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FOREWORD

Work Directive 18, "Clean Burning Diesel Engines," was issued on September 13,
1982 under Contract DAAK70-82-C-0001 to the U.S. Army Mobility Equipment
Research and Development Command (MERADCOM; currently the Belvoir
Research, Development and Engineering Center). Phase Iil of this work was
initiated in March 1985 under Contract DAAK70-85-C-0007, Work Directive 23.
The engineering and analytical efforts of this program were conducted by the
Department of Emissions Research of Southwest Research Institute, 6220
Culebra Road, San Antonio, Texas 78284. This program was identified within
Southwest Research Institute as Project 02-8341-175.

This project was under the overall supervision of Harry E. Dietzmann, Manager
of the Chemical Analysis Section. He was assisted by Dr. Lawrence R. Smith
(chemical analysis) and Mr. Ernie Krueger (engine testing). Emission testing
was initiated in July 1985 and was completed in December 1985. Mr. Tim Lee
of Belvoir Research, Development and Engineering Center, STRBE-GMVW, was
the technical officer, Mr. James Stephens served as the overall program
manager, and Mr. F. W. Schaekel, Belvoir Research, Development and
Engineering Center, STRBE-VF, served as Contracting Officers Representative.
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L. INTRODUCTION

The United States Army is investigating the possibility of replacing the
currently used electric forklift with diesel engine-powered forklifts in handling
hazardous materials. Electric-powered forklifts have no noise or air pollution
problems, however, the logistic problems associated with field operations have
prompted the U.S. Army to investigate other possible alternatives. The diesel
engine has many advantages, i.e., mobility, cost, maintenance, however, the use
of diesels in areas of limited ventilation is of concern.

This program is the third in a series of programs conducted to characterize
gaseous, particulate, and unregulated emissions from diesel engines considered
as potential candidates for forklift vehicles used to handle hazardous materials.
The first program was conducted to characterize exhaust emissions from a
Deutz F3L 912W engine and a Perkins 4.2032 engine operating on a MIL-F-
46162A(MR) fuel.(1)* The second program involved four diesel forklift engines,
a Deutz F3L 912W, a Deutz F4L 912W, a Perkins 4.2032, and a Perkins 4.2482;
two test fuels, MIL-F-46162B(ME) (a high sulfur reference fuel) and an EPA
certification fuel (DF-2 emissions certification fuel); and included engine
operation with selected induced faults.(2) This third study expands the emissions
data base for potential diesel engine-powered forklifts to include three
additional engines, an Isuzu C-240, a Teledyne TMD-20, and a Peugeot XD3P

operating on an EPA certification fuel.

A. Objective

The objective of this program was to expand the exhaust emissions
characterization data base of diesel engines considered as potential candidates
for forklift vehicles to include the emission characterization of three additional
diesel-powered engines. This emission characterization was accomplished on
engines provided by Belvoir R,D&E Center and included gaseous and particulate
emissions of potential concern when these engines are operated in confined
areas. The method used to evaluate these engines was the modal steady-state
procedure used in the 13-mode Federal Test Procedure.(3)

*Numbers in parentheses designate references at the end of the report.
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B. Scope

Three diesel forklift engines were provided by Belvoir R,D&E Center for this
study, an Isuzu C-240, a Teledyne TMD-20, and a Peugeot XD3P. The test fuel
was an EPA DF-2 certification fuel and was obtained from Phillips Petrofeum
Company. Emission characterization was accomplished over the test matrix in
Table 1. Emission rates are presented in g (or mg)/hp-hr, g (or mg)/hr, and

observed concentrations.

TABLE 1. TEST MATRIX FOR EMISSION TESTING OF ISUZU C-240,
TELEDYNE TMD-20, AND PEUGEOT XD3P DIESEL ENGINES USING EPA
DF-2 CERTIFICATION FUEL (PHILLIPS DF-2 EMISSIONS FUEL)

)

Engine Speed Engine Load Emission Measurement

Idle -- Group I, 11, I
Peak Torque 2% Group I, I, III \!
Peak Torque 25% Group I, 11
Peak Torque 50% Group I
Peak Torque 75% Group 1
Peak Torque 160% Group 1 L
Rated 2% Group I, 11 ~
Rated 25% Group | 7
Rated 50% Group 1, 11 }
Rated 75% Group | é
Rated 100% Group I, II, III

4
Group I - includes CO, CO, HC, NO, (NO + NO3), Smoke
Group Il - includes particulates and SO; ‘

Group Il - includes aldehydes




Il. DESCRIPTION OF FACILITIES, ENGINES, AND PROCEDURES

A. Engine Description

This program involved emission mapping for gaseous, particulate, smoke,
aldehydes, and sulfur dioxide emissions on three diesel forklift engines. The
three diesel engines were tested using an EPA DF-2 emissions certification
fuel. Engines in this study included an lsuzu C-240, Teledyne TMD-20, and a
Peugeot XD3P. New engines were supplied by Belvoir R&D Center.

