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EFFECTS OF BARIUM-BASED ADDITIVE
ON DIESEL EXHAUST PARTICULATE

By H. William Zeller'

ABSTRACT

The Bureau of Mines performed laboratory research to determine the ef~-
fects of a barium—based fuel additive on diesel particulate emissions.
The test engine was typical of types used to power underground coal min~
ing equipment. Test parameters consisted of baseline measurements with-
out additive, three fuel additive concentrations, and five steady-state
engine loads, all at 1,200 r/min. Additive effects on soot mass concen—
tration, opacity, particle size distribution, volatile fraction, and NOyx
emissions were determined.

Important findings are as follows: Using the manufacturer’'s recom—
mended additive concentration increased the gravimetrically measured
mass of particulate by 30 to 80 pct at four of the five steady-state
load conditions. Soot measurements by optical methods did not agree
with those by gravimetric techniques, for additive~treated fuels. The
additive reduced volatile hydrocarbons adsorbed on filter deposits by up
to 50 pct. At most engine loads, carbon particulate was also reduced.
About 40 pct of the barium added to the fuel was accounted for in the
exhaust.

The health implications for miners were considered, but no firm con~-
clusions were drawn or recommendations made because the results are for
steady-state conditions, which may not be representative of real-world
operation of diesel-powered equipment underground.

1Physical sclentist, Twin Cities Research Center, Bureau of Mines, Minneapolis, MN,



INTRODUCTION

Diesel—-powered equipment 1s used exten—
gively in underground metal and nonmetal
mines, and its wuse in coal mines is in-
creasing steadlly. In many applications,
diesels are more productive than elec~
tric-powered equipment, but they also
have drawbacks. The engines used under-
ground are often adjusted to produce less
than maximum power (derated) to reduce
emissions of gaseous pollutants (NO, NO,,
CO, COy, and S0,), some of which require
dilution with mine ventilation ailr to
meet mandated standards. Other diesel
exhaust components, such as particulate
matter, aldehydes, and unburned hydrocar-—
bons (HC), are also of concern but have
no threshold limit value (TLV).

For many years, exposure to CO emls—
slons from diesel englnes was the primary
health concern. Currently, the control
of NOy and particulate matter emissions
from diesel engines 1s also considered
important. Particulate emissions are im-
portant because of their penetration into
and retention 1n the lungs. Ninety-five
percent of the particles 1n diesel ex—
haust are typlcally 1less than 1.0 um.
They are made up of a carbon core sur-
rounded by adsorbed organic compounds.
The identification of carcinogens in soot
extracts suggests that diesel exhaust
particulates could cause or contribute to
potegtially serious health problems (17,
29)0

An additional problem .is the fact that
diesel soot contributes to the total alr-
borne—~dust load 1n mines. Consequently,
some operators have difficulty meeting
the standards for respirable dust, espe—
clally in coal mines. Reduction of soot
from dilesel~powered equipment would en-
able these operators to more easily com—
ply with dust regulations.

Bureau of Mines dlesel research activ-—
ities were first reported in 1940 (16).
The current goal of the program 1s to re-
duce occupatlonal hazards assoclated with
diesels by i1dentifying, evaluating, and

improving exhaust control technology to
reduce exposures. Additionally, upon re-
quest, assistance 1s provided to mine op~
erators concerning recommendations for
the safe use of diesels. The use of fuel
additives 1s one approach some mine oper-—
ators have tried 1in efforts to maintain
acceptable air quality in sections where
diesels are operating.

Each type of fuel additive on the mar—
ket 1s designed to perform a particular
function. '"Preflame” additives correct
problems that occur prior to burning
(i.e., storage stability, flow in cold
weather, water contamination) and include
dispersants, pour—point depressants, and
emulsifiers. "Flame" additives promote
complete burning of fuel 1n the combus-
tion chamber and include atomizers and
combustion catalysts. "Postflame" addi-
tives are designed to reduce engine de-
posits, smoke, and emissions.

The Bureau evaluated Lubrizol 565,3 a
postflame, barium—containing fuel addi-
tive, for 1ts effects on diesel particu-
late emissions in a typlcal engine wused
in mining equipment. Its effectiveness
as a smoke suppressant for heavy-duty,
over—the-road vehicles has been reported
by many investigators.

Using a smoke meter, Norman (25) mea-
sured large smoke reductions for an’
engine deliberately overfueled to pro-
duce black smoke. Tessier (31), who also
used a smoke meter, determined that bar-
ium-based additives reduced smoke and
asserted that the additive reduced odor.
Using gravimetric methods, Turley (33)
and Apostolescu (4-5) showed that fuel
additives reduced smoke. Using both
smoke meters and gravimetric methods,
Miller (24) and Golothan (13) measured
substantlial smoke reductions when treated
fuels were used 1n englnes operated at
full load.

However, other research studies have
reported conflicting results. Truex (32)
determined that a barium additive reduced

2underlined numbers in parentheses re-
fer to items in the list of references
preceding the appendixes.

3reference to specific brands 1is made
for identification only and does not im~
ply endorsement by the Bureau of Mines.



smoke opacity by 30 to 40 pct, but that
particulate mass was relatively unaf-
fectede Kittelson (20) tested Lubrizol
565 in a single-cylinder engine and found
that smoke, measured with a smoke meter,
was reduced by barium—treated fuels, but
total particulate emissions, measured
gravimetrically, increased. He noted
that one effect of the additive was to
reduce the particle size of diesel smoke.
Because the response of optical sensors
per unit mass of soot often decreases
with decreasing size of submicrometer
particles, the smoke meters underesti-
mated the mass concentration of diesel
particulate.

One objective of the current investiga-
tion was to confirm the findings by Kit-
tleson but for an engine more represen—-
tative of types used in mining. Because
of the importance of dinstrument preci-
sion and accuracy in Bureau laboratory
and field research, a second objective
was to evaluate and compare available

instruments for measuring the mass con-
centration and size distribution of die-
sel particulate.

The experimental approach followed to
accomplish these objectives was to mea-
sure the gaseous and particulate emis—
sions from barium-treated and untreated
fuels used in a diesel engine operated at
different steady-state Jloads. The par—
ticulate emissions were monitored to de—
termine mass concentration and particle
size distributions. Limited chemical and
physical analyses of the soot samples
were performed to determine the major
soot components. The data were analyzed
to determine the effectivenesss of dif~
ferent additive concentrations for re-
ducing soot, to assess the effect of the
additive on gaseous emissions, to help
explain why certain types of mass concen-
tration instruments furnished unreliable
measurements for treated fuels, and to
evaluate changes in emissions that might
affect the health of miners.
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APPARATUS AND

The diesel emissions research labora~
tory consists of three adjoining rooms:
the engine test cell, the control room,
and the emlssions room. Figure 1 shows
the general layout of the laboratory and
ldentifies the major hardware used for
this study.

ENGINE CONTROL

The tests were conducted on a Caterpil-
lar 3304 PCNA, four-cylinder, 7-L diesel
engine rated for 85 hp at 1,800 r/min; it
is a four-cycle, water—-cooled, prechamber
engine. Engines of this type, which have

who assisted in the conduct of the re—
search. The author also acknowledges the
agssistance of Carl Anderson, electrical
engineer, Harland Kuhlman, engineering
technician, and G. Robert Vandenbos,
electronic technician, in setting up the
laboratory, calibrating and malntaining
equipment, and conducting the tests.

PROCEDURES

been certified by the Mine Health and
Safety Administration, U.S. Department
of Labor, are used 1in underground coal
mines. After a complete overhaul, the
engine was operated 1in excess of 50 h
at various speeds and loads to break~in
new components. Baseline tests were con—
ducted to assure compliance with factory-
rated horsepower, fuel consumption, and
emissions specifications.

Engine loads were applied by an eddy~
current, universal dynamometer and were
controlled by a mlcroprocessor system
which maintains precise speed (%1 r/min)
and load (0.1 pct). The engine and
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FIGURE 1.—Dlesel englne emissions research laboratory.

dynamometer are mounted on a steel and
concrete base that 1s suspended on six
laterally stable coil springs. This
spring mass provides 95 pct wvibration
isolation with a critical frequency less
than 400 Hz to reduce resonance with an
engine operated at low speeds.

Fuel consumption was monitored by a
mass measurement system having an accu~
racy of %0.5 pet. Since not all the fuel
feeding an injected engine 1is used, the
portion normally returned to the supply
tank is instead returned to a reclrculat-
ing tank where entrained alr, vapor, and
combustion gases are removed. This re—
circulated fuel is then mixed with fresh
fuel and returned to the engine,

Air flow into the engine was determined
from pressure~drop measurements across
the laminar flow element installed in the
engine intake line shown in figure 2.
Because the pressure drop across lami-
nar flow elements 1is nearly linear with

volume flow, thelr accuracy 1s not af-
fected by engine-induced pulsating flow.

A commercial data acquisition system
records up to 64 analog inputs from ther-—
mocouples, pressure transducers, gas
emissions monitors, and particle-mea~
suring instruments. A built-in calcula-
tor chip permits l1imited data reduc~
tion before printing and storage 1in a
microcomputer.

