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Abstract

In 1998 the California air Resources Board (CARBIntified diesel exhaust particulate
matter (PM) as a toxic air contaminant (TAC) andcsi then the ARB has been
implementing Air Toxic Control Measures (ATCMs) rieduce public exposure to diesel
PM. The current method to measure PM emissions fstationary sources is ARB
Method 5. However, this method is very time conswgnicostly and may not be
appropriate for diesel sources with controls. THDBARB and the University of
California, Riverside (UCR) tried to develop a slerpfaster and less expensive field test
method for measuring PM emissions from stationag; @ortable diesel engines; one that
local districts could afford and use for enforcemdine research proposal considered a
Simplified Field Test Method (SFTM) using: a singlert sampler of raw exhaust, €O
emissions as the surrogate of load, and basindg Rith mass on the filter catch.
Additionally, the research tested two real time PBtruments, including an inexpensive
(~$6K) non-filter-based PM measurement method basedlaser light scattering
photometry (LLSP) and an expensive (~$60K) instrumen

Tests of a number of diesel engines compared therRRss measured with CARB M5,
federal reference methods and the proposed Siegbliield Test Method. Results
showed the SFTM and the federal reference methede statistically the same and the
M5 was biased high because of the impinger catchsuls showed that field
measurements of the PM from a diesel engine witlefiaient diesel particulate filter
(DPF) installed is difficult for all methods to nseae. Further work is needed to improve
the precision of the SFTM and the real time PM raysi

viii
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Executive Summary

Background

In response to the 1998 designation of diesel esthaarticulate matter (PM) as a toxic
air contaminant (TAC), the CARB has implemented Aioxic Control Measures

(ATCMs) to reduce public exposure to diesel PM. Idoer, the current method to
measure PM is very time consuming, costly and nwdybe appropriate for sources with
PM controls. Thus the CARB and UCR tried to develsimpler, faster and less
expensive filter-based field test method for meaguPM emissions from stationary and
portable diesel engines; one that local districtslat afford and use for screening and
enforcement. Additionally, the research project lesqnl the use of real time PM

monitors and explored the reasons for the high rbassfor ARB Method 5.

Methods

The primary research effort focused on developingimplified Field Test Method
(SFTM) consisting of a single port sampler of ravna&ust, the measured g@missions
as the surrogate of load, and mass on a Teflar Bl representative of the PM mass. In
addition some research effort used pure compoundsnapingers to explore the reasons
for why the PM mass measured with the CARB Methad biased high as compared
with other reference methods. In a secondarily lméted undertaking, the research
tested two real-time PM measurement methods; omepensive (~$6K) and the other
expensive (~$60K).

Results

The SFTM provided a good correlation with refereneethods based on filter mass but
not with methods based on condensable PM, liketdi&d mass measured in ARB

Method 5. The simplified filter mass based metheenss to offer real promise as it can
be developed with equipment in the current Meth@pparatus. While the correlation is

good, the results are adequate for screening bué testing is needed to develop the
understanding that is normally associated with d@npe methods. Research showed
the acid and organic gases in the diesel exhaastform in the impingers and cause the
PM mass to be biased high.

The limited results with two non-filter, real-tifl®M monitors suggested the possibility
of instantaneously determining whether a dieselirengs operating within its
certification limit and a lead for a PM Continudasission Monitors (CEMS).

Conclusions

There is a need for ARB to provide a “Smog-Chekk PProgram” for diesel engines to
assure the public that in-use diesel engines ageatipg within their PM limits. Monitors

for such a program should be field friendly, afiaote and provide data quickly. This
research examined in detail the current compliaamg@roach, ARB Method 5, and the
basis of the bias for high measurement of PM mass fCl sources. In addition, a
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primary effort was directed toward the developna&a Simplified Field Test Methods;
one based on filter mass and others based onimealelectronic signals. Further, except
for the ultra low PM levels when diesel enginesen@iesel Particulate Filters (DPFs),
the methods provide a very fast look at the PM siois. Preliminary scoping
measurements with real time, electronic monitodscated that a DustTrak unit provided
an affordable and an instantaneous reading on whétle diesel engine was complying
with the standard. For raw diesel exhaust, thetresd monitors offer great promise and
there is a need for more research with them.
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1 Introduction

11 Background

As defined in 40CFR51.100, “Particulate matter aimiss means all finely divided solid
or liquid material, other than uncombined waterjtead to the ambient air as measured
by applicable reference methods, or an equivalerdlternative method, or by a test
method specified in an approved State implememtagtian.” Meyers$ of the US EPA
points out that unlike gaseous criteria air polisathe amount of particulate mass (PM)
in ambient air or release from an emission sowsageiermined by the conditions under
which it exists and the method used to collectrttagerial. The conditions that have the
greatest effect on mass concentration of partieulatlude temperature, humidity and
pressure. For ambient particulate sampling, thdemihces between the ambient
conditions and sample collection conditions areimah. However, for other sources, like
stationary or portable units, the flue gas condgisoon after release to the ambient air
and the sampling conditions may be significantifedent and greatly affect the result.

According to EPA, the most precise method of deir@iig the mass concentration of PM
from a source is to collect the entire volume of:daowever, this approach is not very
practical for many sources. Accordingly, "extraetivmethods, which remove a small
portion of the gas stream, have been developedrple representative portions of the
gas stream to allow an estimate of PM mass emigsi@n The more common methods
for collecting and analyzing particulate emissidrsn stationary sources are found in
Title 40 of the Code of Federal Regulations (CFRJ ase an apparatus like in Figure
1-1.

4 : Thermocouple
l—}!, o a:j ed Cyclone T’( /If:llter P
robe i -
Thermocouple \ (DFHIO@ ) ?fg'lav?
Probe .y Y A

Nozzle ™ %" .
= 3 Vacuum

s — Line
S-Type Pitot Tube 4

Impingers Incline .
Manometer Oven Fé::th

1. 100 ml DI Water P

2. ‘1E00 ml DI Water

3. Empty

4. 200-300 g Silica gel | 'CRmOMeters ga;r;éum

Orifice
Meter-.

Incline ‘I
Manometer L

Figure 1-1 Complex Sampling Train of EPA Methods 5/ 202 & CARB Method 5
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Developers of the test method have shown thatroaist be taken during the analysis to
achieve the desired precision. Thus the analytivehodologies used to quantify PM
emission factors control the sampling temperattire,temperature and humidity levels
for analyses and make adjustments to analyticallteeto achieve consistency. PM is
withdrawn isokinetically from the source and colégt on a glass fiber filter maintained
at a temperature in the range of 120 + 14°C. The Rislss includes any material that
condenses at or above the filtration temperatuckisitetermined gravimetrically after
removal of uncombined water. During extractive moe#) the gas must be sampled
isokinetically, meaning that the gas velocity withthe sample probe equals the gas
velocity at the sample point in the source. Doingaiows the concentration and size
distribution of the PM in the sample probe to be same as in the source. Sampling at
velocities less than isokinetic will lead to an matimation of larger-sized particles and a
higher than actual PM mass concentration; conwersampling at velocities higher than
isokinetic will lead to an overestimation of smalparticles with a lower than actual PM
mass concentration

1.2 Multiple Source Test Methods Exist for PM Mass

There are several accepted source test methodsdasuring the mass of PM from a
stationary source. However, these measurement oetre set up differently and do not
give the same PM mass. For example, while EPA'shbi@5 requires only the filterable
PM to be weighed, CARB’s Method 5 requires both filierable PM and the PM that
passes through the filter and is captured in thginger solutions to be weighted. The
later fraction is known as the condensable PM (CPMRyer§" o Beokmark not defined.
indicates that EPA only weighs the filterable PM their method was designed to
evaluate the performance of add-on control devimesrating over 121°C to control
particulate emissions. As a result, vapor statéiquéate is not controlled or measured.
Thus, although the California test method appeandas to the EPA Method 5 method,
the total mass of PM for CARB Method 5 is signifidg higher based on what is
considered to be particulate.

Another compliance or reference source test methodased on full dilution of the
exhaust, with details found in either 40CRF86 d»i&178. The CFR/ISO method does
not necessarily correlate well with CARB’s Methoda$ shown in Figure 1-2 below.
Figure 1-2 compares the PM emission factor formlmer of power generators using both
the ISO and CARB methods to measure emissions.dDtiee generators has a diesel
particulate filter (DPF). While the ISO filter-bas¢éest methods for diluted exhaust are
standard for mobile and off-road engines, CARB&ishary source method has been the
reference for new source review, compliance andnjgng of stationary engines.
Research into the cause of the differences betteetwo methods showed that most of
the increase was due to the CPM as stationary sdest methods include filterable and
condensable components from undiluted exhaust. Assalt of such comparisons,
CARB's Stationary Source Division (SSDecognized and addressed the differences in
PM measurement methods during the developmenteoAthToxic Control Measure for
the stationary and portable sources.
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D1 Weighted Emission Factors
MS TPM and ISO 8178
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Figure 1-2 PM Comparative Emission Factors: 1ISO-817 8 Method vs. CARB Method 5

To better understand the technical issues, CARBtedea Test Method Working Group
(TMWG) of key stakeholders including: district dtafepresenting California Air
Pollution Control Officers Association (CAPCOA/Dist), Engine Manufacturers
Association (EMA), Manufacturers of Emission Colgréssociation (MECA), engine
manufacturers including Caterpillar and Cumming, Resources Board (ARB) and UC
Riverside’s Center for Environmental Research ardhihology (UCR CE-CERT. The
workgroup addresses the technical issues and th# dan be found in the staff report

As a consequence of the research and analysisinfemation became available and the
results are plotted in Figure 1-3. Emissions fectior the same power generators of
Figure 1-2 are now calculated with more reliancalranfilterable and front half catch of
CARB’s method. As can be seen in the Figure theeagent between the methods is
quite satisfactory. We expect the TMWG members ¢oshpplemented by EPA and
possibly others and that together they would becthraé\dvisory Group for this project
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D1 Weighted Emission Factors
M5 Filter, M5 Front Half, and ISO 8178

0.30
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0.10 +
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0.00

Figure 1-3 Weighted Total PM Emission Factors: ISO 8178 vs. CARB M5 Filter

1.3 Proposed Approach

The current stationary source test method, CARBhit5, used for measuring diesel
particulate matter (PM) in the field is slow, vecpstly to conduct and requires
considerable skill and experience to obtain prearst accurate results. CARB Method 5
samples raw exhaust at eight points while travgrsicross the exhaust conduit on two
diameters that are perpendicular to each other.sehgp for testing and sampling may
require special staging and several days to establihen samples at each engine
condition take from 20 minutes to two hours forwkw PM levels to measure and each
sample is repeated at least three times over tee tio eight modes depending on the
appropriate ISO test cycle. Full characterizatiod ameasurement takes days. Once the
field-testing is completed, the field samples aet4o an analytical laboratory where the
requirements to separate and weigh the condensadsBon can take weeks to get
results.

