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[. 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 most
promising candidate is the diesel-powered forklift. Although the diesel engine
has many advantages, i.e., mobility, cost, maintenance, the use of diesels in
areas of limited ventilation is of concern. This program addresses engine-out
emissions from several candidate diesel forklift engines under a variety of

conditions.

The use of diesel forklift engines in areas with only limited ventilation is of
concern; however, these concerns may be amplified when the vehicle is
operating under a malfunction mode. Malfunctions include simulating a plugged
air cleaner (inlet air restriction), injection pump timing not property adjusted,
and damaged exhaust system (exhaust restriction). The magnitude of these
malfunctions was determined on a Deutz F3L 912W. A review of available data
on Bureau of Mines Contract No. H0292009 is included to confirm emission

trends as well as to look at synergistic effects.

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 used to handle hazardous materials. A previous emissions
characterization program was conducted for gaseous, particulate, and
unregulated on a Deutz F3L 912W and a Perkins 4,2032 operating on a MIL-F-
46162A(MR) fuel()*. This program included additional tests on the Deutz F3L

*Numbers in parentheses designate references at the end of the report.
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912W with a MIL-F-46162B(ME) fuel. The MIL-F-46162B(ME) is a high-sulfur
reference fuel, and it was of importance to know the relationship of gaseous,
partici.late, and unregulated emissions (especially sulfur-containing compounds)
to the sulfur content of the fuel. The emissions data base was also expanded to

include two additional engine models.

B. Scope

Four diesel forklift engines were provided by Belvoir R&D Center for this
study, a Deutz F3L 912W, a Deutz F4L 912W, a Perkins 4.2032, and a Perkins
4.2482. Two fuels were required for this program, a MIL-F-46162B(ME)
reference fuel and a EPA certification fuel. The MIL-F-46162B(ME) fuel was
provided by the U.S. Army Fuels and Lubricants Research Laboratory (AFLRL)
at Southwest Research Institute. The EPA certification fuel was obtained from
Phillips Petroleum Company. Emissions characterization was accomplished
over the test matrix in Table I. Emission rates are presented in g/hp-hr, g/hr,

and observed concentrations.
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TABLE 1. ENGINES, FUELS AND EMISSIONS TEST MATRIX

Emission Measurement Modes

Engine Fuel Code Group I Group II Group III Group 1V ]
Deutz F3L 912W  AL-7225-Fa 26 14 10 -

Deutz F3L 912W  AL-12287-F 13 6 3 3b ;

Deutz F3L 912W  EM-565-F 13 6 3 -- L

Perkins 4.2032 AL-7225-Fa 26 14 10 -

‘

Perkins 4.2032  EM-565-F 13 6 3 3 3
Deutz F4L 912W  EM-565-F 13 6 3 3
Perkins 4.2482 EM-565-F 13 6 3 --

Group I includes CO, COp, HC, smoke
Group II includes particulate, SO and sulfate
Group Il includes aldehydes, organic sulfides, DOAS odor, phenols

Group IV includes GC-MS for priority pollutants

dincludes data reported in Interim Report AFLRL No. 169 "Clean Burning
Diesel Engines" (AD A145515) to Contract DAAK70-82-C-0001, August 1984.
bSelected additional unregulated emissions were measured on four modes, including
hydrogen sulfide, hydrogen cyanide, individual hydrocarbons, and nitropyrenes.
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. ANALYTICAL PROCEDURES FOR UNREGULATED EMISSIONS

The analytical procedures used to measure the unregulated emissions are

N YR

summarized i 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 Procedur.s for Characterizing

Unregulated Pollutant Emissions From Motor Vehicles," developed in a related
EPA project.(3) Several views of Group II and IIl sampling systems are shown in

Figure 7.

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, organic sulfides, and phenols represent groups of

e

compounds. The respective procedures separate and identify a number of
individual components within each of these groups. The analytical procedures

involved in this project are briefly described in the following subsections.

.., -

l. Aldehydes and Ketones )
The collection of aldehydes (formaldehyde, acetaldehyde, acrolein, :
propionaldehyde, crotonaldehyde, isobutyraldehyde, benzaldehyde, and L)
hexanaldehyde) and ketones (acetone and methylethylketone) is accomplished by
bubbling exhaust through glass impingers containing 2,4 dinitrophenylhydrazine
(DNPH) in dilute hydrochloric acid. The aldehydes and ketones (also known as 1
carbonyl compounds) react with the DNPH to form their respective .1
phenylhydrazone derivatives. These derivatives are insoluble or only slightly .
soluble in the DNPH/HCI solution and are removed by filtration followed by 4
pentane extractions. The filtered precipitate and the pentane extracts are
combined, and then the pentane is evaporated in a vacuum oven. The remaining LJ
dried extract contains the phenylhydrazone derivatives. The extract is |
dissolved in a quantitative volume of methanol, and a portion of this dissolved 3
71
*
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D. Gaseous Emissions (Group 1)

The measurement of gaseous emissions was accomplished using analytical

equipment, procedures, and calculations specified in the Federal Register(Z) for

13-mode certification testing. The specific analytical instruments used in this
study are listed in Table 6, and several views of this equipment are also
illustrated in Figure 5. A flow schematic of the gaseous emissions
instrurnentation is shown in Figure 6. One set of gaseous, particulate, and
unregulated emissions instrumentation was used to obtain emissions data on this
program. The proximity of the two test stands and the common exhaust system

allowed ready changing between test stands.

TABLE 6. LIST OF GROUP I EMISSION MEASUREMENT EQUIPMENT

Chemical Detection

Exhaust Species Symbol Technique Instrument
Carbon Monoxide CO NDIR3 Beckman 315B
Carbon Dioxide COy NDIRa Beckman 315B
Oxides of Nitrogen NOy CLb SwRI w/EPA Design
Hydrocarbons HC FIDC SwRI w/Beckman

402 Detector
Smoke -- Opacity PHS Smokemeter

ANDIR denotes *n‘o-n:iispersive infrared
SCL denotes chemiluminescent analyzer
CFID denotes flame ionization detector

K Y
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TABLE 4. ENGINE PERFORMANCE DATA AFTER 80-HOUR BREAK-IN ON
DEUTZ F4L 912W AND PERKINS 4.2482 ENGINES

Deutz F4L 912W Perkins 4.2482

Engine  Horsepower, BSFC, Engine  Horsepower, BSFC,

RPM hp Ib/hp-hr RPM hp Ib/hp=hr
2300 57.3 0.457 2300 74.0 0.375
2100 55.1 0.445 2100 72.9 0.369
1900 52.5 0.431 1900 68.2 0.363
1700 48,1 0.434 1700 63.0 0.361
1500 42.8 0.415 1500 56.8 0.364
1300 36.2 0.415 1300 49.2 0.374
1100 30.7 0.407 1100 39.4 0.384
900 17.2 0.417 900 30.1 0.399

B.  Fuel Description

This program provided for emission testing using two DF-2 reference fuels. The
first fuel was designed to meet MIL-F-46162B(ME) specifications and was
provided by the U.S. Army Fuels and Lubricants Research Laboratory (AFLRL)
at Southwest Research Institute. The second fuel, a DF-2 fuel, met EPA
certification specifications and was obtained from Phillips Petroleum Company.

The fuel inspection data on the two test fuels are presented in Table 5.

C. Dynamometer Description

A 250-hp Midwest wet-gap, eddy-current dynamometer was used to determine
the load on the Deutz F3L 912W, and an adjacent 175-hp Midwest dry gap eddy
current dynamometer measured the engine load on the Perkins 4.2032, Perkins
4.2482, and Deutz F4L 912W engines. A 0-30 Ib/hr Flotron was used to
determine fuel consumption. An 8-inch stainless steel dilution tunnel was used
to collect particulate samples. All equipment was calibrated prior to testing

using accepted applicable procedures, i.e., Federal Register, SAE, EPA

Recommended Practice, etc.
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TABLE 3. BREAK-IN SCHEDULE FOR DEUTZ F4L 912W AND PERKINS 4.2482

Beam Load,

[WIRSIP IO T WORWCSUICLNDY PPNy Sy

Step No. Time per Step Total Time RPM Ib Remarks
1 0:30 0:30 800 20
2 0:30 1:00 1200 30
3 1:00 2:00 1400 30
4 1:00 3:00 1600 35
5 1:00 4:00 1800 55
6 1:00 5:00 2000 55
7 7 hours cycling 0:05 800 20 7 cycles
(Total Time- 0:25 1200 30
12:00 hr) 0:05 800 20
0:25 1600 35
3 8 hours cycling 0:05 1200 30 8 cycles
(Total Time- 0:25 1800 55
20:00 hr) 0:05 1200 30
0:25 2200 55
9 10 hours cycling 0:15 1200 30 10 cycles .
(Total Time- 0:15 1600 35 ]
30:00 hr) 0:15 1400 30 )
0:15 1800 55 {
10 10 hours cycling 0:15 1600 35 10 cycles
(Total Time- 0:15 2200 55
40:00 hr) 0:15 2000 55 ]
0:15 2300 60
)
Repeat entire sequence to give a total of 80 hours i
“
A. |
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TABLE 2. ENGINE PERFORMANCE DATA ON DEUTZ F3L 912W AND
PERKINS 4,2032 DETERMINED 12 July 1983