EMISSIONS MEASUREMENT
Gases

Measurements of nitrogen oxides (NOx)
and oxygen were made on undiluted ex-
haust transported through a line that was
heated (350° F) to prevent loss of con-
densables. The NOyx meter was callbrated
using commercial, standard gases; the
oxygen meter was calibrated with atmos-
pheric oxygen.
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FIGURE 2.-—Primary dliution and sampling system.
Particulate at least two and usually three filters
were averaged for each run.

Three different methods of measuring Ten filter samples from the undiluted
particulate mass concentration-—gravimet—  exhaust were obtained for each steady-
ric, Bosch number (30), and opacity-—and state test using a Bosch smoke meter.
one method for measuring particulate size The Bosch gsample 1line was connected
distribution were used in the study. directly to the exhaust pipe (fig. 2)

from the engine. No special provisions
Mass Concentration for dampening engine pulsations were
provided. It was discovered part way

measurements of filter
(glass fiber filters coated with Teflon
fluorcarbon polymer, 530-mm diam, nominal
volume flow rate of 30 L/min) deposits
were the reference standard for comparing
and evaluating the data from other soot
measuring instruments and for assessing
additive effects. The filter samples
were obtained from the primary dilution
tunnel shown in figure 2. The data from

Gravimetric

through the test program that engine pul~
sations were producing deposits on the
Bosch filters even though the Bosch sam—
pling plunger was not activated. In oth-
er words, during the period when the
Bosch filter was exposed to the engine
exhaust, the pressure fluctuations caused
by pulsating flow increased the effective
volume flow through the filter. For this
reason, Bosch numbers reported here may



be too high by as much as a factor of two
as discussed further in the analysis
section.

The analog signal from the opacity me-
ter (Celesco-Berkley model 107) in 6-in-
diam exhaust pipe, 1located downstream of
the Bosch smoke meter (fig. 2), was con-
tinuously recorded during the steady-
state tests. The recorder traces were
averaged to obtaln the wvalues wused in
this report.

Size Distribution

analyzer (EAA)
and concentra-

An electrical aerosol
was used to measure size
tion of soot particles between 0.0l and
1.0 ym. Details on the use of the EAA
for measuring diesel particulate have
been reported by Baumgard (7), Dolan
(11), Khatri (19), and Kittelson (20).

An aerodynamic particle sizing sys-
tem (APS) was used to measure the size
and concentration of particulate larger
than the approximate l-um upper limit
of the EAA. Soot particles larger than
10 pm, reported by Miller (24), were not
detected by the APS. The most likely
sources of large particles are heavily

agglomerated soot deposits on
exhaust surfaces. Two possible explana-
tions for not detecting these particles
are that (1) resuspension of these depos-—
its may have occurred when the APS was
not being used, or (2) the APS was used
in these tests with special dilution
apparatus. The combined 1losses of the
diluter and the APS itself may have seri-
ously limited the potentiagl of the APS to
detect large particles.

engine and

EMISSIONS SAMPLING AND TRANSPORT

Dilution Systems

The general design and features of the
exhaust sampling and dilution systems
(figs. 2-3) are similar to those used by
Kittelson (20) and Baumgard (7). The
primary dilution system (fig. 2} had
three design objectives: obtain a repre-

sentative sample of the engine exhaust
particulate, dilute the sample suffi-
clently to lower the temperature of the

mixture below 125° ¥, and transport the
diluted, uniformly mixed sample to the
secondary dilution system and to the fil-
ter sampling station with minimum, parti-
cle losses in the 0.001- to 1.0-um range.
The main components of the primary system
are the tunnel intake (which is fitted
with an activated-charcoal filter and
an absolute filter), an exhaust sampling
and mixing section, a secondary sampling
probe, the large-particle and filter sam—
ple station, and the positive displace-
ment pump.

The main components of the secondary
dilution system (fig. 3) are the intake
probe (0.5 in), the krypton-85 charge
neutralizer, and the two alr-ejector di-
lution stages. The purpose of the sec~
ondary system is to dilute the sample
sufficiently to meet the requirements of
instruments such as the EAA. The range
of dilutions used in the secondary system
was . between 40:1 and 300:1. Combined
primary and secondary dilutions of up
to 8000:1 were sometimes required (table
c-2).

The entire dilution system was de-—
signed and constructed to reduce particle
losses. For example, the neutralizer was
located near the intake at the primary
dilution tunnel to reduce charge-related
losses in the ejector dilution stages.
Also, volume flow rates 1in the secondary
system are as large as practical to re-
duce diffusional losses. Nevertheless,
losses in the dilution system are likely,
but the magnitudes are not known.

Flow Control

Various methods were used to measure or
control air flows. All critical flows
were calibrated wusing gasmeters having
an accuracy of better than 1 pct. Flat
plate orifices were used to monitor the
exhaust sample (fig. 2), the diluted sam—
ple flow, and both secondary sample flows
(fig. 3). The orifices were calibrated
in place with gasmeters so that any in-
fluence of orifice-to-pipe diameter and
pressure tap locations was accounted for.
The sample dilution factors produced by
the air ejectors were determined using
gasmeters.
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The dilution-tunnel, £flow control ori—- to adjust all filter flow data. Because
fice could not be positioned in the pre- the pressure drop increased steadily with
ferred location Just upstream of the ex— engine run time, the volume flow rate

haust sample line because the pressure through the filters for each test was
drop produced was excessive for reliable taken as the average of the initial and
APS operation; therefore, a downstream final flow rates.

location was used. Accurate assessment

of diluted sample flow at this location PROCEDURES
required adjustment for all the sample
flows extracted upstream of the orifice. Addition of Additive
Rotameters were used to monitor the
filter flows (fig. 2) and to maintain the The additive was premixed with the fuel

flow into the secondary sampling system 1in 55-gal drums prior to testing. The
(fig. 3). Because the rotameters were amounts used were 0.18, 0.36, and 0.72
used 1n-line and were subject to con~ wt pct of additive. According to the
siderable pressure drop, they were cali~ manufacturer, the recommended concentra-
brated in place with gasmeters for tion is 0.36 wt pct and between 20 and 25
pressure—drop effects up to 100 in H,O0. wt pct of the additive is elemental bari-
Since the manufacturer's pressure correc~ um. Fuel and additive specifications are
tion was found to be exact, 1t was used in appendixes A and B, respectively.




runs involving different fuel
mixtures, the engine fueling system was
drained to prevent the problem of fuel
used in prior tests from influencing the
results of subsequent tests. Any resid-
ual fuel in the system after draining was
purged by operating the engine for up to
1 h at different loads and speeds with
the new fuel mixture.

Between

Test Procedures

of engine and envi~
ronmental parameters for all tests is in
table C-1. A brief summary of selected
averages 1s presented in table 1. The
specific test modes were chosen to pro-
vide as much information as possible re-
garding the increase of soot particulate
with increasing load. Each mode selected
was based on only a few preliminary
tests. In retrospect, and assuming that
only five modes could be tested, better
definition of the soot changes would have
been obtained 1if a load between 90 and
100 pct had been selected instead of the
30-pct mode.

Brake mean effective pressure (BMEP)
is not physically measurable, but is
instead a calculated parameter used to
compare the performance characteristics
among different engines. It is directly
proportional to horsepower, and it is
inversely proportional to engine dis-
placement and the number of power strokes
per minute. Because all the Bureau
tests were conducted on one engine oper—
ated at a fixed speed, the BMEP values

A complete summary

in table ! are directly proportional to
horsepower.

The engine was started, brought to nor-
mal operating temperature, then operated
at full load until engine and exhaust
temperatures stabilized. A full test se-
quence consisted of the five engine loads
at one fuel condition. The full load
condition of 103.9 psi BMEP was run
first, followed by runs at 90.5, 74.4,
49,0, and 7.5 psi BMEP., This order was
primarily for convenience because temper-—
atures stabilized more quickly than when
tests were conducted starting with the
minimum load first. A butterfly wvalve
(fig. 2) in the system exhaust was used

to create a backpressure on the engine
ranging between about 10 and 30 in of
water depending on engine 1load. It was

judged that this was representative of
actual operating conditions for this
engine when fitted with typical exhaust
hardware.

Run lengths varied from about 20 min at
full load to as much as 60 min at idle
(7.5 psi BMEP). The maximum test inter-
val was determined by the time required
to deposit approximately 1 mg of soot on
the filters for accurate weighing on a
quartz crystal balance. The 10-min mini-
mum Interval was needed to provide at
least five samples for the EAA to average
for the steady-state runs. A complete
EAA cycle requires about 2 min. These
run times permitted completion of a full
test sequence, consisting of the five en-
gine loads at one fuel treatment condi-
tion, within an 8-h day.

TABLE 1. - Nominal engine parameters for five test modes

at 1,200 r/min

Test BMEP,1 Load, pct | Power, | Torque, | Fuel rate, Air-to~-
mode | psi of full hp ft+1bf 1b/h fuel ratio
l... 7.5 7 4,6 20 5.72 86
2000 49.0 50 33 145 13.3 37
3... 74.4 75 49 217 19,2 26
4., 90.5 90 60 261 22,2 22
5... ] 103.9 100 66 290 17.9 18

Igrake mean effective pressure.