1. Isuzu C-240

The first engine tested in this program was an Isuzu C-240 engine rated at 43 hp
at 2400 rpm. This four-cylinder, water-cooled engine was delivered to
Southwest Research Institute (SwRI) in April 1985. A performance map was
accomplished on the engine upon receipt at SwRI and after an 80-hour engine
break-in. The engine performance data, both before and after engine break-in,
are presented in Table 2, and the engine break-in schedule is presented in Table

3. Views of the Isuzu C-240 on the test stand are illustrated in Figure 1.

Hydrocarbon emissions during the initial 13-mode emissions test on the Isuzu C-
240 were unstable. Although the 13-mode was a valid test, the unsteady
hydrocarbon emissions were of concern. As a result of these concerns, two
additional 13-mode emission tests were conducted. The hydrocarbon emissions
were stable during these tests, and these results were averaged for comparison

purposes.

2. Teledyne TMD-20

The Teledyne TMD-20 was supplied new by Belvoir R,D&E Center. This three-
cylinder, water-cooled diesel engine was rated at 37.7 hp at 2230 rpm and
underwent the 80-hour break-in schedule presented in Table 3. The engine
performance data for the Teledyne TMD-20 before and after the 80-hour break-

-




TABLE 2. SUMMARY OF ENGINE PERFORMANCE TESTS BEFORE AND
AFTER 80-HOUR ENGINE BREAK-IN ON ISUZU C-240,
TELEDYNE TMD-20, AND PEUGEOT XD3P

Isuzu C-2403 Teledyne TMD-20P Peugeot XD3PC
Engine Before After Before After Before After
Speed, 80-hr 80-hr 30-hr 80-hr 50-hr 50-hr
rpm Break-in Break-in Break-in Break-in Break-ind Break-ind
800 12.0 13.7 - -- - --
900 13.9 15.5 - -- 14.8 14.3
1000 15.8 17.3 16.0 15.9 17.2 16.7
1100 18.0 19.1 17.8 17.8 19.7 19.2
1200 20.0 21.3 19.6 19.6 22.4 21.5
1300 22,1 23.5 21.5 21.5 24,6 24,1
1400 23.6 26.1 23.5 23.5 27.3 26.6
1500 25.1 27.8 25.3 25.7 30.0 29.0
1600 26.8 29.8 27.2 27.7 32.8 31.6
1700 28.9 31.8 29.0 29.5 35.3 33.7
1800 30.7 344 30.6 31.2 37.4 35.9
1900 32.7 36.9 32.3 32.7 39.4 37.9
2000 34.8 38.7 33.9 34.7 41.3 39.8
2100 36.3 40.1 35.5 36.2 43.6 41.8
2200 37.6 41.4 37.0 37.5 45.5 43.7
2300 38.9 43.1 37.1 35.6 47.7 45.5
2400 41.1 44.7 - - - - X

ARated HP = 43
Rated Speed = 240G rpm
bRated HP = 37.7
Rated Speed = 2300 rpm
CRated HP = 47.5
Rated Speed = 2300
Engine had already accumulated 30 hours of operation when
received at SwRI.

10
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TABLE 3. BREAK-IN SCHEDULE FOR ISUZU C-240 AND TELEDYNE TMD-20

10

Total Engine Speed, rpm
Time per Step Time Isuzu C-240 Teledyne TMD-20 Load,%
0:15 min 0:15 1000 1000 0
0:15 min 0:30 1400 1400 20
0:15 min 0:45 1600 1600 30
0:15 min 1:00 2000 2000 30
0:15 min 1:15 2200 2100 50
0:15 min 1:30 2400 2230 50
0:15 min 1:45 2400 2230 75
0:15 min 2:00 2400 2230 100
1:00 3:00 2000 2000 30
1:00 4:00 2200 2100 50
1:00 5:00 2400 2230 50
7 hours cycling 0:05 1200 1200 0
time (total time 0:25 1600 1600 60
12:00 hours) 0:05 1200 1200 0
0:25 1800 1800 60
8 hours cycling 0:05 1600 1600 0
time (total time 0:25 1200 1200 70
20:00 hours) 0:05 1600 1600 0
0:25 2000 2000 70
10 hours cycling 0:05 1600 1600 80
time (total time 0:25 2000 2000 80
30:00 hours) 0:05 1800 1800 80
0:25 2200 2230 20
10 hours cycling 0:15 1800 1800 90
time (total time 0:15 2200 2100 90
40:00 hours) 0:15 2000 2000 90
0:15 2400 2230 20

Repeat entire sequence to give a total of 80 hours

11
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FIGURE L. VIEWS OF ISUZU C-240 ON THE TEST STAND




in are illustrated in Table 2. Figure 2 jllustrates the Teledyne TMD-20 on the
test stand.

3.  Peugeot XD3P

The Peugeot XD3P, a four-cylindet, water-cooled engine had already undergone
30 hours of operation when received at SwRI. This engine was rated at 47.5 hp
at 2300 rpm. Since the engine had already accumulated 30 hours of operation,
only 50 additional hours of engine break-in were conducted on the engine. This
modified break-in schedule is presented in Table 4. The engine performance
data for the Peugeot XD3P before and after the abbreviated engine break-in
are illustrated in Figure 2. Figure 3 illustrates the Peugeot XD3P on the test
stand.