Deutz F3L 912W Perkins 4.2032
Engine  Horsepower, BSFC Engine  Horsepower, BSFC
RPM hp Ib/hp-hr RPM hp 1b/hp-hr

2650 43.7 0.472 2500 52.5 0.430
2400 45.0 0.437 2300 49.7 0.402
2200 42.8 0.420 2100 47.1 0.394
2000 39.2 0.420 1900 44.0 0.384
1300 36.5 0.433 1700 40.9 0.384
1600 34.3 0.421 1500 37.4 0.385
1400 29.5 0.420 1300 32.9 0.331
1200 25.0 0.428 1100 27.3 0.374
1000 20.2 0.435 900 21.6 0.397
800 15.4 0.435 700 15.8 0.401
600 10.2 0.464 500 9.6 0.396

3. Deutz F4L 912W Engine Description

The Deutz F4L 912W engine was supplied new by Belvoir R&D Center. This
engine was a four-cylinder, air-cooled diesel engine rated at 59 hp at 2300 rpm.
The engine was run using the inlet and outlet exhaust restrictions provided by
Deutz. The new engine underwent an 80-hour engine break-in using the break-
in schedule presented in Table 3. Engine performance data are presented in
Table 4. The engine was received in satisfactory operating condition and
underwent the 80-hour break-in and emission test program without incident.
Several views of the Deutz F4L 912W on the test stand are illustrated in Figure
3.

4, Perkins 4.2482 Engine Description

A new four-cylinder, water-cooled Perkins 4.2482 diesel engine was supplied by
Belvoir R&D Center for this program. This engine was rated at 80 hp at 2300

rpm and underwent the break-in schedule presented in Table 3 prior to

S emissions testing. The engine performance data for the Perkins 4.2482 are
illustrated in Table 4. Figure 4 illustrates the Perkins 4.2482 engine on the test

stand.
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II. DESCRIPTION OF FACILITIES, ENGINES, AND FrRCCEDURES

A. Engine Description

This program involved emission mapping for gaseous, particulate, and
unregulated emissions from a Deutz F3L 912W engine operating on a high-sulfur
reference fuel, MIL-F-46162(B)ME (AL-12287-F). Four candidate diesel forklift
engines were tested using an EPA certification DF-2 reference fuel. These
engines included two Deutz engines (F3L 912W and F4L 912W) and two Perkins
diesel engines (4.2032 and 4.2482). All engines were supplied by Belvoir R&D

Center.

1. Deutz F3L 912W Engine Description

The first engine tested in this program was a Deutz F3L 912W engine rated at

48 hp at 2650 rpm. This engine was supplied to SwRI by Belvoir R&D Center on

N T—
L ¥

an earlier program, and no engine break-in was required. Several views of the
;ﬂ Deutz F3L 912W on the test stand are illustrated in Figure 1. The engine
’ performance data for the Deutz F3L 912W prior to the start of this program are
presented in Table 2.

2. Perkins 4.2032 Engine Description

A Perkins 4.2032 four-cylinder, water-cooled diesel engine was tested in this

program. This engine was rated at 59 hp at 2500 rpm and was used on an earlier

Ty
()

program for Belvoir R&D Center. The engine had previously undergone the 80-
hour break-in, and only a performance map was accomplished prior to emission

testing on this program. The engine performance data are presented in Table 2,

and several views of the Perkins 4.2032 on the test stand are illustrated in

Figure 2.
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extract is injected into a liquid chromatograph and analyzed for several

individual aldehydes and ketones using an uitraviolet detector.

TABLE 7. SAMPLING AND ANALYSIS METHODOLOGY
FOR UNREGULATED EMISSIONS

Compound Sampling Method of Analysis
Aldehydes and Impinger Dinitrophenylhydrazone
Ketones derivative. Liquid chromatograph

with vltraviolet detector (LC-UV).

Sulfur Dioxide Impinger Ion chromatograph
Carbonyl! Sulfide Trap Gas chromatograph with flame
(COS) and photometric detector (GC-FPD)

Organic Sulfides
Sulfate 47-mm filter Barium chloranilate derivative
(BCA). Liquid chromatograph
with ultraviolet detector (LC-UV)

Particulates 47-mm filter Weighed using microbalance

Phenols Impinger Gas chromatograph with flame
ionization detector (GC-FID)

DOAS Trap Liquid chromatograph with
ultraviolet detector (LC-UV)

GC-MS General 20x20 filter Gas chromatograph-Mass Spectral
Analysis (GC-MS)

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.
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3. Carbonyl Sulfide and Organic Sulfides

(dimethylsulfide (CH3);S), ethyl sulfide (diethylsulfide (C2H5)2S), and methyl
disulfide (dimethyl disulfide (CH3)2S2), is accomplished by passing exhaust

5
: s

The collection of carbonyl sulfide (COS) and the organic sulfides, methyl sulfide ,q
;

through Tenax GC traps at -760C. At this temperature, the traps remove the ;
organic sulfides from the exhaust. The organic sulfides are thermally desorbed -
from the traps into a gas chromatograph sampling system and injected into a _ .:;J
gas chromatograph equipped with a flame photometric detector for analysis. .
External organic sulfide standards generated from permeation tubes are used to
quantify the results. q

4, Sulfate

The exhaust is vented into a dilution tunnel where it is mixed with a stream of
filtered room air. In the tunnel, the SO3 reacts rapidly with water in the
exhaust to form sulfuric acid aerosols. The aerosols grow to a filterable size
range within the tunnel and are collected on a fluorocarbon membrane filter.

Particulate sulfate salts are also collected on the filter. —

Sulfuric acid collected on the filter is then converted to ammonium sulfate by

exposure to ammonia vapor. The soluble sulfates are leached from a filter with

a measured volume of an isopropyl alcohol-water solution (60 percert IPA). A _
fixed volume of the sample extract is injected into a high-pressure liquid 5

chromatograph (HPLC) and pumped through a column of strong cation exchange

resin in Ag* form to scrub out the halides (Cl=, Br~) and then through a column

of strong cation exchange resin in H* form to scrub out the cations and convert !

the sulfate to sulfuric acid. Passage through a reactor column of barium

chloranilate crystals precipitates out barium sulfate and releases the highly

UV-absorbing chloranilate ions. The amount of chloranilate ions released is

equivalent to the sulfate in the sample and is measured by a sensitive liquid .

chromatograph UV detector at 310-313 nanometers. All the reactions and X

measurements take place in a flowing stream of 60 percent IPA. The scrubber

and reactor columns also function as efficient filter media for any solid
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reaction products formed during passage of the sample through the column

system,
5. Particulate

Engine exhaust was diluted with filtered ambient air in an 8-inch (20.3 cm)
stainless steel dilution tunnel.#)  Air dilution was varied to maintain
temperatures at the filter of less than 1250F (520C). Particulate was collected
on pre-weighed 47-mm Pallflex filters and weight gain determined by re-
weighing the filter. Particulate emission rates were expressed in g/hr and g/hp-~
hr.

6. Phenols

Phenols (phenol; salicylaldehyde; m-cresol/p-cresol; p-ethylphenol/2-isopropyi-
phenol/2,3-xylenol/3,5-xylenol/2,4,6-trimethylphenol;  2,3,5-trimethylphenol;
and 2,3,5,6-tetramethylphenol) in exhaust are sampled and quantitatively
analyzed with a gas chromatograph (GC) equipped with a flame ionization
detector. The exhaust is passed through two Greenburg-Smith impingers in
series, each containing 200 mL of 1 N KOH chilled in an ice bath. The contents
of each impinger are acidified and extracted with diethyl ether. The samples
are partially concentrated, combined, and then further concentrated to about 1
mL. An internal standard is added, and the volume is adjusted to 2 mL. The
final sample is analyzed by the use of a GC, and concentrations of individual

phenols are determined by comparison to external and internal standards.