RESULTS AND ANALYSIS

All of the data presented in this section are summarized 1in appendix tables C-1
through C-5. Betweeen two and six replicate runs were conducted for each test condi-
tion. Except where noted, the plotted points are not averages but are indlvidual
test results. The emissions concentration data are adjusted to a temperature and
pressure of 68° F (20° C) and 1 atm.

ADDITIVE EFFECTS ON PARTICULATE

Gravimetric Measurements

Figure 4 shows the effects of both additive concentration and engine load on gravi-
metric measurements of soot mass. The lines fitted to the data are drawn through the
averages of replicate tests and are the basis for the plots 1n figure 5 where the
percent change (increase or decrease) in soot concentration is as follows:

Change = 100 x (’ Treated fuel soot concentration _ i) ) (1)

Untreated fuel soot concentration

Much of the scatter observed in figure 4, especially at full load, is not random er—
ror but is caused by small variations of atmospheric oxygen concentration into the
engine. The results of linear regression analysis (fig. 6) show that 90 pet of the
variability in measured soot concentration for the untreated fuel is accounted for by
the concentration of oxygen in the engine intake alr. However, this observed linear-
ity for untreated fuel may be limited to the data range shown and to the particulate
component of soot. Ahmad (1), for example, observed exponential increases in hydro-
carbons with decreasing oxygen into the engine.

The general trend of the treated-fuel data suggests that the effect of the additive
on reducing soot 1s diminished as oxygen concentration increases. The single trend
line drawn through the treated fuel data intersects with the untreated fuel regres-
sion line at an oxygen concentration of about 0.0156 1b/ft3. This concentration
might be interpreted as an upper limit beyond which 1ittle or no benefit from this
additive is expected.

The data for the other engine operating modes were also examined for posssible cor~-
relations of soot levels with oxygen concentration. Only for untreated fuel at 74.4
and 90.5 psi BMEP were weak trends observed.

The soot level increase (fig. 4) with increasing engine load for both untreated and
treated fuel agrees with the findings of other investigators (35, 20, 27). For un-
treated fuel, the overall range of mass concentrations between about 15 and 300 mg/m3
is consistent with the findings of Baumgard (7) using a similar engine but for dif-
ferent engine speeds (1,400 and 1,800 r/min) and load ranges (37 to 100 pct of full
load).

The plots in figure 5 clearly show that particulate emissions increase with in-
creasing additive concentration except at full load and at 90.5 psi{ BMEP and 0.18
wt pct. This result agrees with the findings by Kittelson (20), who determined that,
at low to medium (0 - 60 psi BMEP) engine loads, barium~based additives increased
mass emissions and only at engine operation approaching full load were emissions low-
ered for treated fuel compared with untreated fuel.



il
10
400 T I T T
o KEY
bt m_ 300 - Additive concentration, wt pct =) -
1 [
> 000
i o
5«5) E 0o.i8 =
.I g’ v 0.36
{0 e © 0.72
;‘J_ <[
£ 200 _-
i3 &
o =z
O
(&)
[%2]
1%
«<f
= 100 |~ ]
i 0 25 50 75 100 125
' ENGINE BMEP, psi
‘E‘ FIGURE 4.—Engine load and fuel additive effects on soot mass concentration.
I
a 100 : ; :
o KEY
i Engine BMEP, psi
I a] 7.5
£ . O 490
; a v 744
0 " © 905
g 0 103.9
I < 50 |~ -
I X
¥
I Z
] O
e :
% <
@
i =
i z
I L
4 5]
! b4
O O e e T e T e e e e e e —
i O
0
; n
i <
=
i
|
5 -50 I | 1
i 0 0.2 0.4 0.6 0.8
ADDITIVE CONCENTRATION, wt pct
! FIGURE 5.~-Change In soot levels for different additive concentrations and engine loads.




11

350 ,

300 -

n

o

O
]

SOOT CONCENTRATION, mg/m3

KEY
Additive concentration, wi pct
0 0.0
0 0.18 -
v 0.36
¢ 0,72
Regression fits
Untreated
e e Treated

- M- -
200 ~ 0
~—
— — —
O
v
150 .
O
100 ! | |
0.0140 0.0145 0.0150 0.0155 0.016

OXYGEN CONCENTRAT’ION,Ib/fi3

FIGURE 8.—Dspendence of soot levels on oxygen concentration Into engine at full load.

These results appear to conflict with
gravimetric measurements by Miller (24)
and Apostolescu (4-5), both of whom found
that particulates were reduced with
barium-treated fuels. However, Miller's
results are for full load only where
there is no disagreement with our find-
ings in figure 5. Apostolescu (5) found
reduced soot levels for treated fuels
over a range of engine loads. A possi-
ble explanation is based on his use of a
membrane—type filter of 0.8-um pore diam—
eter., Tests by Liu (22) on similar
filters dindicate that collection effi-
ciency decreases with decreasing particle
size to a minimum of about. 50 pct in the
0.05- to 0,15-um—diam range, depending
on face velocity. Our findings and those
by Kittelson (20) show that mean soot
sizes for treated fuels decrease sub-
stantially from those for untreated fuels
at all engine lods, a result that could
account for the apparent soot reduction
observed by  Apostolescu for treated
fuels.

Optical Methods

Bosch Number

Despite a probable bias 1in the Bosch
data (discussed in the Apparatus and Pro-
cedures section), the results are in-
cluded here in order to estimate the mag-
nitude of the bias and to make compari-
sons with other measurements in this
study and with the results of others.

Figure 7 shows that the Bosch number
increases with increasing engine load for
all treated-fuel conditions. The Ilines
fitted to the data are drawn through the
averages of replicate tests and are the
basis for figure 8, which shows that
treating the fuel with the barium addi-
tive reduced the measured Bosch numbers
at most of the engine test conditions.
Furthermore, the manufacturer's recom-
mended concentration of 0.36 wt pet was
optimum; both lower and higher additive
concentrations generally produced larger
Bosch numbers.
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An estimate of the bias in these re-—
sults 1s based ' on the work of Alkidas
(2), who determined the following rela-
tionship between mass concentration and
Bosch number:

P = A{(1n[10/(10-Bn)])}!.206 (2)

where P 1is the total soot mass concen-
tration, A 1s a constant, and Bn 1s the
Bosch number. A least-squares regression
fit of equation 2 to our results produced
values of the coefficient, A, of 283,
232, 356, and 359 for additive concentra-
tions of 0, 0.18, 0.36, and 0.72 wt pct,
respectively. For untreated fuel, Alki-
das recommends an average value of 565
for the coefficient, A, which 1is twice
the value of 283 we measured in this
study. This comparison 1indicates that
our measured Bosch numbers are too large
because the effective volume sampled was
increased by exhaust pressure pulsations.

A review of results by others indicates
that the effects of barium-based addi-
tives on Bosch number are inconsistent
and may be both engine and fuel depen-
dent. For treated fuel in a single cyl-—
inder engine, Kittelson (20) measured a
nearly constant Bosch number (approxi-
mately 0.5) independent of engine load
(between 15 and 65 psi BMEP) and additive
concentration. Hare and Springer (l5)
conducted tests on two engines and three
barium—treated fuels. The results from
one engine and fuel combination were sim—
ilar to those by Kittelson (20) because
the Bosch numbers were independent of en—
gine load. The measured Bosch numbers
from another engine increased with in-
creasing engine load. Saito (27), who
tested only at full load, found that
Bosch number decreased with dincreasing
concentration of barium in the fuel up to
about 1.7 g/L of fuel, which is approxi~-
mately equivalent to the minimum additive
concentration of 0.18 wt pct used in the
Bureau tests.

Opacity

The opacity meter measurements are
plotted in figure 9 for all fuel treat-—
ment and engine load conditions. Regres-—
sion analysis showed that the scatter for
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untreated fuel at full load can be ex-
plained by the uncontrolled wvariability
of oxygen concentration in the engine in-
take air. The lines drawn through the
averaged replicates are the basis for the
plots of opacity changes in figure 10,
which shows substantial reductions in
opacity, between 30 and 60 pct, for all
additive concentration levels and engine
loads compared with those for untreated
fuel.

These results agree with those by oth-
ers, such as Miller (24) and Golothan
(14), who also found that barium—based
fuel additives reduced opaclty meter re-
sponse. On the other hand, these opacity
measures of additive effects on soot lev—
els do not agree with results obtained
gravimetrically in figures 4 and 5. Sim—
ilar 1inconsistencies were reported by
Hare and Springer (15) and by Truex (32).
Explanations for these contradictory re-
sults are suggested in the following
sections.

