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ABSTRACT

The mass of particulate matter (PM) emitted from aircraft must be predicted for magjor
actions a airports to comply with current federd regulations. However, thisPM massin
the jet exhaust has not been effectively quantified to permit accurate emisson factors to
be developed. Certification methodol ogies are based on the Smoke Number (SN), which
was essentidly implemented to diminate the visible exhaust of arcraft but does not
provide needed mass emission factors. A literature review was conducted for the FAA,
and based on available data and findings developed afirst order gpproximation (FOA)
method. This derived methodology had to have the flexibility to permit differencesin
fleet mix, aircraft modes (throttle settings), and airport dtitudes to be consdered. The
accuracy of each possible method and the avallability of data dso were heavily weighed
when congdering this gpproximation method. The development of this methodology and
preliminary evauation are presented in this paper.



INTRODUCTION

In support of the Federa Aviation Adminigtration’s (FAA) Office of Environment and
Energy, a document has been completed on Particulate Matter (PM) emissons from jet
engines A Review Of Literature on Particulate Matter Emissions from Aircraft
(Wayson, 2003). This document contains both a literature review and, based on the
findings of this literature review, a Firs-Order Approximation (FOA) to predict the
emisson rate of particulate matter by mode and jet engine model. This FOA isintended
for use until such time when enough measurement datais available that the FOA isno
longer needed.

LITERATURE REVIEW

The literature review was undertaken to evaluate the archival information
available on PM emissions from jet engines in order to establish what is in the
general body of knowledge. Over 100 documents were carefully read and sorted
according to the pertinence of the information. In the case of multiple reportings
of the same data or collected information, an attempt was made either to include
the original document or the most comprehensive document. Documents that
were considered repetitive or did not add new information were not used in the
literature review. A total of 37 documents were identified as key documents and
included in the literature review. This permitted the following findings to be
made:

Smal PM may be a hedth concern.

It isagood gpproximation that al PM emitted by modern transport
arcraft has an aerodynamic diameter of lessthan 2.5 micrometers. Thisis
an important concern and controlled by the EPA hedth-based standards
for PM., s aswel asPMqg .

The EPA PM standards are massed based (mass/volume of air) at receptor
locations. However, the engine certification process does not require the
measurement and reporting of the PM massdata. A smoke number is
determined during the certification process. The Internationd Civil
Aviation Organization (ICAQO) has promulgated the most complete aircraft
engine emission database includes the measured smoke number and fuel
flow rates by engine mode. Studies show that thereis a corrdation
between the reported smoke number and mass emissions.

Thereisalack of measured datato assst in the analyssto determineiif an
arport isin compliance with the EPA standards.

PM areirregular in shape and often coagulate. This coagulation process
resultsin different PM characterigtics for different age plumes. This leads
to a bi-modd digtribution. A lognormd digtribution is gill gppropriate for
the soot component (non-volatile PM primarily containing carbon).



PM include both volatile and non-volatile components. Soot is the most
prevalent, non-volatile componert. Metals are emitted, but in extremely
gmdl amounts.

Effects on PM emisson indices include fud flow, engine design/
operating conditions, atitude, and fud compostion.

Effortsto predict emisson indices, or more specific emisson factors, may
be characterized into four groups. smple factor, compound factor, grab
samples or nearby measurements, and measurement based factors.

The four broad categories of PM estimation methodologies that have been commonly
used at airports are directly related to this paper and are discussed here. These are:

Smple Factor multiplied by the number of Landing/TakeOffs (LTOs)
The rate of fud flow multiplied by a Compound Factor that includes such
variables as the ratio of smoke number (aircraft SN of concern compared
to an arcraft SN with a known mass emisson rate), mass measurements
(when available), thrust, operating pressures and/or temperatures, and
other engine parameters.

Grab Samples and/or Nearby Deposition to estimate specific emisson
rates for aircraft types or facilities and use of rollback modds for future
estimates.

Use of actud Measured Mass test results (i.e., USEPA Method 5).