7.  Diesel Odor Analysis System (DOAS)

The Diesel Odor Analysis System (DOAS) separates and measures the quantity
of the odorous components present in a collected diesel exhaust sample eluted
from an exhaust sampling trap charged with Chromosorb 102. The separation is
achieved Ly liquid-column chromatography on a silica-type adsorbent, and the

detection unit is a UV detector sensitive to 254-nm radiation.
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8. Gas Chromatograph-Mass Spectrometer Analysis

Diesel parti;:ulate is collected on 20 inch by 20 inch (50.8 cm) Pallflex filters
using an 8-inch (20.3 cm) stainless steel dilution tunnel. The organic portion of
the diesel particulate is separated from the inorganic particulate matter using a
soxhlet extraction with methylene chloride. The methylene chloride solution
containing dissolved organics is reduced to dryness (constant weight) using a
vacuum rotary evaporator followed by nitrogen blow-down in an inert

atmosphere.

A Gas Chromatograph-Mass Spectrometer (GC-MS) analysis of the organic
extractables was conducted using a gas chromatograph with a 30-meter fused
silica capillary column with a DB-5 liquid phase. The injection temperature was
280°C, with the oven temperature program starting at 40°C for | minute, then
to 310°C at 10°C/minute. No sample transfer line was used, i.e., capillary was
threaded directly into the MS source. The ionization energy of the mass
spectrometer was 70 ev and operated over a mass range of 30-525 at l-second

scans.

Selected compounds specifically searched for included the priority pollutant
polynuclear aromatic hydrocarbons (PAHs) and other nitroaromatics listed in
Table 8. Additional analyses were performed on the aromatic fraction of each

extract obtained from silica gel chromatography.

B. Accuracy of the Analytical Procedures

A difficult, but very important, endeavor was the determination ¢f 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

extraction is analyzed. The decision was reached to initially define the
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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 _.d
compound has been detected in the exhaust (i.e., at a measured value equal to

the MDYV, the accuracy is equal to plus or minus the MDV). Determination of

accuracy over the entire range of each procedure was beyond the scope of this

project.

For compounds collected by bag samples, the MDV was determined from the
instrument detection limits only, and is independent of the sampling rate and
duration. For compounds which are concentrated in impingers or traps, the
MDYV is dependent on the instrument detection limit, chemical workup, sampling
rate, and sampling duration. The MDV's listed in Table 9 were derived using the

listed sampling rate and a 10-minute sampling period.

TABLE 8. GAS CHROMATOGRAPH MASS SPECTROMETER

[ TARGET COMPOUNDS

§ Priority Pollutant PAHs: Selected Nitro PAHs:

.

[ fluorene nitronaphthalene

® phenanthrene dinitronaphthalene

anthracene nitrofluorene

E fluoranthene nitroanthracene

1 pyrene nitrodibenzothiophene

. benz(a)anthracene dinitroanthracene

;', chrysene nitrofluoranthene

P benzo(b)fluoranthene nitropyrene

2 benzo(d)fluoranthene dinitrofluorene

§ benzo(a)pyrene

3 indeno(1,2,3-CD)pyrene

{ dibenzo(a,h)anthracene =

. benzo(g,h,i)perylene =]

o L
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TABLE 9. UNREGULATED EMISSION PROCEDURAL SAMPLE g
RATES AND ACCURACY _
-
Procedural MDYV _»q
Sample Minimum for 10 min '
Flow, Detection Values SS Test,
L/min ppm wg/m3 mg/hour b
1
Aldehydes and Ketones 4 -
Formaldehyde 0.0l 15 2
Acetaldehyde 0.01 20 2 ;
Acrolein 0.01 25 3 R
Propionaldehyde 0.01 25 3 E
Acetone 0.01 25 3
Crotonaldehyde 0.0l 30 3 ~#
Isobutyraldehyde 0.01 30 3 ]
Methylethylketone 0.0l 30 3 ]
Benzaldehyde 0.0!1 45 5 ]
Hexanaldehyde 0.01 40 b 3
Sulfur Dioxide 4 0.05 135 15 .
Organic Sulfides 0.13
Carbonyl Sulfide 0.001 3 1
Methyl Sulfide 0.001 3 l
Ethyl Sulfide 0.001 3 1
Methyl Disulfide 0.001 5 1
Sulfate 14 0.01 6 1
Particulate 14 - 50 5
Phenols 14
Phenol 0.03 125 15
Salicylaldehyde 0.03 150 L5
m-/p-cresol 0.02 100 10
Five phenols* 0.02 250 30
2-n-Propylphenol 0.05 75 10
2,3,5-Trimethylphenol 0.01 50 5
2,3,5,6-Tetramethylphenol 0.01 25 5

*Includes sum of p-ethylphenol + 2-isopropylphenol + 2,3-xylenol + 3,5-xylenol +
2,4,6-trimethylphenol
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IV. RESULTS

A. Basic Test Matrix

This section presents emission results from four engines operating on one or
more fuels. The test matrix for this evaluation is presented in Table l. Group I
emissions (HC, CO, CO; and smoke) were measured on each engine fuel
combination over the EPA [3-mode cycle, while Group III emissions
(particulate, sulfate and sulfur dioxide) were determined on six of the 13 modes.
Group II emissions (aldehydes, organic sulfides, phenols and DOAS odor) were
obtained on three of the 13 modes. Group IV (GC-MS for EPA priority
pollutants) emissions were measured on three of the 13 modes for the Deutz
F4L 9i12W and the Perkins 4.2032. Data from Phase II is also included for

comparison purposes.

1. Group I Emissions

Thirteen-mode emission tests are used as the primary basis of comparison for
regulated emissions, i.e., CO, NO,, HC and COj3. Results of each individual 13-
mode emission test are presented in Tables A-1 through A-7 of Appendix A.

These results are summarized in Table 10, and a comparison of emission rates is

“illustrated in Figure 8.

The Deutz F3L 912W was evaluated with three fuels, a MIL-F-46162A(MR)
reference fuel (AL-7225-F), a MIL-F-46162B(ME) reference fuel (AL-12287-F)
and an EPA certification fuel (EM-565-F). The absolute values of CO and HC
emission rates from this engine were quite low, and any changes in emissions
due to fuel effects were minimal. Although the NO, levels were somewhat
higher than the CO and HC emissions, the NO, emission rates were also
apparently unaffected by fuel composition. The major difference in the fuel
specifications is primarily the amount of allowable sulfur. A summary of the

individual modes of the [3-mode tests with each of the three fuels with the
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FIGURE 8. COMPARISON OF HC, CO, AND NOyx 13-MODE EMISSION RATES

FROM FOUR DIESEL FORKLIFT ENGINES
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Deutz F3L 912W is presented in Table 11. This provides an opportunity to
compare emission rates (g/hr, g/hp-hr, ppm or percent) and emission

concentrations as a function of fuels for each individual mode.

TABLE 10. SUMMARY OF 13-MODE EMISSION RESULTS

Emission Rate, g/hp-hr

Engine Description Fuel Code CO HC NOy
Deutz F3L 912W AL-7225-F 1.627 0.454 4.445
Deutz F3L 912W AL-12287-F 1.472 0.335 4.684
Deutz F3L 912W EM-565-F 1.851 0.385 4.679
Perkins 4.2032 AL-7225-F 5.438 3.205 5.361
Perkins 4.2032 EM-565-F 4,879 2.740 6.406
Deutz F4L 912W EM-565-F 1.691 0.409 4.302
Perkins 4.2482 EM-565-F 2.396 1.060 8.647

Thirteen-mode emission tests were conducted on a Perkins 4.2032 with AL-
7225-F and EM-565-F. Computer printouts of 13-mode emission results are
presented in Tables A-4 and A-5 of Appendix A. The HC and CO emission rates
of the Perkins 4.2032 were noticeably higher with both fuels than the Deutz
F3L 912W. NOy emission rates of the Perkins 4.2032 were only slightly higher
than the Deutz F3L 912W. HC and CO emissions from the Perkins 4.2032 were
slightly higher with AL-7225-F than with EM-565-F, although NO, emission
rates were higher with EM-565-F.

Two additional engines, a Deutz F4L 912W and a Perkins 4.2482, were evaluated
with the EPA certification fuel. Emission rates from the EPA 13-mode tests
are presented in Tables A-6 and A-7 of Appendix A, A comparison of HC, CO,
and NO, emission rates for all engine-fuel combinations is shown in Figure 8.

Emission rates from the Deutz F4L 912W are quite similar to those from the

34
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Deutz F3L 912W. HC and CO emission rates from the Perkins 4.2482 were
significantly lower than the Perkins 4.2032; however, NOy emission rates from
the Perkins 4.2482 were noticeably higher than the Perkins 4.2032. A relative

f PR
Ad rLl

ranking of 13-mode emission rates for CO, HC and NOy is presented in Table
12.