Based on the prior work for the ATCM, UCR had prega simply putting a probe in the
raw exhaust and accumulating measurements at & spognt to measure emissions.
Such an approach would require only the weightihg 6lter; there is no condensable
PM fraction and associated laboratory work. The@arg time will much shorter, even

for engines with added or OEM-equipped PM contrals, 15 minutes was believed
adequate to sample the diesel unit. The aim wagvelop a quick sampling system that
local districts could afford and use for enforcemeh conceptual design of the key
elements in the original proposed is shown in Fagar4. We noted there was the
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possibility to miniaturize the components into anpée portable package. The silica gel
was to remove moisture and protects the pump andas meter.

Exhaust

4> =—> TSample Probe

Filter Holder
4—With Filter

— >

\ Rotameter

Tubing

Silica Gel \

O

\/

Pump Dry Gas
Meter

Control Valve

Figure 1-4 Concept for Proposed Simplified Field Te st Method

1.4 Project Objectives

There were two objectives in this project that waceomplished through the number of
Tasks outlined below. The first or primary objecivaolved the development and
verification of a Simplified Field Test Method atite elements that support it, including:

* A ssingle mode test cycle,

» Use of CQ emissions as a surrogate to predict engine lostéad of measuring
load,

» Use of only the filter "catch”, instead of the peeland-impinger-catch of CARB
Method 5.

As stated, the primary goal was to measure pastieumatter (PM) emissions from
stationary and portable compression ignition (Q@iyiee applications using a Simplified
Field Test Method (SFTM). The method was to be &atey precise, and compatible with
the District's sampling equipment and methodologi2sveloping such a test procedure
for compliance testing of stationary and portablesél engines would benefit the
Districts and resolve current conflicts with the ARalues. A related objective in
development of a screening method was to help thifs identify high-emitters to test
with a compliance method. A secondary goal wasesh &n inexpensive (~$6K) non-
filter-based PM measurement method based on leg#rdcattering photometry (LLSP)
A tertiary objective was the exploratory studieshwpure compounds to develop a better
understanding of why the PM mass found with CARBtiMe 5 was higher than other
reference methods.
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2 Material and Methods

21 General Approach

A review of the literature combined with the fidkekting experience during the research
on emissions from diesel backup generdtprsvided the basis for the proposal of the
Simplified Field Test Method (SFTM). Results frohetearlier research showed that the
total PM mass measured on the by CARB Method 5 migker than the PM mass
measured by reference methods of the Internati®iahdards Organization (ISO).
Further the PM mass measured on the front filteCARB Method 5 equaled the mass
measured by the ISO method (see Figure 1-3). Conwation with Myers of the US
Environmental Protection Agency (EPA) indicated tiha@y were working on “improving
condensable PM test methods,” like EPA Method 202CARB Method 5. Myers
menti%ned their aim was to specifically reduce thass associated with the sulfate
artifact’.

With the primary goal set on developing and venfya SFTM, the first phase involved
the design of the equipment, followed by compagatasting with reference methods of
two Cl engine applications and demonstration oadladditional Cl engine applications.
Secondary efforts were allocated to the tests aif-filer based methods and to
developing an understanding of why the CARB Methadsults were biased high.

2.2 Design of Equipment

A Simplified Field Test Method (SFTM) was developdmeasure particulate matter
(PM) emissions from compression ignition (Cl) emgiapplications. The SFTM was
intended as a screening tool to identify high-eéngttengines or those with faulty
emission control equipment. The objective of theTMFis to provide a quick

enforcement sampling protocol that local distres employ at minimal cost.

The basic components of the SFTM sampling systariuded: 1) a small, short metal
probe placed in the raw exhaust stream at a ssagigpling point, 2) an insulated filter
holder, 3) a PTFE filter, 4) a moisture removal idey5) a critical flow orifice (CFO),
and 6) a sample pump. As compared with ARB MethothiS approach did not require
an extensive setup for shaping the exhaust flowtaging platform to take emission
measurements and weeks of waiting for post anabfdise aqueous and organic extract
residue fractions in a laboratory. The SFTM is etsyget up, can be run by a single
operator and requires only the weighting of a riiier after the field test measurement.
A design provided below used equipment currentlpleyed by source testing personnel
at Air Districts throughout California. It is exged that an adequate PM sample can be
acquired in 5-10 minutes from an engine withou¢raftatment. The key elements of the
prototype design used in this research are showigure 2-1.
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Sample Insulated and/or
Probe Heated Section

A/w mm PTFE Filter

in SS Filter Holder

Temperature
and Vacuum

Critical Flow
Silica Gel (dessicant) Orifice (CFO) Vacuum
or Peltier Chiller Pump

Cl Engine
Exhaust

Figure 2-1 Design of the Simplified Field Test Meth  od for Measuring PM

2.3 Details on Equipment and Materials

Sample Probe- 3/8” SS tubing, with the length dependent onagisih duct size. The
probe tip should be located at approximately 1/3hefdiameter of the duct. The probe
should extend approximately 2” beyond the extesidhe duct, in order to accommodate
fittings and allow for a small amount of coolingtbEe exhaust gases.

Quick Connects- a set of stainless steel quick connects at tiletoof the sample probe
and another downstream of the filter holder tolfi@te changing of filter assemblies.

Filter Holder— a stainless steel Gelman filter holder witkefilbacking screen sized for a
47 mm standard filter was used in this work. Thietimnd outlet of the filter holder
should be configured with male and female quicknemn fittings, respectively.

Insulated Filter Assembly A small insulated box housing the filter holdas, well as
insulating fabric wrapped around the exposed portd the sample probe (from the
exhaust duct to the filter assembly). The desidleddor the filter temperature to be at or
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above 250°F. Insulation alone was sufficient forinteaning the sample stream
temperature above the dew point of the raw exhsasiple stream; however, for some
cases (e.g. low exhaust temperatures, cold dag/srtiall resistive heater around the box
was turned on. A thermocouple provided feedbackrobas the temperature reached the
desired 250°F. The thermocouple also monitoredetmperature downstream of the filter
assembly.

Filter Media— a standard 47mm PTFE (Teflon) filter. Teflondiit used to acquire PM
mass are weighted following the procedure of thdeCaf Federal Regulations (CFR) (40
CFR Part 86). Briefly, the filters (before and afampling) are conditioned for 24 hours
in an environmentally controlled room (RH = 40%3x= 2E£° C) and weighed daily until
two consecutive weight measurements are within.3 pg

Vacuum Tubing- a sufficient length o¥:” polyethylene or Teflon tubing to connect the
stack-level filter assembly to the ground-level stoie removal system. The tubing
should be thick enough to maintain a maximum vacwinm0” Hg. Leak-free tubing
connections are made with small lengths of Tygoofling fitted over the connecting
points.

Moisture Removal System A Method 5-style modified Smith-Greenberg immngalf-
filled with dry indicating silica gel. Alternativg] a Peltier-style or other refrigerated
chiller may be used to remove moisture from thearstream.

Critical Flow Orifice (CFO) Assembly A section of gauges and fittings designed to
control and monitor the sample flow rate. By mamtag a minimum vacuum of 15 “Hg
across the orifice, a constant volumetric (and madil@w rate can be maintained. A
nominal 5 Ipm orifice was used for the verificatiand demonstration test runs at UCR.
To complete the assembly, a set of temperaturedvacgauges are installed both
upstream and downstream of the CFO. These val@esanitored and recorded during
each sample run in order to correct the calibratefice flow rate to actual sampling
conditions using the Ideal Gas Law.

Vacuum Pump- A sample pump capable of maintaining a minimwaowm of 25" Hg
at 5 Ipm.

24 Sampling Points

The reference ARB Method 5 requires adding a spatiaped exhaust conduit and

sampling raw exhaust at eight points while traveysacross the exhaust conduit on two
diameters that are perpendicular to each otherod ip this project was to demonstrate
that since the exhaust flow was turbulent the semgmnly needed to be at one point near
the middle of the exhaust conduit rather than thsétitade as specified in the Method 5

protocol.

25 Simplified Test Cycle

Usually, overall brake-specific mass emission fexctbom a given engine test are
determined by appropriately weighting individual ssaemissions and loads from
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multiple steady-state mode points. For example, A8Riires a five mode test cycle for

the certification of constant-speed diesel engunsed in backup generators as shown in
Table 2.1 UCR proposed estimating the overall @onstactor from measurements at a
single load point within the certification cycle.

Table 2-1 Five-Mode Test Cycle for Constant-Speed E  ngines

Modenumber  Engine Speed* Observed Minimumtime  Weighting
Torque? in mode, min. factors

Rated 100 5.0 0.05
Rated 75 5.0 0.25
Rated 50 5.0 0.30
Rated 25 5.0 0.30

Rated 10 50 0.10

Notes: (1) Engine speed: + 2% of point. (2) TordTierottle fully open for 100% point. Other point2% of engine
maximum.

2.6 Deter mining the Exhaust Flow Rate

Exhaust flow is needed in order to convert con@tiains measured in the exhaust into
the units of grams per unit of work. The EPA/ISGttmethod determines exhaust flow
rate as the difference between the measured fleavofathe total diluted exhaust and the
measured inlet dilution air flow rate. When usingthbd 5, the exhaust flow rate is
determined through a multi-point measurement ofaeshvelocity across two diameters
of the exhaust stack. An alternative to these tppr@aches is the determination of
exhaust flow rate from engine specifications andrafing parameters. With a known
engine displacement, the exhaust flow rate can diermhiined at any load point by
measuring RPM, boost pressure, intake manifold &satpre, and ambient

temperature/humidity. This simple approach has besed in a number of recent
programs, and has been shown to agree with referadaes within 1% (UCR, 2004).

For newer engines, these parameters can be readlylirom the engine control module
(ECM) using diagnostic tools. For older enginegsthparameters must be measured as
follows:

* RPM - photo tachometer

» Boost pressure — pressure transducer

* Intake manifold temperature - thermocouple
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3 Resaults: SFTM Protocol Development and Verification Testing

Results are presented to show that the equipmepbped for the simplified test method
(Figure 2-1) is practical in the field and that #hdjustments made in the protocol are
effective. Further a numerical comparison is matleghe PM mass measured by the
simplified method (SFTM) and the ARB Method 5.