Particle Size

Analysis Methods

All of the particle size distribution
results in this section are based on EAA
measurements of the number of particles
in the size range between 0.0l and 1.0
pm. Bimodal, log-normal size distribu-
tions were fit to the EAA data. The cal-
culated size parameters for all of the
test data are 1in table C-4. Follow—
ing Khatri (19) and Kittelson (20), the
small-particle mode (<0.03 wum) and the
large particle mode (0.03 to 1 um) are
referred to as the nuclel and accumula-

tion modes, respectively.
Volume Distributions

In figure 11 are examples of log-normal
distribution fits to the EAA data at an
engine load of 49 psi BMEP. These re~
sults were selected because they clearly
illustrate the bimodal character of some
of the data. The plots also show how
increasing the additive concentration
shifts the particulate volumes, which are
proportional to the areas under the
curves, from the accumulation mode into
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the nuclel mode. In this example (49 psi
BMEP, 1,200 r/min), the volume fractions
in the nuclei mode are 0.12 and 0.90 at
additive concentrations of 0.0 and 0.36
wt pet, respectively.

The particulate volume fractions in the
niclei mode calculated for all the tests
are plotted in figure 12. These results
show that an additive concentration of
0.36 wt pct produces the maximum shift
from the accumulation mode 1into the nu-
clei mode. Increasing engine load re-
duces the nuclei volume fraction for un-
treated fuel conditions. These results
agree generally with the findings by
Kittelson (20), for treated and untreated
fuels, and by Baumgard (7) for untreated
fuel.

Figures 13 and 14 show how the fuel
treatments and engine operating condi-
tions affect volume mean dilameters within

the nuclei and accumulation modes, re—
spectively. The effect of the additive
is reversed in the two modes. In the

nuclei mode (fig. 13), the additive in-
creases the mean particle diameter from
about 0.025 um to over 0.05 pm except at
7.5 psi BMEP. 1In the accumulation mode
(fig. 14), the additive decreases the
volume mean diameters at all load condi-
tions. Except for the relatively large
volume mean gize at 7.5 psi BMEP, engine
operating load has little effect on the
volume mean sizes in the nuclel mode. 1In
the accumulation mode, on the other hand,
the untreated fuel and the 0.18 pct con~
ditions exhibit similar trends with a
maximum volume mean at 74.4 psi BMEP,
For the 0.36 and 0.72 wt pct additive
concentrations, particle size generally
increases with increasing engine load.

Apparent Density

A linear regression fit of EAA volume
concentration data to mass concentration
of soot, measured gravimetrically, 1is
plotted in figure 15, The values of the
regression parameters are summarized in
table 2 along with values determined by
Zierock (35), who tested two engines at a
large number of operating conditions be-
tween 1,200 and 4,500 r/min and 15 to
103 psi BMEP., These results confirm that
the EAA provides volume measurements that
are closely correlated with particulate

mass. The differences between sets of
regression parameters are probably due
to wvariations 1in particle properties,

mainly particle density, which depends
on degree of agglomeration, primary par-
ticle density, and fraction of adsorbed
hydrocarbons.

Plots of the ratio of particulate mass
concentrations to volume concentrations
for all test conditions are shown in fig-
ure 16, Because this ratio has the units
of mass per unit volume, it can be inter-
preted as a measure of particle density.
Kittelson (gg) refers to this ratio as an
"apparent" particle density and empha-
sizes the 1nfluence that measurement
methods may have on the calculated values
of the ratios. For example, sampling
losses into the EAA are likely but not
known. As a result, the calculated vol~-
ume concentrations 1in figure 16 are too
small 1n proportion to the lost particle
volume in the sampling lines. Therefore,
the calculated apparent density 1s over-
estimated, and the actual soot bulk den-—
sity 1s probably less than unity.

TABLE 2. ~ Fit parameters for linear regres—
sion of EAA volume concentration on mass

concentration
Data source Intercept,1 Slope,2 Correlation
mm® /mg mm3 /mg | coefficient
Figure 15.seeees ~5.3 0.97 0.97
Engine 13....... 6.4 1.08 .87
Engine 23....... -5.5 1.07 .81

lon EAA volume concentration axis.
2Reciprocal of particle density.

3From reference 35.
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The average calculated particle density
for untreated fuel data 1in figure 16 is
1.09 g/m®. This result agrees exactly
with the value determined by Groblicki
(14) for five diesel automobiles. The
calculated average for all the additive
data is about 1.25 g/m3. Kittelson (20)
also observed larger apparent densities
(up to 2 g/m3) for treated fuels, a re-
sult for which he suggested 'two explana-
tions: (1) for barium-treated fuels, the
less dense carbon fraction in the par-
ticles 1is replaced with higher density
barium compounds, and/or (2) the treated
fuels produce smaller volume mean diam—
eters in the accumulation mode, suggest-—
ing that the particles may consist of
more compact agglomerates having higher
densities.

Soot Composition

In this section, the volatile hydrocar-
bon (HC) carbon, and barium compound mass
concentrations 1in the engine exhaust are
estimated. The results are used to help
account for the barium and are related to
instrument response and health effects.
Volatile HC and barium data are presented
in table C-5.

Volatile Particulate

The same filters used for gravimetric
analysis were heated in a 300° C (572° F)
oven for about 1 h and reweighed to de-
termine the volatile HC loss. The indi-
vidual filter data were combined, and the
average volatile fractions were deter-
mined for each combination of additive
concentration and engine load. The mass
concentration of particulate HC 1is the
product of the volatile fraction and
total soot concentration. The results
(fig. 17) show that the average concen-—
tration of wvolatile HC adsorbed on the
filters ranged between about 3 and 13 mg/
m3. The maximum HC levels were produced
at 49 psi BMEP or about 50 pet of full
load.

The results in figure 17 are not in-
tended to imply that the values represent
the gaseous HC concentration in the ex~
haust. Cuthbertson (10) showed that the
quantity of volatile substances adsorbed
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on filters depends on numerous variables
such as exhaust temperature, dilution
volume, dilution rate, sampling time, and
filter temperature. Reichel (26) deter-
mined that the adsorbed volatiles are a
maximum for dilution ratios in the 25:1
to 30:1 range used 1in the Bureau study.
Larger or smaller dilution ratios will
produce smaller quantities of volatile
substances on the filters.

Bergin (8) suggested a relationship be-
tween particulate HC and gaseous HC for
untreated fuels, but a correlation for
barium—treated fuels 1is not available.
Apostolescu (5) measured no significant
effect of fuel additives on the distribu-
tion of HC; Miller (24) obtained mixed
results: Total unburned HC were unaf-
fected by additives in two cases and were
reduced by 30 pet in two other cases.

Barium Recovery

The barium fraction 1in the exhaust was
determined using atomic absorption (AA)
analysis on filter deposits. In general,
these were not the same filters used for
gravimetric and wvolatility analysis be-
cause considerably more sample weight was
required for AA analysis. In some cases,
not enough sample was obtained so data
are not available for every test condi-
tion. The averages are plotted in figure
18, which shows that the barium fraction
on the filters tends to decrease with in-
creasing additive concentration in the
fuel.

The mass rates of barium into and out
of the engine were calculated based on
the measured fuel consumption rate, the
additive concentration in the fuel, and
the AA data. Figure 19 shows that, on
the average, the barium 1in the exhaust
accounts for only about 40 pet of the
barium into the engine. There was no at-
tempt to account for the other 60 pet of
the barium, but Miller (24) and Brandes
(9) found that much of it is deposited on
engine and exhaust system surfaces and in
the lubricating oil.

Turley (33), Golothan (13), Miller
(24), and Apostolescu (5) determined that
most of the barium in the exhaust is in-
soluble barium sulfate plus small per~
centages of soluble barium carbonate,

|
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which 1s toxic. Assuming that all of
the barium is in the form of barium sul-
fate, estimates of the mass concentration
of barium compounds in the exhaust are
plotted in figure 20. These plots show
that barium sulfate concentration ranges
between 10 and 90 mg/m® and increases
with additive concentration and engine
load. Note that the actual values are
overestimated slightly in proportion to
the amount of barium carbonate present.

Carbon Particulate

The mass concentration estimates of
carbonaceous soot in figure 21 were ob~
tained by subtracting the sum of the bar-
ium sulfate concentrations (fig. 20) and
the wvolatile concentrations (fig. 17)
from the total soot concentrations (fig.
4). The carbon concentration differences
between untreated and treated fuel (fig.
22) confirm that treated fuels reduce ex-
haust carbon by 20 to 50 pet for most
engine loads. These results agree with

the conclusions by Truex (32), who found
that additives reduced carbonaceous
soot by 30 pct, and by Tessier (31), who
stated that the effect of the additives
is to promote more effective combustion
of carbon.

Figure 23 shows how the opaclty meter
response to diesel soot decreases with
increasing additiveé concentration. Plots
(not shown) of opaclity against nonvola-
tile mass are similar +to those in fig-
ure 23 except that they are shifted
slightly to the 1left. Figure 24 shows
that opacity meter response 1s mainly de—
pendent on carbon concentration only.
The intercept and slope of the linear re-
gresslon f£fit to the data in figure 25 are
~0.377 and 0.127, The correlation co~
efficient for this fit 1s 0.99, These
results are consistent with those by
MacDonald (23), Scherrer (28), Gerke
(12), and Japar (18), all of whom have
shown that opacity meter response ig lin-
ear with the carbon component in exhaust
soot.
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ADDITIVE EFFECTS ON GASEOUS EMISSIONS

The only nonparticulate emissions mea~
sured in the exhaust were nitrogen oxides

(NOx) and oxygen. In figure 25, the
measured NOx concentration ranges from
about 170 to 900 ppm. These results

agree with those obtained by Baumgard (7)
on a similar engine. The change (eq. 1)
in NOx levels (fig. 26) show that, in
almost all cases, small reductions (up
to 10 pet) din NOx concentration were
measured for the treated fuels. These

results are consistent with those ob-
tained by others (5, 13) who observed
either no change in NOyx levels or slight
reductions that were generally considered

insignificant.