TABLE 12. RELATIVE 13-MODE EMISSION RANKING OF FOUR DIESEL
FORKLIFT ENGINES OPERATING ON EM-565-F (g/hp-hr)

Ranking Carbon Monoxide Hydrocarbons Oxides of Nitrogen

Lowest Deutz F4L 912W Deutz F3L 912W Deutz F4L 912W

Deutz F3L 912W Deutz F4L 912W Deutz F3L 912W )
Perkins 4.2482 Perkins 4.2482 Perkins 4.2032 )

Highest Perkins 4.2032 Perkins 4.2032 Perkins 4.2482

- )_“.1

2. Group II Emissions

MEL. IR

Particulate, sulfate and sulfur dioxide emissions were measured on six of the
13-modes for all four engines with several fuels. Particulate emission rates are

presented in Tables B-1 (g/hp-hr) and B-2 (g/hr) of Appendix B for the four g

Akl

engine-fuel combinations tested. The sulfur dioxide emission rates are found in ]
Tables B-3 (g/hp-hr) and B-4 (g/hr), and sulfate emission rates are included in q
Tables B-5 (g/hp-hr) and B-6 (g/hr) of Appendix B. These results are ]
summarized for two modes for particulate, sulfur dioxide, and sulfate in Tables
13 (g/hr) and 14 (g/hp-hr). The two modes are 2 percent at peak torque speed
and 100 percent at rated speed. The two conditions generally represent the

range of emission rates that may be produced for a given engine fuel

PRI A_l!l- -

combination.
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TABLE 13. SUMMARY OF PARTICULATE, SULFUR DIOXIDE AND SULFATE

<

EMISSION RATES FROM FOUR DIESELS WITH SEVERAL FUELS (g/hr) f

- 4

Engine Condition Emission Rate, g/hr J

Engine Model Fuel Code % Load Speed, rpm Particulate SO- Sulfate )
Deutz F3L 912W AL-7225-F 2 2650 9.70 16.48 0.404
100 2650 11.81 51.61 1.021
Deutz F3L 912W  AL-12287-F 2 2650 6.58 62.04 0.821
100 2650 22.27 222.79 4,018
Deutz F3L 912W EM-565-F 2 2650 13.48 22.45 0.530
100 2650 5.10 * 0.572
Perkins 4.2032 AL-7225-F 2 2500 21.28 15.21 0.709
100 2500 31.56 40.12 1.422
Perkins 4.2032 EM-565-F 2 2500 30.40 27.00 0.964
100 2500 32.18 114,52 1.677
Deutz F4L 912W EM-565-F 2 2300 14,14 40.65 0.335
100 2300 7.00 109.00 0.471
Perkins 4.2482 EM-565-F 2 2300 8.44 25.30 0.478
100 2300 13.89 133.09 1.147

*Sample void
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TABLE 14. SUMMARY OF PARTICULATE, SULFUR DIOXIDE AND SULFATE

EMISSION RATES FROM FOUR DIESELS WITH SEVERAL FUELS (g/hp-hr)

Engine Condition

Emission Rate, g/hp-hr

Engine Model Fuel Code % Load Speed, rpm Particulate 50> Sulfate
Deutz F3L 912W  AL-7225-F 2 2650 11.28 23.54 0.577
100 2650 0.28 1.24 0.024
Deutz F3L 912W  AL-12287-F 2 2650 9.40 88.63 1.173
100 2650 0.52 5.25 0.095
Deutz F3L 912W EM-565-F 2 2650 19.26 32.07 0.757
100 2650 0.11 * 0.013
Perkins 4.2032 AL-7225-F 2 2500 16.37 11.70 0.545
100 2500 0.68 0.87 0.031
Perkins 4.2032 EM-563-F 2 2500 23.37 20.77 0.742
100 2500 0.62 2.23 0.033
Deutz F4L 912W  EM-565-F 2 2300 12.30 33.87 0.291
100 2300 0.12 1.95 0.008
Perkins 4.,2482 EM-565-F 2 2300 4.89 14.88 0.281
100 2300 0.18 1.78 0.016
*Sample void
35
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a. Particulate

)

Particulate emission rates from the Deutz F3L 912W at rated speed and load

o

ranged from 5.10 g/hr to 22.27 g/hr for the three fuels. Brake specific 1
particulate emissions rates from the Deutz F3L 912W ranged from 0.11 g/hp-hr

at rated speed and load to 19.26 g/hp-hr at 2 percent load at rated speed. The
Perkins 4.2032 was higher for the Deutz F3L 912W for those tests conducted on
the same fuels. In all cases, brake specific particulate emission rates were
highest at the 2 percent load condition, generally ranging from 18-175 times

higher than rated speed and load for those same engine fuel combinations.

Results presented in Tables B-1 and B-2 of Appendix B and Tables 13 and 14 are

summarized below:

« At constant rated speed, particulate mass emission rates (g/hr)

increased with increasing load.

+ The 2-percent load condition produced significantly higher
brake specific particulate emission rates (g/hp-hr) than higher -

loads.

+ The Perkins 4.2032 had higher mass particulate emission rates
(g/hr) than the other three engines tested, ranging from 21-33 -
g/hr.

* Brake specific emission rates (g/hp-hr) were higher with EM-
565-F under low load conditions than AL-7225-F for both the
Deutz F31 912W and the Perkins 4.2482.

b. Sulfur Dioxide

Sulfur dioxide emission rates are presented in Tables B-3 (g/hp-hr) and B-4

(g/hr) of Appendix B. The SO, emission rates are summarized in Tables 13
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100-percent load at 2650 rpm. During each mode, Group I, I, and IIl were

obtained.

The intake air restriction was increased from standard 12.5 in. H20 and 50
in. H20 to simulate a plugged air filter. Exhaust restrictions were increased
from the 1.5 in. Hg standard to 3.0 and 6.0 in. Hg to represent a defective or
damaged exhaust system. Injection pump timing was adjusted to include 139,
219, 259 BTDC in addition to the standard timing of 17° BTDC.

The effects of these induced faults on HC, CO, NOy, particulate, sulfur
dioxide and sulfate are listed in Tables C-] through C-5 of Appendix C. These
effects are summarized in Tables 21, 22, and 23 for all test conditions, and
general trends at rated speed and load are illustrated in Tables 24 and 25.
Increasing the intake restriction from 12.5 to 25 in. H20 had no effect on NOy
or CO at rated speed and load. A noticeable increase in particulate was
observed in increasing the intake restriction under rated speed and load, i.e.,
more restriction, more particulate. CO increased at the 50 in. H20 intake

restriction.

At 2-percent load at rated speed, no changes in particulate or NOy were
observed with an increased intake air restriction. Both HC and CO emission
rates increased at the higher intake air restrictions; although, HC increases

were more pronounced.

Increased exhaust backpressures were used to simulate restricted
mufflers, bent exhaust pipe, etc. The engine backpressure was increased from
1.5 in. Hg to 3.0 and 6.0 in. Hg to investigate the effect of this fault on exhaust
emission rates. Under rated speed and load conditions as well as the worst case
condition; no significant effect on HC, CO, NOy and particulate emissions could

be attributed to excessive engine backpressure.

The third fault included injection pump adjustments to cover the range of

anticipated maladjustments that might be experienced in the field. This

51
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» Phenanthrene and pyrene were the most prevalent PNAs detected h

« Brake specific PNA emission rates were much greater at low loads

B TR

for-all three engines than at high loads.

« l-nitropyrene was the highest emitted nitroaromatic, 30-60 times

any of the dinitropyrene (brake specific basis)

. IV

VP

* Brake specific l-nitropyrene emission rates ranged from 227 ,g/hp-

hr at 2-percent load at 1600 rpm (worst case) to 9.4 ug/hp-hr at

rated speed and load.

Other PNA Compounds tentatively identified in the GC-MS analysis are listed
in Table B-13 of Appendix B.

B. Induced Faults

Emission rates from several diesel engines operating on various fuels have
been reported in previous sections in this report. These data were generated
with the vehicle in proper operating condition. In reality, it is conceivable that
these engines could be operated (and still function satisfactorily) with engine
faults or maladjustments. Typical engine faults include excessive intake air
restriction (plugged air filter), increased exhaust backpressure (bent exhaust
pipe, restricted muffler) or injection timing maladjustment. These three faults
represent three of the more common faults typically encountered in field

operation.

The use of diesel forklifts in areas with limited ventilation warrant
investigation into this "worst case" situation. The Deutz F3L 912W diesel

engine was selected for this evaluation and was tested over an abbreviated test

matrix that included four test conditions representing the range of emission

rates expected from this engine. These conditions included idle, 2-, 50-, and
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TABLE 17. SOLUBLE ORGANICS IN DIESEL PARTICULATE e
FROM THREE ENGINES .
Engine Condition  Percent Organic —J_1
Engine Model Fuel Load,% Speed Extractables -
Deutz F3L 912W  AL-12287-F -- Idle 55.0 ]
Deutz F3L 912W  AL-12287-F 2 1600 28.6 )
Deutz F3L 912W  AL-12287-F 100 2650 4.8 -
Perkins 4.2032 EM-565-F -- Idle 88.5 ﬁ
Perkins 4.2032 EM-565-F 2 1500 90.9 T
Perkins 4.2032 EM-565-F 100 2500 7.1 '
Deutz F4L 912W EM-565-F - Idle 39.0
Deutz F4L 912W EM-565-F 2 1500 32.7
Deutz F4L 912W EM-565-F 100 2300 12.5

TABLE 18. NITROPYRENE EMISSION RATES OF A DEUTZ F3L 912W OPERATING ON A
MIL-F-46162B(ME) Fuel (AL-12287-F)

Engine Condition - Idle

.