31 Single Sampling Point and Anisokinetic Sampling

One of the simplifications of the proposed meth@swo use a single sampling point and
a constant (anisokinetic) sample flow rate. Ten) @€ts of tests were conducted on a
diesel-powered backup generator equipped with ekstwffler, a catalyzed DPF, and a
second catalyzed DPF. Duplicate tests were perfdforeeach of two different sampling
points and using two different sample flow rates.

Results show that there were no significant difiees in results as a function of sample
flow rate or probe positiohThe PM mass measured over the diameter of theuitoisd
within the error of the measurement made with glsirpoint near the middle of the
conduit. This result was expected, as the flow nghly turbulent and PM should follow
the convective fluxes in the exhaust stream angtbéles should remain relatively flat
near the middle of the exhaust stream.

3.2 Filter Face Temperature

One of the design parameters was setting the teyperof the Teflon filter assembly
above where moisture might condense so we used=28@ same temperature as that
used for ARB Method 5. Thus before testing, thetdreaas turned on to reach the
desired set point but as soon as sampling staseadoticed the heater turned off due to
the thermal balance of heat coming in with the darapd low losses thermal losses due
to insulation. Sometimes the filter face tempemincreased 25°F. For situations where
the filter face temperature is greater than the *E2Bed in the reference methods, then
we would expect the PM mass measured by the SFTiM toased low and that was the
case, especially for PM sources that were enrichigldl organic carbon. Later results
show the effect of filter face temperature.

3.3 Using CO, Mass Emissions as a Surrogate for Engine L oad

Previous worf between ARB and UCR showed an excellent correldigtween the CO
emissions and the power output. The entire UCRbdat of C@mass emissions versus
load from that study was plotted and a linear regjom analysis performed. As evidenced
in Figure 3-1, the coefficient of determination’Rf 0.98 suggest as excellent fit, thus
the CQ mass emissions are an excellent surrogate for Baid finding is as expected
since the efficiency of diesel engines is relagvebnstant and the curve represents the
conversion of potential chemical energy into woik the combustion process.

10
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CO, Mass Emission Rate vs. Load
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Figure 3-1 CO , Emissions as a Function of Load for 19 CI Engines

In the field, CQ concentrations can be measured directly in thewgsthstream using a
portable gas analyzer employing a non-dispersifraned (NDIR) detector. The sample
stream must be filtered and dried (via a samplelit@mer) prior to detection. In order to
determine C@ mass emissions, the exhaust flow rate must be kndw the field,
exhaust flow rate can be determined from enginarmpaters (rpm, boost pressure, and
intake manifold temperature), or via direct measwet (Pitot tube, hot wire
anemometer). Once G@nass emissions are determined, the correlatiorbeamsed to
infer the operating load.

3.4 Testing at Single Load vs. Multi-L oad Points

The SFTM specified testing at a single load pomther than at the multiple loads
specified in the reference test method for engentification. To determine if a single
load point was feasible, the brake-specific mass&ons at each of the load points was
examined to learn whether a single load point wailé the same correlation with the
overall brake-specific mass emissions determinenh fthe reference EPA method. One
area of interest was the higher power levels sportable and stationary diesel units tend
to operate at higher power levels and the PM bsgesific mass emissions become less
sensitive with increasing load, as seen in Figugeb®low. However, there are potential
problems when testing at high loads. First, the evwof the backup generator or similar
portable/stationary unit might not have a way teaab the output of a unit operating at
full load, and second, the fuel consumption is vekpensive when operating at the
highest loads. These issues were considered inldbign of the Simplified Field Test
Method.

11
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Figure 3-2 Data Showing Flatter Profile of Emission

As for the CQ versus load analysis, the entire ARB/UCR dafa$&l engines tested in
a previous program was re-analyzed. This time PNs&ons in g/Hp-hr and load were
fitted to a second-order polynomial curve as shbelow in Figure 3-3.

Weight of PM per Weight of CO , as a Function of %Load
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Using the equation, a trial-and-error solution watermined for a single load point that
would result in the same brake-specific mass eonssas the overall weighted 5-mode

Figure 3-3 Example of Polynomial Regression Analysi

result. This is shown in Table 3-1.
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Table 3-1 Determination of Equivalent Single Load P oint

Unit 1 CAT 3406C Load PM (g/Hp-hr)
10 0.399794
25 0.184361
50 0.115401
75 0.136326
100 0.197838

Owerall Weighted Brake-Specific

Mass Emissions: 0.149862
Single Point
Load (calc): 38.5 %
OR: 95 %
0.14910
0.14995

Results from the regression analyses allowed amageesingle load point to be
determined. The overall average single load poias when used to calculate PM
emissions for each individual unit. The calcula@eassions were then compared with the
overall weighted brake-specific mass emissions raeted from the 5-Mode ARB
Certification Test. The results showed no singkdlevould fit all engines; instead, the
best correlations came when engines were separgtedth make and model.

Results showed that a single mode point can be seétermine the overall 5-Mode
weighted brake-specific PM mass emissions withirb% margin of error. Based on the
current dataset, the analysis suggested single paidés for the following engine makes
and/or models:

Make/(Model) Percent of Full Load
Detroit Diesel 53.5%
Cummins 47.1%
Caterpillar 3412 37.9%
Caterpillar 3406 43.5%

Further work is needed to expand the databasermptbve the correlations. With the
exception of the Caterpillar 3406 engines, the UddRaset is limited to only a few
engines. Additional 5-Mode testing could be conddcon different makes/models of
engines to improve the correlation, but such tgsim costly and time-consuming.
Alternatively, the modal emission factors requifed engine certification testing could
be used for linear regression and determinatich@gingle-point surrogate load for each
individual make/model. These surrogate load poousld be published in a simple
reference guide for field application.

13
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35 Verification Testing of the SFTM

Tests were planned and conducted to compare thesiemifactors from a backup
generator powered by a CAT 3406C engine with theNbnd with reference methods.
The engine load was set according to the apprepWd®B certification test cycle.
Emissions were determined from the exhaust both avitigh-efficiency catalyzed diesel
particulate filter (DPF) and without an after tmaant device. Emissions were measured
at each mode with both the full-dilution protocdlered by UCR’s unique mobile CFR
laboratory and the SFTM described above. Followtimg simultaneous measurements
with the SFTM and the CFR lab, ARB Method 5 samplese acquired at the 75%,
50%, and 25% load points (with and without afteeatment). Due to protocol
specifications, the Method 5 samples could notdogiiaed simultaneously with the other
methods so were taken immediately following the BATO tests.

The goals of the tests were to verify the SFTM datkrmine the accuracy of the results
relative to the reference CFR method. Secondarysgeare to compare the results
determined by SFTM/ISO with Method 5, and to vel§lfTM CQ measurement as a

surrogate for load. The verification test matrixsw@esigned to challenge each of the
methods using a baseline diesel exhaust and a doeeatration (via after treatment)

diesel exhaust.

Arrangements were made for conducting the verificatests on a MY 2000 CAT 3406C
backup generator connected to a load bank. Tegillgyved the full ARB Certification
cycle protocol (see Table 2-1) for the baselineirdollowed by testing of the same
engine equipped with a high-efficiency catalyzeekdl particulate filter (DPF). Emission
tests were conducted using ARB diesel fuel withaximum sulfur content of 15 ppmw,
as this fuel was in widespread commercial use.

3.6 Verification Test Design

In addition to testing at the ARB loads points, thatrix included a test mode at 43.5%
load in order to verify the single-mode surrogatkative to the weighted-average ISO
results. Following SFTM/ISO testing, Method 5 saesplvere acquired at the 75%, 50%,
and 25% load points. The sets of tests were peddram the backup generator baseline
exhaust and treated exhaust of the same generqigpped with a catalyzed diesel
particulate filter (DPF). The initial plan was terform duplicate samples at each of the
five modes and the 43.5% load point for the basetind DPF test series. Extra time
allowed for quadruplicate ISO/CFR sampling andlicgite SFTM sampling for the
baseline test series. The baseline test matrixaw/s in Table 3-2.

14
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Table 3-2 SFTM Baseline Verification Test Matrix De  sign
Mode Load ISO/CFR SFTM ISO/CFR Method 5
(%) PM Samples | PM Samples | CO, Samples | PM Samples

1 100 4 3 4

2 75 4 3 4 2

3 50 4 3 4 2

4 25 4 3 4 2

5 10 4 3 4

3A 435 3

Measuring PM in an exhaust with the catalyzed DRIS shallenging and the initial 20
minute sampling times proved inadequate to capguféicient mass on the filter. Thus
the Test Plan was modified and the sampling timetfi@ remaining samples was
increased rather than carry out duplicate test mihere the mass was at the lower
detection limit of the method. Samples were acquiter 60 minutes at the 100% and
75% load points. The modified test matrix (with gdimgy times and filter weights) is
shown in Table 3-3. PM mass was determined for eddhe filter samples collected.
Results for the SFTM and ISO/CFR samples were toenpared in terms of resultant
PM emissions (g/Hp-hr).

Table 3-3 Catalyzed DPF Verification Test Matrix

LOAD

100%

75%

50%

25%

10%

43.5%

run#

rl

r2

3

rl

r2

rl

r2

rl

r2

rl

r2

MEL

time, min.
PTFE, mg

20
0.0425

20
BDL

60
0.1080

20
0.0265

60
0.1095

20
0.0250

20
0.0095

20
0.0065

120
0.2600

SFTM

time, min.
PTFE, mg

20
0.042

60
0.057

20
0.039

60
0.046

20
0.005

20

20
0.001

120
0.048

120
0.074

M5

time, min.
QTZ, mg

120
0

120
0

120

22.5

120

120
0.8

120
0.6

BDL - Below Detectable Limit

The Method 5 samples were separated into fractiowzzle/probe, filter, aqueous
extract, and organic extract). The PM mass fomibezle/probe and filter fractions were
determined per ARB Method 5. The aqueous extrach fthe impinger catch was boiled
down to 100 ml in a tarred beaker. Two 5 ml aliguoftthe 100 ml sample were set aside
in sealed vials for further analyses. The remairfignl sample was boiled to dryness,
and the mass of the residue determined. The orgatiact from the impinger catch was
evaporated at room temperature down to 100 mitarrad beaker. Two 5 ml aliquots of
the 100 ml sample were set aside in sealed vialfufther analyses. The remaining 90
ml sample was evaporated to dryness, and the ni#iss esidue determined.

15
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CO, mass emissions were determined at each modehattsO/CFR method. GOnass
emissions as a function of measured electrical isace determined to verify GGas a
load surrogate.

3.7 Results: Verification Test #1

Baseline verification tests were conducted on tAd G406C backup generator at UCR
and modal results are shown below.