B. Fuel Description

All testing in this program was conducted using EM-627-F, an EPA DF-2
certification fuel. This fuel met EPA certification specifications and was
obtained from Phillips Petroleum Company. The fuel inspection data on the
test fuel are presented in Table 5.

C. Dynamometer Description

A 250-hp Midwest wet gap eddy current dynamometer determined the load on
the three test engines. Fuel was measured using a Flotron. An 8-inch stainless
steel dilution tunnel was used to collect particuiate samples. All equipment
was calibrated prior to testing using accepted applicable procedures, i.e.,
Federal Register, SAE, EPA Recommended Practice, etc. Several views of the
test equipment are illustrated in Figure 4.

D. Gaseous Emissions (Group 1)

The measurement of gaseous emissions was accomplished using analytical
equipment, procedures, and calculations specified in the Federal Register(3) for
13-mode certification testing. The specific analytical instruments used in this

13




FIGURE 2. VIEWS OF TELEDYNE TMD-20 ON THE TEST STAND
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90
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30
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0
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0
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0
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TABLE 4. BREAK-IN SCHEDULE FOR PEUGEOT XD3P

Load, Ibs

74.9
74.3
74.3
4.7

24.6
41.0
24.9
41.6
66.6

0.0
49.2
0.0
49.9

0.0
52.3
0.0
57.8

65.6
66.1
66.6
66.2

74.9
74.5
74.3
74.7




FIGURE 3. VIEWS OF PEUGEOT XD3P ON THE TEST STAND

16




TABLE 5. FUEL INSPECTION DATA

Test EPA
Fue{ Property Method Specifications EM-627-F
Cetane Number D613 42-50 46.2
Gravity, °API D 287 33-37 35.2
Total Sulfur, Wt % D 3120 0.2-0.5 0.35
Aromatics (FIA), Vol % D 1319 27 min 32.1
Flash Point, OF (°C) D93 130 (54) min 162 (72)
Kinematic Viscosity, cSt D 445 2.0-3.2 2.52
Particulate Matter D 2276 NAa 2.1
Cloud Point, °F (°C) D 2500 NA +12(-11)
Pour Point, F (°C) D97 NA 0
Distillation Range, 9F (°C) D 86
BP 340-400 (149-204) 375 (191)
5% Recovered 415(213)
10% Recovered 400-460 (204-238) 431 (222)
20% Recovered 451 (233)
30% Recovered 469 (243)
40% Recovered 487 (253)
50% Recovered 470-540 (243-282) 505 (263)
60% Recovered 523 (273)
70% Recovered 543 (284)
80% Recovered 567 (297)
90% Recovered 550-610 (288-321) 598 (314)
95% Recovered 628 (331)
EBP 580-660 (304-349) 653 (345)

3Not Applicable

17
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study are listed in Table 6, and several views of this equipment are also
illustrated in Figure 4. A flow schematic of the gaseous emissions
instrumentation is shown in Figure 5. One set of gaseous, particulate, and
unregulated emissions instrumentation was used to obtain emissions data on this

program.
TABLE 6. LIST OF GROUP I EMISSION MEASUREMENT EQUIPMENT

Chemical Detection

Exhaust Species Symbol Technique Instrument
Carbon Monoxide co NDIRa Beckman 3158
Carbon Dioxide CO3 NDIR3 Beckman 3158
Oxides of Nitrogen NOy cLb SwRI w/EPA Design
Hydrocarbons HC FIDC SwRI w/Beckman

402 Detector
Smoke - Opacity PHS Smokemeter

4ANDIR denotes nondispersive infrared
bCL denotes chemiluminescent analyzer
CFID denotes flame jonization detector

19
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Ill. ANALYTICAL PROCEDURES FOR UNREGULATED EMISSIONS

The analytical procedures used to measure the unregulated emissions are
summarized in this section. Detailed descriptions of most of the procedures,
along with discussions of their development, validation, and qualification, are
available in Interim Report II, "Analytical Procedures for Characterizing
Unregulated Pollutant Emissions From Motor Vehicles," developed in a related
EPA project.(") Several views of Group II and Il sampling systems are shown in
Figure 6.

A. Description of Analytical Procedures

The unregulated emissions evaluated in this project, along with the methods for
sampling and the procedures used in the analyses, are listed in Table 7.
Aldehydes and ketones represent a group of compounds. This procedure
separates and identifies a number of individual components. The analytical
procedures involved in this project are briefly described in the .sllowing
subsections.

1. Aldehydes and Ketones

The collection of aldehydes (formaldehyde, acetaldehyde, acrolein,
propionaldehyde, crotonaidehyde, isobutyraldehyde, benzaldehyde, and
hexanaldehyde) and ketones (acetone and methylethylketone) is accomplished by
bubbling exhaust through glass impingers containing an acetonitrile solution of
2,4 dinitrophenylhydrazine (DNPH) and perchloric acid. The aldehydes and
ketones (also known as carbonyl compounds) react with the DNPH to form their
respective phenylhydrazone derivatives. For analysis, a portion of the
acetonitrile solution is injected into a liquid chromatograph equipped with an
ultraviolet detector. External standards of the aldehydes and ketone DNPH
derivative are used to quantify the results. Detection limits for this procedure
are on the order of 0.01 ppm aldehyde.or ketone in exhaust.

