent develop-
ment of the SWRI-BCA SO; method. A number of experiments were made
to demonstrate the TECO PF unit with raw and tunnel diluted exhaust
from the 6V-71 engine. The experiments with diluted exhaust were mostly
promising but not considered applicable to the type of testing based on the
13-mode test.

About 2 ppm SO, was predicted in a nominal 12:1 diluted exhaust
of the 6V-71 operating at full power, 2100 rpm, on 0,1 percent sulfur content
fuel. Although this was measurable by the TECO, this would be the max-

- imum value for 2100 rpm since in a normally aspirated, non-turbocharged
diesel, the air flow is essentially constant while power is modulated by
reducing the fuel rate. Therefore, at all lesser power settings, the SO2
content in the exhaust would become substantially less, on the order of
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5 to 1 for full load to no load at, say 2100 rpm. Idle will give even
lower concentrations, making use of the dilution tunnel to give a suitable
SO, sample of no practical interest.

This means the samples for SOz must be acquired from raw
exhaust. Repeated tests with the TECO PF unit with raw exhaust were
completely unsuccessful. The response was one of steady climbing meter
deflection with time during an intentional steady state run. The instru-
ment would span and zero properly before and after the test run, however.
A sufficient number of tests were performed with the TECO to confirm
this type of instrument response and to enable the conclusion to be made
that only with some significant research and development effort will the
TECO be made to work with diesel exhaust, at least our experience indi-
cated this. Accordingly, the TECO experiments were discontinued since
additional effort on the instrument just prolonged the start of sulfate test
work which was a priority need.

As an alternate to the TECO, the SwRI-BCA wet collection
system in hydrogen peroxide (H20)) was used to collect SO2, The exhaust
first passed through a Fluoropore filter to remove sulfate. Then, the
same system, developed by SwRI for use on gasoline SO, measurement on
EPA Contract 68-03-2118, was used to prepare the sample for analysis by
BCA method. This method is described in more detail in Appendix A.

c. Sulfur Balance

In theory, the separate measurement of SO, and SO< concen-
trations in the exhaust can be multiplied by the exhaust flow raté, summed,
and directly compared to the rate of sulfur into the engine which comes
from the fuel. If the fuel sulfur content, fuel rate, and exhaust flow
(intake air flow plus fuel rate) is accurately known, then a sulfur balance
can be made for the engine.

From previous experience on a number of gasoline LDV's
a sulfur balance of + 10 percent has been achieved in most cases. This
has been termed quite acceptable and was the target level of precision
in this work with diesel cars and HD diesel engines. As a part of the
preparations and pre-test calibrations, achievement of a satisfactory
sulfur balance was one of the requirements for project validation. It
turned out to be very involved and costly in terms of repeated operation
and extensive sample analysis in the case of the DDAD 6V-71 engine.

In addition to this being the first HD engine thus evaluated,
the engine required repeated attempts to demonstrate adequate sulfur
recovery. One test series would result in generally lower than theoreti-
cal sulfur. The next test series would result in generally higher than it
should. The patterns and trends in data defied explanation. Only after
much patience and attention to detail was a sulfur balance demonstrated.
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Work with the Cummins NTC-290, underway at the same time, resulted
in a sulfur balance without undue difficulty. Such was the case with the
light duty cars and the pick-up truck. There are some random instances
where sulfur recoveries were outside the + 10 percent; but in the majority
of cases, adequate validation of the procedure was obtained.

7. Polynuclear Aromatic Matter - PNA

PNA compounds as a class and as individual contaminants were of
interest in this project. Although there are several laboratory procedures
available for their analysis, the major difficulty was analysis of PNA
materials in diesel exhaust and of equal importance, the collection of a
sample in a form suitable for such laboratory analysis. A substantial
part of the coordination conference of September 17, 1974 with Dr. Somers,
Dr. Bradow and Mr. Stahman, centered on the state-of-the-art of PNA
measurement. At the outset of this project, the CRC APRAC CAPE-24-72
project with Gulf Research and Development was in progress.

The CAPE-24 project is concerned with sampling and analysis of
PNA content of diesel and turbine engine exhaust. It was considered the
most advanced PNA activity appropriate to diesels. It was intended that
the SWRI-EPA work make use of the results in terms of a routine sam-
pling and analysis technique. After telephone discussion with Dr. Rod
Spindt, Project Leader at Gulf, it was obvious to the coordination con-
ference attendees that the state of development was not considered
reduced to routine. In essence, there are several adequate methods of
PNA analysis of say, pure compounds, but no adequate sample collection
and preparation scheme. There were unexplained losses during both
these steps and the losses were sufficiently significant to warrant
deferment of PNA analysis by the Gulf method.

Accordingly, and on the advice and consent of those present at the
September 17th meeting, the measurement of BaP by the Eugene Sawicki
thin layer chromatography method was to be employed. BaP is an elemen-
tary PNA and is generally found in diesel exhaust. It is considered to be a
good indicator of the relative PNA content in that if it is high, PNA is pro-
bably high also. This is the same method then in use for Dr. Bradow on
EPA Contract 68-02-0123 on diesel particulate. There were, at this time,
still some unresolved questions regarding the sample collection and es-
pecially the preparation of the sample for analysis.

In support of Part VII and Contract 68-02-0123, a series of experi-
ments were made to determine the ability of the thin layer analysis to mea-
sure known amounts of BaP deposited on a dirty diesel and a clean filter.
Some experimentation was also performed to evaluate an alternate prepa-
ration method, using an ultrascnic bath with glass beads (per Dr. Bradow)
instead of the standard soxhlet extraction.
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The results of the above two sets of experiments confirmed that the
thin layer method could measure BaP and served as a calibration of the
technique. This calibration actually was found later to be misleading, as
will be discussed shortly. The results of the other experiment to evaluate
the ultrasonic and standard soxhlet extraction procedures showed that the
standard soxhlet extraction of the Sawicki procedure gave satisfactory
results. The alternative, ultrasonic method was not considered to be an
overall improvement. In Appendix A is a copy of a letter to Dr. Rod Spindt
from Dr. George Lee of Southwest Foundation for Research and Education.
SFRE is a sister organization to SwRI and was responsible for BaP analysis.
The letter outlines the BaP procedure used.

Of concern during the extensive BaP measurements made during
Dr. Bradow's project (Contract 68-02-0123) and of concern at the coordi-
nating conference, was the lack of agreement between thin layer BaP re-
sults from SFRE and that generally known from the literature.

As the volume of data increased, two facts were obvious: (a)

trends in the data were reproducible, with reasonable precision, as a
function of fuel, engine and load conditions and (b) the BaP values were
significantly higher than corresponding values reported in the literature
for benzo-a-pyrene. The data obtained in 68-02-0123 seemed generally
an order of magnitude higher than other investigators although no other
data by this specific method of sampling and analysis could be found for
direct comparison.

In Contract 68-02-0123, PNA samples were obtained using tunnel
air diluted exhaust and this was the first time such samples were acquired.
Previous sampling methods involved cold traps, hot filtration, chemical
absorption and other trapping methods for raw exhaust. The other concern
was the sample transfer and preparation for analysis was introducing an
artifact or some interference. The previously mentioned experiments were
an attempt to validate the system and did not reveal any problem in the
entire procedure and no specific reason for the higher than expected results.
It was not until Dr. George Lee personally ran a series of analyses of
the DDAD 8V-71TA and Perkins 6-247 engines that an error was dis-
covered in the procedure as run at SFRE. These two engines were the last
engines evaluated in the project.

The Sawicki analysis procedure (33) for determination of BaP in-
volved a thin layer chromatographic separation, followed by fluorescence
measurement. It was found that elution of the compounds on the thin
layer plates was accomplished with a benzene:ether eluant rather than
pentane:ether as suggested by Sawicki. The use of the benzene solvent
afforded greater solubility and, therefore, less separation between similar
compounds. In essence, a true separation was still being obtained since :
the spots used in the determinations were well below the solvent front. This
combination of lower resolution, yet a constant retention factor, actually

46



resulted in a reproducible measure of the polyorganic matter (POM)
content of the particulate matter. This measure is the sum of several
of the components in the system and not just a single compound as
originally thought., The fluorescence response to the sample solution
was obtained at the same excitation and emissions wavelengths that are
used for BaP, Examples of the compounds which may be represented
by this analysis are the isomers of dibenzanthracene, benzo-a-pyrene,
benzo-e-pyrene, chrysene and possibly triphenylene and pyrene. As
may be seen, this yields a broad representation of available materials,

Returning to the pentane:ether system showed the greater reso-
lution of compounds as discussed by Sawicki. Analyses of the same or
similar materials showed a marked reduction in fluorescence intensity
from that found in the benzene system., Although it is still not possible
to readily determine if interferences from other compounds are present,
the values obtained more closely agree with values reported in the liter-
ature, The earlier calibration experiments failed to show this problem
since the new and used filters were ''spiked" with BaP. If several PNA's
had been placed on the filter instead of BaP alone, the mistake in eluants
would have been noticed.

The DDAD 8V-71TA and Perkins 6-247 samples were run with
both solvents, BaP readings using the pentane:ether eluant were on the
order of 7 to 39 percent of that obtained by the benzene:ether eluant.
This brings the BaP reading much more in line with other published
data and clarifies and explains the long standing concern over the
apparently ""high' BaP levels obtained earlier in this project and in
Contract 68-02-0123,

In a sense, the use of the incorrect eluant by the technician,
although highly regrettable, has resulted in values that may give more
insight into the POM content than the BaP values alone. The readings
are thus labeled benzene:ether soluble organic (B:ESO) matter expressed
in terms of BaP, the compound used for calibration.

8. Elemental Analysis

The project plan originally called for elemental sulfur determi-
nation of the particulate using the 47 mm glass filter. The best known
method for this analysis was the one used in EPA Contract 68-02-0123,
A gravimetric method, ASTM D-1757, was employed by Galbraith La-
boratories, a commercial testing lab located in Knoxville, Tennessee,

Determination of carbon, hydrogen, and nitrogen weight
percentages in diesel particulate were also performed by Galbraith
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Laboratories. Carbon and hydrogen were measured using ASTM
method D-3178 and nitrogen was measured using ASTM D-3179, The
results were corrected for blank filter content, which was reported to
be very low.

Since performing the elemental sulfur measurements, additional
work with Dr. Bradow on Contract 68-02-1777 has indicated X-ray fluor-
escence to be a more reliable method. The sulfur analyses in Part VII
were by a state-of-the-art technique which apparently has since been
superceded by the X-ray method. Future projects should be done by this
more reliable method.

9. Vehicle Noise - LDV's only

This series of tests was intended to determine the maximum in-
terior and exterior sound levels, in dBA scale, during idle and various
driving modes. SAE J986a, Sound Level for Passenger Cars and Light
Trucks, describes a test procedure that formed the basis for measure-
ment and vehicle operation. A General Radio Type 1933 Precision Sound
Level Analyzer, General Radio Type 1562-A Sound Level Calibrator, and
General Radio Wind Screen, meeting the requirements of International
Electrotechnical Commission Publication 179, were used.

a. Acceleration Drive-by

Exterior drive-by measurements were made at 15.24 m
(50 feet) using the test procedure outlined in SAE J986a., Under this
test, each vehicle approached a line 7.6 m(25 feet) before a line through
the microphone normal to the vehicle path and acclerated, using the
lowest transmission gear or range such that the front of the vehicle
reached or passed a line 7.6 m(25 feet) beyond the microphone line
‘'when maximum rated engine speed was reached. The equipment used was
a precision sound level meter, a sound level calibrator, and a calibrated
wind screen. The test site was (as outlined in J986a) a flat open space,
free of large reflecting surfaces (i.e., signs, hills, buildings) within
30.5 m (100 feet) of the test track.

Measurements were made (as outlined in J986a) 1.22 m (4
feet) above ground level and at 15.24 m (50 feet) from the centerline
of the vehicle. This distance was considered adequate if the maximum
noise level as measured on the "A-weighted' scale with a ''fast' meter
response was 10 dB above the ambient noise level. If this criterion could
not be met, the measurements were made at 7.6 m (25 feet) by sub-
tracting 6 dB from the measured values to extrapolate to an equivalent
reading at 15.24 m (50 feet). If the level at 7.6 m (25 feet) was
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not 10 dB above ambient levels on a reasonably quiet day, this point
was noted as well as the measured level and ambient level. The sound
level for each side of the vehicle was the average of the two highest
readings which were within 2 dB of each other. Tests were made with
all windows fully closed and the vehicle accessories such as heater,
air conditioner, or defroster (radio excluded) in operation at their
highest apparent noise level,

Interior sound level determinations were the same as ex-
terior except that the microphone was located 0,152 m (6 inches) to the
right side of the driver's right ear. All other test procedures were as
presented in J986a.

b. Constant Speed Drive-by

The exterior noise level with the vehicle passing by the
microphone at a distance of 15. 24 m (50 feet) was measured. The
vehicle was in high gear and driven smoothly at 48. 3 km/hr (30 mph)

+ 5 percent, As in the acceleration test, the measurement was made

at 7.6 m (25 feet) if '"fast'" meter response was not 10 dB above ambient
noise level on the "A-weighted'" scale, Six dB was subtracted from the
measured values to extrapolate to an equivalent reading at 50 feet.
Interior sound level determinations were made in the same manner as
during the acceleration test. The sound level reported for this test was
obtained in the manner outlined in the acceleration test already described.

c. Idle

This test included sound level measurements at 3.05 m
(10 feet) distances from the front, rear, left (street side) and right
(curb side) of the vehicle. The vehicle was parked and engine allowed
to run at manufacturer's recommended low idle speed with transmission
in neutral for at least one minute. Accessory items such as air con-
ditioner or heater and defroster (radio excluded) operated at their highest
apparent noise level. The sound level meter was positioned 3.05 m from
each bumper mid-way between the sides of the car and 3.05 m from each
side mid-way between the front and rear bumpers at 1.22 m(4 feet) height
above the ground. The vehicle was then turned around and headed in the
oppbsite direction and measurements repeated. Interior measurements
were also obtained at the same single point used in drive-by tests.

Figure 9 contains six photographs taken during typical noise
tests of the cars. The two top photos give some idea of the course and
the type of terrain where measurements were taken, The upper left
shows the Comprex-equipped Mercedes 220D and upper right photos is
of the Mercedes 300D, The course was identical to that employed in
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FIGURE 9. MEASUREMENT OF SOUND LEVEL FROM LIGHT DUTY
DIESEL-POWERED VEHICLES
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the earlier work and reported in References 12, 14 - 17. In fact, the
test procedure described earlier in this subsection was identical to that

developed and used in 1971(12)

Figure 9 center photos also show typical locations around
the car during the idle test. The center left photo is of the Peugeot 204D
and the center right photo is of the Perkins 6-247 powered IHC pick-up
truck. The General Radio Precision sound level instrument is shown in
the two lower photos of Figure 9. The left photo shows the tripod-held
meter at 15.24 m (50 feet) from the test course as a test car, the Mer-
cedes 240D, entered the 'gate'. The right photo shows the hand-held
meter adjacent to the driver's right ear during the interior measure-
ments,
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IV. RESULTS OF FIVE HD DIESEL ENGINES

This section summarizes the characterization emission data
for the five HD diesel engine configurations tested. More complete
data are included in the appendix.

A, 13-Mode Gaseous Emission Results

Table 6 lists the results of replicate FTP gaseous emissions for
all five configurations by the 13-mode method. Listed are the HC, CO,
and NOy4 rates as well as cycle weighted BSFC, and maximum power at
2100 rpm. Table 7 lists the heavy duty diesel emission limits for
comparison purposes with the Table 6 data. Note the 1977 California
limits list an alternate standard with HC and NO2 limits specified
separately. The manufacturer may certify either way. The mixed
metric, g/bhp-hr, units of expression are listed in parentheses and
are those currently listed in Federal and California regulations. For
purposes of discussion, the results will be described by engine make
and model.

1. DDAD 6V-71N

From Table 6, it is interesting to note the lower HC, CO and NO
when operating the engine with B60E injectors. It is likewise interesting
to compare the average cycle weighted BSFC and max power at 2100 rpm,
The B60OE injectors resulted in poorer BSFC and lower power. Whether
this is due to the injector design or to the retarded timing is unknown
though the retarded timing is likely the major reason.

2. Cummins NTC-290

Although the two Detroit Diesel engines were operated without
difficulty, the Cummins NTC-290 had some minor but important items
of repair necessary to obtain satisfactory emission results. This
engine was installed on a similar dynamometer facility to the DDAD
6V-71 and early performance test at 2100 rpm, maximum power,
indicated quite satifactory observed power of 220 kw (295 hp) and
BSFC of 0. 254 kg/kw-hr (0,417 lbs/bhp-hr).based on 55,7 kg/hr (122.8
lbs/hr) fuel rate. '

The engine, at idle, emitted excessive amounts of blue smoke
indicative of oil burning in the engine and exhaust system. The engine
would eventually clear itself of blue smoke after prolonged high load
operation only to '"load-up'" once again during idle. Several attempts
were made to remedy this through engine operation, including a 14 hour
run-in (the engine was well broken-in according to Cummins' Mr, Dennis
Fox).
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TABLE 6.