AVG PM Emissions - CAT 3406 Baseline

PM (g/Hp-hr)
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0.00

100%

75%

50%
Load

25%

\u MEL OSFTM m M5 TPM @ M5 "front half' \

10%

Figure 3-4 Baseline Verification Test Results

Table 3-4 Baseline Verification Test Results

AVG PM (g/Hp-hr) MEL SFTM M5 TPM | M5 "front half*
100%| 0.13 0.10
75%| 0.13 0.11 0.25 0.21
LOAD 50%|( 0.14 0.12 0.24 0.22
25%|( 0.19 0.15 0.38 0.26
10%| 0.74 0.53
STDEV
100%| 0.060 0.013
75%| 0.035 0.006 0.088 0.042
LOAD 50%| 0.034 0.006 0.005 0.016
25%|( 0.003 0.003 0.190 0.076
10%| 0.018 0.047

Results for the baseline testing show the averdgel&ermined by the SFTM was 14%
to 28% lower than the reference MEL measuremerite. SFTM results, however, were
statistically equivalent to the reference MEL réstibr loads above 50%. Additionally, a

16
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strong linear correlation was determined betweenttto methods, with an’Rralue of
0.9995.

Comparison of Measured PM (MEL vs. SFTM) - CAT 3406 Baseline
0.60
= 0.6959x + 0.0165
0.50 L —
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=
=
('R
¥ 0.20
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0.00 ‘ ‘ ‘ ‘ ‘ ‘ ‘
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MEL (g/Hp-hr)

Figure 3-5 Comparison of Measured PM: MEL vs. SFTM

Method 5 total particulate matter (TPM) resultsraged 76% to 100% higher than the
reference results. The “front-half” only portion thie Method 5 samples (probe catch +
up-front filter) averaged 33% to 65% higher thaa thference measurements. A closer
review of the Method 5 results revealed that aiS@gant portion of the difference was
attributed to the exhaust flow rate measuremenileTd-5 shows the Method 5 flow rate
determination compared with the reference method.

Table 3-5 Comparison of Flow Rate Determinations (B aseline Verification)

M5 Flow | MEL Flow
LOAD (dscfm) | (dscfm)

75% 903 774
50% 736 602
25% 585 465

The differences in flow measurement may be dueh® difficulty in performing a
Method 5 velocity traverse across a small exhaiagksfrom a diesel engine. While a
stack extension was employed that expanded thaaéheder exhaust stack into a 10”
diameter duct, the velocity profile and pulsing axst make measurement with a Pitot
tube difficult. Because of the differences in thewf rate measurements, the results for
Method 5 were recalculated using the reference M&k rates. The recalculated results
are shown in Figure 3-4.
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AVG PM Emissions - CAT 3406 Baseline (Normalized M5  Flow)
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Figure 3-6 Baseline Verification Test Results

Normalized for flow, the Method 5 results comparerenfavorably with the reference
MEL results. In particular, the up-front portion ¢fie Method 5 results become
statistically equivalent to the reference MEL meaments. The large deviations in the
TPM results are due to the variable “back-half'tfrans of Method 5 samples (organic
and inorganic impinger catches). A regression eflitnited data is shown below.

Comparison of Measured PM (MEL vs. M5 TPM) - CAT 34 06 Baseline
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Figure 3-7 Comparison of Measured PM: SFTMvs. M5T PM

18



ARB Contract No. 04-330 New Simplified FielMFSource Method

3.8 Results: Verification Test #2

The second set of verification tests was condudiedhe same CAT 3406C backup
generator, equipped with a highly efficient, cately diesel particulate filter (DPF).
Modal results are shown below.

AVG PM Emissions - CAT 3406 w/DPF

0.1200
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-0.0200
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[BMEL 0SFTM m M5 TPM @ M5 "front half'|
Figure 3-8 Verification Test #2: Engine with Catal yzed DPF
Table 3-6 Verification Test #2: Engine with Cataly zed DPF

AVG PM (g/Hp-hr) MEL SFTM M5 TPM | M5 "front half"
100%| 0.0030 0.0006
75%| 0.0010 0.0006 0.0390 0.0068
LOAD 50%| 0.0009 0.0001 0.0665 0.0463
25%| 0.0005 0.0633 0.0169
10%| 0.0006 0.0001
STDEV
100%| 0.00302 | 0.00033
75%| 0.00023 | 0.00036 | 0.00283 0.00884
LOAD 50% 0.04172 0.04914
25% 0.00544 0.00849
10%
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Note that the Method 5 values are many up to 4@dithe values measured with MEL
and are excluded from further discussion. SFTMraference MEL are plotted below.

AVG PM Emissions - CAT 3406 w/DPF
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Figure 3-9 Comparison of PM from DPF: SFTM vs. MEL

As discussed earlier, measuring PM emissions Wibi?& is challenging as the emissions
are near the lower detection limit of all methodsfprmed. Due to very light filter
loadings observed in the initial tests, the testriwmavas modified and sampling times
were increased. Sample filter weights for thesenass were approximately 1Q@y for
MEL samples and 5Qg for SFTM samples. With single sample runs, dtatisanalysis

is not available. Using the lower detection limst the standard deviation; however, the
PM determined by the SFTM is statistically equivaleo the reference MEL results at
the 100% and 75% load points. Finally, the MethosaBples resulted in PM emission
factors that were many times higher than eitheMB#. of SFTM results, due mainly to
the inorganic impinger catch. In conclusion, dugh®small number of samples and filter
weights that challenged the detection limits, neorelations were observed between
methods.
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4 Results: SFTM Demonstration Testing

Five sets of demonstration tests were conductesuput to the objectives of the project.
For all three units tested, multi-modal gravimeti®l determinations were made using
the total exhaust capture dilution method (MEL), tMel 5, and the SFTM. The

demonstration tests were conducted at UCR angbairg rental facility in Riverside.

4.1 Demonstration Test Matrix #1

The first three sets of demonstration tests weradgoted on backup generator
applications, following the ISO 8178 D2 cycle (Telad-1). For these demonstration test
series, an additional test mode at 43.5% load ((cbed for the Caterpillar 3406 engine
per 12/27/06 Technical Memorandum) was sampledgugie SFTM only in order to
verify the single-mode surrogate relative to thegveed-average 1SO results. Following
SFTM/ISO testing, Method 5 samples were acquirethat75%, 50%, and 25% load
points. The initial plan was to perform duplicatenples at each of the five modes and
the 43.5% load point for each of the three (3) destration test series. Extra time
allowed for triplicate ISO/CFR and SFTM samplindgnelbaseline test matrix is shown in
Table 2.

Table 4-1 Demonstration Test Matrix #1

Mode Load ISO/CFR SFTM ISO/CFR Method 5
(%) PM Samples | PM Samples | CO, Samples | PM Samples

1 100 3 3 3

2 75 3 3 3 2

3 50 3 3 3 2

4 25 3 3 3 2

5 10 3 3 3

3A 435 3

4.2 Demonstration Test Matrix #2

The last two demonstration tests were conductedagicultural pump CI engine
applications. Duplicate tests were conducted wig $FTM concurrent with the total
capture 1SO reference system. Testing typicallyofeé the ISO 8178 D2 cycle, as
illustrated in Table 1. For pumps and compressowdyver, it is not possible to duplicate
the I1SO cycle in field applications. Therefore, dbeaunits were tested at two operating
modes: idle and working load.

Emissions were measured at each mode with botluthdilution protocol offered by
UCR’s mobile CFR laboratory and the SFTM descriakdve. Duplicate ARB Method 5
samples were acquired at both the idle and workiagl modes. As the Method 5
samples could not be acquired simultaneously with total capture (full-dilution)
method, this testing was conducted consecutivehe fest matrix for the agricultural
pump CI engine application demonstration is preskit Table 4-2.
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Table 4-2 Demonstration Test Matrix #2 Ag Pump

Mode Load ISO/CFR SFTM ISO/CFR Method 5
(%) PM Samples| PM Samples | CO, Samples| PM Samples
1 Full X X X X
2 Idle X X X X
4.3 Analyses

PM mass was determined for each of the filter sampbllected. Results for the SFTM
and ISO/CFR samples were then compared in termesaftant PM emissions (g/Hp-hr).

The Method 5 samples were separated into fractiowzzle/probe, filter, aqueous

extract, and organic extract). The PM mass fomibezle/probe and filter fractions were

determined per ARB Method 5. The aqueous extrach fthe impinger catch was boiled

down to 100 ml in a tared beaker. Two 5 ml aliquaftthe 100 ml sample were set aside
in sealed vials for further analyses. The remairf8ignl sample was boiled to dryness,
and the mass of the residue determined. The orgatriact from the impinger catch was
evaporated at room temperature down to 100 mitared beaker. Two 5 ml aliquots of

the 100 ml sample were set aside in sealed vialfufther analyses. The remaining 90
ml sample was evaporated to dryness, and the ni#iss esidue determined.

CO, mass emissions were determined at each modehattsO/CFR method. COnass
emissions as a function of measured electrical l@are determined to verify GQas a
load surrogate.

4.4 Test Results Demo#l CAT 3306+DOC

The first set of demonstration tests were conduoteé CAT 3306C backup generator
equipped with a diesel oxidation catalyst (DOC).ddlresults are shown below.

AVG PM Emissions - CAT 3306 w/DOC
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Figure 4-1 CAT 3306+DOC Test Results: MEL. SFTM & M5
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Table 4-3 CAT 3306+DOC Test Results: MEL. SFTM &M 5

AVG PM (g/Hp-hr) MEL SFTM M5 TPM | M5 "front half"
100%| 0.07 0.05
75%| 0.08 0.07 0.19 0.13
LOAD 50%| 0.12 0.10 0.25 0.15
25%| 0.16 0.15 0.30 0.22
10%| 0.73 0.57
STDEV
100%| 0.006 0.010
75%| 0.006 0.026 0.098 0.019
LOAD 50%| 0.006 0.005 0.021 0.027
25%| 0.004 0.022 0.006 0.019

10%| 0.038 0.036

Results for the first set of demonstration testawskthe average PM determined by the
SFTM was 5% to 22% lower than the reference MELsueaments. The SFTM results;
however, were statistically equivalent to the refime MEL results for three (3) of the
five (5) modes tested. Additionally, a strong linearrelation was determined between
the two methods, with an’Ralue of 0.9926 (see Appendix B)

Method 5 total particulate matter (TPM) resultsraged 86% to 146% higher than the
reference results. The “front-half” only portion thie Method 5 samples (probe catch +
up-front filter) averaged 26% to 61% higher thaa teference measurements. As with
previous testing, a significant portion of the diffnce can be attributed to the exhaust
flow rate measurement. Table 11 shows the Meththiovb rate determination compared
with the reference method.