21
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TABLE 7. SAMPLING AND ANALYSIS METHODOLOGY
FOR UNREGULATED EMISSIONS

Compound Sampling Method of Analysis
Aldehydes and Impinger Dinitrophenylhydrazone
Ketones derivative, Liquid chromatograph
with ultraviolet detector (LC-UV).
Sulfur Dioxide Impinger Ion chromatograph
Particulates 47-mm filter Weighed using microbalance

2. Sulfur Dioxide

The concentration of sulfur dioxide in exhaust is determined as sulfate using an
ion chromatograph. Sulfur dioxide is collected and converted to sulfate by
bubbling dilute exhaust through two glass impingers containing 3-percent
hydrogen peroxide absorbing solution. The samples are analyzed on the ion
chromatograph and compared to standards of known sulfate concentrations.
The detection limit for this procedure is on the order of 0.05 ppm sulfur dioxide
in exhaust.

3. Particulate

The "particulate" is collected on 47-mm Pallflex filters. The amount of
"particulate" collected is determined by weighing the filter on a microbalance
before and after sampling. The detection limit for this procedure is on the
order of 50 ug particulate per cubic meter of exhaust for a 10 minute sampling
period.

B. Accuracy of the Analytical Procedures

A difficult, but very important, endeavor was the determination of procedural
accuracy for each analytical method. The primary difficulty involved those
procedures in which the exhaust compounds are trapped or absorbed, an

extraction or subsequent reaction is performed, and then a portion of the

23

e e — -

PR ——LA-_—-“




extraction is analyzed. The decision was reached to initially define the
accuracy in terms of a "minimum detection value" (MDV). The MDV, as used in
this report, is defined as the value above which it can be said that the
compound has been detected in the exhaust (i.e., at a measured value equal to
the MDV, the accuracy is equal to plus or minus the MDV). While the
determination of accuracy over the entire range of each procedure was beyond
the scope of this project, the nominal accuracy for each of the procedures has
been estiamted to be on the order of * [0% (¥25 for aldehydes other than

formaldehyde) at the levels observed in this program.

For compounds collected by bag samples, the MDV can be determined from the
instrument detection limits only, and is independent of the sampling rate and
duration. However, for compounds which are concentrated in impingers or
traps, the MDV is dependent on the instrument detection limit, chemical
workup, sampling rate, and sampling duration. The MDVs listed in Table 8 were

derived using the listed sampling rate and a 10-minute sampling period.

TABLE 8. UNREGULATED EMISSION PROCEDURAL SAMPLE

RATES AND ACCURACY A\
Procedural MDV
Sample Minimum for 10 min
Flow, Detection Values SS Test,
£/min _ ppm pg/m? mg/hour
Aldehydes and Ketones 4
Formaldehyde 0.01 15 2
Acetaldehyde 0.01 20 2
Acrolein 0.0l 25 3
Propionaldehyde 0.01 25 3
Acetone 0.01 25 3
Crotonaldehyde 0.01 30 3
Isobutyraldehyde 0.0l 30 3
Methylethylketone 0.01 30 3 1
Benzaldehyde 0.01 45 5
Hexanaldehyde 0.01 40 5
Sulfur Dioxide 4 0.05 135 15
Particulate 14 ———- 50 5
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IV. RESULTS

This section presents the results of emission tests conducted on the three
engines evaluated in this study for the Group I (CO, CO,, NOy, HC, and smoke),
Group Il (particulate and sulfur dioxide), and Group III (aldehydes and ketones)
emissions.

A. Group I Emissions

Thirteen-mode emission tests were used as the primary basis of
comparison for the Group I emissions, i.e., CO, COy, NOy, HC, and smoke
opacity. Results of 13-mode emission tests conducted on the three engines are
presented in Tables 9 through 11. Computer printouts of the 13-mode gaseous
emission tests are included in Appendix Tables A-1 through A-4. Two {3-mode
emission tests were run on the Isuzu C-240 (Tables A-1 and A-2) and the results
have been averaged for these two tests in Appendix Tables A-5 (g/hp-hr), A-6
(g/hr), and A-7 (ppm or percent), With the exception of a reversal in trend for
the CO emissions at 100 percent load, all three engines produced decreasing

brake specific emission rates with increasing engine load.

For comparison purposes, the 13-mode gaseous emissions in g/hp-hr have been
summarized in Table 12 along with the MIL-T-52932C gaseous emission
specifications, Carbon monoxide and oxides of nitrogen emissions were weil
within the MIL-T-52932C specifications for all three engines. Hydrocarbon
emissions for the Teledyne TMD-20 were within specifications; however, the
hydrocarbon emissions for the Isuzu C-240 and Peugeot XD3P were equivalent
to the MIL-T-52932C (when rounded to tenth of a gram per hp-hr) specification.
The Peugeot XD3P gave the lowest CO and NOy emissions of the three engines,
while the Teledyne TMD-20 gave the lowest HC and BSFC for the three

engines.