13-MODE FTP GASEOUS EMISSIONS RESULTS
FOR FIVE HD DIESEL ENGINE CONFIGURATIONS

Brake Specific Emissions

g/kw-hr (g/hp-hr)

Power
kw @ 2100

Cycle BSFC
kg/kw-hr

Engine Date Run HC co NO2 HC+NO2 (lbs/hp-hr) {hp @ 2100)
LSN 60, 1.484 Timing
DDAD 3/19/75 1 2.967 7.723 17.171 20.138 0.287 140.9
6V-7IN 3/20/75 2 2.626 7.128 i7.290 19.917 0.283 143.0
3/20/75 3 2.710 7.657 17.095 19. 805 0.282 143.0
Average 2.768 7.502 17.185 19.953 0.284 142.3
(1.997) (5.589) (12.803) (14. 865) (0.467) (190. 8)
B60E Injectors, 1.500 Timing
DDAD 3/24/75 1 1.238 4.606 11.561 12.799 0.290 136.8
6V-TIN 3/24/75 2 1.357 4.686 12.008 13. 365 0.288 136.8
Average 1,298 4. 646 11.78% 13.082 0.289 136.8
’ (0.967) (3.461) (8.780) (9. 746) (0.475) (183.4)
"Low'' Emission Configuration
Cummins 5/14/75 1 0.899 2.600 6.638 7.537 0.289 216.1
NTC-290 5/14/15 2 0.784 2. 249 6.841 7.625 0.289 216.1
Average 0.842 2.425 6.740 7.581 0.289 216.1
(0.627) (1.807) (5.021) (5.648) (0.475) (289.7)
"Current'" Emission Configuration
Cummins 6/26/75 3 0. 345 2.030 15.638 15.983 0.269 221.8
NTC-290 6/26/75 2 0.412 1. 946 14,542 14. 944 0.272 221.3
Average 0.379 1.988 15,085 15. 464 0.271 221.6
(0.282) (1.481) (11, 238) (11.521) {0.445) (297. 1)
Standard Configuration
DDAD 11/20/75 1 3.618 1.018 10. 920 11.938 0.281 252.6
8V-71TA 11/20/75 2 3,683 0.898 10. 800 11.698 0.283 252.6
Average 3.650 0. 958 10. 860 11.841 0.292 252.6
(2.719) (0.714) {8.091) (8.822) (0. 480) (338.6)
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TABLE 7. HEAVY DUTY DIESEL (AND GASOLINE) EMISSION LIMITS

Units CcO HCiNO,
1973 California and g/kw-hr 53.6 21. 4
1974 Federal (g/bhp-hr) (40) (16)
1975 California g/kw-hr 40. 2 13.4
(g/bhp-hr) (30) (10)
1977 California g/kw-hr 33.5 6.7
(g/bhp-hr) (25) (5)
HC NO,
1977 California g/kw-hr 33.5 1.3 10.1
(alternate) (g/bhp-hr) (25) (1) (7.5)

After a 20 minute idle, the exhaust pipe was disconnected from
the turbocharger outlet. The wet oily condition in the turbocharger
indicated that the turbocharger required resealing, With the consent
of Mr. Dennis Fox, the turbocharger was removed and resealed by
the local Cummins authorized sales and service dealer. On reassembly
and additional check-out, extended engine operation, etc., the problem
was found to persist though not to the degree earlier. The turbocharger
did need resealing but apparently this was not the only source of oil.

Next, and with the consent of Mr. Fox, the injectors were removed
and inspected. No. 2 injector had what appeared to be a damaged center
o-ring and the No. 4 injector inlet screen had a large hole in the center.
Several injector bottom and center o-rings had small nicks but nothing
serious. Most upper o-rings had taken "'a set" (had a flat spot) which
is normal. The upper o-ring seals out oil, the center ring to upper
ring seals the return fuel cavity and the lower to center ring seals the
fuel supply. All o-rings were replaced and all injectors flowed by
Cummins (local) to make certain they were satisfactory. '

In its as-received originally run condition, the odor, smoke,
and particulate levels were certainly not representative of this type
engine. The odor was much stronger and irritating, especially to the
eyes, than previous experience with similar engines indicates. The
particulate filter would have certainly reflected the unburned and
partially oxidized oil in the exhaust which is not representative of this
engine. Likewise, smoke during idle and accel portions of the Federal
test were not at all comparable to this engine's normal performance.
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The repair and resealing of the turbocharger, injectors and the replace-
ment of a faulty lead wire between the solenoid and fuel switch brought
about acceptable engine performance with smoke and exhaust odor of
the usual Cummins type. Listed in Table 6 are results of the replicate
gaseous emissions tests taken with the engine in the '"low' emission
and in the '"current' emission configuration, The "low'" emission con-
figuration involves operating the engine as-received from Cummins
with fuel injection retarded in modes 3, 4, 5, 6, 8, 9, 10, and 11.
These are basically the power producing modes of the 13-mode test.
i.e., 25, 50, 75 and 100 percent of power at rated and at intermediate
speeds.

The ""current' emission level engine is for the engine adjusted
to fixed fuel injection timing based on 1.4 mm (0. 055 inch) injector
lift at 5.16 mm (0.2032 inch) piston travel before TDC. The variable
timing mechanism was locked in place by applying 620 kPa (90 psi)
air to the air solenoid (with 12 volts continuously applied) to keep the
engine in the advanced mode. The special fuel pump supplied with the
experimental variable timing engine (low emission configuration) was
replaced with a different pump, factory calibrated and tested for the
"current' emission configuration.

After a number of trials, it was possible, with assistance of a
local Cummins technician, to retime the engine and make the necessary
adjustments to the engine to operate it in the '""current' emissions con-
figuration.

The Table 6 data indicates a substantial decrease in NO, when the
variable timing '"low'' emission configuration was employed. NO} was
just under half that of the current emission rate principally due to retard
of fuel injection at all power producing modes of the 13-mode test
sequence. The improvement in NO, was accompanied by a doubling in
HC, some more CO (which is of negligible consequence) and a loss in
BSFC from 0.271 to 0.289 kg of fuel per observed kw-hr,

Data furnished by Mr, Dennis Fox of Cummins on the "low"
emission configuration, in a letter dated October 28, 1974, are as
follows (converted to SI units):

NO2+HC 6.24 g/kw=-hr
(4.66 g/bhp-hr)

NO, 5.44 g/kw-hr
(4.06 g/bhp-hr)

HC 0.80 g/kw-hr

(0,60 g/bhp-hr)
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The engine was then, according to Mr. Fox, converted to the
current configuration and power checked before returning the engine
to its "low'" emission configuration and shipped to Southwest Research
Institute. In light of the changes made by Cummins before shipment
and the problems regarding the turbocharger reseal and injector over-
haul required before tests could be made, the level of agreement between
Cummins and SwRI is acceptable.

SwRI has experienced much better agreement with Cummins
with cross check engines in the past, However, a check of our modal
results with Cummins data revealed slightly higher, but consistent
modal NO readings at SwRI which accounts for the apparent difference
in cycle composite NO2 of about 1.3 g/kw-hr. Fuel rate, power, BSFC,
and air rate, turbocharger pressure and rail pressure were all in good
agreement between Cummins and SwRI for both configurations. No
reason can be found for the difference except for the possibility of
adjustments and maintenance given the engine between its initial test
at Cummins and its test at SwWRI some eight months later,

3. DDAD 8V-71TA

The replicate 13-mode HD gaseous emissions tests are summarized
on Table 6. The averages shown may be compared to 0.899 g/kw-hr HC,
4.05 g/kw-hr CO, 12.246 g/kw-hr NO, and 13.145 g/kw-hr NO4+HC
obtained at the 1000 hr final durability test of this engine on 9/4/74. The
lower NOy was apparently due to slightly lower air flow and lower NOx
concentrations. In all, very good agreement between the two sets of
data are evident.

For additional data, modal results, observed power, concentra-
tions, etc., please refer to Appendix C of this report. Each run is
summarized by a computer printout sheet containing pertinent raw,
observed, and reduced data,

B. Federal Smoke Results

Table 8 is a summary listing of the ""a' acceleration, '"b' lug-
down and "c'" peak opacity results of the Federal Smoke Test for HD
diesel engines. Shown at the bottom of Table 8 are the Federal limits
for new engine certification beginning in calendar year 1970 and then
reduced in 1974 with addition of a peak limit.

Table 9 is a summary of the smoke and power observed during

a separate test series to evaluate smoke behavior during maximum
power curves run in 200 rpm increments. Each speed was held
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TABLE 8. FEDERAL SMOKE TEST RESULTS FOR
FIVE HD DIESEL ENGINE CONFIGURATIONS

Engine Smoke Factor, % Opacity
Engine Configuration Date Run a (accel) b (lug) c (peak)
DDAD LSN 60 Injectors, 2-18-75 1 5.3 1.8 15.1
6V-7T1N 1.470 Timing 2-18=-75 2 5.6 2.0 14.9
Avg. 5.5 1.9 15.0
DDAD B60OE Injectors, 8-25-175 1 12.3 5.6 26,4
6V-71N 1.500 Timing 8-25-75 2 12,2 5.7 24.8
Avg. 12.3 5.7 25. 6
Cummins "Low'" Emission 5-12-75 1 14,3 3.1 27,2
NTC-290 5-13-75 2 14,9 2.7 30.3
Avg. 14.6 2.9 28. 8
Cummins '"Current" 6-25-75 1 14.5 2.8 24.5
NTC-290 Emission 6-25=-75 2 14.4 2.5 24,7
Avg. 14.5 z.7 24.6
DDAD Standard 10-29-75 1 14.0 6.5 25,7
8V-71TA 10-29-75 2 13.8 6.8 23.3
Avg. 13.9 6.7 24.5
Federal HD Limits 1970 40 20 ———-

1974 20 15 50
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TABLE 9. SMOKE TEST RESULTS DURING MAXIMUM POWER
TEST FOR FIVE HD DIESEL ENGINE CONFIGURATIONS

Engine
Engine rpm kw, obs Opacity, % kw, obs Opacity, %
60 LSN, 1.470 B60OE, 1.500
DDAD 2100 141.3 2.3 134,3 2.5
6V-7IN 1900 136.5 1.5 126,8 2.8
1700 127.5 1.5 119.0 3.3
1500 117.7 1.8 110.8 3.8
1300 "~ 105.6 2.5 99.2 4.8
1100 88.5 5.5 85.8 5.5
"Low' Emission Conf. "Current'" Emission Conf,
Cummins 2100 288.0 1.9 293.9 1.8
NTC-290 1900 276.8 1.8 278.3 0.8
1700 ° 255,9 2,2 255,9 0.6
1500 238.0 2.6 232.8 0.8
1400 220.8 3.2 217.8 1.5
1300 167.9 3.5 199.9 1.8
1100 132.8 4,6 161.9 4.3
Standard Configuration
DDAD 2100 188.0 2.8
8V-T71TA 1900 177.5 2.8
1700 165,6 3.3
1500 149.2 5.0
1300 129.1 9.5
1100 - 106.7 16.0
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sufficiently long to enable true steady state performance to be obtained.
Each engine model will be discussed separately.

1. DDAD 6V-7IN

The basic bus engine was run with LSN 60 set to 1.470 and then
with B6OE injectors set to 1.500. The LSN injectors are of low sac
needle design and the B60E are constant ending VCO (valve covers
orifice) unit injectors. Both are of size 60 for essentially equivalent
maximum power. The engine was run on a DF-1 kerosene type diesel
doped to 0.1 percent sulfur by weight which is very similar to the
national average fuel used by city buses. The a, b, and c smoke
factors for this engine are shown in Table 8 for the duplicate runs
made with each injector timing configuration.

Table 9 lists the power curve smoke data for this engine from
2100 to 1100 rpm. It may be noted from both Tables 8 and 9 that the
smoke performance of this normally aspirated two-stroke cycle engine
equipped with size 60 injectors and operating on kerosene fuel was
quite satisfactory and typical of this type engine and configuration,
The retarded timing and B60E injector design apparently was responsible
for the lower observed power and increased smoke observed. The ''a"
and '"b" factors were more than doubled when the B60E injectors were
employed though still within the 20 percent '"a' and 15 percent ''b"
smoke limits of 1974.

The timing retard was probably responsible for not only higher
smoke but also lower power. The design of the injector itself may
have also had some effect on smoke and power. The engine basically
has an almost invisible exhaust as it should for city bus operation.
The increase in smoke is certainly in the wrong direction for this ap-
plication.

Recall from Table 6 the reduction in NO2 from 17.2 to 11.8 g/kw-
hr by ostensibly using the B60E injectors and timing retard. The B60E
injector incorporates a constant ending of fuel injection regardless of
power level and the VCO (valve covers orifice) tip assembly. The
experimental VCO injectors evaluated some years earlier resulted in
higher smoke than N or LSN style injectors quite likely due to the fewer
and larger diameter openings.

2, Cummins NTC-290
The change in engine configuration from "low'" to "current",
though considered quite substantial, had little effect on smoke by the

Federal Test Procedure., The results on Table 8 are consistent run-
to-run and show no difference between configurations. Smoke from
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this engine is considered to be fairly low in light of four-stroke cycle
turbocharged engines operating on DF-2 diesel fuel.

It may be noted from Table 9 that the smoke performance of
this turbocharged four-stroke cycle engine in both ''low'" and "current"
configuration was also essentially the same. The smoke performance
during lug-down (b factor) was exceptionally low, below the limit of
visibility. The power curve, a stepwise lug-down, confirms this
observation.

The change in configurations appeared to have little effect on full
power, maximum performance from the average power readings listed
in Table 9 until the speed dropped below 1400 rpm. This is probably
due primarily to the two different fuel pump calibrations employed in
the ''low'" and "current'" configurations. Smoke opacity readings of
4 percent and less represent an exceptionally clear exhaust since 3-4
percent opacity by the EPA smokemeter is generally the limit of visibility
of diesel exhaust smoke,

3. DDAD 8V-T7ITA

Smoke results by the Federal HD test listed on Table 9 may be
compared to a 9,1 percent "a', 3,9 percent ''b" and 17 percent 'c"
value at the completion of the 1000 hour smoke-emissions durability
test completed over one year before. The engine was partially dis-
assembled for inspection between certification and these tests. The
DF-2 test fuel was also slightly different from emissions DF-2 fuel
normally used for smoke tests. Otherwise, no apparent reason is
known for the increase in smoke.

During the power-smoke curve, reported on Table 9, the smoke
was observed to be quite low between 2100 and 1500 rpm, the peak torque
speed of the engine. At 1300 and especially 1100 rpm, engine speeds
below peak torque speed, the smoke output increased substantially.

This is typical and means that the truck driver must not ''lug' or
underspeed the engine in normal operation or smoke discharge level
will be increased. For further detail regarding the Federal Smoke
test results, please refer to Appendix D,

C. Odor and Related Instrumental Analyses

The engine exhaust odor mapping and related instrumental analyses
resulted in a substantial amount of data.

1. Odor Ratings by Trained Panel

Tables 10 and 11 summarize the average odor ratings and
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TABLE 11. AVERAGE OF EXHAUST ANALYSES TAKEN
SIMULTANEOUSLY WITH ODOR RATINGS OF
HD ENGINES DURING STEADY -STATE CONDITIONS

Engine Exhaust DDAD 6V-71 Cummins NTC-290 DDAD
Condition Emission LSN 60 B 60 E "Current' "Low!" 8V-71TA
Intermediate HC, ppm C 175 121 78 96 10l
Speed, CO, ppm 145 199 110 139 123
2% load NO-NDIR, ppm 160 72 164 115 118
NO-CL, ppm 141 68 155 101 108
NOyx-CL, ppm 178 92 181 114 135
COy, % 1.2 1.1 2.2 2.1 1.6
TIA 1.1 1.4 1.4 1.3 1.8
LCA, ng/l 19.8 18.4 7.7 6.4 9.4
LCO, ug/l 1.2 2.4 2.2 2.1 5.2
Intermediate HC, ppm C 235 77 64 93 89
Speed, CO, ppm 98 86 144 176 93
50% load NO-NDIR, ppm 713 405 887 314 527
NO-CL, ppm 652 377 844 288 511
NOx-CL, ppm 743 409 898 294 535
COz2, % 3.3 3.3 6,2 6.3 4.3
TIA 1.0 1.1 1.2 1.4 1.7
LCA, ng/l 23,7 10.7 4.5 8.6 9.9
LCO, ng/l 1.1 1.3 1.9 2.4 4.4
Intermediate HC, ppm 439 208 71 86 100
Speed, CO, ppm 7842 3518 619 509 1132
100% load NO, NDIR, ppm 809 1042 2069 717 1093
NO-CL, ppm 752 960 2032 678 1020
NO,-CL, ppm 789 994 2157 694 1045
COyz, % 6.2 6.2 9.6 9.1 6.4
TIA 1.5 1.4 1.3 1.3 1.8
LCA, ng/l 55,1 25.8 4.3 4.9 8.9
LCO, pg/l 1 2.5 2.3 2.4 5.8
High Speed, HC, ppm 199 130 72 90 92
29 load CO, ppm 117 225 103 114 84
NO-NDIR, ppm 183 74 221 140 122
NO-CL, ppm 159 69 195 126 123
NOx-CL, ppm 194 95 218 139 149
COy, % 1.5 1.5 2.8 2.8 2.1
TIA 1.1 1.4 1.3 1.4 1.7
LCA, ng/l 23.2 19. 4 5.4 10.2 11,4
LCO, pg/l 1.3 2.6 2.0 2.5 5.4
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TABLE 11. (Cont'd) AVERAGE Of EXHAUST ANALYSES TAKEN
SIMULTANEOUSLY WITH ODOR RATINGS OF
HD ENGINES DURING STEADY-STATE CONDITIONS

Engine Exhaust DDAD 6V-71 Cummins NTC-290 DDAD
Condition Emission LSN 60 B 60 E '"Current" "Low'" 8V-7ITA
High Speed, HC, ppm 259 92 64 95 111
50% load CO, ppm 95 80 92 123 76
NO-NDIR, ppm 627 315 714 255 413
NO-CL, ppm 580 285 653 228 394
NOy-CL, ppm 629 314 689 241 437
COz, % 95 3.4 5.4 5.3 3.9
TIA 1.1 1.2 1.4 1.4 1.7
LCA, pg/1 25.7 13.0 4.1 8.7 11. 4
LCO, ng/1 1.3 1.6 2.4 2.6 5.0
High Speed, HC, ppm 333 143 83 88 85
100% load CO, ppm 1770 1267 108 145 88
NO-NDIR, ppm 1136 868 1851 669 1010
NO-CL, ppm 1057 823 1783 601 944
NO,-CL, ppm 1111 859 1907 616 988
CG3, % 6.2 6.2 6.6 7.0 5.4
TIA 1.5 1.5 1.4 1.6 1.8
LCA, pg/l 48.9 24.5 5.0 6.8 10.0
LCO, ng/l 3.0 3.0 2.5 3.9 5.5
Idle Speed, HC, ppm 176 146 99 137 141
2% load CO, ppm 126 132 91 126 87
NO-NDIR, ppm 183 100 133 89 180
NO-CL, ppm 160 95 111 78 176
NOL-CO, ppm 199 117 142 93 196
COy, % 1.0 0.9 1.5 1.5 1.1
TIA 1.0 1.2 1.3 1.4 1.7
LCA, pg/l 17.9 17.1 5.6 10.7 8.9
LCO, pg/l 1.0 1.6 2.2 2.9 5.0
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emissions measured at the same time., Table 12 lists pertinent engine
data for the five engine configurations. Each engine model is discussed
separately,

a. DDAD 6V-71IN

Table 10 lists the average odor panel ratings for both types
of injector-timing configurations. Looking mainly at the '""D'" composite
rating, it seems that the B60E had lower "D'" ratings at high power
and higher "D'" ratings at no load than the LSN 60 injectors. Other
steady states and idle seemed little affected. The B60OE injectors were
apparently responsible for lower idle-accel, accel and slightly less
deceleration odor.