Table 4-4 Comparison of Flow Rates: M5 vs. MEL

M5 Flow | MEL Flow
LOAD (dscfm) | (dscfm)

75% 512 497
50% 424 393
25% 364 311

The results were recalculated for Method 5 usirgy réference MEL flow rates. The
recalculated results are shown in Figure 10.
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AVG PM Emissions - CAT 3306 w/DOC (Normalized M5 FI  ow)
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Figure 4-2 CAT 3306+DOC Test Results: MEL. SFTM & M5

Normalized for flow, the Method 5 results comparerenfavorably with the reference
MEL results. The large deviations in the TPM resalte due to the variable “back-half’
fractions of Method 5 samples (organic and inorganpinger catches).

4.5 Test Results Demo#2 CAT 3306

The second set of demonstration tests were corglumtethe CAT 3306C backup
generator without the DOC. Modal results are showFigure 11 and Table 12.
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Figure 4-3 Test Results Demo #2 CAT 3306
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Table 4-5 Test Results Demo#2 CAT 3306

AVG PM (g/Hp-hr) MEL SFTM M5 TPM | M5 "front half*
100%| 0.05 0.04
75%| 0.08 0.06 0.12 0.12
LOAD 50%( 0.14 0.10 0.23 0.19
25%|( 0.29 0.21 0.37 0.29
10%| 1.88 1.33
STDEV
100%| 0.001 0.005
75%|( 0.001 0.001 0.044 0.045
LOAD 50%| 0.004 0.001 0.011 0.030
25%| 0.006 0.020 0.016 0.069

10%| 0.028 0.049

Results for the second set of demonstration tést® $he average PM determined by the
SFTM was 16% to 29% lower than the reference MERsueements. The SFTM results,
however, were statistically equivalent to the refime MEL results for loads above 25%.
Additionally, a strong linear correlation was detered between the two methods, with
an R value of 0.9979 (see Appendix B)

Method 5 total particulate matter (TPM) resultsraged 28% to 68% higher than the
reference results. The “front-half” only portion thie Method 5 samples (probe catch +
up-front filter) averaged 1% to 49% higher than tbéerence measurements. As with
previous testing, a portion of the difference candftributed to the exhaust flow rate
measurement. Table 4-6 shows the Method 5 flowdatermination compared with the
reference method.

Table 4-6 Comparison of Flow Rate: Demo #2

M5 Flow | MEL Flow
LOAD (dscfm) (dscfm)

75% 594 512
50% 407 404
25% 404 320

The results were recalculated for Method 5 usirgy réference MEL flow rates. The
recalculated results are shown in Figure 4-4.
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AVG PM Emissions - CAT 3306 Baseline (Normalized M5  Flow)
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Figure 4-4 Demonstration Test Unit #2 Test Results

Normalized for flow, the Method 5 results compalighdly better with the reference
MEL results.

4.6 Demo # 3 Komatzu Unit

The third set of demonstration tests were conduotech Komatzu SA6D125 backup
generator. Modal results are shown below.

AVG PM Emissions - Komatzu SA6D125
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Figure 4-5 Demonstration Test Unit #3 Results
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Table 4-7 Demonstration Test Unit #3 Results

AVG PM (g/Hp-hr) MEL SFTM M5 TPM | M5 "front half*
100%| 0.33 0.20
75%| 0.25 0.16 0.45 0.31
LOAD 50%|( 0.18 0.12 0.47 0.23
25%| 0.16 0.10 0.76 0.29
10%| 0.28 0.17
STDEV
100%| 0.050 0.029
75%| 0.009 0.006 0.028 0.033
LOAD 50%| 0.004 0.004 0.002 0.027
25%| 0.012 0.001 0.015 0.001

10%| 0.009 0.006

Results for the third set of demonstration testsasthe average PM determined by the
SFTM was 34% to 41% lower than the reference MElasneements. A strong linear
correlation was determined between the two metheits, an R value of 0.9581 (see
Appendix B)

Method 5 total particulate matter (TPM) resultsraged 82% to 366% higher than the
reference results. The “front-half” only portion thie Method 5 samples (probe catch +
up-front filter) averaged 24% to 77% higher thaa teference measurements. As with
previous testing, a portion of the difference candftributed to the exhaust flow rate
measurement. Table 4-8 shows the Method 5 flowdatermination compared with the
reference method.

Table 4-8 Comparative of Flow Rate (Demo Test Unit  #3)

M5 Flow | MEL Flow
LOAD (dscfm) | (dscfm)

75% 462 429
50% 394 362
25% 317 309

The results were recalculated for Method 5 usirgy réference MEL flow rates. The
recalculated results are shown in Figure 4-6.
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AVG PM Emissions - Komatzu SA6D125 (Normalized M5 F  low)
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Figure 4-6 Demonstration Test Unit #3 Test Results

Normalized for flow, the Method 5 results compalighdly better with the reference
MEL results.

4.7 Demo #4 Water Pump with John Deere Engine

The fourth set of demonstration tests were conduocie a John Deere RG608 water
pump. Modal results are shown below.

AVG PM Emissions - John Deere RG608
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Figure 4-7 Comparative Results Demo Test Unit #4
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Table 4-9 Comparative Results Demo Test Unit #4

AVG PM (g/Hp-hr) MEL | SFTM | M5 TPM | M5 "front half"
Full 0.38 0.36 0.56 0.12
Full 0.36 0.32 0.52 0.11

LOAD Idle 0.13 0.11 0.20 0.04
[idie 0.15 0.12 0.18 0.05

Results for the fourth set of demonstration tektsrsthe average PM determined by the
SFTM was 5% to 18% lower than the reference MEL sueaments. Additionally, a
strong linear correlation was determined betweenttyo methods, with an’Rralue of
0.9926 (see Appendix B)

Method 5 total particulate matter (TPM) resultsraged 23% to 52% higher than the
reference results. The “front-half” only portion thie Method 5 samples (probe catch +
up-front filter) averaged 66% to 70% lower than teéerence measurements. This is
most likely due to high organic carbon (OC) contafrthe PM from this engine.

Results from the EC/OC analyses of filter sampbegHis unit are shown in Table 4-10.

Table 4-10 Elemental and Organic Carbon Fractions o  f Diesel PM from Demo Unit #4

Condition EC % wt. OC % wt.
Load 41.6% 58.4%
Load 40.2% 59.8%
Idle 15.9% 84.1%
Idle 10.6% 89.4%

As the Method 5 samples are acquired through aepestal filter heated to 25%, a
portion of the organic carbon remains in gaseous fpassing through the filters. Thus,
the “front-half” Method 5 results are substantidbyver than the reference results.

4.8 Demo#5 Water Pump with John Deere Engine

The fifth set of demonstration tests were conduarda John Deere R116195 water
pump. Modal results are shown below.
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AVG PM Emissions - John Deere R116195
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Figure 4-8 Comparative Results Demo Test Unit #5

Table 4-11 Comparative Results Demo Test Unit #5

AVG PM (g/Hp-hr) MEL | SFTM | M5 TPM | M5 "front half'
Full 0.18 0.16 0.25 0.12
Full 0.17 0.13 0.21 0.13

LOAD __Idle 0.15 0.12 0.20 0.10
ldle 0.15 0.12 0.18 0.11

Results for the fifth set of demonstration testsvshthe average PM determined by the
SFTM was 13% to 21% lower than the reference MElasueements. Additionally, a

strong linear correlation was determined betweenttto methods, with an’Rralue of
0.993 (see Appendix B)

Method 5 total particulate matter (TPM) resultsraged 18% to 36% higher than the
reference results. The “front-half” only portion thie Method 5 samples (probe catch +
up-front filter) averaged 24% to 35% lower than teéerence measurements. This is
most likely due to high organic carbon (OC) contafrthe PM from this engine.

Results from the EC/OC analyses of filter sampbegHis unit are shown in Table 4-12.
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Table 4-12 Elemental and Organic Carbon Fractions o  f Diesel PM from Demo Unit #5

Condition EC % wt. OC % wt.
Load 11.3% 88.7%
Load 11.1% 88.9%

Idle 25.9% 74.1%
Idle 17.7% 82.3%

As the Method 5 samples are acquired through aepestul filter heated to 25%, a
portion of the organic carbon remains in gaseous fpassing through the filters. Thus,
the “front-half” Method 5 results are substantidbyver than the reference results.

4.9 Overall STFM Correlation

Results from all testing (excluding verificationste#2) were compared in order to
establish a correlation between the SFTM and th@/TER reference method. The
correlation is shown in Figure 4-9.
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Figure 4-9 Overall SFTM/MEL Correlation

4.10 Determining PM Emission Factorswith the SFTM Correlation

Using the correlation developed above, overall Weid PM emission factors were
determined from the SFTM sample filter mass measeants, and compared with those
determined by the reference ISO/CFR (MEL) emisdamtors. In addition, the single
load point measurements determined by the SFTMefwh of the units tested was
compared with the weighted 5-mode measurementscdimparisons are shown below.
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Table 4-13 Comparison of PM Emission Factors (MEL/S FTM)

Single Load Point (43.5%)
TEST Weighted AVG PM Difference Difference
SERIES (MEL, g/Hp-hr)| (SFTM, g/Hp-hr) | from MEL] (SFTM, g/Hp-hr)| from MEL
Verification #1 0.154 0.170 10.3% 0.160 3.8%
Verification #2 BDL
Demonstration #1 0.118 0.135 14.3% 0.131 11.5%
Demonstration #2 0.164 0.165 0.3% 0.184 11.8%
Demonstration #3 0.222 0.193 -12.9% 0.169 -23.8%

BDL - Below Detectable Limits

Results show that the correlated measurements tsen@FTM can determine the PM
emissions from diesel engines within a +/- 15% emcy Furthermore, the single load
point surrogate appears viable as a time savirfinigae for approximating the 5-mode
ISO result. The PM results using the single-poiRTE ranged from -24% to +12%
compared with the reference measurement. For theliba verification test, the single
load point result was within 4% of the weighted beta reference result.

Referring back to the earlier section, the 43.58@|point was chosen for the verification
test unit; a Caterpillar 3406 backup generator. dLgaoint surrogates for the
demonstration units were not known at the timeestihg, so the 43.5% load point was
used as a default value. It is expected that ther&Mlts for the demonstration units
would be more accurate (particularly for unit #3esting were conducted at the properly
determined load point.

411 CO, asa Surrogate for Load

Using the correlation developed in previous taskgure 4), UCR estimated engine loads
for each test run based on £@ass emissions. The predicted vs. measured elugids
are shown in Figure 4-10.
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Figure 4-10 Engine Load Predicted by CO ,-Emissions
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Results demonstrate that the £@ass emissions can be used to accurately predjoies
load, eliminating the need to directly measureldiael.