Table 13 compares the smoke opacity results for the three engines with the
MIL-T-52932C specifications. All three engines were within the smoke opacity
specification at all specified modes. The highest smoke opacity was observed
at 100-percent engine power at both peak torque and rated speeds for all three
engines.
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TABLE 12, SUMMARY OF COMPOSITE 13-MODE EMISSION RESULTS

13-Mode E mission Results, g/hp-hr

Engine Description HC cO NO, BSFCa
Isuzu C-240 0.506 3.769 3.167 0.544
Teledyne TMD-20 0.380 2,948 2,966 0.494%
Peugeot XD3P 0.527 2.240 1.856 0.503
MIL-T-52932C Specification 0.5 5.0 6.0 NAb

3BSFC expressed in b fuel/hr
bNA - denotes not applicable

TABLE 13. COMPARISON OF ISUZU C-240, TELEDYNE TMD-20, AND
PEUGEOT XD3P SMOKE OPACITIES WITH THE MIL-T-52932C FUEL

Smoke Opacity

Engine Engine MIL-T-52932C Isuzu Teledyne Peugeot
Mode Power, % Speed Specifications C-240 TMD-20 XD3p
1 - Idle 5.0 0.8 1.9 0.5
2 2 Peak Torque 5.0 0.9 0.7 1.7
3 25 Peak Torque 5.0 1.0 0.8 1.5
4 50 Peak Torque 5.0 2.0 1.7 1.5
5 75 Peak Torque NR 2.6 2.2 1.7
Ny 6 100 Peak Torque NR 15.5 7.0 6.3
7 - Idle 5.0 2.0 1.7 0.7
8 100 Rated NR 7.5 11.5 5.5
9 75 Rated NR 2.0 2.0 1.2
i0 50 Rated 5.0 2.1 1.7 1.1
11 25 Rated 5.0 2.1 1.7 1.4
12 2 Rated 5.0 2.0 1.7 1.5
13 - Idle 5.0 2.1 1.9 1.1
1 NR - denotes not regulated
29
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B. Group Il Emissions

Specific analyses included in the Group II analyses were particulate and sulfur
dioxide. The emissions were measured at six engine speed and load conditions
(idle, peak torque speed/2-percent load, peak torque speed/25-percent load,
rated speed/2-percent load, rated speed/50-percent load, and rated speed/100-
percent load). Particulate emissions are presented in Table 14 as g/hr, g/hp-hr,
and mg/m3. Sulfur dioxide emissions are presented in Table 15 as g/hr, g/hp-hr,
and ppm. Due to procedural sampling difficulties, it was necessary to calculate
the sulfur dioxide emission rates from the engine fuel flow rates and from the
sulfur content in the test fuel for the Isuzu C-240 and Teledyne TMD-20
engines. For the Isuzu engine, two of the test points gave measured sulfur
dioxide emission rates within 6 percent of the calculated emission rates,
however for continuity, only the calculated values are presented in Table 15.
These procedural sampling difficulties were solved after the Isuzu C-240 and
Teledyne TMD-20 engines had been tested and removed from the test stand.
The Peugeot engine, which was tested after the difficulties were solved, gave
similar measured and calculated values. The particulate and sulfur dioxide
emissions data were compared for the three engines in the study as well as with
data reported in an earlier study, "Clean Burning Diesel Engines - Phase ll“(Z),
for two Deutz and two Perkins forklift engines also operating on the EPA DF-2

certification fuel. The results of these comparisons are presented below:

» At idle conditions, the Isuzu C-240 gave lower particulate emissions (g/hr)
than either the Teledyne or Peugeot engines. The particulate rate was
also lower than the particulate rates for the four engines tested in the
previous study.(z)

+ The Peugeot XD3P gave higher particulate rates than the Isuzu or the
Teledyne engines at the 2-percent load condition for both rated and peak
torque speeds.

» At 100-percent load/rated speed, both the Isuzu C-240 and Teledyne TMD-

20 gave particulate rates (g/hp and g/hp-hr) higher than those observed
for the Peugeot engine and the four engines previously tested.(2)
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TABLE 14. SUMMARY OF PARTICULATE EMISSIONS FROM ISUZU C-240,
TELEDYNE TMD-20, AND PEUGEOT XD3P DIESEL ENGINES

Engine Particulate Emission Rate, g/hr

Speed Load, % Isuzu C-240 Teledyne TMD-20 Peugeot XD3P
Idle - 0.29 3.83 3.15
Peak Torque 2 4.84 5.10 11.86
Peak Torque 25 7.69 4.57 9.95
Rated 2 10.34 12.05 37.89
Rated 50 10.01 4,12 9.89
Rated 100 53.1 66.6 23.85

Engine Particulate Emission Rate, g/hp-hr

Speed Load, %  Isuzu C-240 Teledyne TMD-20 Peugeot XD3P
Idle - NA NA NA
Peak Torque 2 7.96 7.90 18.6
Peak Torque 25 0.81 0.51 0.95
Rated 2 11.49 15.1 29.2
Rated 50 0.48 0.23 0.44
Rated 100 1.22 1.86 0.51