The action of the B60E configuration on lower exhaust odor
intensities is somewhat a surprise, especially in light of runs several
years ago with a set of experimental VCO injectors in a city bus., The
fuel and operating conditions were essentially the same though the
injectors were definitely different. Possibly the constant ending of
injection is responsible. This design feature would have effect only at
part load because at full load the start of injection would be equivalent
to the start of injection with the LSN-60 injectors given the same basic
engine timing. The VCO injectors run before resulted in noticeably
higher odor than the usual N or LSN injectors,

The steady state operating conditions used for odor measure-
ment of the 6V-71 engine were no, half and full load at 900 and 1500 rpm.
These speeds are consistent with most city buses equipped with 2 speed
transmission. Also, this is the first time odor measurements have
been attempted using a stationary dynamometer operated engine in
place of the usual chassis dynamometer operated full size city bus.

The bus operating conditions, including transients, were as closely
replicated as possible using previous experience in bus engine operation
and a large inertia wheel for simulation of acceleration and deceleration
type operation,

Table 11 lists most of the gaseous emissions taken simul-
taneously with odor measurements. Also listed in Table 12 are fuel
flow and air flow rates. These are averages of two days replicate
operation, each day the average of three replicate, random ordered,
steady states. As with odor ratings, the gaseous emissions, Table 11,
were quite repeatable from day to day. The oxides of nitrogen
measurement NO and NO, were lower for the B60E injectors and
retarded timing combination. One exception was 900 rpm and full
load during which both CL and NDIR indicated more NO and NOy4 with
the B60OE injectors.

b. Cummins NTC-290
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TABLE 12. AVERAGE ENGINE OPERATING DATA TAKEN
SIMULTANEOUSLY WITH ODOR RATINGS OF HD ENGINES
DURING STEADY-STATE CONDITIONS

Engine Engine DDAD 6V-71 Cummins NTC-290 DDAD
Condition Parameter LSN60 B6OE "Current'' "Low'' 8V-T71TA
Intermediate Engine Speed, rpm 900 900 1400 1400 1400
Speed Power Output, obs kw 1.4 1.5 3.4 3.3 3.5
2% Load Fuel Rate, kg/hr 3.2 2.9 5.7 5.5 6.2
Air Rate, kg/min 10.3 10.5 10.3 10.4 17.5
BSFC kg/kw-hr 2.285 1.933 1.676 1.666 1. 666
Inlet Temp, °C 24.4 26.1 25.6 27.2 24.8
Exhaust Temp, °C 113.3 113.3 196.7 202.8 150.9
Inlet Rest. , mm H0 190.5 198.1 96.5 124.5 181.4
Exh. Rest., mm Hg 3.8 3.6 3.0 3.3 7.3
Intermediate Engine Speed, rpm 900 900 1400 1400 1400
Speed Power Output, obs kw- 36.0 36.5 84.2 81.8 93.1
50% Load Fuel Rate, kg/hr 8.9 8.7 20.2 21.2 23.9
Air Rate, kg/min 10.5 10.1 11.7 12.2 20.3
BSFC, kg/kw-hr 0.247 0.238 0.239 0. 259 0.256
Inlet Temp, °C 25.0 26,7 24. 4 27.2 25.2
Exhaust Temp, °C 218.3 220.6 360.0 395.0 277.4
Inlet Rest,, mm H2O 188.0 203.2 129.5 167.6 226.6
Exh. Rest., mm Hg 5.3 5.1 .5.1 5.6 12,1
Intermediate Engine Speed, rpm 300 300 1400 1400 1400
Speed Power Qutput, obs kw 71.8 73.0 168.5 163.3 186.2
100% Fuel Rate, kg/hr 19.4 17.6 38.3 39.2 47.9
Air Rate, kg/min 10.6 10.3 14.8 15.9 25.3
BSFC, kg/kw-hr 0.270 0.241 0.227 0. 240 0.257
Inlet Temp, °C 24.4 27.7 25.0 26,7 25.6
Exhaust Temp, °C 410.0 395.6 513.3 521.1 405.7
Inlet Rest., mm Hp0 190.5 203.2 205.7 241.3 325.4
Exh. Rest., mm Hg 5.3 6.6 9.1 9.4 24.5
High Speed Engine Speed, rpm 1500 1500 2100 2100 2100
2% Load Power Output, obs, kw 2.3 2.3 4.5 2.2 4.7
Fuel Rate, kg/hr 6.1 5.9 12.6 12.5 12.9
Air Rate, kg/min 16.8 16.5 16.9 16.6 26.8
BSFC, kg/kw-hr 2.652 2.565 2,80 5.681 2.744
Inlet Temp., °C 24.4 26.1 24.4 27.8 25.3
Exhaust Temp., °C 148.3 153.9 241.1 255.0 172.7
Inlet Rest., mm H,0 391.2 419.1 243.8 264.2 371.9
Exh. Rest., mm Hg 9.9 9.7 7.6 7.6 19.9
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TABLE 12. (Cont'd) AVERAGE ENGINE OPERATING DATA TAKEN
SIMULTANEQOUSLY WITH ODOR RATINGS OF HD ENGINES
DURING STEADY-STATE CONDITIONS

Engine Engine DDAD 6V-71 Cummins NTC-290 DDAD
Condition Parameter LSN 60 B6OE Current'' '"Low'" 8V-71TA
High Speed, Engine Speed, rpm 1500 1500 2100 2100 2100
50 % Load Power Output, obs kw 57.8 56.7 111.8 107.6 126.3
Fuel Rate, kg/hr 14.8 14.0 30.2 33.7 35.5
Air Rate, kg/min 16.8 16. 4 20.9 23.3 30.8
BSFC, kg/kw-hr 0.256 0,246 0.270 0.313 0.281
Inlet Temp., °C 24.4 27,2 25.6 26.1 25.2
Exhaust Temp., °C 258.8 261.1 366.7 392.8 259.4
Inlet Rest., mm HO0 393.7 424, 2 363.2 442.0 468.5
Exh, Rest,, mm Hg . 12,4 12.2 12.7 17.0 31.3
High Speed, Engine Speed, rpm 1500 1500 2100 2100 2100
100% Load Power Output, obs kw 115.6 112.6 223.0 214.1 252.6
Fuel Rate, kg/hr 27.7 26.3 51.8 55.0 61.7
Air Rate, kg/min 16.7 16.6 27.2 28. 7 36.2
BSFC, kg/kw hr 0.239 0.233 0.232 0.257 0.244
Inlet Temp., °C 24,4 25.6 24.4 26.7 25.4
Exhaust Temp., °C 440.0 430.6 458.3 488.3 349.5
Inlet Rest., mm HO 391.2 414.0 - 591.8 637.5 634. 4
Exh. Rest., mm Hg 18.0 17.0 12,7 27.9 52.1
Idle Engine Speed, rpm - 430 430 615 615 480
Power Output, obs kw 0 0 0 0 0
Fuel Rate, kg/hr 1.2 1.2 1.4 1.4 1.5
Air Rate, kg/min 4.8 4.7 4.8 4.2 6.2
Inlet Temp., °C 24,4 27.2 25.0 27.8 24.6
Exhaust Temp, °C 108.3 110.6 158.9 168.3 134.6
Inlet Rest., mm H30 63.5 66.0 12.7 25.4 39.5
Exh. Rest., mm Hg 0 0 0 0 0
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Table 10 also lists the average odor panel ratings for both
the "Current'" and "Low' emission configuration NTC-290 engine. The
retarded timing operates on the "Low" configuration during the half
and fully loaded operation, "D" odor ratings were slightly higher at
half and full load at intermediate, 1400 rpm, speed and at 2100 (high)
rpm half load. The reverse was true for the retarded '"Low' con-
figuration at full load, 2100 rpm in that "D" was lower with the "Low"
or retarded system, Idle was a condition that produced higher ''D"
intensity with the "Low'" configuration.

Little difference in odor was found during transients except
deceleration in which the low configuration apparently resulted in a lower
average "D'" rating. The reasons for the overall inconsistent effect of
the engine emission configuration on odor is not understood. What was
somewhat of concern was the odor intensities, regardless of configura-
tion, found during transients, especially the deceleration. Like the
6V-71, this is the first time odor tests have been made with stationary
operated engines during transient operation at SwRI,

The use of a large inertia wheel does permit very repeatable
and road-like operation of the engine. The deceleration mode is one
that is quite time dependent. The time following closed throttle decele-
ration was carefully investigated to make sure a representative maximum
odor occurrence would be presented to the panel for rating.

Table 11 also lists exhaust emissions data for the Cummins
NTC-290 engine. The engine speeds used were 2100 and 1400 rpm,
same as the 13-mode FTP test speeds. HC and CO were slightly,
but consistently, higher with the "Low" configuration. One exception
was CO at 1400 rpm (intermediate speed) full load. Oxides of nitrogen
were consistently and grossly lower as expected during half and full
load regardless of speed. Exactly why NO, was also lower at idle
and the two no load conditions is unknown.

c. DDAD 8V-T71TA

Also listed on Tables 10, 11, and 12 are the average odor,
gaseous emissions and operating data, respectively. This turbocharged
and roots blown truck engine, operated on DF-2 fuel, had, under some
conditions, lower odor ratings than the 6V-71 DDAD engine operating
on DF-1 fuel. This was noticeable during the intermediate and high
speed 100 percent load points, and both acceleration conditions.

For additional details and supporting data for Tables 10
and 11, please refer to Appendices E and F. Appendix E contains the
average panel ratings for each run (triplicate runs in random order
for steady states and quadruplicate runs in random order for the three
transients). For the DDAD 6V-71 and Cummins NTC-290, the data is
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grouped in sets of five tables each. The first table is a summary
comparison between the two configurations with daily average results
tabulated. The other four tables of the set list the run by run results
for each day of testing, two days for each configuration.

The 8V-71TA engine was only run in one configuration,
standard, and three odor panel test days were made. The Appendix F
instrumental data on emissions are presented similarly to the odor
data in Appendix E.

d. Analysis of Panel Ratings

"Figures 10, 11 and 12 are plots of the odor data listed in
Table 10. The top set of graphs are for the ""D' diesel intensity ratings
at various steady states and are plotted against percent power. The
lower graph summarizes the composite "D'"+"B"+"O'"+"A"+"P" for
all ten conditions., The transients more often gave highest ratings.
From Figure 10, the B60E injectors produced lower odor under some
conditions. The two emission configurations used with the Cummins
engine, Figure 11, produced inconsistent odor differences.

Neither engine speed or power setting had a noticeable effect
on odor for the 8V-71 engine, Figure 12, The ratings were rather
constant and consistent. The lower graph of Figure 12 shows that
idle~accel was the only condition which could be considered different
from the others, Otherwise, the odor levels must be termed about
the same. With "D" levels on the order of 2,5 to 3, the odor from
this turbocharged two-stroke cycle engine must also be termed light
to moderate in odor strength. This is the first opportunity for an
evaluation of odor to be made from this type engine under the long
range investigation. The relatively low odor levels, at 100:1 dilution,
are encouraging.

Finally, the shapes of the ""D" odor intensity for the two DDAD
engines was mainly one of lowest odor at the mid-power point, although
the differences due to power or speed were, for the most part, rather
minimal,

2, Odor Ratings by DOAS Instrument

Listed on Table 11 are the three odor rating values, TIA, LCO
and LCA, for each of the seven steady state conditions. The TIA is
based on the measurement of LCO and is the value used to predict the
total intensity of aroma. For the run-by-run data on which the averages
are based, please refer to Appendix F.

Figures 13 and 14 contain graphs relating TIA to operating point
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DIESEL ODOR INTENSITY BY TRAINED PANEL

71



TIA

"D" Odor Intensity

'lD||+||B||+HO||+HA||+||Pn

1.8

2100 rpm

s - e ==1400 rpm
S~
ey
\ .
i
\ .

— . T noadiiiind =%
| | | |
2 50 100

Percent of Power
2 50 100 2 50 100 Idle Idle- Accel Decel
Percent Power Percent Power Accel
1400 rpm 2100 rpm

FIGURE 12. DETROIT DIESEL 8V-71 ENGINE
DIESEL ODOR INTENSITY BY TRAINED PANEL
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(speed and load) for the DDAD 6V -71 and Cummins NTC-290 engine.
This same type of graph is shown at the top of Figure 12 for the 8V-71
engine., The relationships are for the most part inconsistent with the
panel rating versus operating condition, already discussed. For
example, the smooth, consistent trends, shown on the top of Figures
10 and 11 in terms of '""D" intensity are not repeated in Figures 13
and 14,

To illustrate the relationship between TIA and the ""D" odor
rating by trained panel, the average values by each were plotted in
Figure 15 for the five engine configurations, In the range of '""D"-2 to
"D'"~4,7 covered by these four engine configurations, there is no really
satisfactory relationship present,

Much effort has been expended by SwRI staff to determine the
LCO, ICA and TIA, using the most recent instrument modification and
procedural changes recommended by Dr, Phil Levins of A, D. Little
Co. The ability of the TIA measurement to predict or relate to '"'D"
intensity from these five HD engines in a consistent way is of concern.
It is.difficult to justify odor measurement of HD diesel by this analysis
method without substantial additional effort,

Use of the DOAS is currently restricted to steady state type
operation since the sample must be accumulated over a period of time.
Under the best set of conditions in a well equipped diesel emissions
research laboratory, the relationship does not appear to be appropriate
for anything beyond research purposes at this time. We continue to
suggest its use in future odor projects as a matter of obtaining additional
data for comparison-correlation purposes.

3, Detailed Hydrocarbons

Table 13 is a listing of the exhaust hydrocarbons, some of which
are considered to be non-reactive in the atmosphere in terms of the
formation of photochemical smog. These measurements were made
at each of the seven steady-state operating points used for odor measure-
ment, The engine operating data was previously listed on Table 12,

It is difficult to attribute the relative amounts of the various
hydrocarbons in the exhaust to the change in engine configuration. If
indeed one configuration produced more or less of a specific hydro-
carbon, which change in the engine was responsible is difficult to say.
Not enough is known about the effect of timing or injector design, in
the case of the DDAD 6V-71 for example, to speculate or theorize on
the trends.
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TABLE 13.

Engine
Condition

DURING STEADY-STATE ODOR TESTS, ppmC

Exhaust
Emission
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DISTRIBUTION OF EXHAUST HYDROCARBON EMISSIONS

LSN 60

B 60 E

"Current'

IILOWH

ppap(?

Intermediate
Speed,
2% Load

Intermediate
Speed,
50% Load

Intermediate
Speed,
100% Load

High Speed,
2% Load

Methane
Ethylene
Ethane
Acetylene
Propane
Propylene
Benzend?3)

Toluene(3)

FID HC(4)

Methane
Ethylene
Ethane
Acetylene
Propane
Propylene
Benzene
Toluene
FID HC(#)

Methane
Ethylene
Ethane
Acetylene
Propane
Propylene
Benzene
Toluene
FID HC(4)

Methane
Ethylene
Ethane
Acetylene
Propane
Propylene
Benzene
Toluene
FID HC¥)

N T O oo

175

T OO RN

235

[V e i e

439

N:"OOO\N

199

ao —~ 1

n

O =~ N W

-]

—U) = W =) =)

- DN

w

—
~ O N W
OO~ N QO

121

O O N
~N o v ~O0O ®

o

208

—
QO W
O o™=\

w

130

77

O O vw
PR

WO b =N

110

[ e e R
DO W oW

o w

QOO0 O NIy
) = h = O W

72

139

—
.

93

86

30

- oo WN

OO MNO
O S~ 00 0o

—_—0O T 08O
« s e H oo

OO N -

o O N

R0

O

OO W o

8V-T71TA

[andiie= e AR o ]
OO N O =~ 00 ©

W Q N

[N = BV ) B V) OO O — 0O O W O O OOU:—
o NO Oy WwOo B ~1 OO O N W — U O~ = NN

0
NO O
o .



TABLE 13. (Cont'd) DISTRIBUTION OF EXHAUST HYDROCARBON EMISSIONS
DURING STEADY-STATE ODOR TESTS, ppmC

Engine Exhaust _DDAD 6v-711(1) Cummins NTC-290(}) DDAD(2)
Condition Emission LSN 60 B 60 E "Current' "Low' 8V-71TA

High Speed, Methane

50% Load Ethylene
Ethane
Acetylene
Propane
Propylene
Benzene
Toluene
FID HC(4) 259 92 64 95
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— O O = O W

O O O O re -

UV = = 0N N

O O W r
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—r— O -
MR

—
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High Speed, Methane 2,
100% Load Ethylene 26,
Ethane 0.
Acetylene 1.
Propane
Propylene 13.
Benzene
Toluene
FID HC(4) 333 143 83 88
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Idle Methane
Ethylene
Ethane
Acetylene
Propane
Propylene
Benzene
FID HC(4) 333 143 83 88
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©C O wmN

O 00N W W
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©
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Ambient(>) Methane 2.1 1.9 2.9 1.0

N
o

(1} Average of two runs

(2) Average of three runs

(3) Benzene and Toluene determinations made on DDAD
8V-71TA engine oaly

(4) Average exhaust HC from Table 11 for reference and
comparison to individual HC, especially methane

(5) Representative of air in vicinity of engine intake.
Other light hydrocarbons either non-measureable or
in negligible concentrations <<0.,1 ppmC
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4. Aldehydes

Table 14 lists the aldehydes measured by the DNPH procedure
for the DDAD 8V-71TA engine. In Section III, the DNPH procedure was
described. The DNPH method was used for the first time by SwRI on this
project and the 8V-71 engine was the first HD engine tested., The other
two engines had completed the test program by the time the DNPH
method was ready. The procedure took a substantial effort to prepare
for and obtain laboratory calibration, The procedure continues to be
troublesome and very time-consuming. It does have the great advantage
over previous methods of giving insight into a number of the more
common aldehydes and hopefully do them more accurately.