Exhaust Species ng/mg particulate ug/hour ug/Ib-fuel pg/hp-hr
|-Nitropyrene 4.2 6.3 3.2 *
1,3-Dinitropyrene 0.2 0.3 0.4 *
1,6-Dinitropyrene 0.5 0.8 1.0 *
1,8-Dinitropyrene 0.4 0.6 0.8 *

Engine Condition - 2% Load, 1600 rpm

Exhaust Species ng/mg particulate ug/hour ug/lb-fuel nug/hp-hr
1-Nitropyrene 18.3 90.4 30.7 227.3
1,3-Dinitropyrene 0.1 0.5 0.2 1.2
I,6-Dinitropyrene 0.7 3.5 1.2 8.7
1,8-Dinitropyrene 0.2 1.0 0.3 2.5

Engine Condition - 100% Load, 2650 rpm

Exhaust Species ng/mg particulate ug/hour Lg/1b-fuel ug/hp-hr
1-Nitropyrene 18.1 403.1 20.5 9.4
1,3-Dinitropyrene 0.2 4.5 0.2 0.1
I,6-Dinitropyrene 0.2 4.5 0.2 0.1
1,8-Dinitropyrene 0.3 6.7 0.3 0.2

*Denotes no horsepower produced at idle
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TABLE 16. SUMMARY OF GROUP IV GASEOUS EMISSIONS FROM A

DEUTZ F3L 912W OPERATING ON AL-12287-F

Exhaust Species

Total cyanide

Hydrogen sulfide

Methane

Ethylene

Ethane

Acetylene

Propane

Propylene

Benzene

Toluene

Idle

2% @ 1600
100% @ 2650
TLV

Idle

2% (@ 1600
100% @ 2650
TLV

Idle

2% @ 1600
100% @ 2650
TLV

Idle

2% (@ 1600
100% @ 2650
TLV

Idle

2% @ 1600
100% @ 2650
TLV

Idle

2% @ 1600
100% @ 2650
TLV

Idle

2% (@ 1600
100% @ 2650
TLV

Idle

2% @ 1600
100% @ 2650
TLV

Idle

2% @ 1600
100% @ 2650
TLV

Idle

2% @ 1600
100% @ 2650
TLV

Concentration Emission Rate
ppm_ yg/m?  mg/hr mg/hp-hr
0.03 27.85 1.25 -
0.02 21.07 2.54 3.18
0.02 22.07 3.94 0.09
10 -- - --
0.01 14 0.6 -
0.01 14 1.7 2.13
0.01 14 2.5 0.06
10 - - --
1.68 1121 50 -
2.75 1834 221 276.25
2.67 1781 318 7.28
None - - -
3.00 1749 79 -
8.27 4821 582 727.50
11.75 6850 1222 28.96
5500 - - -
0.08 50 2 -
0.14 88 11 13.75
0.19 119 21 0.48
None - - --
0.29 157 7 --
0.96 520 63 78.75
1.50 813 145 3.31
None -- -- --
0.05 30 1 --
0.05 30 4 5.00
0.05 30 6 0.14
1000 - - -
0.88 513 23 - -
2.35 1370 165 206.25
3.96 2309 412 9.43
None - - -
0.46 249 L1 --
1.02 553 67 83.75
1.85 1003 179 4.10
10 - -- -
0.05 30 ND --
0.05 30 ND ND
0.17 93 17 0.39
200 -- - --
b6
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the TIA values were noticeably higher, namely the Perkins 4.2032 operating on

a EM-565-F. No other trends were readily apparent.

4, Group IV Analysis

Group IV analyses included both gaseous and particulate bound organic
compounds. Gaseous emissions in Group IV include hydrogen sulfide, total
cyanide, and selected individual low molecular weight hydrocarbons. These
results are presented in Table 16. A comparison of the gaseous emissions to
Occupational Safety and Health Administration (OSHA) Threshold Limit Value
(TLV) for these compounds indicates all gaseous Group IV species were well
below the OSHA TLV for those compounds which have established TLVs.

The particulate bound organic materials were removed using a soxhlet
extraction with methyl chloride followed by solvent evaporation in a ‘itrogen
atmosphere. The percent organic extractables in diesel particulate from three
engines is presented in Table 17. The percent organic extractables generally
decreased with an increase in load. These organic extractables were analyzed
for nitropyrenes using an HPLC procedure and for EPA priority pollutant PNA

compounds using GC-MS procedures.

The results of the nitropyrene analysis are presented in Table 18. Of the four
nitropyrenes (one nitro- and three dinitro-) detected, l-nitropyrene was by far
the most predominant. The l-nitropyrene emission rates ranged from 227
ug/hp-hr at the worst case (2-percent load) to 9.4 ug/hp-hr at rated speed and
load. l-nitropyrene mass emission rates ranged from 6.3 ug/hr at idle to 403.1

ug/hr at rated speed and load.

A GC-MS was used to quantitatively determine the presence of EPA priority
pollutant PNA compounds in the organic extracts of diesel particulate from
three diesel engines. The concentration of those PNA compounds quantitatively
detected by GC-MS are presentea in Table 19. The brake specific PNA
emission rate (ug/hp-hr) is listed in Table 20. A summary of PNA and

nitropyrene emission trends is listed below:

45
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c. Organic Sulfides

Carbonyl sulfide, methyl sulfide, ethyl sulfide and dimethyldisulfide were
osganic sulfides included in this Group III analysis. Organic sulfide emission
rates are presented in Tables B-10 (mg/hp-hr) and B-11 (mg/hr) of Appendix B.
In general, the only organic sulfide which was detected in most Perkins exhaust
samples was carbonyl sulfide. Other sulfides were detected only randomly and
in very low concentrations. Table 15 summarizes the carbonyl sulfide brake
specific emission rates. Trends observed for carbony! sulfide are summarized

below:

* No carbonyl sulfide or other organic sulfides were detected in
any of the Deutz F3L 912W of Deutz F4L 912W exhaust

samples with any of the fuels tested.

« In general, organic sulfides emission rates did not appear

dependent on the fuel sulfur level.

« With the Perkins 4.2032, brake specific carbony! sulfur

emission rates were highest under low load condition.

« Brake specific carbonyl sulfide emission rates from the
Perkins 4.2482 were less than the Perkins 4.2032,

d. DOAS Odor

Odor measurements were obtained on the four diesel engines at three of the 13
modes. These results are presented in Table B-12 of Appendix B. The DOAS
odor is summarized in Table 15 for two primary modes (2 percent load at peak
torque and 100 percent load at rated speed) for the engine-fuel combinations

evaluated. In general, the DOAS odor levels ranged within typ.cally

experienced values (i.e., 1.5-2.0 TIA units). Only one instance occurred where
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- Formaldehyde was the predominant aldehyde detected,
generally accounting for 30-50 percent of the total detected.

» Brake specific formaldehyde emission rates (g/hp-hr) were 1

highest under low load conditions.

-
- Formaldehyde emission rates were higher with MIL-F- ,J
46162A(MR) fuel (AL-12887-F) than the other two fuels.

« Formaldehyde emission rates (g/hp-hr and ug/hr) were

significantly higher on the two Perkins engines than the Deutz

engines,

b. Phenols

Phenols were measured on three of the thirteen-modes with the various engine-
fuel combinations. Results of the individual modes tested for each of the
engine-fuel combinations are presented in Table B-9 of Appendix B. In general,
the individual phenols included in this analysis were below or near the detection
limits of the analytical procedure. Consequently, only a limited amount of

trend analysis can be determined, namely:

* No phenols were detected with any of the four engines with
EM-565-F.

« Some phenols were detected in exhaust from the Deutz F3L
912W and Perkins 4.2032 using AL-7225-F.

{ + Some phenols were detected in exhaust from the Deutz F3L
3
F . 912W and Perkins 4.2032 using AL-7225-F.