Engine Particulate Concentration, mg/m3

Speed Load, % Isuzu C-240 Teledyne TMD-20 Peugeot XD3P
1dle - 6 66 61
Peak Torque 2 39 53 90
Peak Torque 25 63 47 75
Rated 2 73 114 264
Rated 50 69 38 68
Rated 100 352 626 165
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TABLE 15. SUMMARY OF SULFUR DIOXIDE EMISSIONS FROM ISUZU C-240,
TELEDYNE TMD-20, AND PEUGEOT XD3P DIESEL ENGINES

Engine Sulfur Dioxide Emission Rate, g/hr

_Speed Load, % lsuzu C-240* Teledyne TMD-20* Peugeot XD3P
Idle - 2.62 3.62 2,51
Peak Torque 2 10.69 8.76 9.44
Peak Torque 25 17.74 15.24 16.76
Rated 2 14.27 10.86 12.99
Rated 50 32.01 26.29 35.81
Rated 100 70.67 53.05 68.75

Engine Sulfur Dioxide Emission Rate, g/hp-hr

_Speed Load, % Isuzu C-240* Teledyne TMD-20* Peugeot XD3P
Idle - NA NA NA
Peak Torque 2 17.29 13.53 10.49
Peak Torque 25 1.87 1.69 1.60
Rated 2 15.86 13.58 9.99
Rated 50 1.52 1.43 1.60
Rated 100 1.62 1.48 l.46

Engine Sulfur Dioxide Concentration, ppm

_Speed Load, % Isuzu C-240* Teledyne TMD-20* Peugeot XD3P
Idle - 21 25 18
Peak Torque 2 33 34 27
Peak Torque 25 54 59 48
Rated 2 38 39 35
Rated 50 83 93 U
Rated 100 176 187 180

*Calculated from the fuel consumption rate and the percentage of sulfur

in the fuel
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+ Sulfur dioxide emissions (g/hr and g/hp-hr) were similar for the three

engines.

« On a g/hp-hr basis, the three engines in this study gave sulfur dioxide

emission rates similar to those recorded in earlier work.(2)

The particulate emission rates have also been compared to the MIL-T-52932C
particulate specification in Table 16. All three engines gave particulate
emission rates within the MIL-T-52932C specifications for the 25-percent
load/peak torque speed and 50-percent load/rated speed modes. Comparable

data are not available for the remaining modes.

TABLE 16. COMPARISON OF ISUZU C-280, TELEDYNE TMD-20, AND
PEUGEOT XD3P PARTICULATE EMISSION RATES WITH THE
MIL-T-52932C SPECIFICATION

Particulate Emissions Rate, g/hr

Engine Engine MIL-T-52932C Isuzu@ Teledyne? Peugeotd
Mode Power, % Speed Specifications C-240 TMD-20 XD3P \
1 - Idle NR 0.29 3.83 3.15
2 2 Peak Torque NR 4.84 5.10 11.86
3 25 Peak Torque 15.0 7.69 4.57 9.95
4 50 Peak Torque 15.0 ND ND ND
5 75 Peak Torque NR ND ND ND
6 100 Peak Torque NR ND ND ND
7 -~ Idle NR ND ND ND
8 100 Rated NR 53.1 66.6 23.85
9 75 Rated NR ND ND ND
10 50 Rated 15.0 10.01 4.12 9.89
11 25 Rated 15.0 ND ND ND
12 2 Rated NR 10.34 12.05 37.89
13 - 1dle NR ND ND ND

2Average of two tests (Modes 1, 2, 8)
NR - denotes not regulated
ND - denotes no data (not in test plan)
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C.  Group Il Emissions

Aldehyde and ketone emissions were evaluated in the Group III analyses. This
section presents the results of these analyses for the three test engines. The
Group Il analyses were performed at idle, peak torque speed/2-percent load,
and rated speed/100-percent load. Formaldehyde (the predominate aldehyde
detected) and total aldehydes (summation of the 10 aldehydes and ketones
evaluated in this study) are presented in Tables 17 and 18, respectively.
Emission rates for each of the nine aldehydes and ketones (isobutyraldehyde and
methylethylketone are not separated in the analysis and are reported as one
compound) are reported individually in Appendix Table B-1. In general, these

results are summarized as follows:

« Formaldehyde was the predominate aldehyde detected, generally
accounting for 33 to 47 percent of the total aldehydes and ketones
detected.

» For all three engines, the formaldehyde as well as the total aldehyde and
ketone emissions were ordered as follows: Idle peak torque speed/2-
percent load > rated speed/100-percent load.