The aldehydes listed on Table 14 are expressed in concentration
and in the same rates as particulates and sulfates, described later,
of mg/hr, mg/kg fuel and mg/kw-hr. For the first time in the long-
range project, data are available on acetaldehyde, acetone, isobutanal,
crotonal, hexanal and benzaldehyde. In past projects, only formaldehyde
and ""aliphatic aldehydes', a functional grouping, were determined.

The net worth of these measurements will be better determined
as more engines are measured by the same method. The analyses are
time-consuming and expensive, making repetitive sampling prohibitive
in cost. One must carefully select test conditions to give the maximum
benefit. For example, each condition on Table 14 is a steady state odor
test condition described earlier in this section, Only a single DNPH
analysis of one sample is made for each of the seven conditions. The
three replicate odor test runs for each condition are collected in a
single bubbler to represent what the odor panel and other instrument
measurements are based on. As more data is developed, it will be
possible to evaluate the relationship of odor to various of the aldehydes
by the computer regression techniques used earlier in this project.

D. ‘Particulate, Sulfate and SO Results

The categories of particulate, sulfate and SO are discussed in
this subsection. Particulate and sulfate results share a common
sampling basis while SO, and sulfate are basic to the sulfur balance.
Table 15 is a summary listing of the particulate, sulfate, sulfuric
acid, and sulfur dioxide emission rates for the five HD engines tested.

General methods of expressing the rate of emission for each
contaminant are listed as follows; first, the concentration, in mg/m3
or pg/m3, for particulate and sulfates; then, a mass per unit of time,
g/hr, rate, then two specific mass emission rates, g or mg per kg
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TABLE 14. ALDEHYDES BY DNPH FOR DDAD 8V-71TA ENGINE

Emission ’
Condition Rate Formaldehyde Acetaldehyde Acetone Isobutanal Crotonal Hexanal Benzaldehyde
1400 rpm  ug/m3 2223 777 1164 811 459 0. 706
2% load mg/hr 1947 680 1020 711 402 0 618
mg/ kg fuel 314 110 165 115 65 0 100
mg/kw-hr 556,3 194.3 291.4 203,1 114.9 0 176.6
1400 rpm  pug/m3 1942 7 918 988 459 1589 635
50% load mg/hr 1969 72 931 1002 465 1611 644
mg/kg fuel 82 3 39 42 19 67 27
mg/kw-hr 21.1 0.8 10.0 10.8 5.0 17.3 6.9
1400 rpm  ug/m3 3071 494 318 565 282 1412 353
100% load mg/hr 3880 624 404 714 357 1784 446
mg/kg fuel 81 13 8 15 7 37 9
mg/kw-hr 20,8 3.4 2.2 3.8 1.9 9.6 2.4
Idle pg/m3 2118 565 459 1553 424 1094 0
mg/hr 654 174 142 480 131 338 0
mg/kg fuel 436 116 95 320 87 225 0
mg/kw-hr 0 0 0 0 0 0 0
2100 rpm pug/m3 1941 35 459 318 565 0 706
2% load mg/hr 2602 47 614 426 757 0 946
mg/kg fuel 202 4 48 33 59 0 73
mg/kw-hr 553,6 10,0 130.6 90.6 164.1 0 201.3
2100 rpm  ug/m3 12400 35 600 1377 424 1236 177
50% load mg/hr 3692 54 923 2118 652 1901 272
mg/kg fuel . 104 2 26 60 18 54 8
mg/kw=hr 29,2 0.4 7.3 16.8 5.2 15.1 2.2
2100 rpm  pg/m3 2718 212 777 1659 247 1765 212
100% load mg/hr 4913 383 1404 2999 447 3190 383
mg/kg fuel 80 6 23 49 7 52 6
mg/kw~hr 19.4 1.5 5.6 11,9 1.8 12.6 1.5



TABLE 15. SUMMARY OF PARTICULATE, SULFATE AND SO, FROM

47 mm GLASS AND FLUOROPORE FILTER SAMPLES

DDAD 6V-71 Cummins NTC 290 DDAD
Condition Emission Rate LSN 60 B 60K "Current" '"Low" 8V-71TA

Intermediate Particulate: mg/m3 27.48 29. 11 17.8 17.5 29,29
Speed, g/hr 18.77 20.7 9.2 9.0 26. 36
2% Load g/kg fuel 4,90 4.99 2.0 1.8 4.18
g/kw-hr 9. 88 10.89 2.8 2.8 6.93

SO4~: pg/m3 345.5 555.5 577.4 1315.9 1129.9

mg/hr 235.8 395.3 298.6  680.9 1016.5

mg/kg fuel 61,8 95.5 66.3 139.0 161.2

mg/kw-hr 123.4 210. 4 90.3  210.4 267.9

H2S804: ug/m3 352.7 567. 4 589.5 1343.6  -1153.6

mg/hr 240.8 403, 6 304.9  695.2 1037.9

mg/kg fuel 63,1 97.5 67.7 141.9 164.6

mg/kw-hr 126.,0 214.8 92.2 214.8 273.6

50;: g/hr 7.97 .26 23.4 29.6 27.8

g/kg fuel 2.08 1.75 5.2 6.0 4.4

g/kw-hr 4.19 .82 7.1 9.2 7.3

S: % Recovery SO 104. 6 87.8 113.0  131.7 96.0

H2S04 2.1 3.19 0.96 2.0 2.3

SO2+H25804 106. 7 90.9 113,9  133.7 98. 3
Intermediate Particulate: mg/m> 58,39 81.74 63.0 92,34 58, 48
Speed, g/hr 39,7 56,45 36.7 60.67 60,73
50% Load g/kg fuel 3.15 4.59 1.8 2.4 2.57

g/kw-hr 0.79 1,17 0.4 0.8 0.6

50,4=: pg/m®  1026.7  68l1.4 4679.7 3832.0  4169.2

mg/hr 697. 7 470.0 2726.0 2516.7 4334.9

mg/kg fuel 55.4 38.0 136.9 99.3 183.8

mg/kw-hr 14,0 9.74 32.9 31.9 45.6

H2S04: pg/m? 1048. 3 695.7 4777.9 3912.5  4256.8

mg/hr 712.3 479.8 2783.3 2569.6 4425, 9

mg/kg fuel 56.6 38.8 139.8 101.3 187.6

mg/kw-hr 14,3 9.95 33.6 32.5 46.6

50;: g/hr 26.9 26.9 96.9 117.0 116.5

g/kg fuel 2.13 2.2 4.9 4.6 4.9

g/kw-hr 0.54 0.6 0.3 1.5 1.2

S: % Recovery SO; 106. 8 109.2 105.9  100.4 107.4

H,504 1.9 1.3 1.9 1.4 2.7

SO5+H2S04 106.7 110.4 107.9 101.8 110.1
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TABLE 15. (Cont'd) SUMMARY OF PARTICULATE, SULFATE AND SO; FROM
47 mm GLASS AND FLUOROPORE FILTER SAMPLES
DDAD 6V-71 Cummins NTC 290 DDAD
Condition __Emission Rate LSN 60 B60E "Current'" ''Low' S8V-71TA
Intermediate Particulate: mg/m3 65.78 84,51 51.9 101,38 65.16
Speed, g/br 45.43 58.66 38.6 79.74 86.57
100% Load g/kg fuel 1.85 2.50 1.0 2.03 1. 80
g/kw-hr 0.48 0.62 0.2 0.49 0.46
S04%: pgim®  1309.3  1188.5 6802.2 4237.7  3021.6
mg/hr 903.9 824.6 5050.1 3331.6  4013.4
mg/kg fuel 36.9 35.1 131.5  84.7 83.5
mg/kw-hr  9.46 8. 78 30.5  20.7 21.3
HpSO4:  pe/m®  1336.8  1213.4 6945.0 4326.7  3085.1
mg/hr 922.9 841.9 5156.2 3401.5  4097.7
mg/kg fuel 37.6 35.9 134.3  86.5 85.2
mg/kw-hr  9.66 8.78 31,1 211 21.7
$03: g/hr 56. 6 52.9 163.7 171.2 222.3
g/kg fuel 2,31 2.25 4.3 4.4 4.6
g/kw-hr 0.59 0. 56 0.9 1.1 1.2
5:% Recovery SOz 115. 4 112.8 92.7 94.7 100.6
H2S04 1.2 1.17 1.9 1.2 1.2
SO,+H,S0, 116.7 114.0 94.7  95.9 101.8
Idle Particulate: mg/m3 33.6 40.2 11,3 13.7 6.7
g/hr 6.7 8.5 2.5 2.9 1.7
g/kg fuel 6.4 8.5 2.3 1.9 1.1
g/kw-hr ---- .- . eee- 0
SO4™: pg/m3 543.1 338.4 749.4 1675.7 1187.0
mg/hr 107.7 71.4 162.1  362.7 301.8
mg/kg fuel 102,4 68.7 142.3  253.8 195.7
mg/kw-hr R R R R
HS04: ng/m3 554, 6 345.5 765.1 1710.8 1212, 9
mg/hr 109.9 72.9 165.5  370.3 308.1
mg/kg fuel 104,5 70.1 145.3  259.2 195.7
mg/kw-hr R R R R
S0,: g/hr 3.72 3.3 7.1 7.5 7.3
g/kg fuel 3.58 3.3 6.5 5.0 4.9
g/kw-hr 0
S: %Recoverg ggz ' 1771 159, 2 136.0 113,5 102.7
2504 3.42 2.3 2.1 3.7 2.8
502+H,504 180.5 161.5 138.1  117.2 105. 6



TABLE 15. (Cont'd) SUMMARY OF PARTICULATE, SULFATE AND SO; FROM
47 mm GLASS AND FLUOROPORE FILTER SAMPLES

DDAD 6V-71 Cummins NTC 290 DDAD
Condition Emission Rate LSN 60 B 60 E ""Current'' "Low' 8V-71TA
High Particulate: mg/m> 126.4 151. 1 35.3 54.00 63.2
Speed, g/hr 139.3 169.6 45.0 74.17 122.0
100% Load g/kg fuel 4.1 5.1 0.8 1.4 2.0

g/kw-hr 1.0 1.3 0.2 0.4 0.5

S04~: pg/m3 2486.6  3241.6 5073.5 4675.7 7003. 8
mg/hr 2737.9  3635.0 6460.9 6420.1  13526.3

mg/kg fuel 80.2 108. 4 123.3  118.9 219.3

mg/kw-hr  20.6 27.9 28.9 31.7 53.9

HSO4: pg/m>  2538.8  3309.6 5180.0 4773.9  7150.8
mg/hr 2795.4  3711.4 6596.6 6555.0  13810.3

mg/kg fuel 81,8 110.7 125.9 121.4 223.9

mg/kw-hr  20.9 28.4 29.5 32.4 55. 1

SO5: g/hr 60,2 54,8 249.3  233.8 294.3
g/kg fuel 1.7 1.6 4.7 4.3 4.8

g/kw-hr 0.45 0.4 1.1 1.2 1.2

S: % Recovery SO, 88.2 81.8 103.5 94, 3 103.8
H2504 2.68 3.6 1.8 1.7 3.2
SO2+H2S04 90. 9 85.4 105. 3 96.0 107.90

High Particulate: mg/m3 104.9 143.7 54.2 95. 39 59.7
Speed, g/hr 116.3 159.3 54.8 90. 64 97,6
50% Load g/kg fuel 5.7 7.6 1.8 2.7 2.8
g/kw-hr 1.68 2.4 0.5 0.9 0.8

SO4=: pgl/m3 1529.4  1908.5 4578.9 4475.3 41487
mg/hr 1694.9  2118.2 4625.2 4250.8 6779, 2

mg/kg fuel B82.6 101.6 150.3 125.1 191.9

mg/kw-hr  24.6 31.4 41.4 39.9 54,1

H2S04: g/ m3 1561.5  1948.5 4675.1 4569.2 4235, 8
mg/hr 1730.5  2162.7 4722.3 4340,0 6921.6

mg/kg fuel 84.3 103.8 153.4  127.7 195, 9

mg/kw-hr  25.1 32.1 42.3 40.8 55.2

S03: g/hr 37.5 38.5 117.8 125.3 170.8
' g/kg fuel 1.82 1.84 3.8 3.7 4.8
g/kw-hr 0.54 0.57 1.1 1.2 1.4

S: % Recovery SO3 91,4 92.5 83.3 80.2 105. 2
H2504 2.8 3.4 2. 1.8 2.8
SO2+H2504 94. 1 95.9 85.5 82. 1 107.9
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TABLE 15. (Cont'd) SUMMARY OF PARTICULATE, SULFATE AND SO, FROM
47 mm GLASS AND FLUCROPORE FILTER SAMPLES

DDAD 6V-71 Cummins NTC 290 DDAD

Condition Emission Rate LSN 60 B 60 E "Current" ''Low'" 8V-71TA
High Particulate: mg/m3 86.6 104.49 39.5 38,2 49.6
Speed, g/hr 94. 4 115,74 31.3 277 66.7
2% Load g/ kg fuel  10.9 13,0 3.3 2.8 5.4
g/kw-hr 34.9 44.5 6.9 6.8 13.3
50, pg/m? 947.7  1116.1 1387.9 2755.8  1406.5
mg/hr 1033.0  1236.2 1101,4 1997,1 1891.8
mg/kg fuel 120,1 138, 3 116.3  203.5 153.3
mg/kw-hr 387.9 473.6 245.3  490.4 381.5
H»504: pg/m? 967.6  1139.5 1417.0 2813.6  1436.1
mg/hr 1054.7 1262.2 1124.5 2038.9 1931.6
mg/kg fuel 122.6 141.2 118.8 207.8 156.6
mg/kw-hr 396.1 483.5 250.5  500.7 389.5
SO5: g/hr 20.7 18. 4 47.9  47.2 61.2
g/kg fuel 2.41 2.1 5.0 4.8 5.0
g/kw-hr 7.7 7.1 10.6 11.5 12.2
S: % Recovery SO2 120.6 103.3 110.2 104.6 108.0
HpSO4 4.0 4.6 1. 69 2.9 2.2
SO2+HS04 124.6 108.0 111.9  107.6 110.2
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fuel consumed and g or mg per kw-hr of work produced. These are
commonly known as ''fuel specific'' and '"brake specific'' emission rates,

Also listed on Table 15 are percent recoveries in terms of SO,
H3SO4 and SO2 plus HpSO4. It is the combined HpSO4 plus SO, recovery,
as a percent of sulfur in the fuel consumed, that represents the sulfur
balance. The goal for such recoveries is to be within 10 percent of
the theoretical sulfur consumed by the engine.

Table 16 is a summary of the engine operating conditions measured
during the sampling for particulate and sulfate. The values are averaged
for the replicate tests and may be used to represent typical operation
For example, the fuel rate or air flow rate may be used in determining
emissions per day given a usage factor, cycle of operation and the
emission rates of Table 15, For purposes of additional discussion,
the results are graphed by engine make.

1. DDADG6V-T71

Figures 16, 17 and 18 are graphs of particulate, sulfate (SO4)
and SO, rates, given in Table 15, for the 6V-71N engine. The rates
are plotted against power level at the rated and intermediate engine
speeds for both LSN 60 - 1,470 timing and B60E - 1,500 timing con-
figurations, Note that the particulate, sulfate and SO mass per unit
of time all increase mostly linearly with an increase in power, To
produce this power requires an increase in fuel so these trends are
understandable.

However, when the mass per unit of fuel consumed are plotted,
then the particulate and sulfate mostly decreased with an increase in
power. The concentrations of particulate, sulfate or SO, all increased
as the power was increased. The principal engine conditions of power
output, fuel rate and air flow are graphed in Figure 19 for this engine
and series of tests.

2. Cummins NTC-290

Figures 20, 21 and 22 are graphs of particulate, sulfate and SO,
rates for the Cummins NTC-290 engine. As with the 6V-71, the rates
are from Table 15 data and are plotted against power level for the
"current'' and "'low' emission configurations. As with the 6V-71 engine,
particulate, sulfate and SO2 mass emissions per unit of time increased
with power level. One exception was the particulate rate, g/hr, Figure
20, for the 2100 rpm where the 50 percent power point was the maximum
value of those measured.
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TABLE l6.

SUMMARY OF ENGINE OPERATING CONDITIONS

47mm GLASS AND FLUOROPORE FILTER TESTS

DDAD 6V-71 Cummins NTC-290 DDAD
Condition Engine Operation LSN 60 B 60 E "Current" ""Low' 8V-7T1TA
Intermediate Engine Speed, rpm 1260 1260 1400 1400 1400
Speed, Power Output, kw 1.9 1.9 3.3 3.2 3.5
2% Load Fuel Rate, kg/hr 3.8 4.2 4.5 4.9 6.2
Air Rate, kg/min 13.5 14. 1 10.2 10.3 17.5
BSFC, kg/kw-hr 2.016 2.184 1.364 1.531 1. 666
Inlet Temp. °C 28.9 23.9 26.7 33.3 23.3
Inlet Rest., mm Hg 21.5 23.0 11.2 9.7 13,1
Exh. Rest., mm Hg 52.3 49.8 20.3 15.2 30.5
Intermediate Engine Speed, rpm 1260 1260 1400 1400 1400
Speed Power Output, kw 49.8 48.2 82.8 79.0 93.1
50% lL.oad Fuel Rate, kg/hr 12. 6 12.3 19.9 25.4 23.9
Air Rate, kg/min 13.3 13.5 11.3 12.8 20.3
BSFC, kg/kw-hr 0.253 0.261 0,240 0. 322 0.256
Inlet Temp, °C 32.2 25,00 27,2 31.7 24. 4
Inlet Rest., mm Hg 21.5 21.7 13,6 13.8 15.9
Exh. Rest., mm Hg 65.0 64.8 26.7 27.9 43.2
Intermediate Engine Speed, rpm 1260 1260 1400 1400 1400
Speed Power Qutput, kw 95.5 94. 165.6 161.1 186,2
100% L.oad Fuel Rate, kg/hr 24,5 23.5 38.4 39,3 47.9
Air Rate, kg/min 13.3 13.4 14.1 15.2 25.3
BSFC, kg/km-hr 0.257 0.25 0.232 0.244 0,257
Inlet Temp, °C 33.9 26.7 27.2 31.7 25.6
Inlet Rest,, mm Hg 21.3 21,9 18.9 17.8 24.3
Exh. Rest., mm Hg 79.5 .79.8 33.0 33.0 53.3
Idle Engine Speed, rpm 430 430 615 615 480
Power Output 0 0 0 0 0
Fuel Rate, kg, hr 1.0 1.0 1.1 1.5 1.5
Air Rate, kg/min 4.0 4,2 4.3 4.3 6.2
BSFC, kg/kw-hr .- ce-- cmee eeee-
Inlet Temp, °C 32.2 27.8 26.7 31.7 26.1
Inlet Rest., mm Hg 3.7 4.7 2.6 2.2 2.4
Exh. Rest., mm Hg 23.6 25.4 12.7 12.7 25.4
High Engine Speed, rpm 2100 2100 2100 2100 2100
Speed Power Output 133.1 130.5 223.4 202.6 252.6
100% Load Fuel Rate, kg/hr 34.1 33.5 52.4 53.9 61.7
) Air Rate, kg/min 21.4 21.7 24.5 26.7 36.2
BSFC, kg/kw-hr 0.256 0.257 0.235 0. 266 0. 244
Inlet Temp, °C 34. 4 27. 8 27. 2 31,1 26.1
Inlet Rest., mm Hg 47,1 471 48,2 45,8 47.6
Exh. Rest., mm Hg 102.9 102. 9 64,0 63,5 88.9
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TABLE 16. SUMMARY OF ENGINE OPERATING CONDITIONS
47mm GLASS AND FLUOROPORE FILTER TESTS (CONT'D.)