As described in Section 3.2, @@ass emissions can be determined fairly easithén
field. A portable gas analyzer is used to meadueeQ concentration in the exhaust at
a given operating condition. Exhaust flow rate eedmined from engine parameters
(rpm, displacement, boost pressure and intake widniemperature) or from direct
measurement (e.g. Pitot tube, hot wire anemomeépéth CO, concentration and exhaust
flow rate, the mass emissions can be calculatedelatkd back (using the correlation) to
the operating load at the given condition.
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5 Results: Real TimePM Screening Techniques

Two real-time PM measurement techniques were etedueoncurrently with the other
methods for both the verification tests and denratish tests. One was a Dekati Mass
Monitor (DMM), and the other was a TSI DustTrak 852he advantages of real-time
PM measurement include the elimination of filtendibioning/weighing as well as the
ability to monitor and document the second-by-sdcBM exhaust concentrations over
the course of a test run. Disadvantages includg aod the need to dilute the sample to
avoid over-ranging the instruments.

5.1 Deter mination of PM Emission Factors Using the DM M

The Dekati Mass Monitor (DMM; Dekati Ltd., Finlant) a real-time mass measurement
instrument that was used in the test program asreesing tool. The principle of the
DMM is based on particle charging, inertial/elezdti size classification, and electrical
detection of aerosol particles. Results from adtitey (excluding verification test #2)
were compared in order to establish a correlatieiveéen the DMM and the ISO/CFR
reference method. The correlation is shown below.
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Figure 5-1 DMM/MEL Correlations

Using the correlation developed above, overall Weid PM emission factors were
determined from the DMM measurements, and comparddthose determined by the
reference ISO/CFR (MEL) emission factors. The comspas are shown in Table 5-1.
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Table 5-1 Comparison of PM Emission Factors (MEL/D  MM)

TEST Weighted AVG PM Difference
SERIES (MEL, g/Hp-hr) | (DMM, g/Hp-hr) | from MEL
Verification #1 0.154 0.173 12.5%
Verification #2 BDL

Demonstration #1 0.118 0.089 -24.5%
Demonstration #2 0.164 0.154 -6.4%
Demonstration #3 0.222 0.219 -1.5%

BDL - Below Detectable Limits
Results show that the correlated measurements tissm@MM can determine the PM
emissions from diesel engines within a +/- 25% sty

5.2 Deter mination of PM Emission Factors Using the DustTrak

A second instrument was employed in the test progras a screening tool.
Nephelometers measure light scattered by aerosoldunced into their sample chamber.
The TSI DustTrak 8520 is a fairly simple and conipaephelometer with excellent
sensitivity and time resolution. Scattering pertunass is a strong function of particle
size and refractive index, so mass measurementb@apmpromised across a range of
diesel operating conditions with varying particieesdistributions and refractive indices
For this project, a TSI DustTrak 8520 nephelom@dr) measuring 90 light scattering

at 780 nm (near-infrared) was used. This instruntgsplays its measurement as mass
density (i.e., units of mg/f through a calibration with ISO 12103-1, Al tessd The
DustTrak is a very practical, compact, and low-gdicnstrument.

Results from all testing (excluding verificationste#2) were compared in order to
establish a correlation between the DustTrak aedl8#O/CFR reference method. The
correlation is shown in Figure 5-2.
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Figure 5-2 DustTrak/MEL Correlation
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Using the correlation developed above, overall Weid PM emission factors were
determined from the DustTrak measurements, and aedpwith those determined by
the reference ISO/CFR (MEL) emission factors. Tokagarisons are shown in Table 20.

Table 5-2 Comparison of PM Emission Factors (MEL/Du  stTrak)

TEST Weighted AVG PM Difference
SERIES (MEL, g/Hp-hr) | (DustTrak, g/Hp-hr) | from MEL
Verification #1 0.154 0.197 27.7%
Verification #2 BDL

Demonstration #1 0.118 0.127 7.9%
Demonstration #2 0.164 0.185 12.8%
Demonstration #3 0.222 0.205 -71.7%

BDL - Below Detectable Limits

Results show that the correlated measurements tisnQustTrak can determine the PM
emissions from diesel engines within a +/- 28% sty
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6 Results: Method 5 Laboratory Tests

A number of Method 5 laboratory tests were caroatwith pure compounds to gain a
better understanding of the reason for the high fmaMethod 5 when compared to other
reference methods. Significant amounts of mateveake found in the “back half” of the
Method 5 samples acquired from CI engines, so & ingortant to determine whether
the material was actually PM emitted from the exttaBM precursors that are converted
in the impinger solutions, or artifacts that woualat normally form in the exhaust plume.

6.1 Background and Approach

The impinger solutions from Method 5 are separatol an aqueous and methylene-
chloride extract phases before drying. lon chrogratph allowed chemical analyses of
agueous fractions and the results showed thatteslfnd nitrates made up the bulk of
the final aqueous residue mass. Since these cordpamould be likely captured on the
up-front Method 5 filter if they existed in the eng exhaust stream, it seemed clear that
they were forming in the impinger solutions. SMd NQ gases passed through the filter
and dissolved in aqueous solution where they weddized to sulfite/sulfate and
nitrite/nitrate, respectively. The resulting eduilum concentrations depend on the gas-
phase concentrations of,0SQ, and NQ, temperature and pH of impinger solutions
(both during and after sampling).

Emissions testing from CI engines suggested tlemg#seous hydrocarbon emissions are
equivalent to the solid/condensed hydrocarbon eomsgon a @ mass basis). A Method
5 train sampling 35 dscf of exhaust should have@apmately 55 mg of organic gases,
primarily C, - C,; alkanes and alkenes, pass through the back-hatingars.
Approximately 20% by volume of the organic gases aldehydes and ketones, plus
small amounts of organic acids. Assuming 100% dsngpefficiency of the impinger
solutions, the theoretical maximum amount of materecovered as organic residue
would be 11 mg. Previous Method 5 samples havetegisun organic residues of 30 — 50
mg. Clearly, there is either a contamination of trganic residue with inorganic
material, or reactions of organic gases in imping@utions that lead to large residue
determinations.

Studies suggest that aqueous bisulfite binds syangaldehyde§ which are present in
significant concentrations in Cl engine exhauste Thnditions of the sample impinger
solutions (cold temperature, low PH) strongly fattee formation of these complexes. As
an example, 1 mg of acetaldehyde binds with 1.4f§0. If these complexes remain
after evaporation of the organic and aqueous frastof the impinger solutions, it would
help explain the significant mass of residues foundethod 5 samples from diesel
exhaust. While less is known about the aqueousaictiens of organic gases with NO
similar mechanisms are expected.

37



ARB Contract No. 04-330 New Simplified FielMFSource Method

6.2 Laboratory Simulations and Results

In order to definitively address these questionsetaof tests was conducted to determine
the extent and mechanism of residue formation firmenganic acid gases (S@nd NQ)
present in Cl engine exhaust. Pure,&@d/or NQ gases of known concentration were
blended with air in a manifold mixing chamber. S#spvere extracted from the mixing
chamber using the “back half” ARB Method 5 samplirgns (impingers containing DI
water, contained in an ice bath). The inlet andebwdf the Method 5 sample streams
were monitored for S© and/or NQ gas concentrations using NDIR and
chemiluminescence detectors, respectively.

Sampling continued until the inlet and outlet gasaentrations were equal (signifying
equilibrium saturation of S£Oand/or NQ in the impinger solutions). In some cases, the
sample train was purged with nitrogen immediatety ¢rder to remove remaining
dissolved S@ and NQ and quench conversion to sulfate/nitrate). In otteses, the
nitrogen purge occurred after pre-set time peri@arder to determine sulfate/nitrate
formation as a function of time in the aqueous tsomhs. Following sampling, analyses
were conducted per ARB Method 5, including methglechloride extraction and
determination of aqueous and organic residue magsdesse experiments were then
repeated, but with known quantities of acetaldehyidsolved in the impinger solutions
prior to gas sampling. Results from these testslaogvn in Table 2-1.

Table 6-1 Method 5 Analytical Testing

. _-c | Acetalde [ Formalde| . Inorganic| Organic
Test# |\NO2(25[S02 (25 hyde hyde Ngz?gzn pH | Mass | Mass Insoluble Mass Color
Ppm) | PP™) | (mgity) | (mgitn | P49 (mg) | (mg)
1 yes yes 0 0 no 3.00(f 18.6 11 -
2 yes yes 55 0 no 2711 434 1.3 White
3 yes yes 0 55 no 2.66| 35.3 14 Translucent
4 yes yes 0 0 yes |2.97 5.6 25 -
5 yes yes 55 0 yes ]3.00 7.0 1.6 White
6 yes yes 55 0 yes |3.08| 19.8 2.0 White
7 no yes 0 0 no 2,741 221 0.8 Translucent with Brown Spots
8 no yes 55 0 no 2.76] 285 2.0 Translucent with Brown Spots
9 no yes 0 0 yes |3.47| 121 3.6 White
10 no yes 55 0 yes ]3.48| 10.0 2.0 White with Brown Spots
11 yes no 0 0 no 3.20 4.0 2.8 White
12 yes no 55 0 no 3.17] 17.9 3.2 Yellowish W hite

Results confirm that the presence of aldehydesha impinger solutions leads to
substantially higher back-half residues than imemg containing water alone.
Furthermore, the nitrogen purge proves very effecin preventing the formation of the
artifact.