The best method at thistime, based on available data, was determined to be a variation of
the Compound Factor method, vaidated with measured data. This selection was based
on severd key consderations. The consderations included:

The Airport modeing community needs to account for changesin fleet
mix and aircraft modes (related to throttle settings). The Smple
approximation method and the grab-sample / deposition methods do not
permit thisflexibility. Accordingly, these methods do not meet current
requirements and were not considered further.

The accuracy of each possble method and the availability of dataaso
were heavily weighed when congdering this gpproximation method. It is
aforegone conclusion that measured data would be more accurate than
esimation techniques. However, insufficient information now exists and
additiona information development is not expected in the near future to
support an entirely new measurement methodol ogy.

The only comprehensive database now available isthe ICAO liting of
smoke numbers, which have been shown to correlate to mass emissons.
The compound factor approach has been used by the airport modeling
community and could provide the short-term, firg-order gpproximation
that isneeded. The largest source of uncertainty in thismethod is
correlation between mass emissions and smoke number. To help reduce
the potentid error due to the uncertainty of the correation, the compound
factor method uses an adaptation of methodol ogies that have been derived



based on the limited amount of existing measured data which corrdae
mass and smoke number. The suggested methodology is a combination
of the methodol ogies put forward by the University of Missouri-Rolla
(UMR) and the Deutsches Zentrum fur Luft-und Raumfahrt (DLR). This
combined method should alow a more reasonable emission index for PM
to be derived for use in the compound factor method.

The largest source of uncertainty in this method is a correlation between mass emissons
and smoke number. To help reduce this source of error, vaidation usng the limited data
available must be done.

FIRST ORDER APPROXIMATON

The literature review aso presented sufficient information to alow afirst order
gpproximation method for PM to be suggested for commercial transport operations. It
should be remembered that this method is gpproximate and is only to be considered an
interim gpproach until measured, Satigticaly vaid data are available.

The suggested methodology is a combination of the methodol ogies put forward by UMR

and DLR (Dopelheuer, 1997, 1999, 2000; Hagen, 1992, 1996, 1998; Petzold, 1998, 1999;
Whitefield, 2001). These reliable researchers have both presented datain away that is
directly useable in a compound factor method. This combined method should dlow a

more reasonable emission index for PM to be derived for use in the compound factor
method.

Congder acompound factor in the generd format as shown in Equation 1.
Eli = (SN| / SNref)(EI ref) [1]

Where:

El; = Corrected Emisson Index in terms of fud flow for any aircraft type, i
SN; = smoke number from ICAO data base for specific aircraft

SNef = Smoke number from areference aircraft in the ICAO data base
Eler = known emisson Index for reference aircraft

This basic methodology dlows an emission index, such as grams of pollutants per
kilogram of fuel burn, to be determined beginning with a known, reference emisson
index, and then corrected by changing smoke numbers (SN). The underlying assumption
is that the change in mass emissionsis correlated to the change in SN.

However, reference data exist for very few engines. Expanding the previous assumption,
curve-fitting techniques from the limited amount of exigting measured data could be used
to estimate the reference Emission Index (El) or as done here, the Emisson Rate (ER).
The work of Champagne (Champagne, 1971) showed a nortlinear reationship for the SN
to mass concentration for a limited number of engine types. This method was further



developed by DLR using the data of Whyte and Hurley to adjust the origind curve
presented by Champagne. UMR put forward the idea that the overall index could be
related to fuel flow. UMR provided further ingght by suggesting thet only afew
categories of aircraft were needed since so many airframes use common engines. This
suggests abias in the fleet toward these engines.

If we combine these ideas, and the measured data available, a curve such as that
developed by DLR can be derived, but with the additiond step of rdating to fued flow as
done by UMR. In other words, a specific emission index or rate could be derived that
would be both aircraft specific from the individua smoke numbers and rdated to fue
flow in the ICAQ database. Practitioners needing to predict how mass emissons would
be affected by changesin flegt, operations, airfield design, etc. could easily do so by
using vaues availablein the ICA QO data base for the SN, aswell asfuel flow, and when
available, mode. Thiswould dlow the flexibility needed to determine significant

changes in the mass emissions of particulate matter. As such, the objectives of the first
order gpproximation would meet immediate needs.