DDAD 6V-71 Cummins NTC-290 DDAD
Condition Engine Operation LSN 60 B 60 E "Current' ''Low" 8V-T1TA
High Engine Speed, rpm 2100 2100 2100 2100 2100
Speed Power Output 68.9 67.3 111.7 106.5 126.3
50% Load Fuel Rate, kg/hr 20.5 20.9 30.8 34.0 35.5
Air Rate, kg/min 21.7 21.8 19. 6 18.5 30.8
. BSFC, kg/kw-hr 0.298 0.311 0.276 0.319 0,281
Inlet Temp, °C 32.2 28.3 27.2 30.0 25.5
Inlet Rest,, mm Hg 47.5 47.5 32.7 40.0 35.5
Exh. Rest., mm Hg 90.0 92.0 45,7 45,7 63.5
High Engine Speed, rpm 2100 2100 2100 2100 2100
Speed Power Output 2.7 2.6 4.5 4.1 4.7
2% Load Fuel Rate, kg/hr 8.6 8.9 9.5 9.8 12.9
Air Rate, kg/min 21.9 21.8 15.6 14. 4 26.8
BSFC, kg/kw-hr 3.185 3.423 2.111 2.390 2.744
Inlet Temp, °C 34,4 27.2 27.2 27.8° 24. 4
Inlet Rest., mm Hg 48.2 48.2- 22.2 55.1 26.0
Exh. Rest., mm Hg 78.2 80.0 26.7 27.9 38.1
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These same trends followed for the particulate loading in mg/
Sulfate, Figure 21, tended to flatten out between 50 and 100 per-
cent power while SO, concentrations were quite linear with power. The
mass per kg of fuel consumed graphs show that at increasing power,
increased fuel rate, particulate decreased as did sulfate and SO though
the latter decreases are overall trends and are considered slight.
Figure 23 is a graph of fuel, power and air flow rates for the seven
test conditions with the NTC-290.

3

m-.,

3, DDAD8V-T1TA

Figures 24, 25 and 26 are the third set of curves depicting the
effect of speed and power output on narticulate, sulfate and SO,. Par-
ticulate and SO show an orderly behavior in terms of g/hr, concentra-
tion and g/kg fuel. As seen in earlier graphs, the higher the speed,
the higher the emission rate in g/hr,

Sulfate, Figure 25, at 100 percent load, 1400 rpm, was a depar-
ture from the trend established by the 2100 rpm points. A re-examina-
tion of the point in question revealed no problems or mistakes in weighing,
sample flow measurement or sulfate analysis. The point was run in
duplicate. It is uncertain that the engine could react at one speed one
way and at another speed another way, although it is not impossible.
Figure 27 is furnished to illustrate the fuel, air, and power behavior
of the engine with speed and power level.

4, Elemental Analyses

Table 17 is a listing of the percent by weight values for carbon,
hydrogen, and sulfur. These analyses were made of the 47 mm glass
fiber filters used for particulate gravimetric analysis and mass emis-
sion rates per Table 15. One of the duplicate filters was used for deter-
mination of carbon and hydrogen. The other filter was used for sulfur
analysis.

The most important finding by the carbon and hydrogen values is
the obvious difference in hydrogen between the two two-stroke cycle
DDAD engines and the four-stroke cycle Cummins NTC-290. The par-
ticulate from the four-stroke cycle engine is much lower in hydrogen
than the particulate from the two-stroke cycle engines. This is
consistent with earlier findings with similar engines.(28) Another
interesting though expected finding was the large amount of carbon
in presumably elemental form as soot and, to a lesser extent, in or-
ganic compounds derived from both fuel and oil.

The percent by weight sulfur levels listed on Table 17 must be
viewed with some caution. On a companion project for EPA (Research
Triangle Park) the problems of elemental sulfur analysis by ASTM
D-1257 have been documented and found to give higher sulfur values
with lower sulfur fuels. Comparing the 0.1 percent sulfur fuel used
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TABLE 17. ELEMENTAL ANALYSES OF FILTER COLLECTED
SAMPLES FOR FIVE HD DIESEL ENGINES

Percent by Weight - 47 mm Glass

, DDAD 6V-71 Cummins NTC-290 DDAD

Condition Element LSN 60 B60OE "Current'" '"Low' 8V-71TA
Intermediate Carbon 60,18 62,25 70, 88 56,16 67.19
Speed, Hydrogen 11.58 12.11 5.52 6.45 10,05
2% Load Sulfur 7.72. 6.69 7.14 12.89 1,38
Intermediate Carbon 70,75 71.89 70.23 67.84 70.02
Speed Hydrogen i3.05 12,61 2.84 1.52 8. 76
50% Load Sulfur 3.85 3,73 3.34 1.31 1,31
Intermediate Carbon 73.10 74.96 64.12 82,10 71.72
Speed, Hydrogen 6,69 4,37 2.67 1.80 5.54
100% Load Sulfur 4.98 2.08 5.92 1.99 2.74
Idle Carbon 68.69 61.90 55,11 60.99 80. 41
Speed, Hydrogen 13.66  11.37.  7.77 6.05  10.23
0 Load Sulfur 6.96 8. 80 11.91 14,49 2.44
High Speed, Carbon 69.28 66,i3 40.12 67.95 83.02
100% Load  Hydrogen 12.07  9.47  4.94 2.24 6.65

Sulfur 4.50 5.13 4,173 5.96 1.70
High Speed, Carbon 79.80 71,31 69, 46 78,78 67.88
50% Load Hydrogen 14.22 12.97 3.32 0.37 8.49

Sulfur 2.85 0.93 3.64 1,87 1,54
High Speed, Carbon 64,48 67.74 73.74 63.03 62.85
2% Load Hydrogen 13.20 12,4l 5.94 7.05 9.96

Sulfur 2.13 5.32 4,59 6.24 1.56

101




with the 6V-71 to the results with the 0,23 percent sulfur fuel used

with the 8V-71TA, this trend of higher elemental sulfur values is
repeated.

Accordingly, the elemental sulfur values are presented as
analyzed. It is not known, for example, why under certain test points
there is a wide difference, as much as 2:1 between NTC-290 engine
configurations. In the time lapse between performing these analyses
and publication of this report, a more accurate method has become
a standard technique for elemental sulfur. The x-~ray fluorescence
method widely used for trace metals analysis, has been used success-
fully for sulfur as well, This analysis normally is made from fluoropore
collected samples because of the low background of the plastic media.
All future sulfur analyses should be made by the x-ray fluorescence
method.

Aside from the mostly qualitative survey of the relative amounts
of carbon, hydrogen, and sulfur, the "percent by weight' values may
be used directly with the particulate rates already discussed. For
example, the mass emission rates for particulate on Table 15 may be
multiplied by the decimal equivalent of the appropriate Table 17 per-
cent carbon to obtain an estimation of the mass emission rate of
particulate as carbon.

5. Discussion

The sulfate and SO2 data presented earlier are the first such
results from HD diesel engines using dilution tunnel and the BCA analysis
technique, Thus, the data affords a new and clearer insight as to the
behavior of the engine and engine variations. The particulate results
need little discussion other than the fact that what is collected is con-
sidered conservative, Also, it must be mentioned that the method is
quite sensitive in that small changes in engine operation or condition
are known to give variations in particulate weight. The particulate thus
collected, though mostly carbon soot or carbonaceous, does include
more or less oil vapor, unburned or partially burned fuel, and sulfuric
acid mist,

One wWay to judge the sulfate measurements is in terms of
sulfate as a percent of sulfur in the fuel consumed. Figure 28 is a plot
of all five engines, speeds and test points and indicates the variation
in conversion efficiency for engine, configuration, speed, and load.
The major significance of this graph is the overall average value, and
the range of conversions determined. A good average, giving equal
weight to all conditions, is about 2.5 percent with 0.9 to 4.5 percent
conversion found., This means that for a given fuel sulfur content, it
is likely that on the order of 2.5 percent of this sulfur will exit the
engine in a form of sulfate as measured by the test technique employed.
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Please note that two different fuels, a DF -1 for the city bus
engine (6V-71) and a DF-2 for the truck engines (NTC-290 and 8V-
71TA), were used. Using SO4 as a percent of fuel sulfur makes
the results of the five engine study independent of fuel sulfur content.
Assuming the diesel engine converts fuel sulfur to sulfate independent
of the form or content of sulfur in the fuel is probably not too incorrect
an assumption. Then, the values given by these tests could be used
in broader estimations of national impact of heavy duty diesel as
regards the emission of sulfate or sulfuric acid mist, Other require-
ments would be engine population and usage, fuel usage and fuel
sulfur content for a given diesel engine category.

One final remark concerning sulfur balances of diesel engines.
It is clear from the five engine configurations thus studied that on the
order of 0.9 to 4.5 percent (general average of 2,5 percent) of the
fuel sulfur is converted by the engine to a form measured as sulfuric
acid or sulfate. It is also clear from the Table 15 data that SO2 can
account for the remainder of the fuel sulfur, at least within the
accuracy of the measurements.

With the reality of sulfur balances generally being within 10
percent and occasionally +20 percent, then the amount of sulfate is
well within the ability to demonstrate recovery in the exhaust. For
example, the wet collected - BCA finish for SO2 measurement cannot
be considered better than 10 percent precise. This means that the
2.5 percent sulfate value is within the SO2 accuracy so as to make
sulfur balances essentially the same whether sulfate is included or
not. In other words, the SO, measurement is the controlling factor
on sulfur balances because it represents essentially 97.5 percent
of the value.

From these studies and similar tests with the light duty engines,
discussed later, it may be concluded that sulfur balances with most
diesel engines have limited value unless equipped with a catalyst,
Accordingly, measurement of SO, is of less importance and could
be deleted in most future projects or employed on a selected basis.

E. Polynuclear Aromatic Hydrocarbons

The results of the 8 x 10 particulate runs, principally for
B:ESO and gravimetric analyses, are summarized on Table 18
in terms of concentration, mass per unit of time, per unit of fuel
burned and per kw-hr of work performed. Measurements were made
specifically for BaP on the last of the five engines thus tested, the
DDAD 8V-71TA. Recall from Section IIl that problems were en-
countered with the test procedure, as run by Southwest Foundation
for Research and Education, making the polynuclear aromatic
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TABLE 18.

FROM 8 x 10 SIZE GLASS FILTER SAMPLES

SUMMARY OF PARTICULATE, BaP AND ORGANIC SOLUBLES

DDAD 6V-71 Cummins NTC-290 DDAD
Condition Emission Rate LSN 60 B60OE ""Current'' "Low" 8V-T71TA*
Intermediate Particulate: mg/m? 24.99 30,63 16.92 16,95 31.18
Speed, g/hr 17.10 20,29 8.65 8.72 27.93
2% Load g/ kg fuel 4.5 5.14 1.90 1.98 4.44
g/ kw-hr 9.0 10,68 2.62 2.73 7.16
B:ESOl)  Lig/m3 12.67  17.24  22.70 3.99 6.37
mg/hr 8.66 11.41 1.38 2.06 5.7
mg/kg fuel 2.28 2.89  0.303 0.467 0.921
mg/kw-hr  4.56 6.0L  0.418 0.644 1.63
BaP: /4g/m3 0,417
mg/hr 0.375
mg/kg fuel 0,060
mg/kw-hr 0.107
Organic Solubles,
% of Particulate 48,20 73.7 13.4 2:.8 59.2
Intermediate Particulate: mg/m3 60,22 61.7L 53,12 86.10 55.11
Speed, g/hr 41.74 41,80 31.65 57.14 56.52
50% Load g/ kg fuel 3.42 3,34 1.58 2.32 2.40
g/kw-hr 0,87 0,87 0,382 0.723 0.594
B:ESO(l)  Lg/m? 25.94 24.97°  4.75 10.80 8.38
mg/hr 17.96 16,91 2.84 7.16 8,67
mg/kg fuel 1,47 1.35  0.142 0.290 0.363
mg/kw-hr 0,37 0,351 0,0343 0,0906 0,931
BaP: ,ug/m3 0.773
mg/hr 0,796
mg/kg fuel 0.033
mg/kw<-hr 0.009
Organic Solubles,
% of Particulate 76.0 76.7 7.0 3.1 5i.4
Intermediate Particulate: mg/m3 59.67 94,78 40,17 85,56 66.17
Speed, g/hr 42.02 63.81 29,87 67.26 87.35
100% Load g/ kg fuel 1.71 2.74 0,776 1,70 1.82
g/kw=hr 0.437 0.675 0.180 0.418 0.454
B:ESO(l)  ,g/m3 12,18 23,10 6.54 10,92 2,06
mg/hr 8.59 i5.55 4,87 8,59 2,74
mg/kg fuel 0,349 0,667 0.126 0.217 0.057
mg/kw-hr 0.0893 0.164 0.0294 0,0534 0.014
BaP: /J.g/ m3 0.446
mg/hr 0.587
mg/kg fuel 0.012
mg/kw=hr 0,003
Organic Solubles,
% of Particulate 25.5 21.3 1.2 0.8 15.7
Idle Speed. Particulate: mg/m3 31.55 20.35 40,17 12,56 13,09
0 Load g/hr 6.30 4, 40 2.51 2.76 3.39
g/kg fuel 6.30 4,0 2.09 1.84 2.26
g/kw-hr 0 ] ] 0 ]
B:ESO()  ug/m3 16.79 6.87 4,23 5.49 1.69
mg/hr 3.35 1.48  0.918 1.21 0.439
mg/kg fuel 3.35 1.35 0.765 0.807 0.029
mg/kw-hr 0 ] 0 0 0
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TABLE 18 (Cont'd.) SUMMARY OF PARTICULATE, BaP AND

ORGANIC SOLUBLES FROM 8 x 10 SIZE GLASS FILTER SAMPLES

DDAD 6V-71 Cummins NTC-290 DDAD
Condition Emission Rate LSN 60 B60OE "Current' '"Low' 8V-71TAx*
BaP: ,u.g/m3 0.673
mg/hr 0.175
mg/ kg fuel 0.117
mg/kw-hr 0
Organic Solubles,
% of Particulate 15.7 67.2 8.8 16.3 43,2
High Speed, Particulate: mg/m3 104.33 127.35 24,06 48.39 48,38
100% Load g/hr 116,16 136.79 30,73 67.94 94,34
g/ kg fuel 3,43 4.11 0.586 1.26 1,53
g/kw=hr 0.897 1.03 0,138 0.330 0.376
B:EsO(l)  sg/md 12,83 31.12 3,98 5.28 4.21
mg/hr 14.29 33.45 5.09 7.42 8.26
mglkg fuel 0.422  1.00 0,097 0.138 0.134
mg/kw-hr 0.110 0.252 0.0227 0.0361 0.033
BaP: /(g/m3 0.565
mg/hr 1,111
mg/kg fuel 0.018
mg/kw=-hr 0.004
Organic Solubles,
% of Particulate 54,2 47.5 14.5 3.0 58.3
High Speed, Particulate mg/m3 111,10 124,56 41,20 59,23 54.47
50% Load g/hr 123,81 134,64 42,07 67.85 90.54
g/ kg fuel 5.92 6,68 1.39 2,00 2,57
g/kw-hr 1.82 2,03 0.377 0,637 0.719
B:ESO(l)  wg/m3 20,19 27.70  4.54 5.38 6.52
mg/hr 22,50 29.93 4,64 6,16 10.89
mg/kg fuel 1.08 1.49 0,154 0.184i 0.307
mg/kw-hr 0,331 0.451 0,0415 0.0578 0,086
BaP: g/ m3 1.16
mg/hr 1.946
mg/kg fuel 0,055
mg/kw-hr 0.015
Organic Solubles,
% of Particulate 69,6 75.0 10,7 3.3 61,1
High Speed, Particulate: mg/m3 81.77 87.13 29,36 40.34 43,56
2% Load g/hr 90,37 93.89 23,11 32,61 59.66
g/kg fuel 10,51 10.73 2,51 3.26 4,85
g/kw-hr 34,76 34,77 5.14 7.95 il.95
B:ESO(L) pglmd 27.68 19.30 3.91 5.78 11.73
mg/hr 30,59 20.79 3.09 4,67 16.14
mg/kg fuel 3.57 2.38  0.336 0.467 1.25
mg/kw-hr 11.77 7.70 0,687 1.14 3.43
BaP: /m3 1.56
mg/hr 2,144
mg/ kg fuel 0.166
mg/kw-hr 0. 456
Organic Solubles,
7o of Particulate 60.3 72.2 21,9 25.2 56.9

(”Expressed as BaP

*Particulate based on duplicate runs; BaP based on single run
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hydrocarbon measurements in terms of B:ESO in terms of BaP. BaP
is the calibration standard and all measurements are thus expressed as
BaP,

Figures 29-31 are plots of the B:ESO results for the three HD
engines in terms of mg/hr, pug/m3 and mg/kg fuel consumed for the
seven points thus evaluated. This being the first such reported data
on these particular engines, it is difficult to draw specific comparisons
or to comment on the trends indicated.