Oxygen cohcentrations 1in the exhaust
are plotted against engine BMEP in fig-
ure 27. The average changes in oxygen
concentration are plotted in figure 28,
which shows that, at many operating con-
ditions, exhaust oxygen was reduced

slightly for treated fuels.

HEALTH IMPLICATIONS

A quantitative assessment of the health
effects of barium fuel additives on en-
gine exhaust toxicity is beyond the scope
of this study. The purpose of this sec—

tion is to point out that the physical
and chemlcal changes 1n diesel particu-
late caused by fuel additives may have

beneficial and harmful implications.

The increase (figs. 4-5) in total soot
mass concentration in diesel exhaust is a
serious objection to the use of barium-
based fuel additives. Even though most

of the added particulate is in the form
of nontoxic barium sulfate, it adds to
the airborne dust level in mines and in-
creases problems of compliance with dust
standards. Some of the added particulate
are in the form of soluble barium com~
pounds (e.g., barium carbonate), which
are toxic. Golothan (13) concluded that
the injection of soluble barium compounds
into the general environment should not
pese a health problem because of the
large dilution factors expected and also
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because no problems of chronlc exposure
to low levels, less than the TLV of solu-~-
ble barium, have been 1dentified or are
expected. However, the effect of the
limited ventilation and dilution factors
found in mines was not consldered.

Our results show that the maximum con-
centration of barium in the raw exhaust
from the engine, at full load, is about
25 mg/m3 when the recommended additive
concentration of 0.36 wt pct 1is used in
the fuel. The assumptions of a maximum
upper limit (13) of 23 pet as soluble
barium and a "worst" dilution case of
20:1 (6) results in 0.31 mg/m3 toxic bar-
ium in the mine atmosphere for the tested
engine at full load. This is 1less than
the full-shift, time-weighted TLV of 0.5
mg/m3 (3), but there 4is little margin
for error. If more than one piece of
equipment is operating 1n a drift with
limited ventilation the TLV could be ex~
ceeded even allowing for less than full-
load operation.

The results reported here and those
by Kittelson (20) show that barium-based
fuel additives decrease soot particle
size at all engine operating loads. For
a fixed mass, surface area Increases
as particle size decreases. Consequent—
ly, barium~based additives in diesel fuel
not only increase particulate mass but
also 1increase the surface area for ad-
sorption of potentially harmful sub-
stances, which may eventually deposit in
the lung.

SUMMARY OF

1. At full load, exhaust particulate
levels are inversely related to the oxy~—
gen concentration of engine intake alr
for both treated and untreated fuels,
For example, a 6.5 pct reduction of oxy-
gen into the engine (from 0.0155 to
0.0145 1b/ft3 because of reduced baromet-
ric pressure and/or increased temperature
and humidity) doubled the soot mass con-
centration in the exhaust. For untreated
fuel, similar but weaker trends were ob-
served at engine loads of 75 and 90 pect
of full load. For barium-treated fuels
at less than full load, no dependence of
soot concentration on oxygen level was
observed.
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Particle size also determines the de-
gree of lung penetration -and deposition.
Pulmonary deposition is minimal (21, 34)
for 0.5-um particles and increases as
particle size decreases. The fact that
mean soot slzes 1in the accumulation mode
(fig. 14) at all engine loads are similar
for treated fuels compared with untreated
indicates a potential for increased lung
deposition.

The reduction in carbon of up to 50 pect
in figure 22 4s an important result,
but the health significance 1is not clear
because carbon 1s not generally consid-
ered to be a health hazard (29). How-
ever, this reduction in carbon may help
account for the result in figure 29,
which shows that treated fuels reduce
volatile hydrocarbons in the soot by
up to 50 pct at moderate-to—full loads.
Carbon may be a better adsorbant for HC
than are barium compounds. Therefore,
goot particles composed of both carbon
and barium compounds simply do not ad-—
sorb volatile substances as effectively
as carbon alone. Unfortunately, there
is not enough Iinformation available to
determine any benefits from this observed
volatile reduction.

It is important to note that these ob-
servations must be qualified by the fact
that they are based on data obtained at
steady-state engine operating condlitions
and may not be representative of emis-—
slons from engines operated at real-world
duty cycles.

RESULTS

2. Except at 1light 1load (7.5 psi
BMEP), additive-treated fuel reduced vol-
atile hydrocarbons adsorbed on filter de—
poslts by up to about 50 pct. Although
the percent reductions were large in some
cases, the absolute reductions were
small, a few milligrams per cubic meter,
because the actual volatile mass concen~
tration was small.

3. Compared with untreated fuel, using
the manufacturer's recommended concentra—
tion of additive increased the gravimet-—
rically measured mass concentration of
total particulate by 30 to 80 pet for all
steady~state engine operating conditions
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except full load, where a 30-pct soot re~
duction was observed.

4, Soot  concentration measurements
from two different optlical smoke meters
did not agree with the gravimetric stan-
dards. The response of the opacity meter
and the Bosch meter were affected by soot
particle size and a lack of sensitivity
to barium compounds. Both meters under-
egtimated soot concentration when addi-
tives were used. Opacity meter mea-
surements correlated linearly with mass
concentration of the carbon fraction in
the engine exhaust.

5. At constant engine load, average
particle sizes were reduced by up to a

factor of two for additive-treated fuel
compared with untreated fuel.
6. At most engine loads, the soot car-

bon fraction was reduced for treated
fuels. ¥Yor example, at full 1load, the
carbon mass concentration was reduced

from 210 mg/m3 for untreated fuel to
about 105 mg/m3 for treated fuel.

7. NOyx emissions were reduced by up to
10 pet at the recommended concentration
of additive in the fuel.

8. Atomic adsorption analysis showed
that, on the average, the barium found
in the exhaust accounted for only about
40 pct of the barlum mixed with the fuel
sand injected into the engine.
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CONCLUSIONS

This research showed that a barium~-
based fuel additive reduced both the car-
bon and the hydrocarbon components in the
exhaust. Although there 18 an exposure
1imit for <carbon black, none has been
established for respirable carbon in dle-
sel soot. This research did not attempt
to i1dentify the specific hydrocarbons
affected by additives, and there 1s no
quantitative relationship available for
estimating worker exposure to undesirable
hydrocarbons based on the filter deposit
data. Therefore, no quantifiable health
benefits attributable to the use of bar-
ium-based additives 1in dilesel fuel were
identified,

Unfortunately, additives may also in-
troduce health-related problems into the
mining environment. The total particu-
late from the englne are increased for
barium—treated fuel except at full load.
As a result, equipment operated at typl-

substantial fraction of the barium will
end up 1n the exhaust. Others have de~-
termined that up to 25 pet of the exhaust

barium may be in a toxie form. Barium—
based fuel additives reduce the size of
particles 1in the exhaust. The health

effects of reduced particle s8lze are com-
plicated and unclear at this time. Both
theoretical and experimental results

by others indicate that 1in the particle
slize range for diesel soot a decrease in
particle silze may increase pulmonary
deposition.

It 1s important to note again that the
results reported here are for one engine
operated at steady-state conditions only.
Tests on other engines and for operation
at transient loading conditions might
produce different vresults and conclu-
sions. Consequently, any recommendation
for or against the use of barlum—based
fuel additives 1in underground mining

cal duty cycles may actually 1ncrease equipment is not appropriate.
particulate loading in mine air. A
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APPENDIX A,~-DIESEL FUEL SPECIFICATIONS

Type: D-2 DCF, Lot G-075
API! gravity at 60° Feveveveoooes
SulfulesessesssessanesessWt pctes
Particulate matter..essess.mg/L..
Viscosity at 40° CovevveenoneCSas
Flash point (PM)esessessoosseFau
Cloud pointececsssenessscessesFuo
Cetane nNuMbersicesessssssssstsenss
Composition (by FIA), vol pct:
AromaticS.iescesiseseovesscsscas
OlefinSeesecsncsessncossssonsnse
Paraffins and Naphthenes.ssesss
Totaleoseessnansssseonsssnns

IAmerican Petroleum Institute.

35.2
0.35
2.07
2.52
162
12
46.2
32.1
1.33
66,57
100,00

TABLE A~1., -~ Fuel distillation data

Temp., °F

K T
415¢ccecccenstsescncencnse
43lieeececerrscecvecsnanas
3 P
469eeerteiacercnsnssesnsans
487 ceeeessncrenrssrscncae
505¢cesosssesrvscansesvnns
Y T S
5430 ceetesessntsocsncisnvae
567 ¢eusesceecrcscsoscsones
598t ceessrsnerscrsoncnnsne
S

65300ot!‘oooto‘oo"o'.o.co

TTnitial boil point.
2Endpoint.