« Idle and peak torque speed/2-percent load formaldehyde emissions were
generally equivalent or higher in this study than in the earlier study(z) and
inversely the rated speed/100-percent load emissions were equivalent or
lower than emissions recorded in the earlier study.(Z)

D. Trend Validation

Validation of Group I emissions was accomplished for six modes of the EPA 13-
mode cycle. These modes included 2-, 50-, and 100-percent load at rated speed,
2- and 25-percent load at peak torque speed, and idle. The modes include the
worst case conditions, i.e., 2-percent load at both speeds. In general, as load is
applied, emission rates (g/hp-hr) decrease quite rapidly. During the validation
of emission trends, triplicate tests were conducted at 2 percent load at peak

torque, 100 percent load at rated speed, and idle, while only duplicate tests
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TABLE 17. SUMMARY OF FORMALDEHYDE EMISSIONS FROM ISUZU C-240,
TELEDYNE TMD-20, AND PEUGEOT XD3P DIESEL ENGINES

Engine Formaldehyde E mission Rate, mg/hr
Speed Load, % Isuzu C-240 Teledyne TMD-20 Peugeot XD3P
1

Idle - 168 506 626
Peak Torque 2 377 945 2400 ¢
Rated 100 158 72 199

Engine Formaldehyde Emission Rate, mg/hp-hr

Speed Load, % Isuzu C-240 Teledyne TMD-20 Peugeot XD3P
ldle - - -- - 3
Peak Torque 2 753 1350 2667
Rated 100 3.61 1.99 4.18

Engine Formaldehyde Concentration, mg/m?

Speed Load, % Isuzu C-240 Teledyne TMD-20 Peugeot XD3P
Idle - 3.31 9.25 12,2
Peak Torque 2 3.00 9.64 18.2
Rated 100 1.02 0.68 1.38

TABLE 18. SUMMARY OF TOTAL ALDEHYDE?2 EMISSIONS FROM ISUZU C-240,
TELEDYNE TMD-20, AND PEUGEOT XD3P DIESEL ENGINES

Engine Total Aldehyde Emission Rate, mg/hr

Speed Load, % Isuzu C-240 Teledyne TMD-20 Peugeot XD3P
Idle - 441 1098 1432
Peak Torque 2 1144 2090 5533
Rated 100 336 184 427

Engine Total Aldehyde Emission Rate, mg/hp-hr

Speed Load, % Isuzu C-240 Teledyne TMD-20 Peugeot XD3P
Idle -~ -- -- --
Peak Torque 2 2288 2986 6148
Rated 100 7.68 5.08 8.94

Engine Total Aldehyde Concentration, rng/m3

Speed Load, % Isuzu C-240 Teledyne TMD-20 Peugeot XD3P
Idle - 8.72 20.1 27.9
Peak Torque 2 9.15 21.5 42.1
Rated 100 2.18 1.73 2.95

3lncludes formaldehyde, acetaldehyde, acrolein, propionaldehyde,
crotonaldehyde, isobutyraldehyde + methylethylketone, benzaldehyde, and
hexanaldehyde
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were run on the remaining three modes. Results of the trend validation tests
are summarized in Tables 19, 20, and 21. The trends of high brake specific
emissions at low load (i.e., 2 percent) and drastically reduced emissions once
load is applied are confirmed in the tables. The reversal in the trend of
decreasing BSCO with increasing load at the 100 percent load point was also

confirmed.
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V. SUMMARY

This section summarizes emission results from the Isuzu C-240, the Teledyne
TMD-20, and the Peugeot XD3P engines for Groups I, II, and IIl emissions. Data
for the Group I emissions provided the following observations:

« Carbon monoxide and oxides of nitrogen emissions were well within the
MIL-T-52932C specifications for all three engines.  Hydrocarbon
emissions for the Teledyne TMD-20 were also within specification;
however, the hydrocarbon emissions for the Isuzu C-240 and the Peugeot
XD3P were equivalent to the MIL-T-52932C specification.

» With the exception of a reversal in trend for the CO emissions at 100-
percent load, all three engines produced decreasing brake specific

emission rates with increasing engine load.

+» All three engines were within the MIL-T-52932C smoke specifications at
all specified modes.

Observations for results of Group II emissions for particulate and sulfur dioxide
are summarized below:

* Sulfur dioxide emissions (g/hr, and g/hp-hr) were similar for the three test
engines in this study, and on a g/hp-hr basis, were similar to emissions

recorded in previous forklift engine emission characterization studies.

» Brake specific particulate and sulfur dioxide emission rates are highest
under low load conditions.

+Sulfur dioxide emissions (g/hr) are related to fuel consumption rates and

increase with increasing engine fuel consumption.
Observations for the Group 11l aldehydes and ketones includes:

+Formaldehyde was the predominate aldehyde detected and accounted for

40




* 33 to 47 percent of the total aldehydes and ketones detected.

« For all three engines, the formaldehyde as well as the total aldehyde and

ketone emissions were ordered as follows: idle peak torque/2-percent

load > rated speed/100-percent load.