Some special discussion of the results of the DDAD 8V-71TA
engine are in order since both B:ESO and BaP values were obtained
on this engine., Table 19 lists the results of both sets of measurements.
The ratio of the two is a measure of the correlation or relationship of
BaP to the B:ESO,

For example, Table 19 BaP/B:ESO yielded ratios of 0,0725
at 2 percent power-1400 rpm up to 0,3933 at 100 percent power-1400
rpm. Stated differently, BaP was about 7 to 39 percent of the B:ESO
for the engine and conditions investigated. The composite 7-mode
results for the DDAD 8V-71TA engine showed that BaP/B:ESO to be
0.1375 on a brake specific basis., On a fuel specific basis, the
ratio was 0.1388 or in other words, the 7-mode composite BaP
represents about 14 percent of the B:ESO,

Attempts were made to analyze the remaining filters from the
other two engines without success. The problems were lack of
sufficient filters to make additional correlations and the few filters
that were available were quite old. Storage stability of the PNA
materials is unknown. Therefore, only the B:ESO values are given,
To estimate the probable fraction of the B:ESO values listed on Table
18 that is BaP, use the 7 to 39 percent relationship listed on Table 19.
In general, multiplication of the B:ESO values by 0,14 will give an
estimated level of BaP, as BaP, for the DDAD 6V-~71N and, with
less confidence, the Cummins NTC-290. It is uncertain whether the
0.14 factor is appropriate for the four-stroke cycle NTC-290 engine.

It is clear that much more work needs to be done on method-
ology development including sampling, sample preparation and analysis
of diesel exhaust PNA content, Such work, beyond the scope of this
project, is urgently needed in order to obtain values that have greater
precision and are more repeatable and have greater specificity.

Figures 32 through 34 are graphs comparing particulate rates
in g/hr, by the 8 x 10 size filter, used for B: ESO and BaP analysis
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TABLE 19. 7-MODE BRAKE AND FUEL 3PECIFIC CALCULATIONS - DDAD 8V.71TA

WEIGHTED Comparison*

% Fuel Qutput Wgt, Part BaP B:ESO Fuel Power Part BaP B:ESO BaP
Mode Power _Speed kg/hr kw fact glhr mg/hr mg/hr kg/hr kw g/hr mg/hr mg/hr B: ESO
1 . 2 1400 6.2 3.5 0.12 26.38 0.375 5.71 0.74 0. 42 3.17 0.045 0.620 0.0725
2 50 1400 23.9 93.1 0.16 55,78 0.796 8.67 3.82 14, 89 8.92 0.127 1.387 0.0916
3 100 1400 47.9 186.2 0.12 88.17 0.587 2.74 5.75 22.34 10.58 0.070 0. 329 0.2128
4 0 480 1.5 0.0 0.2 3.59 0.175 0.439 0. 30 0,00 0.72 0.035 0.089 0,3933
5 too 2100 61,7 252.6 0.12 93, 92 1.111 8.26 7. 40 30. 31 11.27 0,133 0.991 0.1342
6 50 2100 35.5 126.3 0.16 86.67 1. 946 10. 89 5.68 20.21 13.87 0.311 1.742 0.1785
7 2 2100 12.9 4,7 0.12 62.40 2,144 16,14 1.55 0. 56 7.49 0.257 1.937 0.1328

Totals 25.24 88.73 56.02 0.978 7. 10

BS Particulate = B3It = 0.63 FS Particulate =éi%%hr =2.22
BS BaP =-'E§'7‘i—:l-’- = 0.011 FS BaP = ﬁ%}%ﬂ = 0.039
BS B:ESO = ME/B:ESQ _ 4 gq9 FS B:ESO = Mg B:ESO =g 28]

kw/hr kg fuel-hr
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with the 47 mm glass fiber filters used for particulate rate and
discussed earlier. The comparison is quite reasonable and satis-
factory of the particulate rates by the two somewhat different methods.
The level of agreement shown helps to confirm this aspect of the

large size filters since particulate rate is involved in the B:ESO and
BaP emission rate computations.

Table 20 is a summary listing of the engine operating parameters
experienced during the 8 x 10 inch glass fiber filter, 7-mode runs.
The operating data for the 8 x 10 runs is essentially a repeat of the
4 x 47 mm filter runs described on Table 15,

F. Discussion and Summary

One way to discuss and summarize the emissions evaluation of
the five HD diesel engine configurations is to compute a combined
emission rate from the seven-mode data using weighting factors
derived from the 13-mode emissions test. Table 21 is a summary
of the composite emission rates for sulfate, SOp, particulate and
B:ESO, four of the principal non-regulated pollutants. Both
brake and fuel specific rates are given.,

The specific weighting factors and supporting rationale for
their selection was described in Section III. Briefly, the rationale
used was the 2 percent (and 100 percent) load points would cover half
of the time or operation usually accounted for by the 25 percent (and
75 percent) load points of the 13-mode test. Thus, the change in the
2 percent (and 100 percent) load weight factors up to only 0.12 from
0.08. Note that the 50 percent load factor was doubled to 0.16 from
0.08 to account for the other half of the 25 and 75 percent load points
not accounted for by the 2 and 100 percent load factors.

The approximation of the '"13 mode' really then depends on how
well the 3 modes at each speed agree with the trend of the usual 5 modes
at each speed. If the 13 mode data can be considered linear, then the
approximation is considered valid. Note that the use of just 5 modes
per speed in the 13 mode test is based to some extent on this argument
of smooth or continuous emission behavior as a function of power
output, which is fairly valid. The 7-mode test is therefore considered
to be an adequate map for purposes of this characterization and repre-
sents the best compromise of modal data for the level of effort available.

Please recall that the Detroit Diesel 6V-71 engine was operated
on a 0,1 percent S fuel (DF-1 national average) and the Detroit Diesel
8V-71TA and Cummins on a 0. 23 percent S fuel (DF-2 national average).
Thus, the g/kw-hr SO, and SO4~ values for the Cummins and DDAD
8V-71TA on Figure 36 are expected to be higher than the Detroit 6V-71
values,
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Condition

Intermediate
Speed,
2% Load

Intermediate
Speed
50% Load

Intermediate
Speed
100% L.oad

Idle
Speed
0% Load

High
Speed
100%

TABLE 20,

SUMMARY OF ENGINE OPERA TING CONDITIONS

DURING 8 x 10 SIZE GLASS FILTER TESTS

DDAD 6V-71 Cummins NTC-290 DDAD
Engine Operation LSN 60 B 60 E "Current" '"Low" 8V-71TA
Engine Speed, rpm 1260 1260 1400 1400 1400
Power Output, kw 1.9 1.9 3.3 3.2 3.5
Fuel Rate, kg/hr 3.8 4.0 4.5 4.4 6.2
Air Rate, kg/min 13.5 13.1 10.2 10.2 17.5
BSFC kg/kw-hr 1.989 2.105 1.352 1.363 1.666
Inlet Temp, °C 26.1 23.3 31.1 28,3 22.7
Inlet Rest., mm Hg 21.5 20.2 11.2 8.8 14,0
Exh. Rest., mm Hg 50.8 50.8 20.3 15,2 30.5
Engine Speed, rpm 1260 1260 1400 1400 1400
Power Output, kw 48,2 48.2 82.8 79.0 93.1
Fuel Rate, kg/hr 12.2 12.5 20.0 24.7 23.9
Air Rate, kg/min 14.9 13.2 11.5 12.9 20.3
BSFC, kg/kw-hr 0,253 0. 259 0.242 0.312 0.256
Inlet Temp, °C 27.2 31.7 28.3 28.3 23.4
Inlet Rest., mm Hg 21.7 20.9 13.4 13.5 16.8
Exh. Rest., mm Hg 63.5 63.5 27.9 27.9 40.6
Engine Speed, rpm 1260 1260 1400 1400 1400
Power Output, kw 96.2 94. 6 165.7 160.8 186.2
Fuel Rate, kg/hr 24.6 23.3 38.5 39.6 47.9
Air Rate, kg/min 13.5 13.2 14,3 15,1 25.3
BSFC kg/kw-hr 0. 256 0.246 0.233 0.246 0.257
Inlet Temp, °C 29.4 31.7 28.9 32.8 24.6
Inlet Rest., mm Hg 22.0 19.8 19.1 17,7 25.2
Exh. Rest., mm Hg 78.5 76.2 27.9 30.5 50.8
Engine Speed, rpm 430 430 615 615 480
Power Output, kw 0 0 0 0 0
Fuel Rate, kg/hr 0.97 1.1 1.23 1,52 1.5
Air Rate, kg/min 4.0 4.3 4.3 4.4 6.2
BSFC kg/kw-~hr ---- ---- ---- ——-- -
Inlet Temp, °C 17.2 26.1 28.9 32.2 22.8
Inlet Rest., mm Hg 3.9 3.2 2.8 2.2 2.8
Exh, Rest,, mm Hg 24.4 25.4 14.2 15.2 25.4
Engine Speed, rpm 2100 2100 2100 2100
Power Output, kw 129.5 132.6 223. 4 205.7 252.6
Fuel Rate, kg/hr 33.9 33.3 52.4 53.76 61,7
Ajir Rate, kg/min 21.6 20.6 24.5 26,8 36.2
BSFC kg/kw-hr 0, 262 0.251 0.235 0.261 0. 244
Inlet Temp, °C 31.1 34.4 30.6 32,8 25.0
Inlet Rest., mm Hg 46.9 46.0 49,3 46.0 49.5
Exh. Rest., mm Hg 101.5 101.6 48,8 58.4 . 88.9
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TABLE 20. SUMMARY OF ENGINE OPERATING CONDITIONS
DURING 8 x 10 SIZE GLASS FILTER TESTS (CONT'D,)

DDAD 6V-71 Cummins NTC-290 DDAD
Condition Engine Operation LSN 60 B 60 E "Current' '"Low' 8V-71TA
High Engine Speed, rpm 2100 2100 2100 2100 2100
Speed Power Output, kw 67.9 66.3 111, 7 106.5 126.3
50% Load Fuel Rate, kg/hr 20.9 20.2 30.2 33.9 35.5
Air Rate, kg/min 21.8 2l. 1 15.5 22,4 30.8
BSFC kg/kw-hr 0.308 0.305 0.270 0,318 0.281
Inlet Temp, °C 31.7 30.6 29.4 30.0 25.7
Inlet Rest., mm Hj 47.6 47.3 33,3 32.1 37.4
Exh. Rest., mm Hg 90.2 88.9 30.2 38.1 63.5
High Engine Speed, rpm 2100 2100 2100 2100 2100
Speed Power Output, kw 2.6 2.1 4.5 4.1 4.7
2% Load Fuel Rate, kg/hr 8.6 8.75 9.23 10.0 12.9
Air Rate, kg/min 21.8 21.2 19.9 15.9 26.8
BSFC kg/kw-hr 3.308 3.240 2.051 2. 439 2.744
Inlet Temp, °C 31.1 29.4 29.4 27.8 23.3
Inlet Rest., mm Hg 48. 4 47.3 22.0 19.1 27.0
Exh, Rest., mm Hg 75.2 76.2 27.7 27.9 38.1
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TABLE 21.. BRAKE AND FUEL SPECIFIC EMISSION RATES
OF FIVE HEAVY DUTY DIESEL ENGINE CONFIGURATIONS

DDAD 6V-71 Cummins NTC-290 DDAD

Emission Rate LSN-60 B 60 E "Current" "Low'" 8V-TITA

Brake Specific Based on 7-Mode Schedule

Particulate, g/kw-hr

(47 mm glass filter) 1.90 1.74 0.381 0.671 0.697
Particulate, g/kw-hr
(8 x 10 glass filter) 1.29 1. 45 0.297 0. 540 0.63
Sulfate, mg/kw-hr 21,16 25,22 35,02 37,26 48, 37
H,SO,, mg/kw-hr 21.60 25.75 35.76 38.04 49. 39
SO2, g/kw-hr 0.584 0.590 1.19 1.38 1.35
B:ESO, mg/kw-hr(1) 0.316 0. 380 0.0395 0.066  0.080
BaP, mg/kw-hr 0.011
Brake Specific Based on 13-Mode Schedule
CO, g/kw-hr 7.50 4.65 1.99 2.43 3.65
HC, g/kw-hr 2.77 1.30 0.38 0.84 0.96
NO as NO2, g/kw-hr 17.19 11.79 15,09 6.74  10.86
HC+NO2, g/kw-hr 19.96 13.09 15, 46 7.58 11.84
Fuel Specific Based on 7-Mode Schedule
Particulate, g/kg fuel
(47 mm glass filter) 4,43 5.75 1,44 2,09 2.45
Particulate, g/kg fuel
(8 x 10 glass filter) 4,26 4,86 1.12 - 1.85 2.22
Sulfate, mg/kg fuel 70.87 83.28 131.89 116.30 170.06
H2S04, mg/kg fuel 72.36 85.03 134, 66 118.74 173.63
SO2, g/kg fuel 1.96 1.95 4.49 4.31 4.176
B:ESO, mg/kg fuelll) 1.04 1.27 0. 149 0.226 0.281
BaP, mg/kg fuel 0.039
Fuel Specific Based on 13-Mode Schedule
CO, g/kg fuel 26.41 16.09 7.34 8.41 12.5
HC, g/kg fuel 9.75 4.50 1.40 2.91 3.29
NO as NO2, g/kg fuel 60. 53 40. 80 55,68 23.32 37.19
HC+NO2, g/kg fuel 70.28 45.29 57.05 26,23 40. 55

Brake Specific Fuel Consumption Based on 13-Mode Schedule

BSFC, kg fuel/kw-hr 0.284 0.289 0.271 0.

(1)B:ESO in terms of BaP
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For completeness, the 13-mode FTP brake specific values are
bar graphed in Figures 37 and 38 in terms of CO, NO and NO,, HC and
HC+NO,. These data were reported earlier in this report. There
are many areas of interest indicated by the extensive data summaries
thus far presented. Many questions can be asked as to why or how did
SO4~, B:ESO and BaP, particulate and gaseous emissions react as
they did to engine, fuel, injector type, timing, speed, load, etc. The
answers to these questions, beyond engineering judgment, are not
within the scope of work of this project.
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V. RESULTS OF FIVE DIESEL POWERED LIGHT
DUTY VEHICLES

The results of the five light duty diesel powered vehicles are des-
cribed by emission category. For description of test methods, procedures
and equipment, please refer to Section III.

A. Regulated Emissions and Fuel Economy

The transient test procedures known as the FTP, SET and FET
were the basis for measurement of gaseous emissions of HC, CO and NOx
as well as fuel economy.

1. Emission Standards

The contractural requirement to report all data and results in
modernized metric units (SI) requires a statement of equivalent emission
standards for 1973 and later model year light duty cars in grams per kilo-
meter (g/km) for understanding. Table 22 lists the HC, CO and NOx limits
in g/km with those published in appropriate Federal Registers in g/mile
in parentheses. The conversion was based on 1.609 km equal to 1 mile
and were rounded to the same number of decimals as the published limit.
The metric equivalent levels are approximately 62 percent of the mixed
metric-English units. :

TABLE 22. FEDERAL LIGHT DUTY EMISSION STANDARDS

Year Units HC CO NOx
1973-1974 g/km 2.1 24 1.9
(g/mile) ~(3.4) (39) (3.0)
1975 Interim g/km 0.9 9.3 1.9
(g/mile) (1. 5) (15) (3. 1)
Original g/km 0.25 2.1 1.9
1975 Statutory (g/mile) (0. 41) (3. 4) (3.1)
1977 Statutory g/km 0.25 2.1 1.3
(g/mile) (0. 41) (3.4) (2.0)
1978 Statutory g/km 0.25 2.1 0.25
(g/mile) (0. 41) (3.4) (0. 40)

2. Emissions and Fuel Economy

Table 23 is a summary of the gaseous emissions of HC, CO and
NOx (in g/km), fuel consumption {(in“1/100 km) and the reciprocal of fuel
consumption, fuel economy in mpg. Of most importance on Table 23 are
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TABLE 23. HC, CO, NOy AND FUEL RESULTS
FIVE DIESEL LDV's (Average of Replicate Runs)

Emissions, g/km

Test Vehicle HC
1975 FTP Mercedes 220D* 0.11
Mercedes 240D 0.18

Mercedes 300D 0.10

Peugeot 204D 0.69

Perkins 6-247 0. 45

Average 0. 30

FTP Cold Mercedes 220D 0.13
Mercedes 240D 0.17

Mercedes 300D 0.10

Peugeot 204D 0.69

Perkins 6-247 0. 48

Average 0. 31

FTP Hot Mercedes 220D 0.11
Mercedes 240D 0.12

Mercedes 300D 0.09

Peugeot 204D 0.72

Perkins 6-247 0.50

Average 0. 26

FET Mercedes 220D 0.08
Mercedes 240D 0.06

Mercedes 300D 0.06

Peugeot 204D 0.48

Perkins 6-247 0, 57

Average 0.25

SET Mercedes 220D 0.06
Mercedes 240D 0.06

Mercedes 300D 0.08

Peugeot 204D 0.54

Perkins 6-247" 0.69

0.29

*Comprex equipped
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Fuel

Cons.
NOx 1/100 km
0.65 9.10
0.79 9. 15
1.07 9. 90
0.42 6.72
0.93 9.18
0.77 8.81
0.68 9.54
0.80 9. 50
1.10 10,53
0.44 6.94
0.99 9. 70
0.80 9.24
0.65 9.10
0.77 8.61
0.95 8.54
0.39 6.54
0.87 8.81
0.72 8.23
0.56 7.03
0. 80 6.98
0.99 7.84
0.34 5.40
0.94 8.32
0.73 7.11
0.57 7.49
0.78 7.32
0.98 8.05
0.33 5.61
0. 86 8. 42
0.70 7.38

Fuel
Econ.

mpg

25.
25,
23.
35.

92
72
80
86

25.67

27.

24,
24,
22.
33.

39

75
81
36
99

24.25

27.
217.
21.
35.
26.

.03

23
39
54
97
85

29.

33.
33.
30.
43.
28.

14

47
74
03
80
33

33.

31.
32.

29.
41.

44
16
27
91

27,

32.

94
54



the 1975 FTP and FET results, since these are the most popularly used
for comparison to other vehicles and, of course, current and future emis-
sion tests. The summarized data is the average of three replicate runs
which exhibited quite satisfactory repeatability. It is interesting to look
at HC by vehicle for the 1975 FTP. HC for the Peugeot 204D and Perkins
6-247 were substantially higher than the three Mercedes cars. CO was
also higher with the Perkins and Peugeot than the three Mercedes cars,
Oxides of nitrogen were lowest for the Peugeot 204D and Mercedes 220D
Comprex. In comparing these g/km emission rates to the more familiar
g/mile units, it may be helpful to remember to multiply the g/km by 1. 609
to obtain g/mile.