L
p
. « No phenols were detected with the Deutz F3L 912W with AL-
‘ 12287-F.
L @
I
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TABLE 15. SUMMARY OF MAJOR GROUP III SPECIES (FORMALDEHYDE, -
CARBONYL SULFIDE, DOAS ODOR) EMISSION RATES AND ODOR VALUES

. Engine Condition Emission Rate, mg/hp-hr DOAS QOdor,
Engine Model Fuel Code % Load Speed, rpm  Formaldehyde COS TIA Units
Deutz F3L 912W  AL-=7225-F 2 1600 18 ND 1.71
100 2650 0.4 ND 1.38
Deutz F3L 912W  AL-12287-F 2 1600 60 ND 1.95
100 2650 0.5 ND 2.14
Deutz F3L 912W EM-565-F 2 1600 20 ND 1.39
100 2650 2.8 ND 2.04
Perkins 4#.2032 AL-7225-F 2 1500 588 5.96 2.07
100 2500 11.7 0.06 --
Perkins 4.2032 EM-565-F 2 1500 698 19.88 2.27
100 2500 41.4 0.19 2.91
Deutz F4L 912W EM-565-F 2 1500 ND ND 1.48
100 2300 3.2 ND 2.06
Perkins 4.2482 EM-565-F 2 1400 435 ND 1.66
100 2300 0.8 0.06 1.87
42
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. Brake specific sulfate emission rates (g/hp-hr) were highest at

the low load conditions for all engine fuel combinations.
- Higher sulfate emissions (g/hp-hr and g/hr) were observed with
the Deutz F3L 912W operating on high sulfur AL-12287-F than

either AL-7225-F or EM-565-F.

3. Group III Emissions

Group Il exhaust emissions include aldehydes (and ketones), organic sulfides,
phenols, and DOAS odor. This section presents results of these analyses for all
engine-fuel combinations tested. Results for two engines (Deutz F3L 912W and
Perkins 4.2032) tested with AL-7225-F in an earlier phase of this program(l) are
included for comparison purposes. The Group Il analyses were conducted at
three test conditions; i.e., idle, 2-percent load at peak torque speed, and 100
percent load at rated speed. The conditions were selected on a basis of a
previous study to represent the range of anticipated emission rates for Group III

emissions.

a. Aldehyde (and Ketone)

Aldehyde and ketone emission rates are summarized in Tables B-7 (mg/hp-hr)

and B-8 (mg/hr) of Appendix B. Although Tables B-7 and B-8 present emission
rates for each of the the individual aldehydes and ketones, formaldehyde is
considered the best individual indicator of aldehyde trends. Formaldehyde
emission rates are summarized in Table 15 for each engine-fuel combination

tested. In general, these results are summarized following Table 15.
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(g/hp-hr) and 14 (g/hr) for all engine fuel combinations tested. A review of this

data indicates several trends, namely:

- At constant speed, sulfur dioxide mass emission rates (g/hr)
increase with an increase in load. This increase is probably

due to the increase in fuel rate.

. Sulfur dioxide brake specific emission rates (g/hp-hr) were

highest at low loads at rated speed for all engines tested.

« Mass sulfur dioxide emission rates (g/hr) were higher with
the high-sulfur containing fuel (AL-12287-F) for the Deutz
F3L 912W and Perkins 4.2032 than for fuels AL-7225-F or
EM-565-F.

« Sulfur dioxide emissions are a result of the fuel sulfur level
and any control on sulfur dioxide emissions would have to
come from reductions in fuel sulfur level rather than engine
design changes.

C. Sulfate

Sulfate emission rates are presented in Tables B-5 (g/hp-hr) and B-6 (g/hr) for

all engine fuel combinations tested. The sulfate emission rates are summarized
in Tables 13 (g/hp-hr) and 14 (g/hr). General trends and observations for this

data are summarized below:

. Sulfate mass emission rates (g/hr) were highest at the high

ﬁ load conditions.
3

] « Generally, less than 5 percent of the fuel sulfur is converted

to sulfate.
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- adjustment included 139, 219 and 25° BTDC in addition to the standard timing
S of 179 BTDC. The effects of injection timing on emissions rates at all four test 5
: conditions are listed in Table 21, and are summarized in Table 24 for rated

speed and load and Table 25 for 2-percent load at rated speed. No significant

changes were observed in HC, CO, NOy or particulate when the injection pump

. " Lo ,."
PRSI, § RN

timing was adjusted to 139 BTDC when tested at rated speed and load.

i

However, at 2-percent load, significant increases in CO and HC were observed, -

along with a slight increase in particulate.

No changes in CO or particulate rates were observed for an injection

timing of 219 BTDC, although a slight increase in NOy emission rates was

observed at 2-percent load. CO emission rates also slightly increased at rated

speed and load at 21° BTDC. When the injection pump timing was adjusted to

259 BTDC, both CO and NOy showed slight increases while particulate emission B
i‘ rates increased significantly (at rated speed and load). At 2-percent load, no - d1
changes in HC, CO and particulate were observed; however, a significant

increase in NO, was observed.

Under Bureau of Mines Contract H0292009 to Southwest Research
Institute, a more detailed investigation of the effect of induced faults on
emissions was conducted. This study involved a Deutz F6L 912W operated over
a wider range of induced faults and various combinations of induced faults. In
general, effects of various induced faults on the Deutz F6L 912W agreed
reasonably well with data reported in this study on the Deutz F3L 912W. The
results illustrating the effect of individual induced faults and combinations of
induced faults on a Deutz F6L 912W are found in Table 26. As a result of the

two studies involving induced faults on two Deutz 912W series engines, the

following general trends were observed.

Trryryy

L. Exhaust restriction - little or no effect on HC, CO, NOy or

particulate,

2, Intake restriction - little or no effect on HC, CO and NOy,

particulate increased at high (50 in. H20) intake air restriction.

—— Y
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TABLE 24. EFFECT OF INDUCED FAULTS ON GASEOUS AND PARTICULATE
EMISSION RATES: ARROWS INDICATE CHANGE FROM BASELINE AT
100% LOAD AT RATED SPEED ON DEUTZ F3L 912W WITH EM-565-F

Fault Description HC Cco NOx Particulate
Intake Restriction = > ,//;7
(L12.5 in. H20 25 7
is standard
w| —> | A7 | — T
Exhaust — > —_— =
Restriction 3.0
(1.5 in. Hg
‘ is standard) 6.0 —_— —_— —_—> —_—
+
! Ir.xggctlon . > ~ > ='
i Timing i3
I (17°BTDC
| is standard)
| 2o / . = -
)
- 1\ ﬂ /’ 1\
i

A indicates »200% increase above baseline
AMindicates 30% to 200% increase
~windicates <50% increase
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TABLE 25. EFFECT OF INDUCED FAULTS ON GASEOUS AND PARTICULATE o
EMISSION RATES: ARROWS INDICATE CHANGE FROM BASELINE AT 2 |
PERCENT LQAD AT RATED SPEED ON DEUTZ F3L 912W WITH EM-565-F -

Fault Description HC Co NOx Particulate
Intake Restriction /’ =y — —
(12.5 in. Hy0 25
is standard)
“ 1\ // > >
Exhaust —_—p —_— —_> —
Restriction 3.0
(1.5 in. Hg
is standard) —> _% — __?
6.0
Injection 4\ /1\ > /- !
Timing 13°
(17°BTDC
is standard) ? / =
21° >
| = | —> | | —

4 indicates >»2007% increase above baseline
Xindicates 50% to 200% increase
-» indicates <50% increase

) ,,.T.fr g
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TABLE 26. EFFECT OF FAULTS AND MALADJUSTMENTS ON DIESEL ENGINE
EXHAUST COMPOSITION: ARROWS INDICATE CHANGE FROM BASELINE(5)

NO. FAULT DESCRIPTION HC Co NOx | PART.*
1-1] Intake Restriction > > > >
1-2 —> - BN /r
2-1| Exhaust Restriction 3.0 S 3 3
(ia - Hg) >
2-2 6.0 > - - 3
3-1| Timing Advance ~%° -
(from Mfg. Spec.) T / /‘\
3-2 R A e I P O
3-3 +8° /Y —_> / -
4-1] Overfueling 102 > >
(X raced) T3 /’ /
4=2 N /[\ > /
S-1| Intake Restrictioa 25 > >
5-2 Timing Advance 7.%. /’ /'
- =42 T / > /Y\
6-1| Exhaust Restriction 3.0 > > >
Timing Advance +4° /
6-2 0l > | > 21 72
7-1] Incake Restriction 25
Overfueling ~10% - /, - /
7-2 50
02l —> 4\ — i\
8-1| Overfueling 102 - >
Timing Advance +4* / /
8-2 0w > yu -_ A
9-1| Incake Rescricction 25 > > > 3>
Exhaust Restcriction 3.0
- 50
9-2 % N /I - /
10-1 Exhaust Restrictiom’ 3.0 > >
H Overfueling 104 / /T\
10- 6.0
3 2l =1 M| =11
11-1 Inec., Exh. Restric. 25,3.0
Overfuel, Timing Adv. 10%, +6° —> / —> /‘\
al'Zl 283?;0. _9 /r _9 /T\

*This represents narticulate production at the most severs

eng

ine operacing mode.