Aliquots from each of the impinger solutions weratained for ion chromatography
analyses. Results are presented in Table 6-2.
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Table 6-2 lon Chromatography Analyses of Impinger S olutions

NO2 S02 Acetaldeh | Formalde Nitrogen Inor:ginlc Inorganic Inorr]gznlc Inorgian.ic

Test # (opm) (opm) yde hyde Purge Chloride h2o Sulfate h2o Nitrite
(mgl/ltr) (mglltr) Nitrate mg mg

mg mg

1 yes yes 0.0 0.0 no 1.1 7.7 9.6 0.0
2 yes yes 55.0 0.0 no 13.7 7.4 11.4 04
3 yes yes 0.0 55.0 no 2.8 8.1 2.9 8.5
4 yes yes 0.0 0.0 yes 0.5 6.4 2.4 0.0
5 yes yes 55.0 0.0 yes 1.7 7.1 2.3 0.4
6 yes yes 55.0 0.0 yes 6.1 6.8 24 0.3
7 no yes 0.0 0.0 no 0.2 0.0 15.0 0.0
8 no yes 55.0 0.0 no 2.0 0.0 125 04
9 no yes 0.0 0.0 yes 2.7 0.0 4.6 0.5
10 no yes 55.0 0.0 yes 1.6 0.0 3.1 0.6
11 yes no 0.0 0.0 no 0.3 111 0.1 0.0
12 yes no 55.0 0.0 no 4.0 11.2 0.4 0.0

In addition to confirming the effectiveness of thiérogen purge, results show similar
amounts of nitrates and sulfates independent ofptiesence of aldehydes. Thus, the
additional masses shown in Table 6-1 for the tegts aldehydes present must be due to
the aldehydes themselves, rather than from additisumlfate and nitrate formation. This
is an important finding, as aldehyde residues tledvas are not found in processed
impinge solutions in pure water. This seems to iconthe theory that a sulfate-nitrate-
aldehyde complex is responsible for the “back-haifiss in Method 5 samples of diesel
exhaust, and is indeed an artifact of the samptiethod, rather than a primary emission.
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7 Summary and Conclusions
7.1 Simplified Field Test Method

A Simplified Field Test Method (SFTM) was developdmeasure particulate matter
(PM) emissions from compression ignition (Cl) ermgiapplications. The SFTM is
intended as a screening tool to identify high-eéngttengines or those with faulty
emission control equipment. The primary elementsthrif SFTM include sampling
equipment, a single load point surrogate, exhdost fate determination, and engine
load estimation. The SFTM was verified and dematstr through a series of tests
concurrent with reference methods (ISO 8178/CFRARB Method 5).

The basic components of the SFTM sampling systetude a small raw exhaust probe
at a single sampling point, an insulated filterden) a PTFE filter, a moisture removal
device, a critical flow orifice (CFO), and a samplemp. The sampling system is easy to
set up and use by a single operator. It can beigumetd using equipment currently
employed by source testing personnel at Air Digribroughout California. In ClI engine
applications where the power output cannot be tlreceasured, a second small probe is
employed for measurement of €@ the exhaust stream using a simple portable gas
analyzer.

Previous results demonstrated that a single modi® pan be used to determine the
overall 5-mode weighted brake-specific PM mass siois within a 15% margin of
error, provided that the modal emissions for a gieagine make/(model) are known.
Preliminary suggested single mode points have detarmined for several engine makes
and/or models. In examining results from the currarification/demonstration testing,
the single load point surrogate appears viable asime saving technique for
approximating the 5-mode ISO result. The PM resukisg the single-point SFTM
ranged from -24% to +12% compared with the refezemeasurement. Single load point
surrogates for the demonstration units were notwknat the time of testing, so the
43.5% load point (determined for the verificatiolgme) was used as a default value. For
the baseline verification test (using the prope-g@etermined load point), the result was
within 4% of the weighted 5-mode reference redtis expected that the PM results for
the demonstration units would be more accurateiQodarly for unit #3) if testing were
conducted at the properly determined load point.

With a known engine displacement, the exhaust ftate was determined at any load
point by measuring RPM, boost pressure, intake folahiemperature, and ambient
temperature/humidity. This simple approach was usea number of recent programs,
and shown to agree with reference values within(IB@R, 2004). For newer engines,
these parameters can be read directly from thenengontrol module (ECM) using
diagnostic tools. For older engines, these parametay be measured using a photo
tachometer (rpm), pressure transducer (boost pessand a thermocouple (intake
manifold pressure).
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Previous work between ARB and UCR found an excelbenrelation between the GO
emissions and the power output. The current vatifim/demonstration testing confirms
that CQ mass emissions are a very good surrogate for limathe field, CQ mass
emissions can be determined from gaseous condensaneasured in the exhaust and
calculation of the exhaust flow rate. @@oncentrations can be measured directly in the
exhaust stream using a portable gas analyzer.

7.2 Verification and Demonstration Testing of the SFTM

Results from testing show the average modal PMrehted by the SFTM was 5% to
41% lower than the reference MEL modal measuremdits SFTM results, however,
are much closer to the reference measurementads mbove 25%, suggesting that the
differences relate to the organic carbon (OC) foaciof the exhaust PM. Typically,
diesel engines emit a higher fraction of OC at loergine loads. As the SFTM uses a
hot up-front filter, it is expected that a portiohthe OC fraction of PM will pass through
in gaseous form.

While the raw SFTM results were consistently lowlean the reference MEL results,
strong linear correlations were observed in evarsec(R values of 0.9581 to 0.9995).
Results from all testing (excluding verificationste#2) were compared in order to
establish a correlation between the SFTM and tk¥TER reference method.

Using the correlation developed in this researtie, dverall weighted PM emission
factors were determined from the SFTM sample filbeiss measurements, and compared
with those determined by the reference ISO/CFR (IM&rission factors. Results show
that the correlated measurements using the SFTMlegrmine the PM emissions from
diesel engines within a +/- 15% accuracy.

7.3 ARB Method 5 Findings

Method 5 total particulate matter (TPM) resultsraged 28% to 366% higher than the
reference results. The “front-half” only portion thie Method 5 samples (probe catch +
up-front filter) averaged 1% to 77% higher than th&erence measurements. Some of
these differences can be attributed to the metHodxbaust flow rate measurement
between Method 5 and the reference method. Flowsunement is difficult in
performing a Method 5 velocity traverse across alsmxhaust stack from a diesel
engine. While a stack extension was employed tkparded the 6” diameter exhaust
stack into a 10” diameter duct, the velocity pmfiand pulsing exhaust make
measurement with a Pitot tube quite challengindight of the differences observed in
the flow rate measurements, the results were naleaddd for Method 5 using the
reference MEL flow rates. Normalized for flow, tiMethod 5 results compare more
favorably with the reference MEL results; In pautar, the up-front portion of the
Method 5 results (in most cases) become statiltieajuivalent to the reference MEL
measurements.

Another source of differences in the Method 5 TRIgutts are due to the variable “back-

half” fractions of Method 5 samples (organic andrganic impinger catches). Previous
work showed M5 “back-half’ results alone to be 12téimes higher than the reference
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TPM results from the ISO/CFR Method. In the currgnbgram, a new procedure

(recommended by the EPA) was implemented invohdantyhour nitrogen purge of the

M5 impinger solutions immediately following samminResults show that the new

procedure dramatically reduces the “back-half’dees, but substantial amounts remain
in the organic and inorganic impinger residues.tt@rr work is recommended to

determine whether these residues are consistentRit emitted from diesel engines, or
are an artifact of the sampling technique itself.

7.4 Real Time Screening Techniques

Two real-time PM measurement techniques were eteduas potential screening
techniques during the test program along with thieero methods during both the
verification and demonstration tests. One was aabbédass Monitor (DMM), and the
other was a TSI DustTrak 8520.

Results from all testing (excluding verificationste#2) were compared in order to
establish a correlation between the DMM, the DuwstTrand the ISO/CFR reference
methods. Using the correlations, overall weight&tl émission factors were determined
from the DMM and DustTrak measurements, and contpaith those determined by the
reference ISO/CFR (MEL) emission factors. Resultsows that the correlated
measurements using the DMM and DustTrak can deterrtie PM emissions from
diesel engines within a about a 25% accuracy. WhiéeDMM offers the potential to
measure the emissions at the low levels expected the controlled diesel engines but
the cost is roughly 10-times that of the DustTrak.
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8 Recommendations

Simplified Field Test Method: Further work is needed to expand the database and
improve the correlations. With the exception of @eerpillar 3406 model, the UCR data
sets are limited to only a few engines. Additiohahode testing could be conducted on
different makes/models of engines to improve theetation, but such testing is costly
and time-consuming. Alternatively, the modal enassifactors required for engine
certification testing could be used for linear exgion and determination of the single-
point surrogate load for each individual make/modélese surrogate load points could
be published in a simple reference guide for figfplication. Even if the prescribed
surrogate single load for the overall weighted agercannot be achieved, the emissions
approximation can be determined at any load; peavithat the 5-mode correlation is
known.

ARB Method 5: More research is needed to better understanddhee and origin of
the PM mass that is found in the impinger solutid®ssults from this work and that of
the EPA clearly indicate that the acid gases adehsides play a major role in the
creation of the mass found in the impingers.

Real time PM Analyzers Clearly the simplest way to measure whether aelliengine

is complying with the PM regulations is to sticknanitor into the exhaust, like the Smog
Check Program, and quickly learn the state of campk. More work is needed to
explore the ever evolving instruments from arouhd torld that would provide the
desired monitoring at a reasonable price. Towaadl &md, some progress was made in
this research.
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APPENDIX A
Reference Sampling M ethods

A.1 ISO/CFR Total Capture (reference method)

Total capture exhaust measurement will be perforo@dg UCR’s Mobile Emissions

Laboratory (MEL). The MEL is comprised of a 53-fansulated trailer equipped with a
full-scale dilution tunnel that meets the emissiomsasurement quality level specified in
the U.S. Congress Code of Federal Regulations éavii Duty Diesel Engines (Code of
Federal Regulations, 2004a). The laboratory is ld@paf total capture emissions
measurements for engines up to 600 kW in size.

The entire exhaust stream from the engine is cagtiny the MEL via an insulated,
gastight, flexible, 316-L stainless steel tube. Riimples are withdrawn from a
temperature controlled Secondary Dilution SystedSBoperating at 47(x 5) °C (Cocker
et al. 2004b). PM mass samples are collected om#/PTFE Teflo® filters. Filter
preparation and handling meet the requirements hef €CFR (Code of Federal
Regulations, 2004a). Filter weights are determingith a Cahn (Madison, WI) C-35
microbalance. A minimum of three stable filter wdgyare used for both tare and post-
test determinations. Concurrent PM samples areaelll on pre-fired quartz fiber filters
for determination of Elemental Carbon/Organic Carl{gC/OC) fractions. The MEL
complies with the requirements for ISO 8178 testing

Besides precision or repeatability, accuracy isitecal feature of any laboratory and the
UCR’s mobile CFR-compliant HDDE/HDDV test facilitwas verified against ARB’s

heavy-duty lab in Los Angeles. Results of the comgpa are shown in the table below
and the variances were within those of a roundnraiudy and reported by Traver
(2001} Thus MEL offers the opportunity to compare instamts with a mobile system
that uses the “gold standard” instruments specifidgtie CFR.

Table Al Differences in Measured Emissions Between UCR’s and ARB's labs

Test Cycle THC CO NOX CO2 PM2s

Hot UDDS 12% 18% 8% 2.7% 0.1%
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Diluted Exhaust: Temperature, GPS: Pat,

Absolute Pressure, Throat AP, Long, Elevation,

Elow. # Satellite Precision.
CVS Turbine: 1000-4000 SCFM, Secondary Probe.  Gas Sample Probe. Secondary Dilution System* Drivers Ald
Variable Dilution. f PM (size, Mass). rivers Aid.