The fuel consumption values, in £/100 km illustrate the superior
fuel consumption of the 1134 kg test weight Peugeot 204D. The 6.72 %/100
km relates to 35. 86 mpg on the city or 1975 FTP. This is in contrast
to nominal 25 mph fuel economy of most diesel cars. The FET results
emphasize the fuel consumption importance of the diesel. Again the Peugeot
204D was lowest of the five vehicles with 5.4 2/100 km or 43. 8 mpg fuel
economy.

The major results of particular importance was the relatively low
NOyx of the Mercedes 220D Comprex and the Peugeot 204D. The Comprex
likely resulted in the low exhaust NOy due to internal exhaust gas recir-
culation, an inherent feature of this method of forcing air into the engine.

The Peugeot 204D was especially noteworthy since this is a produc-
tion car sold in Europe. The 0.42 g/km NOx relates to 0.68 g/mile, which is
nearer the stringent NOx regulation of 0.4 g/mile for passenger cars than
any other diesel yet evaluated. It remains to be seen if fuel injection im-
provements can cut HC and CO without raising NOx. It would be interesting
to take the 204D and attempt to reduce NO4 to 0.4 g/mile while reducing
HC and CO by combination of retard-EGR etc. and improved injection.

Also as expected, the Perkins 6-247, at 4500 lbs test weight, had the poor-
est FET economy even though FTP economy was quite respectable.

The Perkins powered pick-up truck received four 1975 FTP tests
at a higher test weight of 2495 kg (5500 1bs) instead of the 2041 (4500 1bs)
summarized on Table 23. These runs made at the higher power setting
required for the higher test weight resulted in an average 0. 64 g/km HC
(1.03 g/mile), 2.45 g/km CO (3.94 g/mile), 0.97 g/km NOx (1. 45 g/mile)
and 10.0 2/100 km fuel economy (23,5 miles per gallon) was obtained,
Repeatability of tests during the 2495 kg series was equally good as that
shown above for 2041 kg test weight.

Appendix G contains the computer printout sheets for the gaseous
emissions and fuel economy for the five cars. The computer sheets are
grouped by each vehicle beginning with FTP then SET and FET results.



3. Comparison to EPA Results

Three of the five cars had been tested at EPA Ann Arbor laboratories
before being shipped to SwRI. Table 24 is a summary of the test data pro-
vided by Mr. Jack McFadden of EPA for the replicate 1975 FTP and FET
tests performed at Ann Arbor. Also shown is the average result for the
same three cars when tested at SwRI for comparison. Overall, the corre-
lation must be termed very satisfactory. In many cases excellent agree-
ment is shown.

SwRI found slightly lower HC and NOx on the FTP and slightly
lower NO4 on the FET on the Mercedes Comprex, Fuel consumption was
in good agreement. For the Mercedes 240D, NOy was just slightly lower
on the FTP and FET at SwRI. For the low NOy Peugeot 204D, however,
NOx was about the same. The SwRI HC for the Peugeot during the FTP
agreed best with the 6-05-75 EPA run, the last one made before shipping
the car. For some reason, CO was found to be lower during the SwRI
tests than the EPA tests., Otherwise, the lab to lab agreements are
quite acceptable. The five vehicles were tested at SwRI in a two-week
period, the Mercedes 300D and 240D the first week and the remaining
cars on the second week. The same test crew, dynamometer, CVS,
fuel and instruments were employed during the two-week test period.

B. Smoke

The primary evaluation of visible smoke was intended to be the FTP,
city, transient driving schedule. Also run were the FET and SET. Also
run were simulated Federal Smoke Tests on four of the cars.

1. Transient Cycle Smoke

A series of transient driving tests was made with each vehicle
using the U. S. EPA smokemeter. Evaluation of the traces has, of neces-
sity, been of a visual judgmental basis since no specific procedure has yet
been developed or suggested using any of the transient, mostly light duty
schedules. A well designed diesel engine will not smoke appreciably until
the last 10 to 15 percent of power demand, something that infrequently
happens on any of the transient driving cycles even for the relatively low
power to weight diesel powered cars tested.

a, 1975 FTP Smoke

Table 25 is a listing of smoke values in percent opacity con-
sidered important from a visual analysis of the traces. It was decided to
look for those conditions which might produce maximum noticeable smoke
during the cold as well as the hot start portion of the test of the 1975 FTP,
Since three tests were made, three sets of readings are listed for each
segment of the LLA-4 route evaluated. Table 25 starts with the initial cold
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TABLE 24.

\

COMPARISON OF SWRI TO EPA

AVERAGE TRANSIENT RESULTS

Test Test Test Test
Vehicle Type _Lab No. Date
Mercedes FTP EPA 16-9062 5-15-75
220D 16-9085 5-16-75
Comprex Average
SwRI Average
FET EPA 16-9062 5-15-75
16-9085 5-16-75
15-9124 5-20-75
Average
SwRI Average
Mercedes FTP EPA 15-9215 5-29-75
240D 16-9239 5-30-75
Average
SwRI Average
FET EPA 15-9215 5-29-75
16-9239 5-30-75
Average
SwRI Average
Peugeot FTP EPA 16-6280 10-24-74
16-6342 10-30-74
15-7563 1-30-75
16-9322 6-5-175
Average
SwRI Average
FET EPA 16-9281 ?
16-9369 ?
15-9300 ?
16-9322 6-5-75
Average
SwRlI Average

Emissions, g/km

*Not by Hot FID, therefore not included in Average
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_HC Lo NOx
0.14 0.84 0.86
0.18 0.83 0.86
0.16 0.84 0.86
0.11 0.81 0.65
0.07 0.47 0.74
0.08 0.46 0.65
0,07 0.48 0.75
0.07 0.47 0.71
0.08 0.49 0.56
0.08% 0.73 0.95
0.13 0.71 0.98
0.13 0.72 0.97
0.18 0.61 0.79
0. 06 0.42 0.89
0. 06 0.40 0. 90
0. 06 0.41 0.89
0.06 0.38 0.80
1. 36 1.80 0.42
1. 00 1.37 0.43
0.63% 1,71 0.43
0. 60 1. 94 0.42
0.99 1.70 0.43
0. 69 1,06 0.42
0.81 1.01 0.35
0. 36 1.00 0.34
0.41 1.07 0.34
0.41 1. 04 0.36
0. 50 1.03 0.35
0.48 0.57% 0.34

Fuel Cons.

litre/100 km
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TABLE 25. SMOKE OPACITY VALUES FROM SMOKE TRACE,
1975 FTP, LA-4 COLD-HOT START

Mercedes Mercedes Mercedes Peugeot Perkins

Smoke Condition 220D 240D 300D 204D 6-247
Cold Start, Peak % 35.0 25.0 29.0 97.0 66.0
99.0 47.0 27.0 87.0 63.8

76, 5% 40,5 54,5 96.2 63.0"
Cold 1dle, Avg. % 8.8 4.8 6.0 12,0 2.4
(after start) 9.3 3.5 6.0 10.0 2.5
10.5 3.0 6.5 11.0 2.0
1st Accel, Peak % 94.5 13.8 23.0 12.0 32.5
(after cold idle) 56.5 32.5 18.5 11.5 18.7
50.5 15.0 22,17 16.0 32.5
Idle at 125 Sec, Avg. % 2.8 2.6 5.5 0.8 1.1
3.5 1.3 5.0 0.8 1.5
3.4 2.0 4.8 1.5 1.5
Accel at 164 Sec, Peak % 20.8 24,5 23,0 6.7 34,6
to 90.1 km/hr (56 mph) 43.3 10.1 22.0 8.5 35.0
43,0 25,0 17.0 15.0 35.8
Hot Start, Peak % 50.0 29.0 29,0 57.0 38.7
66.5 29.5 39.0 62.0 40.0
50.0 25,0 20.0 79.5 44,1
Hot Idle, Avg. % 3.0 2.0 4,5 0.5 1.0
(after start) 3.2 2.0 4.5 0.5 1.3
3.0 1.5 4.5 0.5 1.5
1st Accel, Peak % 47.5 6.5 6.0 4.2 26.3
(after hot idle) 43.5 16.0 5.5 7.0 16.0
25.0 1.7 8.0 9.5 14.0
Idle at 125 Sec, Avg. % 3.5 1.8 3.8 0.3 1.7
(During Final 505 Sec) 2.9 2.0 3.5 1.3 1.3
2,0 1.0 2.5 .0 1.0
Accel at 164 Sec, Peak % 55.0 8.0 10.0 3.2 33.5
to 90.1 km/hr (56 mph) 52.0 10,0 8.0 4.6 37.5
65.5 6.8 8.0 3.5 37.5

(During final 505 sec)

*Mercedes 220D equipped with Comprex supercharger.
**Repetitive accels after lst accel ranged from about 30 to 80%,
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start which, for the diesel, usually results in a momentary peak value
from 25 to 99 percent. 'Next, the cold idle which occurs immediately
after start produced mostly negligible levels except for the Mercedes
220 Comprex and Peugeot 204D. This trend was not consistent at the
idle after hot start orat the idle at 125 seconds. In fact, the Mercedes
300D had the highest idle smoke after the initial cold start idle of the
five cars.

Next, the initial accel with the still cold engine was rated for
its peak or maximum smoke level recorded. Each vehicle and engine re-
sponded differently with the Mercedes Comprex producing very high and
noticeable peak opacities ranging from 50 to 95 percent opacity. The
Perkins 6-247 engine produced the next highest opacities during this
initial accel in the range of 19 to 33 percent.

An interesting part of the entire 23-minute LLA-4 driving pat-
tern occurs during the first 505 seconds or first bag. Starting at 164
seconds of the test, the vehicle is accelerated from rest to 90.1 km/hr
(56 mph). The vehicle undergoes an upshift during this acceleration
and for the low power to weight ratio diesel cars, requires generally
maximum power or close to maximum power from the engine. Ina
sense, this accel is similar to the two accels in the EPA HD smoke test
procedures. Shown on Table 25 is the average smoke during the idle
just prior to the acceleration and the maximum or peak opacity recorded
during acceleration to 90.1 km/hr (56 mph).

The accel peak smoke for the five cars is the maximum value
measured by the smokemeter and in some instances represented a fairly
brief excursion. Some of these peak values occurred twice during the ac-
cel and represented the two requirements for power during the speed
time trace. In general, the peaks were broader and more sustained than
that common to starting with an occasional short puff on top of the smoke
trace proper.

Figures 39 to 43 are typical cold start idle-accel to 90.1 km/hr
(56 mph) for each of the five cars. The trace represents the first 300
seconds of the cold start and was considered typical. All traces were based
on a chart speed of 76.2 mm/min (3 inches/min) with zero opacity equal
to 100 percent of chart and 96.5 km/hr (60 mph) equal to 100 percent of
chart. In the case of the Mercedes 220 Comprex, 300D, Peugeot 204D
and Perkins 6-247, these were for the third test., The Mercedes 240D
chart, Figure 40, was for the second test.

In analyzing the smoke traces on Figures 39 - 43 careful at-
tention must be paid the physical distance between recorder pens (offset)
since a two-pen overlapping recorder was used. Contrary to what some
charts show, acceleration of the engine, vehicle, and smoke output oc-
curred essentially at the same time. Each major chart division from
right (engine start) to left is 24.5 mm and is equal to 20 seconds.
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TYPICAL MERCEDES 220D COMPREX "COLD START"
SMOKE TRACE

FIGURE 39.
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SMOKE TRACE

FIGURE 40.
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TYPICAL PEUGEOT 204D "COLD START!'
SMOKE TRACE

FIGURE 42,
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Table 25 also lists the hot start peak opacity and subsequent
idle average opacity readings taken after the prescribed 10 minute soak.
Most engines were either the same or slightly lower during the hot start
than its cold start. The high Peugeot 204 and Mercedes Comprex cars
had some improvement but the peak was still substantial and easily
noticeable., The hot start idle readings basically replicated the cold
idle values except for the Mercedes Comprex and the Peugeot 204 which
were substantially less, The first acceleration in the LLA-4 hot start
test was generally lower than during the cold start first acceleration in
the driving procedure. Except for the Perkins 6-247, the Mercedes
and Peugeot diesel cars showed measurable improvement and this may
be attributed to the engine being in a warm condition.

The next condition rated was the idle just prior to the
acceleration to 90.1 km/hr (56 mph) which repeated the same type
of idle but during the cold start part of the test.

The rapid acceleration to 90.1 km/hr (56 mph) during the
final 505 seconds resulted in peak opacities that were substantially
lower than the same driving sequence performed for the Mercedes 240D,
300D and Peugeot 204D. Oddly enough, the Mercedes 220D Comprex
had a higher peak opacity during the high power acceleration after hot
start. The Perkins 6-247 resulted in essentially the same smoke peaks.

b, SET and FET Smoke

Tables 26 and 27 list the visual evaluation made of the
smoke measured during the sulfate (SET) and highway economy (FET)
cycles, The SET and FET represent cycles of increasing average speed
with fewer starts and stops relative to the FTP, These cycles pro-
gressively reduce the effect of vehicle inertia (weight) and increase the
effect of road load. Thus, it would be expected that more importance
be given to cruise than to the accelerations, as was the case with the
FTP,

However, all engines were non-turbocharged and there-
fore steady state and transient effects were not as great as might have
been expected. One engine, the Mercedes 220D Comprex, acted in a
sense as if it were equipped with a conventional turbocharger. The
response of the engine and its smoke behavior was to a great extent
similar to a turbocharged engine since acceleration smoke, on the
transient driving cycles was always substantially higher than all other
cars tested,
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TABLE 26, SMOKE OPACITY VALUES FROM SMOKE TRACE OF SET-7 DRIVING CYCLE

Mercedes Mercedes Mercedes Peugeot Perkins

Smoke Condition 220D Comprex 240D 300D 204D 6-247
Hot Start, Peak % 59.0 36.0 31.5 81.0 39.0
Idle, Avg. % 3.0 2,2 4,5 0.5 1.5
(after start)
1st Accel, Peak % 35.5 9.5 6.5 3,0 5.8
to 26.1 km/hr
Accel at 189 sec, Peak % 35,0 4,0 5.5 6.7 24,6
from 16.1 km/hr to

90.9 km/hr
Accel at 527 sec, Peak % 46,0 9,5 9.8 2.0 26,0
from 0 km/hr to

57.1 km/hr
Accel at 638 sec, Peak % 32.0 5.0 4.0 3.8 26.7
from 15,6 km/hr to

91.7 km/hr
Accel at 944 sec, Peak % 14.5 6.3 4,5 4.5 17.7

from 22.5 km/hr to
90.9 km/hr



TABLE 27, SMOKE OPACITY VALUES FROM SMOKE TRACE
OF FET DRIVING CYCLE

Mercedes Mercedes Mercedes Peugeot Perkins
Smoke Condition 220D Comprex 240D 300D 204D 6-247
Hot Start, Peak % 49.0 9.5 26.0 91.0 36.0
Idle, Avg. % 3,5 0.5 3.5 0,5 1.3
(after start)
1st Accel, Peak % 89.0 8.0 8.0 7.5 21.5
to 79.6 km/hr
Accel, Peak % 33.0 4.0 4.5 2.0 8.5

to 94,9 km/hr

TABLE 28. EXHAUST SMOKE OPACITY READINGS

(Chassis Version of Federal Procedure)

Mercedes Mercedes Peugeot Perkins
Federal Smoke 220D Comprex 240D 204D 6-247
"a' factor 27.0 6.0 5.7 17.0
""" factor 37.8 3.7 3.3 19.8
“'e" factor 29.8 9.3 10.8 23.7
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2. Simulated Federal Smoke Test

Four of the cars were run under a chassis version that simulates
engine test featured in the Federal Smoke Test for HD vehicles. The
Mercedes 300D was incapable of performing the lug-down part of the
test because of the automatic transmission and therefore was not run,
The results of the chassis dynamometer simulated Federal smoke
test are summarized on Table 28, The '"a' accel factors are listed
first, followed by the '"b'" lugdown and ''c¢c'" peak smoke values,

Shown below are the smoke limits specified for the U. S.
beginning in 1970 and 1974 calendar years.

Federal Factor, % Opacity

l|a|l Ilbll "Cll
Federal HD Limits 1970 40 20 --
1974 20 15 50

Although chassis version is only a simulation of the Federal Test Pro-
cedure, it is helpful to relate to these Federal limits as a frame of
reference. The Table 28 "a', '"b" and ''c¢'" factors for the Mercedes
240D and Peugeot 204D were all well below the Federal limits for
1974 as they should be. The smoke levels of these two diesel cars
can better be compared to the threshold of visibility of exhaust smoke
which is generally considered to be about three to four percent
opacity by the U. S. EPA full flow smokemeter used in this work.

The Mercedes 220D Comprex and Perkins 6-247 both had "a"
and '"b" factors that are considered high for light duty diesel engines
used in LD vehicles. The Perkins 6-247, though lower in smoke than
the Comprex, is still very noticeable to the casual observer.

C. Particulate, Sulfate, SO, and PNA Results

The use of a dilution tunnel for collecting samples of particulate
and sulfate were, for the first time in this long range project, applied
to diesel powered cars.

1. Particulate
Table 29 lists the particulate emission rates of the five LDV's,

These rates are based on both duplicate fiberglass and duplicate Fluoro-
pore filters taken at the same time during FTP cold, FTP hot, FET and
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SET experiments. The 1975 FTP is a weighted combination of the cold

and hot runs by the expression 1975 FTP = 0.43 FTP cold + 0. 57 hot.

The fiberglass filter rates are generally taken as the most accurate for
gravimetric analysis and particulate determinations. They should be used
in preference to the Fluoropore media results. The Fluoropore filters
were taken to obtain samples for sulfate. It is interesting to note the agree-
ment by the two collection media, however. Appendix H includes the in-
dividual run data on which the Table 29 averages are summarized. Please
refer to Appendix H for additional tabulations,

Of the methods for expressing particulate, such as g/test, g/hr,
g/kg fuel, g/km is probably the best and most meaningful. Any or
all of those listed on Table 29 are helpful in assessing the importance of
diesel cars. The particulate rates are shown in the barchart, Figure 44.
of the five cars, the Compr ex equipped Mercedes 220D and the Perkins 6-247
vehicles had the highest particulate rates. They also have the highest visible
smoke discharges of the five cars. The other three vehicles were typically
lower with the 240D and 300 nearly identical. Although the Peugeot 204D
had the lowest particulate rates of all the cars, it was not possible to sample
its tunnel diluted exhaust through the plastic Fluoropore sulfate filter with-
out the filter plugging. This occurred most readily during the hot FTP run.