Distillation,

D-86, pect

(H
5
10
20
30
40
50
60
70
80
90
95
(%



APPENDIX B,--ADDITIVE SPECIFICATIONS
Type: TLubrizol 565

Recommended concentration: 0.36 wt pct, 0.25 vol pet

Specific gravity at 60(0 F. $ % 608062 0000808000 Es s l. 22
Viscosity at 1000 C..'...'..........'.......CS.. 9.62
Barium Cot‘ltento........-.........“.....Wt pct.. 20"25

Sl.llfur Contentc.000oooiobtooocooooototoowt Pct'o 0.25"'0050
Nitrogen Contentooooccoooaco.o.o.-o..ioowt pCt.. 004—006

33
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APPENDIX C.--ENGINE AND EMISSION DATA

TABLE C-l. ~ Engine and environmental data

Additive BMEP, | Fuel rate, Exhaust Barometric Relative Engine
conc, date, psi ib/h backpressure, | backpressure, | humidity, intake
and mode! in H,O0 in Hg pet temp., °F
NO ADDITIVE
11-20-84:
Mode leesoss 7.8 5.7 10 29,6 20 67
Mode 2eesess 50.3 13.9 15 29,7 15 65
Mode 3veeses 75,7 19.1 18 29.7 14 67
Mode 4eessse 91,6 23.2 19 29.7 15 68
Mode 5se0400 ] 102.2 26.1 19 29.7 17 71
11-21-84:
Mode leeesss 7.8 5.7 10 29,6 16 77
Mode 2issese 50,0 13,9 15 29,7 15 80
Mode 3esvess 75.6 19.2 20 29,7 15 82
Mode devecss 91.5 23.0 20 29,7 17 82
Mode S5sesses | 102.3 26.3 20 29,7 19 80
11-27-84:
Mode lessves 7.3 5.7 10 28.7 21 82
Mode 3essess 75.3 19.4 17 28.7 20 87
Mode 5seseee | 101.7 27.1 20 28.8 22 87
11-29-84:;
Mode lecesss 7.4 5.8 10 28.9 19 78
Mode 2eseeve 49,4 13.9 14 28.9 18 83
Mode 3sesees 74.9 19.2 18 28.9 17 85
Mode Z4eeusns 90.9 23.2 20 28.9 16 88
Mode Seeeees | 103.9 27.9 21 28.9 18 89
11-29-84:
Mode lesoces 6.3 5.8 9 29,5 15 76
Mode 2es0ces 48,4 14,0 14 29.1 14 81
Mode 3ececes 73.9 19.3 17 29,1 13 84
Mode 4seeees 90.2 23.3 18 29,1 12 88
Mode Sesesss | 103.8 28.4 20 29,1 13 87
0.18 wt pct
12~12-84:
Mode leoenes 6.5 5.8 19 28.9 13 75
Mode 2ecevne 48.4 14,0 10 28.9 14 80
Mode 3eeecss 73.7 19.4 15 28.9 13 83
Mode 4evevns 89.5 23.5 20 28.9 14 83
Mode 5¢6s0s. | 102,06 28.3 20 28.9 16 85
12~-13-84:
Mode fseenee 89,7 23,2 20 29,4 13 83
Mode Beseses | 104, 4 28.2 10 29.4 16 79
12~18-84:
Mode leessee 6.7 5.7 10 29.3 11 71
Mode 2siveess 48.6 13.9 14 29.4 11 75
Mode 3000000 ?4.0 19;1 18 290& 11 78
Mode feceves 90.1 23.0 19 29.4 11 80
Mode S5eeeees | 105,1 28.0 20 29,3 12 77

See footnotes at end of table.
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TABLE C-l. - Engine and environmental data--Continued

Additive BMEP, | Fuel rate, Exhaust Barometric Relative Engine
conc, date, psi 1b/h backpressure, | backpressure, | humidity, intake
and mode! in H,0 in Hg pct temp., °F
0.18 wt pct——Continued
1-17-85:
Mode liseese 7.9 5.8 10 28.6 14 74
Mode 24eeese 48.6 14,0 15 28.6 13 78
Mode 3eeeses 74.4 19.3 18 28.7 12 82
Mode 4seecee 90.5 23.4 20 28.7 11 86
Mode S5eveses | 104.7 28.4 21 28.7 12 90
0.36 wt pct
11-30~84:
Mode lievwses 7.3 NA 10 28.9 19 77
Mode 240e¢sse 49.4 NA 14 28.9 18 81
Mode 3eeeees 74.7 NA 18 28.9 17 84
Mode 4ecevee 90.8 NA 19 28.9 17 86
Mode 5+..4.. | 103.4 NA 21 28.9 20 83
12-05~84:
Mode lecesss 10.6 5.6 10 29.1 16 75
Mode 2¢ssean 48,7 13.6 15 29.1 15 82
Mode 3eceses 74.2 18.0 19 29,1 15 85
Mode 4eecens 90.4 23,2 20 29,1 15 85
Mode S5¢0400. | 103.1 27.5 21 29,1 17 82
1-21-85:
Mode leceasns 7.7 5.7 11 29,0 11 72
Mode 2¢eanse 49.5 13.8 i5 29.0 11 75
Mode 3es0eee 74,4 19.0 19 29.0 10 78
Mode 4essass 91,1 23.1 20 29.0 11 80
Mode 54e00s0.| 105.8 27.4 21 29.0 11 79
0.72 wt pet
12-06~84:
Mode l.eeonss NA 5.7 11 29.5 16 73
Mode 2..0004 48.6 13.8 15 29,5 16 76
Mode 3eeevee 73.9 19.0 20 29.5 16 78
Mode 4seveene 90.3 22.9 20 29.5 16 80
Mode S5eveess | 105.2 28.0 21 29,5 17 77
12-11-84;
Mode leveoas 6.9 5.8 10 28.6 23 78
Mode Zeeoves 48.5 13.9 14 28.6 21 81
Mode 3scsens 73.7 19.3 18 28.7 20 86
Mode beeesss 89.9 23.4 19 28.7 19 89
Mode Seseeas | 103.5 28.6 21 28,7 25 83
1~-23-85:
Mode laseses 7.4 5.7 10 28.8 13 73
Mode 2¢eeens 48.9 13.9 15 28,8 12 78
Mode 3eceese 74.4 19.3 18 28.8 12 80
Mode deceocs 90.3 23.6 19 28.8 12 83
Mode Seevees | 105.0 28.8 22 28.8 13 82