£ indicates > 200% {ncrease above basaline
A indicates 30%7 co 200% increase

—»ind

icates < 507 {ncrease
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3. Timing advance - at 130 BTDC, HC and particulate increased
significantly, CO increased slightly with no change in NO, observed
for the Deutz F6L 912W. Little or no changes in CO, HC, NOy or
particulate observed with Deutz F3L 912W at 13° BTDC. HC and
particulate increased significantly at 250 BTDC for both engines,
NOy increased slightly for both engines,

4. Overfueling - HC and NOy were essentially unaffected, CO and
particulate both increased with the Deutz F6L 912W,

5. Combinations of 1-4 above - In general, most combinations of
induced faults on the Deutz F6L 912W produced increased CO and
particulate. In most cases, little or no effect on HC and NO,
emissions was observed. (HC exception was intake restriction at
139 BTDC, NOy exception exhaust restriction at 25° BTDC).

The effects of induced faults on unregulated emissions (Groups Il and III)
were also determined. For relative comparison purposes, particulate results
were included with Group I. The worst case condition for the effects of engine
faults on Groups II and IIl emissions was observed at 2-percent load at rated
speed. Although the trends generally hold for other test conditions, only the 2-
percent load is discussed. The emission rates for Groups II and III are included
in Tables C-6 through C-10 of Appendix C in the event additional data analysis
is desired.

A summary of four primary aldehyde emission rates (formaldehyde
acetaldehyde, acrolein, and benzaldehyde) as a function of increased intake air,
increased backpressure and maladjusted injection pump timing is presented in
Table 27. In general, aldehyde emission rates increase with any adjustment
from the standard. In two instances, 50 in. H»0 intake air restriction and 139
BTDC injection pump timing produced very significant increases in quantities of

aldehyde emission rates, greater than 1000 percent increase over baseline
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conditions.

These increases could conceivably be higher if the two faults
occurred simultaneously.

TABLE 27. EFFECT OF INDUCED FAULTS ON ALDEHYDE EMISSION RATES:

ARROWS INDICATE CHANGE FROM BASELINE UNDER WORST CASE CONDITION

(2 PERCENT LOAD AT RATED SPEED) ON DEUTZ F3L 912 W WITH EM-565-F

1

I

Fault Description Formaldehydel|Acetaldehyde| Acrolein Fenzaldehyde

[ntake Restriction ,’\

(12.5 in. Ha0 25 4\ —> /

is standard)

| w | M| P A
i Exhaust >
! Restriction 3.0 /’ 1\ l‘\
| (1.5 in. Hg
! is standard) 6.0 / 4\ —> 4\

Injection
Timing
(17°BTDC

is standard)

NEIEE

1

21° Ei ﬁﬁ

11
\

| A

3]
ul

A indicates
Aindicates
- indicates
™ indicates

>200% increase from baseline
50% to 2007 increase

<507% increase

>1000™ increase
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The nature of this program did not allow projecting emission exposures
under various ventilation or emission rate senarios; but the high aldehyde
emission rates under these induced faults should bhe included in any future
modeling studies or exposure estimates. An example of these increases is best
illustrated by comparing the formaldehyde emission rate under standard
conditions (125 mg/hp-hr) to the emission rate at 50 in. H20 ( 2000 mg/hp-
hr) and 132 BTDC ( 7300 mg/hp-hr). Similar increases were observed on other
aldehydes under these same induced fault conditions, Additional analysis of the
aldehyde emission rates should be made to ensure that exposure to diesel
exhaust under typical fault conditions does not pose any health threat to

personnel.

Other emissions that were investigated during these induced faults tests
included sulfur dioxide, sulfate, organic sulfides, and phenols. The emission
rates for sulfur dioxide, sulfate, and organic sulfides for the induced fault tests
are included in Appendix C, and the effect of induced faults on these emissions
is summarized in Table 28. These emissions were found to be essentially

insensitive to the induced faults.

C. Trend Validation

Validation of Group I emission trends was accomplished on several engine-fuel
combinations to confirm emission trends reported in an earlier phase. The
emission trends reported earlier are presented in Figures 9 and 10 for the Deutz
F3L 912W and Perkins 4.2032 operating on AL-7225-F. Trend validation was
accomplished on the Deutz F3L 912W with AL-12287-F (MIL-F-46162B(ME),
Perkins 4.2482 and Deutz F4L 912W operating on EM-565-F, the EPA

certification fuel.
Six modes of the EPA 13-mode cycle were selected to confirm emission trends.
These modes included 2-, 50-, and 100-percent load at rated speed, 2- and 25-

percent at peak torque speed and idle. These six modes include the worst case

conditions, i.e. 2 percent load at both speeds. In general, as load is applied,
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TABLE 28. EFFECT OF INDUCED FAULTS ON UNREGULATED EMISSIONS
(SULFUR DIOXIDE, SULFATE, ORGANIC SULFIDES AND PHENOLS)

FROM A DEUTZ F3L 912W WITH EM-565-F UNDER WORST CASE

CONDITION (2 PERCENT LOAD AT RATED SPEED)

Organic
Fault Description S0 S04= Sulfides Phenols
Intake Restriction
(12.5 in. H90 25 —> — — —
is standard)
50 — —_— — —_—
Exhaust
Restriction 3.0 — —_—> _—r —_—
(1.5 in. Hg :
is standard)
60 — —> — —
Injection
Timing 13° — S —_— —_—p
(17°BTIDC
is standard)
210 —_——? —9 ——> __§
)se —_— — — —
¢'indicates >200% increase from baseline
A indicates 50% to 200% increase
- indicates <20% increase
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emission rates (g/hp-hr) decreased quite rapidly. During the validation of

emission trends, triplicate tests were conducted with each engine-fuel
combination.

Results of the trend validation tests are summarized in Tables 29, 30, and 31.
The trends were confirmed to the extent that at low load (i.e., 2-percent) brake
specific emissions rates were high. However, once load was applied to the

engine, brake specific emission rates were reduced drastically. This trend was
observed for both rated and peak torque speeds.

In comparing mass emission rates, general trends on all three engines were also
confirmed. As the load increased, CO emissions decreased at both peak torque
and rated speeds. NOy mass emission rates increased as the engine load

increased for a given engine speed. Results observed with these three engine-

fuel combinations confirm trends reported in earlier work.(1)
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NO
11.93
12.22
11.30

8

Fuel Specific
Emission Rate, g/1b fuel
CcO
7.85
6.25
6.99

21
2.55
2.70

8

HC
1.48
1.27
1.39
0.78
0.85
0.83
8

NOy
40.48
39.73
40.10

7.02

6.97

6.13
7

CO
36.64
29.18
32.94
32.92

1.89

1.46

1.46

1.60

Brake Specific
Emission Rate, g/hp-hr

HC

6.92
5.92
6.82
6.55
0.46
0.48

NO
30.0
3o.0
30.0
30.0
76.0
76.0

Mass
Emi sion, Rate, g/hr

CO

27.0
22.0
25.0
25.3
21.0
16.0

HC
5.0
4.0
5.0
5.0

110.0
122.0
235.0
315.0

1.85
1.95
3.45
3.58

WITH EPA CERTIFICATION FUEL, EM-565-F

COy, % NO,, ppm

m

160.0
134.0
121.0
100.0

co

TABLE 30. TREND VALIDATION OF EMISSIONS FROM DEUTZ F4L 912W
Measured Concentrations

60.0

54.0
65.0

58.0

HC, ppmC

|
1

Run

rpm
1500
1500

Speed,

2
25

Load, %

~

o~

o~

[=d1=]

Sl
O o

78

5.
6.5

17.43
12.71

5.07
3.88

31.68
36.81

95.50
71.80
77.06
81.45

27.76
21.94

20.23
23.31

36.0
42.0

110.0
85.0

32.0
25.0

100.0
119.0

2.31
2.41

452.0
341.0

260.0

206.0

2

2300

2

[
alo
Lallr-4

13.63
14.59

3.58
.13

3.5

33.81
34.10

] o d
L4 Laa]

[a 1o

386.3

366.0

o~

—|N

<

8.73

9.69
8
0

2.65

2.40
3
4

5.53 350.0 10.0 37.0 122.0 0.34 1.29 4.25 0.70
0.51 1.24 5.02 0.98

1 4 9

2 5 8

160.0

81.0

1

2300

50

144.0
28
131.