©

Gas Measurements: CO, %,  Dilution Air: Temperature, Exhaust: Temperature, Engine Broadcast: Intake Temperature,
O, %, CO ppm, NOy ppm, Absolute Pressure, Throat AP, AP (Exhaust-Ambient), Coolant Temperature, Boost Pressure,
THC ppm, CH4 ppm. Baro (Ambient), Flow, Flow. Baro Pressure, Vehicle Speed (mph),

Dew Point (Ambient). Engine Speed (rpm), Throttle Position,
Other Sensor: Dew Point, Load (% of rated).

Ambient Temperature,
Control room temperature,
Ambient Baro,

Trailer Speed (rpm),

CVS Inlet Temperature.

Figure A1 Schematic of UCR’s Heavy-Duty Diesel Mobi  le Emission Laboratory (MEL)

A fuller description of the lab can be found in twexent articles in the Environmental
Science and Technology. Gnis on the sampling for regulated gases and ther'8th
applies the lab to measuring in-use PM, toxic eimiss and elemental and organic
carbon .

A.2 ARB Method 5 (reference method)

A conventional ARB Method 5 sampling train will beed on a subset of tests to sample
raw diesel exhaust from an adapted emission stdithod 5 samples will be acquired
over 60-90 minutes time period. Samples will beraoted from the adapted diesel
exhaust duct through a stainless steel nozzle aadeti probe (126C + 14 °C).
Filterable PM is collected on pre-weighed, dry OmMigron 115 mm Gelman quartz fiber
filters with subsequent capture of condensable RM series of impingers immersed in
an ice bath. A schematic of Method 5 sampling traiseen in Figure 3.

The sample train is analyzed according to ARB Mdth@rocedures. Briefly, the quartz
filter is removed and desiccated until completaly blefore obtaining the final filterable

catch. Material deposited in the probe and nosztecovered with a nylon bristle brush
and Optima-grade methylene chloride rinse. Thiserirs allowed to evaporate at room
temperature in a tared 100 ml beaker to deterniaartass of material in the probe and
nozzle. This, combined with the sample mass reealven the filter, makes up the “front
half’ catch.
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Impingers are rinsed with HPLC-grade water and i@atgrade methylene chloride. The
organic (methylene chloride soluble) and inorgafwater soluble) fractions of the
solution are divided in a separatory funnel. Therganic aqueous fraction is
subsequently heated to boiling to reduce the tetékr volume to 150 ml, transferred to a
tared beaker, and placed in an oven (100 °C) dnytil The organic fraction is transferred
in 50 ml aliquots and allowed to evaporate in adat50 ml beaker at room temperature.
The sum of the residues from both fractions is regabas the “back half” catch. The total
Method 5 particulate catch is then reported astime of the “front half” and “back half”
weights.

Thermocouple
|-I|aea:jed Cyclone ﬁ'/ Filter ; p
rabe i
Thermocouple (ﬂp“o“\ai %I;!Iavc:c
Probe . \_4._\_ L L
Norele _‘_hﬁ‘_; * : Vacuum
o Line
S-Type Pitot Tube
Impingers Incline :
Manometer Oven Fé:aeth
1. 100 ml DI Water oo 34
2. %OIJ ml Dl Water
3. Empty
4. 200-300 g Silica gel Thermometers Vacuum

Orifice

|"-._
Incline ""I
Manometer (L]

Figure A2 ARB Method 5 Sampling Train
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APPENDIX B

Detailed Test Results
Verification Test #1

AVG PM Emissions - CAT 3406 Baseline

0.80

0.70

0.60

0.50

0.40

PM (g/Hp-hr)

0.30

0.20

0.10

0.00

100%

75%

50%
Load

25%

‘El MEL @ DusTrak 0 DMM O SFTM m M5 TPM @ M5 "front half* ‘

10%

AVG PM (g/Hp-hr) MEL DusTrak DMM SFTM M5 TPM | M5 "“front half"
100%| 0.13 0.13 0.08 0.10
75%| 0.13 0.16 0.09 0.11 0.25 0.21
LOAD 50%| 0.14 0.15 0.10 0.12 0.24 0.22
25%| 0.19 0.16 0.13 0.15 0.38 0.26
10%| 0.74 0.65 0.52 0.53
43.5% 0.12
STDEV
100%]| 0.060 0.006 0.038 0.013
75%| 0.035 0.006 0.038 0.006 0.088 0.042
LOAD 50%| 0.034 0.004 0.034 0.006 0.005 0.016
25%| 0.003 0.006 0.043 0.003 0.190 0.076
10%| 0.018 0.057 0.117 0.047
43.5% 0.009
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Comparison of Measured PM (MEL vs. SFTM) - CAT 3406 Baseline
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Comparison of Measured PM (MEL vs. DMM) - CAT 3406 Baseline
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Verification Test #2

New Simplified FielMFSource Method

AVG PM Emissions - CAT 3406

w/DPF

0.1200

0.1000

0.0800 -

£ 0.0600
i.
S 0.0400 ]
o
0.0200 T
0.0000 | — o — —
100% 75% 50% 25% 10%
-0.0200
LOAD
‘u MEL m DusTrak 0 DMM O SFTM @ M5 TPM @ M5 “front half’ ‘
AVG PM (g/Hp-hr) MEL DusTrak DMM SFTM M5 TPM | M5 "“front half"
100%]| 0.0030 0.0002 0.0003 0.0006
75%| 0.0010 0.0001 0.0002 0.0006 0.0390 0.0068
LOAD 50%,| 0.0009 0.0000 0.0001 0.0001 0.0665 0.0463
25%] 0.0005 0.0000 0.0633 0.0169
10%| 0.0006 0.0002 0.0001
43.5%| 0.0017 0.0000 0.0000 0.0003
STDEV
100%| 0.00302 | 0.00004 | 0.00005 | 0.00033
75%| 0.00023 | 0.00005 | 0.00003 | 0.00036 | 0.00283 0.00884
LOAD 50% 0.04172 0.04914
25% 0.00544 0.00849
10%
43.5% 0.00008
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Comparison of Measured PM (MEL vs. SFTM) - CAT 3406 w/DPF
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Comparison of Measured PM (MEL vs. DusTrak) - CAT 3 406 w/DPF
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Demonstration Test #1

AVG PM Emissions - CAT 3306 w/DOC
0.90
0.80
0.70 —I_l T
0.60 T
£ i
& 0.50
I
2 0.40 1
=
0.30 -
0.20 -
0.10
OOO ,M ;
100% 75% 50% 25% 10%
Load
‘n MEL m DusTrak 0 DMM O SFTM m M5 TPM @ M5 "front half" ‘
AVG PM (g/Hp-hr) MEL DusTrak DMM SFTM M5 TPM | M5 "front half"
100% 0.07 0.05 0.03 0.05
75% 0.08 0.06 0.04 0.07 0.19 0.13
LOAD 50% 0.12 0.08 0.07 0.10 0.25 0.15
25% 0.16 0.11 0.09 0.15 0.30 0.22
10% 0.73 0.63 0.38 0.57
43.5% 0.10
STDEV
100%| 0.006 0.002 0.005 0.010
75%]| 0.006 0.002 0.005 0.026 0.098 0.019
LOAD 50%]| 0.006 0.004 0.008 0.005 0.021 0.027
25%| 0.004 0.011 0.004 0.022 0.006 0.019
10%] 0.038 0.107 0.004 0.036
43.5% 0.003
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Comparison of Measured PM (MEL vs. SFTM) - CAT 3306 w/DOC

SFTM (g/Hp-hr)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
MEL (g/Hp-hr)

Comparison of Measured PM (MEL vs. M5 TPM) - CAT 33 06 w/DOC

M5 TPM (g/Hp-hr)

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
MEL (g/Hp-hr)

Comparison of Measured PM (MEL vs. M5 "front half") - CAT 3306 w/DOC

M5 “front half* (g/Hp-hr)

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
MEL (g/Hp-hr)




ARB Contract No. 04-330

New Simplified FielMFSource Method

Comparison of Measured PM (MEL vs. DusTrak) - CAT 3 306 w/DOC
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Demonstration Test #2

AVG PM Emissions - CAT 3306 w/DOC

2.50

2.00

T 150
£ ==
Z 1.00
0.50
100% 75% 50% 25% 10%
Load
‘n MEL m DusTrak O DMM O SFTM m M5 TPM @ M5 “front half’ ‘
AVG PM (g/Hp-hr) MEL DusTrak DMM SFTM M5 TPM | M5 "front half"
100% 0.05 0.04 0.03 0.04
75% 0.08 0.07 0.05 0.06 0.12 0.12
LOAD 50% 0.14 0.11 0.09 0.10 0.23 0.19
25% 0.29 0.25 0.17 0.21 0.37 0.29
10% 1.88 2.16 0.96 1.33
43.5% 0.14
STDEV
100%| 0.001 0.002 0.001 0.005
75%]| 0.001 0.004 0.001 0.001 0.044 0.045
LOAD 50%]| 0.004 0.003 0.002 0.001 0.011 0.030
25%| 0.006 0.014 0.010 0.020 0.016 0.069
10%] 0.028 0.076 0.054 0.049
43.5% 0.008
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Comparison of Measured PM (MEL vs. SFTM) - CAT 3306 Baseline
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Comparison of Measured PM (MEL vs. DusTrak) - CAT 3 306 Baseline
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Demonstration Test #3

AVG PM Emissions - Komatzu SA6D125
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‘n MEL m DusTrak O DMM O SFTM m M5 TPM @ M5 “front half’ ‘
AVG PM (g/Hp-hr) MEL DusTrak DMM SFTM M5 TPM | M5 "front half"
100% 0.33 0.27 0.16 0.20
75% 0.25 0.21 0.15 0.16 0.45 0.31
LOAD 50% 0.18 0.13 0.11 0.12 0.47 0.23
25% 0.16 0.10 0.09 0.10 0.76 0.29
10% 0.28 0.17 0.16 0.17
43.5% 0.12
STDEV
100%| 0.050 0.024 0.017 0.029
75%] 0.009 0.007 0.003 0.006 0.028 0.033
LOAD 50%] 0.004 0.004 0.002 0.004 0.002 0.027
25%] 0.012 0.006 0.002 0.001 0.015 0.001
10%| 0.009 0.015 0.003 0.006
43.5% 0.000
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Comparison of Measured PM (MEL vs. SFTM) - Komatzu  SA6D125
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Comparison of Measured PM (MEL vs. DusTrak) - Komat
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