DERIVED METHODOLOGY

The data of Champagne [Champagne, 1971], Whyte [Whyte, 1982] and Hurley [Hurley,
1993] (as reported by DLR) were used to determine the correlation between smoke
number and mass emission. Figure 1 shows this correlation graphicaly.
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Figure 1. Derived Trend Line

If these data are assumed to be representative of commercia aircraft operations, then a
derived trend can be determined as also shown in Figure 1. 1t should be noted that the
trend line was purposdly derived to provide an upper limit to the presented data and as
such is conddered conservative. As shown in the figure when a power law equetion is
used, an extremely good fit to the data can be determined. By use of the reported ICAO



smoke numbers by mode, modal emissions are consdered. Then, to rdate to fue flow,
one more step is needed.

In the next step, we assume the reported results to be at stlandard conditions and that the
burn conditions are stoichiometric. Based on these consderations, the resulting equation
(Equation 2) for predicting the mass of PM for commercid arcraft asfollows:

ERmassof v = 0.6 (SN)-8 (FF) [2]
Where:
ERimass of Pv = €Mission rate: mg of PM emitted per second per
enginetypej

SN = the ICAO reported smoke number
FF = the ICAO reported fud flow by mode in kilograms/sec

The product of the emission index presented and the time-in-mode would result in amass
based approximation and follow the general method used for other pollutantsin the
ICAOQ database. With the derived, aircraft-pecific emisson factor, the totd mass for
emisson inventories would be derived as.

Miotal = SiSj(ERjMassof pM )(Ni)(Nei)(tmode i) [3]

Where:
Miota = total mass emitted in mg
N; = the number of aircraft evauated
o = the number of engines per aircraft typei
tmodei = the time-in-mode for each aircraft type i

It must be remembered that this modd represents a firgt-order gpproximation. Smdll
particles are not well represented by the smoke number, the combustion process varies by
engine design, and the fud-to-air ratio will change with each mode. Continua
improvements need to be made to this method. Regardless of these limitations, the
derived mass-based factor should be more accurate than those that have been used in the
past.

It was important to next perform statistical testing (verification) of the FOA to determine
the accuracy and uncertainty associated with this gpproximate method. This task was
quite subgtantial. To complete this work, measurement data was needed that was not
used in the modd formulation. As such, al work by Champagne, Hurley and Whyte
could not be used. Thiswas adifficult task since measured data are very sparse. The
known data from the literature review was compiled into a spreadsheet. Additiond data
was as0 added to this oreadsheet by searching additiond literature, telephone calls, and
direct conversations with individuals.

Measured mass data points were identified to compare to the FOA. Requirementsto
alow a comparison included that the engine type be listed in the ICAO database, that one



or more of the four engine modes (idle/taxi, approach, take-off, climbout) used in the
vicinity of airports were measured, and that the engine was dill used in the overdl fleet.
This alowed 14 data points to be used for comparison. This comparison isshown in
Figure 2.
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Figure 2. Agreement of FOA and Measured Data Points (Units = mg/s)

It can be seen in Figure 2 that the agreement would seem to be quite acceptable for this
FOA. However, the researchers are dtill exploring to try and find additiona data points
for comparison to the FOA  To this end, researchers that are conducting mass emission

measurements from aircraft have been contacted.

The atidicd andys's performed to date includes: regresson andys's, determination of
standard error and standard deviation, and absolute error anaysis.

Possible variables that can be included in future versions of the FOA include the air/fud
ratio, sulfur content of the fud, additivesin the fud, and eevation corrections. Asmore
measured mass data aso become available further verification and possble changesin
the FOA may aso occur. Also begun is exploration into the relative components and
mass of volatile emissons.

In the longer term, as more messured data become available the modd could be further
refined and possibly divided into additiona aircraft categories, based on engine design.
The scarcity and inconsistency of existing data does not support refinement by specific
enginetype a thistime.
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