oo

o &
oen

[3 4 5 .
6 b) 370.0 4 .
104.3 152. 5.66 370.0 13.0 36.3

2
3
v

6.29
5.84
18.62

19.12

2.13
z.59
3.57
3.71

0.31
0.45

2.89
2.68

0.98
1.19

1.01

0.20

0.17

0.14

164.0
151.0
156.7
21.0
22.0

56.0
67.0
59.7
4.0
4.0

8.0
1.0
10.0
9.7
1.0
1.0

485.0
460.0
475.0
473.3
215.0
215.0

10.96
11.20
10.96
11.04
.61
1.65

255.0
317.0
264.0
278.7

63.0

63.0
100.0
88.0
85.3
27.0
16.0

2

2300

100
Idle
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APPENDIX A

13-MODE EMISSION TESTS
GROUP IONLY

Table Engine Model Test Fuel

A-1 Deutz F3L 912W  MIL-F-46162A(MR)AL-7225-F)
A-2 Deutz F3L 912W  MIL-F-46162B(ME)XAL-12287-F)
A-3 Deutz F3L 912W EPA Certification (EM-565-F)
A-4 Perkins 4.2032 MIL-F-46162A(MR)AL-7225-F)
A-5 Perkins 4.2032 EPA Certification (EM-565-F)
A-6 Deutz F4L 912W EPA Certification (EM-565-F)

A-7 Perkins 4.2482 EPA Certification (EM-565-F)
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+ At rated speed and load, an increase in intake air restriction
o resulted in an increase in particulate and CO.

ISP

. No-change in emissions was observed with an increased exhaust
restriction.

-
U

.
h « Advancing the timing from 170BTDC to 259BTDC increased HC,
;' CO, NOy and particulate emissions.

|

L-

+ In general, virtually all induced faults increased the aldehyde levels,

:a particularly by retarding the injection timing to 130BTDC.

b » Induced faults did not affect sulfur dioxide, sulfate, phenols, or

organic sulfides. 4
C E
' Results of this study have provided baseline emissions data to allow assessment

L of the potential problems when operating diesel engines in areas with limited

ventilation.
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- Of the organic sulfides detected with the Perkins 4.2032 and 4.2482, )
¢ :rbonyl sulfide was the most predominant. J

* No carbonyl sulfide or other organic sulfide was detected in any of

the Deutz F3L 912W or Deutz F4L 912W exhaust with any of the g
fuels. J

+ DOAS odor values were generally within the range of typically )
reported values; except the Perkins 4.2032 produced noticeably
higher TIA with EM-565-F than other engine-fuel combinations. _d

p— gy, SR A S AR it i S g Yy
-, . B s .
e PRI .
. U . .
.. P

Additional unregulated emissions were included in the Group IV analysis;

namely, nitropyrenes, PNA compounds, hydrogen sulfide, and selected individual

hydrocarbons. A summary of trends and observations for Group IV compounds is

presented below:

- None of the unregulated emissions in raw exhaust exceeded the
OSHA TLV.

* l-nitropyrene was the most predominant nitroaromatic compound

detected. Brake specific I-nitropyrene emission rates (ug/hr) were
highest at low loads.

+ Organic extractables from diesel particulate were highest at idle
and low load conditions.
- _
- Phenanthrene and pyrene were the most prevalent PNAs detected. -
{ Engine operation under various malfunctions was determined with selected 1
| @ induced faults. These faults were evaluated on a Deutz F3L 912W, and the ;‘{
results are presented below: ;
. ’ :
y )
. -
R
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- + Sulfate mass emissions (g/hr) were highest at the high load

- conditions.

a —i

& + Brake specific sulfate emission rates (g/hp-hr) were highest at low B

i load conditions for all engine-fuel combinations. -]

4

* Brake specific particulate rates are highest under low load . @

conditions. 2]

"

Aldehydes, organic sulfides, phenols, and DOAS odor were included in Group III "4

- 4

analyses. General trends and observations are summarized below: -j

. Formaldehyde was the predominant aldehyde detected, generally

accounting for 30-50 percent of the total detected.

p—
" i

v . )

< I S W

 Brake specific formaldehyde emission rates (mg/hp-hr) were highest

- under low load conditions. C
3 .]
—
:‘ « Formaldehyde emission rates were higher with the high sulfur fuel ‘ d
a (AL-12287-F) than the other two fuels. ’
b
E « Formaldehyde emission rates (mg/hp-hr and mg/hr) were .
4
p significantly higher on the two Perkins engines than the Deutz
e engines.
L
E « No phenols were detected with any of the four engines with EM-565-
[ ] F. Some phenols were detected in exhaust from the Deutz F3L

912W and Perkins 4.2032.

[ . In general, organic sulfide emission rates did not appear dependent

e on fuel sulfur level.




V. SUMMARY A

This section summarizes emission results from engine and fuel combinations
tested in this program. Data for Group I emissions provided several general

A

p

. N 1

trends and observations: 1

+ BSCO, BSNOy, and BSHC 13-mode emissions were lowest with the
Deutz F3L 912W and Deutz F4L 912W. The highest brake specific
HC and CO emissions were observed with the Perkins #.2032, the

Perkins 4.2482 produced the greatest BSNOy (See Figure 8).

« All engines produced higher BSHC, BSCO and BSNOy at low load

conditions, regardless of speed.

« BSCO and BSHC were lower from the Deutz F3L 912W operating on
a MIL-F-46162B(ME) compared to the EPA certification fuel, BSHC
was higher and BSCO was lower with MIL-F-46162A(MR) than the
EPA certification fuel. BSNO, emissions were essentially

unaffected by fuel type.

Results of Group Il emissions for particulate, sulfur dioxide, and sulfate also

produced some general trends, and are summarized below:

-+ At constant speed, sulfur dioxide mass emission rates (g/hr) increase

with an increase in load, due primarily to the increase in fuel rate.

o i
[~
. - Mass sulfur dioxide emission rates (g/hr) were higher with the high

sulfur containing fuel (Al-12287-F) for the Deutz F3L 912W than the
MIL-F-46162B(MR) or EPA certification fuel. g

[ L |
1 )
:‘ - Generally, less than 5-percent of the fuel sulfur is converted to
{ sulfate. '
¢ -
1 .
@ o
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APPENDIX B
GROUP 11 AND Il EMISSIONS
B-1 Particulate Emission Rates, g/hr o
B-2 Particulate Emission Rates, g/hp-hr :
B-3 Sulfur Dioxide Emission Rates, g/hr ]
B-4 Sulfur Dioxide Emission Rates, g/hp-hr
B-5 Sulfate Emission Rates, g/hr ]
B-6 Sulfate Emission Rates, g/hp-hr 1
B-7 Aldehyde and Ketone Emission Rates, mg/hr _'1‘
B-3 Aldehyde and Ketone Emission Rates, mg/hp-hr "
B-9 Phenols Emission Rates, mg/hr and mg/hp-hr :
B-10 Organic Sulfides Emissions Rates, mg/hr :
B-11 Organic Sulfides Emission Rates, mg/hp-hr
B-12 DOAS Odor
B-13 Tentatively Identified PNA Compounds e
o )
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APPENDIX C
INDUCED FAULTS EMISSION RATES

C-1 HC, CO, NOy Emission Rates, g/hp-hr

C-2 HC, CO, NOy Emission Rates, g/hr

C-3 HC, CO, NOy Emission Rates, ppm

C-4 Particulate, Sulfur Dioxide and Sulfate
Emission Rates, g/hp-hr

C-5 Particulate, Sulfur Dioxide and Sulfate
Emission Rates, g/hr

C-6 Aldehyde and Ketone Emission Rates, mg/hp-hr
C-7 Aldehyde and Ketone Emission Rates, mg/hr
C-8 Organic Sulfides Emission Rates, mg/hp-hr
C-9 Organic Sulfides Emission Rates, mg/hr
C-10 DOAS Odor (TIA Units)
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TABLE C-10. SUMMARY OF DIESEL ODOR ANALYSIS SYSTEM (DOAS)
RESULTS FOR A DEUTZ F3L 912W OPERATING ON EM-565-F
WITH SELECTED INDUCED ENGINE FAULTS

Inlet DOAS Odor at Engine Test Condition (TIA)
Exhaust Restriction, Injection 2650 rpm 2650 rpm 2650 rpm

B.P,, "Hg "H>0 Timing, BTDC Idle 2% Load 50%Load 100% Load
1.5* 12.5* 17% 1.53 - -- 2.04
3 12.5 17 0.90 1.81 1.82 1.91
6 12.5 17 1.49 2.04 1.97 1.96
) 1.5 25 17 1.48 1.50 1.73 1.70
1.5 50 17 0.68 1.51 1.79 1.87
1.5 12.5 13 1.48 2.61 2.42 2.49
1.5 12,5 21 1.84 1.95 1.27 2.00
1.5 12.5 25 1.54 1.69 1.82 1.23

*Standard condition
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