Results of this study have increased the data base of emissions data to allow
assessment of the potential problems when operating diesel engines in areas
with limited ventilation.
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APPENDIX A
13-MODE GAESOUS EMISSIONS RESULTS
13-MODE GASEOUS EMISSION RESULTS FROM ISUZU C-240
(8-19-85)

13-MODE GASEOUS EMISSION RESULTS FROM ISUZU C-240
(8-22-85)

13-MODE GASEOUS EMISSION RESULTS FROM TELEDYNE
T™MD 20

13-MODE GASEOUS EMISSION RESULTS FROM PEUGEOT XD3P

AVERAGE OF TWO 13-MODE EMISSION RESULTS ON ISUZU
C-240 (g/hp-hr)

AVERAGE OF TWO [3-MODE EMISSION RESULTS ON ISUZU
C-240 (g/hr)

AVERAGE OF TWO 13-MODE EMISSION RESULTS ON ISUZU
C-240 (ppm or percent)
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APPENDIX B

SUMMARY OF ALDEHYDE AND KETONES EMISSION RATES
FROM ISUZU C-240, TELEDYNE TMD-20, AND
PEUGEOT XD3P DIESEL ENGINES
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TABLE B-1. SUMMARY OF ALDEHYDE AND KETONES EMISSION RATES FROM
ISUZU C-240, TELEDYNE TMD-20, AND PEUGEOT XD3P DIESEL ENGINES

Teledyne TMD-20

Peugeot XD3P

Engine Engine Isuzu C-240
Speed Load,% mg/hr mg/hp-hr mg/m?
Idle - 168 - 331
Peak Torque 2 377 753 3.00
Rated 100 158 3.61 1.02
Idle - 9l - 1.80
Peak Torque 2 219 437 1.75
Rated 100 28 0.64 0.18
Idle - 79 - 1.57
Peak Torque 2 251 502 2.01
Rated 100 14 0.32 0.0%
ldle - 20 - 0.38
Peak Torque 2 10 20 0.08
Rated 100 25 0.57 0.16
idle - 28 - 0.54
Peak Torque 2 64 128 0.51
Rated 100 ND ND ND
Idle - 18 - 0.36
Peak Torque 2 50 99 0.40
Rated 100 11 0.26 0.07
ldle -- 20 -- 0.39
Peak Torque 2 64 127 0.51
Rated 100 84 1.92 0.54
idle - 9.5 -- 0.19
Peak Torque 2 69 138 0.55
Rated 100 16 0.36 0.10
ldle -- 8.9 - 0.18
Peak Torque 2 42 83 0.33
Rated 100 ND ND ND

TElhe ma/hp-he malm>

Formaldehyde
506 - 9.25
945 1350 9.72
72 1.99 0.68
Acetaldehyde
218 - 3.98
379 541 3.90
48 1.32 0.45
Acrolein
191 -- 3.49
364 520 .74
18 0.51 0.17
Acetone
12 - 0.23
43 61 0.44
42 1.16 0.40
Propionaldehyde
49 -- 0.90
92 132 0.95
ND ND ND
Crotonaldehyde
37 - 0.68
89 127 0.91
ND ND ND

Isobutyraldehyde + MEK

45 -- 0.83

62 89 0.64

ND ND ND
Benzaldehyde

23 - 0.43

99 141 1.02

3.8 0.10 0.04
Hexanaldehyde

16 - 0.29

17 25 0.13

ND ND ND

54

mg/hr  mg/hp-hr mg/m?

626 - 12.2
2400 2667 18.2
199 4.18 1.38

269 - 5.25
900 1000 6.84
18 0.38 0.13
233 - 4.55
839 932 6.38
95 1.98 0.65
65 - 1.27
29 32 0.22
33 0.70 0.23
57 - 111
258 287 1.96
ND ND ND
40 -— 0.79
254 282 1.93
18 0.38 0.1

91 - 1.77
460 511 3.49
44 0.91 0.30
40 - 0.77
218 242 1.66
19 0.41 0.13
11 - 0.22
175 195 1.33
ND ND ND
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AFWAL/MLBT (MR SNYDER) 1

WRIGHT-PATTERSON AFB OH 45433

CDR
SAN ANTONIO AIR LOGISTICS
CTR
ATTN: SAALC/SFT (MR MAKRIS) [
SAALC/MMPRR 1
KELLY AIR FORCE BASE TX 78241

CDR

HQ 3RD USAF

ATTN: LGSF (CPT HEWITT) i
APO NEW YORK 09127

CDR
WARNER ROBINS AIR LOGISTIC
CTR
ATTN: WRALC/MMTV (MR GRAHAM) |
ROBINS AFB GA 31098

CDR

USAF 3902 TRANSPORTATION
SQUADRON

ATTN: LGTVP (MR VAUGHN) 1

OFFUTT AIR FORCE BASE NE 68113

CDR

DET 29

ATTN: SA-ALC/SFM 1
CAMERON STAVION

ALEXANDRIA VA 22314
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OTHER GOVERNMENT AGENCIES

NATIONAL AERONAUTICS AND
SPACE ADMINISTRATION

VEHICLE SYSTEMS AND ALTERNATE

FUELS PROJECT OFFICE
ATTN: MR CLARK
LEWIS RESEARCH CENTER
CLEVELAND OH 44135

DEPARTMENT OF TRANSPORTATION
FEDERAL AVIATION ADMINISTRATION

ATTN: AWS-110
800 INDEPENDENCE AVE, SW
WASHINGTON DC 20590

US DEPARTMENT OF ENERGY
CE-151

ATTN: MR ECKLUND
FORRESTAL BLDG.

1000 INDEPENDENCE AVE, Sw
WASHINGTON DC 20585

ENVIRONMENTAL PROTECTION
AGENCY

AIR POLLUTION CONTROL

2565 PLYMO’ ITH ROAD

ANN ARBOR MI 48105
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