NA Not available.
1Engine test loads as defined in table 1.
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TABLE C-2, — Dilution! ratios
Additive Primary Secondary Total || Additive Primary Secondary Total
conc, dilu~ |dilution ratio |dilu- conc, dilu- |dilution ratio | dilu-
date, tion |Stage l|Stage 2 | tion date, tion Stage 1|Stage 2 | tion
and mode ratio and mode ratio
NO ADDITIVE 0.18 wt pct——Continued
11=-20-84: 1~17-85: : .
Mode 1. 30.5 56.1 1.00 1710 Mode 1. 26.9 68.0 1,00 1827
Mode 2. 30.9 56.1 2,55 4412 Mode 2. 25.3 43.0 4,33 4717
Mode 3. 27,2 57.0 2.58 3998 Mode 3. 24,1 43.0 4,33 4492
Mode 4. 27.1 43.0 2.06 2396 Mode 4. 24.3 43,0 4.33 4514
Mode 5. 28.8 66.0 2,99 5680 Mode 5. 25.1 43,0 4,33 4665
11-21-84: 0.36 wt pet
Mode 1. 30.4 43,0 1.00 1307 11-30~84:
Mode 2. 28.0 69.0 3.14 6059 Mode 1. 29.0 43,0 4,33 5406
Mode 3. 26.6 47.9 2.28 2905 Mode 2. 27.0 48.4 4,77 6222
Mode 4. 26.9 43,0 2.06 2380 Mode 3. 25.3 48.4 4,77 5843
Mode 5. 28.0 74.0 3.40 7050 Mode 4. 25.6 48.4 4,77 5899
11-27-84: Mode 5. 26,2 48.4 4,77 6053
Mode 1. 29.9 43,0 1.00 1285 12-05-84:
Mode 3. 26.5 75.0 1.00 1986 Mode 1. 29.0 43.0 4.33 5402
Mode 5. 27.8 43.0 4.33 5171 Mode 2. 27.1 48.4 4,77 6245
11~29-84: Mode 3. 26,3 48.4 4,77 6079
Mode 1. 29,1 43,0 1.00 1252 Mode 4. 25.6 48,4 4,77 5919
Mode 2. 26,6 43,0 4.33 4952 Mode 5. 26.2 48.4 4,77 6040
Mode 3. 25.2 43.0 4.33 4695 1~21-85:
Mode 4. 25,3 77.0 1.00 1945 Mode 1. 26.6 43.0 4,33 4950
Mode 5. 26.1 43,0 4,33 4853 Mode 2. 25.3 48.4 4,77 5836
11-29-84: Mode 3. 24,0 48.4 4,77 5548
Mode 1. 28.8 48.4 1.00 1394 Mode 4. 24,1 48.4 4,77 5573
Mode 2. 26,7 67.0 1.00 1789 Mode 5. 24,7 48.4 4,77 5698
Mode 3. 25.2 67.0 1.00 1689 0.72 wt pet
Mode 4, 25.4 43,0 4,33 4726 12-06~84:
Mode 5. 26,2 43,0 4,33 4870 Mode 1. 28.5 43.0 4,33 5311
0.18 wt pct Mode 2. 26.8 57.0 5.37 8193
12-12-84: Mode 3. 25.1 57.0 5.37 7667
Mode 1. 28.7 38.5 4,19 4635 Mode 4. 25.1 57.0 5.37 7685
Mode 2. 26,8 43.0 4,33 4991 Mode 5. 26.1 57.0 5.37 7976
Mode 3. 25.2 43.0 4,33 4695 12-11-84:
Mode 4. 25.4 43,0 4.33 4719 Mode 1. 28.4 43.0 4,33 5279
Mode 5. 26.3 43.0 4,33 4899 Mode 2. 26.6 57.0 5.37 8129
12-13~84: Mode 3. 25.0 57.0 5.37 7639
Mode 4. 25.5 43,0 4,33 4741 Mode 4. 25.4 57.0 5.37 7774
Mode 5. 25.8 43,0 4,33 4810 Mode 5. 25.9 57.0 5.37 7933
12~18-84: 1-23-85:
Mode 1. 28.8 77.0 1.00 2216 Mode 1. 26.9 74,0 1.00 1987
Mode 2. 26.8 43.0 4,33 4985 Mode 2. 24,9 43,0 4,33 4631
Mode 3. 25.3 43,0 4,33 4700 Mode 3. 23.8 43,0 4,33 4427
Mode 4. 25.4 43,0 4,33 4728 Mode 4. 23.9 48.4 4,77 5527
Mode 5. 26.1 43.0 4,33 4864 Mode 5. 24,6 48.4 4,77 5689
lRatio of total diluted volume flow to sample flow (figs. 2-3).
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TABLE -3, - Emlssions
Additive | NOx |Exhaust|Bosch|Opac—|Soot Additive | NOx [Exhaust|Bosch|Opac—|Soot
cone, cone, 0, num~-| ity,|mass cone, cone, 0, num~| ity,|mass
date, ppm cone, ber pet |conc, date, ppm cone, ber pet | cone,
and mode pct mg/m3 | and mode pet mg/m3
NO ADDITIVE 0.18 wt pet-—Continued
11-20-84: 1-17-85:
Mode 1.| 178 NA 0.9 1.5 | 14.7 Mode 1.| 175 | 17.5 1.2 | 0.3 | 19,5
Mode 2.] 675 NA 1.4 | 3.1 38.7 Mode 2.{ 775 | 13.2 2,0 1.0 | 42,2
Mode 3.{ 775 NA 2.6 | 5.5 | 50,2 Mode 3.| 815 | 10.2 2,6 | 2.8 | 54.1
Mode 4. 625 NA 3.1 | 9.3} 77.3 Mode 4.| 620 7.9 3.1 | 6.2 | 77.4
Mode 5.| 475 NA 5.3 [16.0 |144.4 Mode 5.| 390 4.6 4,7 117,3 {165.8
11-21-84: 0.36 wt pect
Mode 1.| 188 NA .8 | 1.2 | 15.7 11-30-~84:
Mode 2.| 700 NA 1.5 | 2.6 | 35.1 Mode 1. 172} 17.8 0.6 NA | 23.6
Mode 3.| 828 NA 2.3 | 5.3 | 54.9 Mode 2.{ 650 | 13.5 1.5 | 0.1 53.6
Mode 4.| 695 NA 3,2 [10.9 | 97.6 Mode 3. NA | 10.3 2,1 3.3 | 76,2
Mode 5.| 490 NA 4,3 [17.9 |148.2 Mode 4. 555 8.2 2.8 | 6.1 99.5
11-27-84: Mode 5. 395 NA 3,7 [11.7 }155.7
Mode 1.| 183 NA .7 o7 15.8 12-05-84:
Mode 3.| 753 NA 2.8 | 5.8 | 65.7 Mode 1. NA | 17.8 o7 8| 25.2
Mode 5. 400 NA 5.6 129.2 269.0 Mode 2. NA | 13,5 1.2 1.7 53.9
11-29-84: Mode 3. NA | 10.5 2,0 | 4.1 70,0
Mode 1. NA | 19.8 .5 1.2 | 16,3 Mode 4. NA 8.2 3.3 | 6.7 |104.0
Mode 2. NA | 14.9 1.7 | 3.4 | 39.7 Mode 5. 420 NA 4,6 (16,1 ]168.3
Mode 3. NA | 11.5 2.5 | 6.8 | 63.9 1-21-85:
Mode 4. NA 8.9 4,0 |13.4 |111.3 Mode 1., 172 | 17.7 8 .51 25.8
Mode 5. 400 5.6 5.5 |39.4 |304.7 Mode 2. 740 | 13, 1.1 2,7 | 54,4
11-29-84: Mode 3. 790 | 10.6 1.6 | 4.3 | 68.8
Mode 1. NA | 18.2 1.2 .8 | 14.7 Mode 4.| 640 8.3 2.3 NA | 91.6
Mode 2. NA | 13.7 2.0 | 2,2 | 30.9 Mode 5./ 395 6.2 3.8 13,7 j135.2
Mode 3. NA | 10,8 2.7 | 4.3, 50.7 0.72 wt pect
Mode 4. NA 8.5 4,0 | 9.4 | 83.3 | 12-06-84:
Mode 5. NA 5.6 6.2 (29.1 [242.9 Mode 1. NA | 18,2 0.8 | 0.1 36.5
0.18 wt pct Mode 2. NA | 14.0 1.6 1.1 80.7
12-12-84: Mode 3. NA | 11.1 1,7 | 2.1 99.9
Mode 1.| 183 | 17.5 0.9 | 1.7 | 19.6 Mode 4. NA 8.9 3.3 | 4.2 [125.3
Mode 2.{ 720 | 13.9 1.4 A4 | 40.8 Mode 5. NA 5.8 5.0 | 8,8 {182,8
Mode 3.| 750 | 11.2 2.2 | 3.9 6l.1 12=11-84:
Mode 4.| 580 9.0 2.7 | 8.1 97.2 Mode 1.; 178 | 17.0 .8 .3 36,2
Mode 5.| 395 5.9 5.3 19,2 [ 196.1 Mode 2.| 705 | 13.0 1.6 1.2 | 77.7
12-13-84: Mode 3.| 725 | 10.1 1.7 | 3.8 [108.6
Mode 4.| 618 9.0 3.1 5.9 | 82,3 Mode 4. 555 7.8 3.3 | 7.8 |156.5
Mode 5.| 405 6.0 4,5 |14.9 | 150.8 Mode 5., 370 45 5.0 |19.3 |234.8
12-18-84: 1-23-85:
Mode 1.| 165 | 18.0 1,0 .5 | 20.8 Mode 1.| 175 | 17.6 1,0 o7 19.1
Mode 2.{ 710 | 13.7 1.6 1.5 | 37.6 Mode 2.| 770 | 13.2 1.5 | 2.0 | 42.3
Mode 3. NA | 11.0 2.8 | 3.2 | 53.2 Mode 3./ 808 | 10.3 2.2 | 3.9 1 56.5
Mode 4. NA 8.9 3.9 ] 5.9 | 71.9 Mode 4., 624 8.0 3.1 7.5 | 91,2
Mode 5.| 425 5.9 5.8 {11.8 |117.5 Mode 5./ 390 4.7 4,2 |16.5 | 164.1