A visit by Peugeot representatives occurred when this was observed
and no reason could be given by Peugeot nor was any reason explainable by
the vehicle or engine operation. The oil was changed and oil filter replaced
at the advice of Mr, Lucki of Peugeot prior to performing the tests. The
deposit on the filter had the smell of '"burned o0il" or that of blowby gases.
Its appearance was quite different also, reminding one of filters from two
stroke diesel engines. The two stroke engine is characterized by a par-
ticulate that has a higher degree of oil like particulate organic solubles
that on occasion are given to plugging of filters.

From the discussions with Peugeot and our other staff members, it
was surmised that during the hot run portion of the test, oil or oil-like
material was finding its way into the exhaust and plugging the filter. No
specific source for this material was found. It had no effect on the life of
the 47mm Type A fiberglass membranes. In order to obtain a suitable
SO4~ sample, the sampling probe was redesigned to a smaller diameter
and the sampling rate reduced substantially, This, then, was enough
to allow full term 23-minute runs to be made without incident.

An interesting comparison one can make from the diesel car
data is to examine the particulate rates of these five vehicles relative
to gasoline cars run on leaded and lead-free gasoline. If it is assumed
that diesel car operation consists of cold FTP, hot FTP, SET and FET
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TABLE 29,

PARTICULATE EMISSION RATES

FIVE DIESEL LDV's (Average of Replicate Runs with 47mm Filters)

Fiberglass Fluoropore
g g g g g g
Test Vehicle hr kg fuel km hr kg fuel km
1975 FTP Mercedes 220D* 11,76 5.03 0.375 11.07 4.71 0.352
Mercedes 240D 9.42 3.96 0.298 8.93 3,76 0.283
Mercedes 300D  9.63 3,92 0,306 8.47 3.44 0.272
Peugeot 204D 7.44 4,23 0.237 6.39 3.63 0.207
Perkins 6-247 15,72 6.68 0.500 14,51 6.11 0.461
~ Average 10.79 4.76 0.343 9.87 4.33 0.315
FTP Cold Mercedes 220D 12,75 5.14 0.411 11.94 4,75 0.379
Mercedes 240D 10.05 4,00 0.319 9.66 3.85 0. 306
Mercedes 300D 9.63 3.47 0.307 8.27 2.96 0.269
Peugeot 204D 7.77 4.53 0.263 6.91 3.76 0.218
Perkins 6-247 16. 56 7.09 0.526 15,04 6.30 0.478
Average 11.35 4,85 0.365 10.36 4,32 0.330
FTP Hot Mercedes 220D 11,03 4,94 0.349 10. 42 4,69 0.331
Mercedes 240D 8.95 3.93 0.284 8. 38 3.69 0,266
Mercedes 300D 9.63 4.27 0.3006 8.62 3,82 0.274
Peugeot 204D 7.17 3.99 0.218 6.00 3.54 0,189
Perkins 6-247 15,09 6.37 0.481 14,11 5.96 0,449
Average 10.37 4,70 0.328 9.51 4.34 0,302
FET Mercedes 220D 18, 64 4,02 0.237 18.49 3.99 0.236
Mercedes 240D 15, 27 3.35 0.195 13.68 3.01 0.176
Mercedes 300D 18.76 3.63 0,242 17. 14 3.32 0,221
Peugeot 204D 14. 41 4,10 0,185 14,15 4,02 0,182
Perkins 6-247 25,95 4,79 0.335 25. 36 4.68 0,327
Average 18,61 3.98 0,239 17.76 3.80 0,228
SET Mercedes 220D 14, 87 4,22 0,265 13,81 3,93 0,247
Mercedes 240D 12,38 3.58 0,221 11.41 3.25 0.203
Mercedes 300D 12, 89 3.43 0.232 12.35 3.26 0,220
Peugeot 204D 8.41 3.19 0.150 7.48 2.83 0.132
Perkins 6-247 17.18 4,33 0.307 16,71 4,21 0.299
Average 13.15 3.75 0.235 12,35 3.50 0.220

¥ Comprex Equipped
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type operation, all on an equal basis, then an overall average particulate
rate for the five vehicles can be obtained. An average of 0.328 g/km

of diesel particulate results from the simple averaging of the average
g/km (fiberglass) column of Table 29, This average is, admittedly,

a simplistic estimate, but when the range of values (0.150 to 0.526
g/km) is considered, it is probable that a weighted average would not

be materially different,

Gasoline car particulate levels in the general literature are
quite varied and it is uncertain wnether this is a procedural problem,
inconsistent test methods, or one of vehicle variability. In any event,
a good rough guess of particulate from leaded gasoline fueled cars
might be on the order of 0,15 g/km while unleaded gasoline powered
cars are on the order of 0,02 g/km. These are very rough figures,
but may be used to compare the overall 0,328 g/km particulate rate
for five cars and four test cycles, If the 0,328 g/km value may be con-
sidered indicative of diesel car particulate emission rates, then the
diesel car is on the order of twice that of the car operating on leaded
gasoline and fifteen times the unleaded gasoline powered car.

As a very rough frame of reference, early suggestions by EPA,
prior to removal of lead from gasoline, indicated possible particulate
limits starting initially at 0,06 g/km and eventually becoming as
stringent as 0.02 g/km. The diesel car is 5.5 to 16 times these
earlier suggestions. It should be noted that plans for particulate
emission regulations for automobiles were set aside when the auto
makers called for lead-free fuel. The test procedure and data base
used for the suggested limits were not well defined so use of these
values is not necessarily recommended.

2. FElemental Analysis

Table 30 lists the percent by weight of the analysis for carbon,
hydrogen and sulfur made of the particulate collected on the 47 mm
fiberglass filter. One filter of the two obtained was used for carbon
and hydrogen and the other used for sulfur determination.

The carbon content was typically on the order of 75 percent for
all cars except the Peugeot 204D. Substantially less of the particulate
analyzed as carbon, on the order of 55 percent. Also worthy of note
was the observation of slightly but consistently higher carbon during
the SET. Exception to this was the Perkins data.
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TABLE 30, ELEMENTAL ANALYSIS OF FIBERGLASS FILTER DILUTION TUNNEL
COLLECTED PARTICULATE, % BY WEIGHT

Element

Carbon

Hydrogen

Sulfur

Mercedes

Mercedes

Cycle 220D Comprex 240D
FTPc 75,48 78.69
FTPh 72,48 76,81
SET 83,20 81.50
FET 77.89 67.51
FTPc 2,35 3.22
FTPh 2.29 3.81
SET 2,24 3.58
FET 2.56 3.49
FTPc 2.84 4,27
FTPh 2.67 4.73
SET 2,54 3.28

2.79 4.77

FET

Mercedes

300D

75.89
74.73
79.99
72,60

2,65
2.64
2,70
3.13

4.93
4.49
2,85
2,98

Peugeot Perkins
204D 6-247
46,91 73,46
51.37 75.50
59.59 73.56
57.96 71.51

6.95 3,73
8.07 3.96
8.47 4.91
9.33 5.16
5.35 2,26
3.84 1.81
4,11 1.65
3.96 2,12



Just as carbon was lowest for the Peugeot so was hydrogen much
higher, on the order of two to three times that of the other four cars.
What this infers is that the particulate has a higher degree of hydrocarbon
matter and not nearly as much soot or carbon black as the other cars.
The higher amount of hydrocarbon matter such as unburned or partially
burned fuel and lubricating oil would confirm the earlier discussion

regarding filter appearance and the Fluoropore filter plugging encountered
with this car.

Listed last on Table 30 are the elemental sulfur values. In Section
IV, the ASTM method used to analyze elemental sulfur was reported to
have since been replaced by X-ray fluorescence. Though the values seem
consistent within a given car and from car to car, they should be used with
caution beyond a qualitative comparison. Such comparisons should be
limited to the data on Table 30.

3. Sulfate and SO,

Table 31 is a summary of the SOZ and SO results for the FTP
cold, FTP hot, FET and SET. The 1975 FTP is a mathematical combi-
nation of the cold and hot FTP's. Probably the SET test is the most im-
portant of the various cycles evaluated. Both mg/km (SOZ) or g/km (SO3)
are the important rates. Figure 45 is a bar chart of the various sulfate
emission rates and depicts how each vehicle behaved for each of the four
test cycles. Note that the Mercedes 220D Comprex and Peugeot 204D
had about half the SO4/km as that of the Mercedes 300D and the Perkins
6-247. Although it is uncertain why this is so, it is probably due to dif-
ferent reasons. All vehicles used the DF-2 national average fuel doped
to 0.23 percent by weight sulfur.

Another important column of data for SO4 and SO; is the "as % S
in Fuel" column. This indicates the amount of sulfur in the fuel that be-
comes SOz as measured by the current EPA -SwRI method. It is inter-
esting that on the order of 1.6 percent of the fuel sulfur is converted
during all city driving cycles, about 1.9 percent with the higher duty
cycle SET and about 2.3 percent with the highway driving cycle, the FET.
As shown on Table 31, the remainder of the exhaust sulfur compounds
is represented by SO2, which typically had 88 to 100 percent of fuel sul-
fur. Please note the accuracy of SO measurement is not considered
better than + 10 percent normally and rarely worse than + 20 percent.
This may sound fairly crude, but when the SOp test method, a wet col-
lection with BCA finish after several intermediate wet chemical steps, is
considered, this is probably current state of the art. What this analysis
shows is that nearly all fuel S is converted to SOy, but some, a persist-
ent 1.6 to 2.3 percent, depending on test condition, does show up as sul-
fate in the tailpipe. The inaccuracy of SO, measurement therefore makes
SO, measurement of little or no importance in sulfur balance of diesels

since the relatively small SO4~ levels are within the £ accuracy of the
SO, measurement. :
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TABLE 31.

SULFATE AND SO, EMISSION RESULTS

FIVE DIESEL LDV's (Average of Replicate Runs)

Sulfate (SO4%) SO»
mg mg mg as % S g as % S
Test Vehicle hr km kg fuel in Fuel km in Fuel
19756 FTP Mercedes 220D* 220.7 7.02 93.5 1.34 0,35 106.8
Mercedes 240D 246.9 7.92 105.1 1.51 0.32 91.7
Mercedes 300D 287.5 9.15 116,2 1.67 0.31 86.1
Peugeot 204D 210.3 6.69 119.0 1.71 0.26 99.6
Perkins 6-247 338.7 10.77 141.2 2.00 0.36 108.,1
- Average 260,8 8.31 115.0 1.65 0.32 98.5
FTP Cold Mercedes 220D 266.7 8.49 106.4 1.53 0.37 102.2
Mercedes 240D 273.0 8.69 109.2 1.57 0.34 94.3
Mercedes 300D 317.0 10.09 114.2 1.64 0.34 86.1
Peugeot 204D 212.3 6.76 116.0 1.67 0.25 91.3
Perkins 6-247 345.4 10.96 136.6 1.96 0.36 96.9
Average 282.9 9.00 116.5 1.67 0.33 94.2
FTP Hot Mercedes 220D 186.1 5.92 83.8 1.20 0.32 97.2
Mercedes 240D 230.4 7.36 102.0 1.47 0.31 91.9
Mercedes 300D 265,1 8,44 117.7 1.69 0.28 86.2
Peugeot 204D 209.8 6.64 121.0 1.73 0.27 105,8
Perkins 6-247 333,7 10.62 144.8 2.03 0.37 106.5
Average 245.,0 7.80 113.9 1.62 0.31 97.5
FET Mercedes 220D 548.3 7.07 119.8 1.72 0,27 101.6
Mercedes 240D 790.0 10.02 174.8 2.51 0.27 101.6
Mercedes 300D 873.3 11.22 170.6 2.31 0.32 102.4
Peugeot 204D 540, 2 6.96 154.5 2.22 0.21 99.9
Perkins 6-247 1001.2 12.91 185.2 2,66 0.31 96.6
Average 750.6 9.64 161.0 2.28 0.28 100.4
SET Mercedes 220D  320.0 5.72 91.0 1.31 0.25 89.0
Mercedes 240D 491,1 8.77 142.7 2.05 0,25 87.0
Mercedes 300D 574.9 10,27 152.2 2.19 0.26 84.4
Peugeot 204D 286.2 5,10 108.5 1.60 0.20 95.1
Perkins 6-247 627.2 11.34 160.6 2.28 0.27 83.7
Average 459.9 8,24 131.0 1,89 0.25 87.8

- *Comprex Equipped
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For additional sulfate and SO, data, individual run results, and
g/test data, please refer to Appendix I,

If, from Table 31, the self weighting average of the four cycles
may be taken as representative of actual driving, and if the five vehicles
are illustrative of diesel cars in operation, then the following analogy
may be made,

On the assumption that 1,87 percent of the fuel sulfur exits the
vehicle as SO4=, then, for every kg of fuel burned, the contribution of
the diesel car is equivalent to 1.87 percent of 0.23 percent fuel sulfur,
the current U, S. national average of DF-2 diesel fuel. Catalyst equipped
cars can emit a very wide range of SO4~ as a percent of fuel sulfur, on
the order of 0.3 percent to as high as 50 percent by the SET depending
on the model, make, and type catalyst, and especially whether or not
and how much secondary air injection is used for HC and CO control.
Disregarding storage in the catalyst of sulfate, an overall guess at a

general value would be on the order of 20 percent conversion.

Thus, for one kg of gasoline, the contribution of the catalyst-
equipped gasoline car is equivalent to 20 percent of 0,03 percent fuel
sulfur, the current U.S. national average for regular grade gasoline,
From this very rough and general comparison, it may be concluded that
for the same mass of fuel burned, the diesel car will contribute about
half the sulfates as that of an oxidation catalyst-air pump equipped car,
It may be argued that the sulfates from gasoline catalyst cars will be
reduced by reduced secondary air, different catalyst formulations and
other techniques such as trapping. It may also be argued that the diesel
car will quite likely consume half as much fuel for the same distance
driven due to its superior fuel economy.

The upshot of this discussion is to try and place the diesel car
exhaust sulfate into perspective and consider its contribution relative
to catalyst equipped cars. One problem in making such comparisons
is the tremendous variability in gasoline car SO4~ levels and the un-
certainty over near term solutions and their potential for reduction,
Another uncertainty is whether the diesel car sulfates are in the form
of sulfuric acid as is the case for gasoline fueled, catalyst-equipped
cars., This difference is important to diesel, non=-catalyst equipped
cars. The health work establishing health effects of sulfuric acid mist
has not been done yet. As a consequence, this preliminary comparison
must be continually reviewed and improved as more accurate predictions
of near term car sulfate production are available,

4. Polynuclear Aromatic Hydrocarbons

Table 32 is a summary of particulate rates by means of a third
method, that of using a large 203.2 x 254 mm (8 x 10 inch) glass fiber
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TABLE 32, B:ESO AND PARTICULATE EMISSIONS RATES - FIVE DIESEL LDV'S

(Average of Replicate Runs with 8 x 10 Glass Filters)

B:ESO(1)

Particulate BaP
8 g g mg mg ug mg mg ME
Test Vehicle hr kg fuel km _hr kg fuel km hx kg/fuel km
1975 FTP Mercedes 220D* 11.76 5.02 0.374 1. 44 0.610 45,8
Mercedes 240D 10.01 4,22 0,318 1,22 0.514 38.8
Mercedes 300D 10,02 4,08 0.321 2,03 0.822 64.6
Peugeot 204D 7.06 3.97 0.224 3.90 2. 280 124.2
Perkins 6-247 13,25 5.51 0.417 1.06 0. 442 33,7 0.775 0.115 8.73
Average '
FTP Cold Mercedes 220D 12,41 4.95 0. 395 1.66 0. 660 52.7
Mercedes 240D 10.78 4,31 0.343 1.31 0. 524 41.7
Mercedes 300D 10. 95 3.95 0. 349 2,18 0.788 69.6
Peugeot 204D 7.86 4,28 0. 249 2,36 1,290 75.0
Perkins 6-247 14,20 5.60 0,452 1.05 0.413 33,3 0.322 0.127 10.2
Average
FTP Hot Mercedes 220D 11,27 5.08 0.359 1,27 0.573 40.5
Mercedes 240D 9.4 4,15 0. 265 1.15 0. 507 36.6
Mercedes 300D 9.33 4.19 0.300 1.91 0.847 60.8
Peugeot 204D 6.47 3.75 0.205 5.07 2,936 161.3
Perkins 6-247 12,60 5.60  0.400 1.06  0.459 33,9 0.249 0.107 7.9
Average '
FET Mercedes 220D 21,25 4.64 0,274 2.02 0.441 26.0
Mercedes 240D 16,85 3.72 0.217 2,26 0,498 29.1
Mercedes 300D 20,00 4,20 0,258 1.80 0,378 21.4
Peugeot 204D 12,86 3.73 0.168 14,15 4,103 184.8
Perkins 6-247 21,73 4.01 0.280 1.22 0,224 15.8 0.206 0.038 2.7
Average
SET Mercedes 220D 14, 38 4,09 0.257 1.47 0.417 26.2
Mercedes 240D 13.24 3.84 0.236 0. 90 0.249 15.3
Mercedes 300D 13.30 3.49 0.238 Vial Cracked, Sample Lost
Peugeot 204D 8.09 3.06 0.144 8.17 3.091 145, 4
Perkins 6-247 13.07  3.29 0.233 0.966  0.243 17.3 0.192 0.048 3.4

Average

*Comprex Equipped
_ (L)Expressed as BaP




(Gelman Type A) filter media. The purpose of the large filter, widely
used in the popular Hi Vol atmospheric sampler, is to obtain sufficient
sample for PNA analysis. The mg/hr, mg/kg fuel and ug/km of B:ESO
by the FTP cold and FTP hot were mathematically combined to give an
equivalent 1975 FTP value. Figure 46 is a bar chart depicting the
emission rates from Table 32 as a function of test cycle for each of the
five vehicles.

As with hydrocarbons, the Peugeot produced the highest rates of
B:ESO, Since the fuel itself is one source of POM, it follows that the
more unburned or partially burned fuel in the exhaust, the more the
POM wi