NA Not available.
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TABLE C-4, — Bimodal EAA results
Additive Nuclei mode Accumulation mode Both modes
conc, GSD! [ Number | Volume |Mean diam, um Mean diam, pm | Number |Volume
date, fraction|fraction{Number | Volume |GSD! | Number|Volume cone, conc,
and mode 100/cnm3| ym3/cm3
NO ADDITIVE
11-20~84:
Mode 1. NA NA NA NA NA NA NA NA NA NA
Mode 2. | 1.60] 0.99 0.025 0.010| 0.019 {1.97| 0.110 |0.437 641 10.6
Mode 3.| 1.91 .99 064 .006 .019 2,12 047 .256 400 14,1
Mode 4. | 1,92 .99 .012 .005 .018 |1.93 .099 363 312 44,1
Mode 5. | 1.97 .98 .010 .006 .022 |1.97 .095 .373 188 30.8
11-21-84:
Mode 1. NA NA NA NA NA NA NA NA NA NA
Mode 2. | 1.60 .99 .123 .010 .020 [1.90 .066 .230 265 4,6
Mode 3. 2.09 .99 .052 .005 .026 (1,93 .072 .264 380 23.6
Mode 4. | 1.97 .97 011 .006 .023 11,91 .088 .308 192 46,1
Mode 5. | 1.76 .98 .012 006 .015 11,89 .083 .281 148 26.4
11-27-84:
Mode l. | 2.00 .96 .069 .029 121 [2,01 .068 +292 82 14.9
Mode 3. | 2.21 .97 .016 .006 .037 [2.33 .060 .518 184 51.6
Mode 5. | 1.68 252 .001 .012 .028 |1.66 114 . 247 30 57.6
11-29~84: }
Mode 1. | 2.01 .96 .728 .025 .108 ]1.78 .067 .183 100 11.1
Mode 2. | 1.71 .99 .119 012 .029 1,98 .078 .316 191 6.3
Mode 3. | 1.85 .99 .034 .007 .023 |2.00 .079 .330 180 12.2
Mode 4. | 1.98 .89 .014 .009 .037 12,05 072 .339 181 58.9
Mode 5. 1.97 64 .001 .006 .022 11.89 .081 .273 50 62.1
11-29-84:
Mode 1. | 1,98 .92 .390 .020 ,082 1,94 .056 .207 108 9.6
Mode 2. | 1.60 .99 076 .014 .027 |1.90 .110 .379 510 20.2
Mode 3. | 1.89 .99 064 .009 .031 2,09 .081 418 431 34,6
Mode 4. | 1.90 .97 . 009 .007 .023 |1.89 .097 «324 69 19.6
Mode 5. | 2.47 .54 .001 .005 060 |2,05 .080 .375 28 55,2
0.18 wt pet
12-12~84:
Mode 1. | 1.69 0.99 0.764 0.020| 0.046 |1,86| 0.052 |0.166 73 1.5
Mode 2. | 1.30 .91 .384 046 .056 |1,87 .072 .234 80 12,7
Mode 3. 1.53 .94 .313 .030 .051 |1.83 .071 214 104 9.8
Mode 4.| 1.50 .92 .228 030 049 11.76 .081 .213 112 13.6
Mode 5. 1.43 .91 .099 .028 041 |1.47 122 .191 114 20.1
1~17-85:
Mode 1. | 1.69 .99 .750 022 .051 11,66 .072 .156 229 6.3
Mode 2. | 1.37 .95 469 .031 042 1 1.77 .064 .169 97 5.1
Mode 3. 1,49 .94 242 .029 .046 |1.84 077 .233 113 10.2
Mode 4, | l.47 .92 .180 .029 045 11,79 .081 .226 116 14,5
Mode 5.| 1.56 .88 .064 .025 044 11,34 .136 .177 97 25,8

See footnotes at end of table.
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Additive Nuclei mode Accumulation mode Both modes
cone, Gsp! [ Number Volume [Mean diam, um Mean diam, um | Number |Volume
date, fraction|fraction|Number | Volume GsD! [ Number [Volume cone, conc,

and mode 100/ cm3| ym3/cm?3

0.36 wt pet
11-30~84:
Mode 1. 1.93} 0.99 0.919 0.022 | 0.080 |1.87 | 0.046 |0.150 77 2.8
Mode 2. | 1.42 .81 463 .036 .033 |1.82 043 . 126 80 6.1
Mode 3. | 1.56 .91 366 .037 066 (2,03 061 «275 84 12,6
Mode 4. | 1.57 .96 «257 .037 .068 12,02 .096 425 85 19.8
Mode 5. | 1.61 .88 .100 ,033 .064 2,33 .063 « 544 92 31.4
12~05~84:
Mode 1. | 1.49 .98 .798 ,030 .049 [1,83 .054 .160 73 2.7
Mode 2. | 1.50 .98 .525 .037 .061 {1.98 .085 .343 94 9.2
Mode 3. | L.47 .81 .305 .035 .055 [1.89 051 171 89 10.6
Mode 4. | 1.49 + 94 .290 035 .057 {1.55 .115 .203 93 14.9
Mode 5. A2 .86 .101 .031 045 11,64 .098 204 98 23,0
1-21-85:
Mode 1. | l.44 .98 .875 L.031 046 {1.77 .047 .123 83 2.6
Mode 2. | 1.54 .98 .901 .037 .064 [1.56 .066 .118 98 6.3
Mode 3. | 1.79 .81 774 .033 .091 ;1.61 .042 .083 116 10.3
Mode 4. | 1.44 .70 .235 034 L0530 [1.77 .049 .131 80 12.9
Mode 5. | 1.40 .64 107 030 042 |1.84 .050 .153 124 18.2
0.72 wt pct
12-06-84:
Mode 1. ] 1.43} 0.93 0.853 0.035 | 0.051 |1,70{ 0,036 |[0.084 91 4,0
Mode 2. 1.52 .81 .712 047 .080 /1.80 044 125 61 8.5
Mode 3., | 1.31 .63 202 040 031 11.62 061 L1117 NA 11.7
Mode 4. | 1.42 .68 .275 .043 .063 11,80 .056 .156 71 13.2
Mode 5. | 1.54 .62 .204 .038 .068 |1.88 .052 172 81 17.4

12-11-84;

Mode 1. | 1.49 .98 .908 .038 062 11,50 063 .103 79 5.1
Mode 2. 1.51 .98 762 .041 068 |1.64 094 .196 60 5,9
Mode 3.} 1.56 .86 461 .039 LLO71 11,73 .064 .158 70 9.9
Mode 4. | 1.43 .71 .176 037 054 1,78 .061 . 164 75 14,6
Mode 5. | 1l.44 .76 .103 .034 051 {1.77 .078 . 207 81 23.7
1-23-85:

Mode 1. | 1l.41 95 .367 .025 .036 {1.83 057 . 169 108 7.3
Mode 2. 1.83 .93 .339 .029 040 {1.86 .057 .181 99 6.0
Mode 3. | l.44 .89 .195 .029 ,043 |1.91 .060 212 112 11.0
Mode 4. | 1.45 .80 .123 .029 044 11,92 .058 . 207 111 17.8
Mode 5. | 1.39 .73 047 .027 .038 12.00 060 .252 i1l 29,0

NA ©Not avaliable.
lGeometric standard deviation.
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TABLE C-5, - Barium and volatile data
Additive Average Average Additive Average Average
conc, date, nonvolatile | barium conc, date, nonvolatile| barium
and mode fraction fraction and mode fraction fraction
NO ADDITIVE 0.18 wt pct—-Continued
11-20-84: 1-17-85:
Mode liseesnonase 0.6 0 Mode lesesssnsae 0.62 0.22
Mode 2eescsasves .68 0 Mode 2eaeennnnes .75 NA
Mode 3eveencasas .85 0 Mode Besessnnnne .92 .28
Mode devvvennnne .9 0 Mode bevenevanea .94 .12
Mode Seevoancans .97 0 Mode Sevenenacas .97 .17
11-21-84: 0.36 wt pct
Mode leceooosnnns .6 0 11-30-84:
Mode 2eessnnsncs .68 0 Mode leseesseansns 0.71 0.28
Mode 3eeevnannns .85 0 Mode 2eseennnens .79 NA
Mode bevevacnnca .9 0 Mode 3.veceennns .92 .26
Mode Sscevsnnnne .97 0 Mode 4ecenarenns .94 .23
11-27-84: Mode 51.i.iiiueans .97 .17
Mode leesesesene .6 0 12-05~84:
Mode 3eeeeeecnes .85 0 Mode levessnnans .71 .28
Mode S5.ieeenvones .97 0 Mode 2eeeannnone .79 NA
11-29~84: Mode 3.vcennnnns .92 .26
Mode Llecescosene .6 0 Mode 4scennnnces .94 .23
Mode 24ieecancecs: .68 0 Mode S5icveennnes .97 .17
Mode 3eseeeeonne .85 0 1-21-85:
Mode 40..0&0«.00 .9 0 Mode leveoeosesa 71 28
Mode Deseensnces .97 0 Mode 2Zeveeeannas .79 NA
11-29~-84: Mode 3evecsnsnns .92 .26
Mode lecessesons .6 0 Mode devvennnnne .94 .23
Mode 2Zseresncres .68 0 Mode Seveaevnnas .97 A7
Mode 3eeesonnnns .85 0 0.72 wt pct
Mode devevannene .9 0 12~06-84:
Mode Seveevnccas .97 0 Mode leveesnonss 0.73 0.3
0.18 wt pct Mode 2eeecaccnss .85 .28
12~12~84: Mode 3iececoonse .94 4
Mode levesessans 0.62 0,22 Mode devenvonnns .95 .24
Mode 24ieeencess .75 NA Mode Devesvnnons .97 .26
Mode 3eeovenvese .92 .28 12-11-84:
Mode decececenns .94 .12 Mode lesecoacansns .73 3
Mode Seeenrvannns .97 .17 Mode 2.0cencance .85 .28
12-13-84: Mode 3eeevesnsns .94 4
Mode desevsncene .94 .12 Mode deeveenonns «95 .24
Mode Sevvveosces .97 17 Mode Sececoccene .97 +26
12-18-84: 1~23-85:
MOde loaooooocoo .62 ;22 Mode loocoa»oooo 573 03
Mode 2¢veeacenae .75 NA Mode 2eeavncovas .85 .28
Mode 3ececvcnnes .92 .28 Mode 3eesvcecane .94 N
Mode deveennnnan .94 .12 Mode fevesennsns .95 24
Mode Sevvesnnans .97 17 Mode S5¢eevnvconn .97 .26

NA Not available.
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