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1. SCOPE:

This SAE Aerospace Information Report (AIR) addresses procedures applicable to
quantifying the emission of nonvolatile particulate matter at the exit plane of aircraft gas
turbine engines. While both volatile and nonvolatile particulate matter (PM) are present in
aircraft gas turbine exhaust, the methods used to measure nonvolatile particles are farther
advanced and are addressed here.

Existing PM measurement regulations employ the SAE Smoke Number measurement
(Reference 2.1.1), a stained filter technique used in evaluating visible emissions. The
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2. REFERENCES,DEFINITIONS, NOMENCLATURE:
2.1 SAE Publications:
Available from SAE, 400 Commonwealth Drive, Warrendale, PA 15096-0001.
2.1.1  ARP1179 Aircraft Gas Turbine Engine Smoke Measurement Practice
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2.2 Other Applicable References:

221

222

General References: The following general references are provided for information
purposes only and are not a required part of this SAE Aerospace Information Report.

40 CFR, Part 51 (2002). Consolidated Emissions Reporting, Final Rule, Federal
Register, Volume 67, Number 111, p. 39602-39616, June 10, 2002.

Willeke, K. and Baron, P. A. (1993). Aerosol Measurement: Principles, Techniques, and
Applications. Van Nostrand Reinhold, New York.

Pyle, B{E. and Smith, W. B. (1984). Fine-Particle Measurement Handbogk. Research
Project [781-4, Electric Power Research Institute, Palo Alto, CA, January 1984.

Galeski| J. B. (1977). Particle Size Definitions for Particulate Data Analysjs. EPA-600/7-
77-129,[U. S. Environmental Protection Agency, Research Triangle Park, NC.
0.G

Raabe,
Calibra

. (1976). Aerosol Aerodynamic Size Conventions for Inertial Bampler
ion. Journal of the Air Pollution Control Association, 28:9, 856-860.
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T GAS TURBINE ENGINE: Any gas turbine engine used for aircr
er generation on an aircraft, including those_ cemmonly called turb
, or turboshaft type engines.

AL AERODYNAMIC DIAMETER: The diameter of an equivalent U
th the same settling velocity in still.air as the particle in question.

TAL CARBON (PARTICULATE-MATTER): The refractory carbon
bn-generated particulate matter. Also known as graphitic carbon.

EMISSIO

mass unifs of fuel burned (e:g., g/kg fuel).

ENGINE EXIT PLANE:Any point within the area of the engine exhaust noz

distance

edge of the nozzle.

NONVOUATIKLE PARTICLES: Particles that exist at engine exit plane temp
pressure onditions.

INDEX (MASS): The-mass of emissions of a given constituent j

ithin 0.5_diameters (or equivalent, if not circular) downstream fror

iculate at

ilated flight altitude conditions, NASA Tech. Memo., TM-1998-208609, pp. 176.

aft propulsion
ojet, turbofan,

nit density

found in

er thousand

zle at an axial
n the outer

brature and

ORGANIC CARBON (PARTICULATE MATTER): All carbon-based particulate matter
resulting from condensation and chemical reaction after the combustion process. Organic
carbon contains volatile components of carbon combined with hydrogen and other

elements

PARTS PER MILLION (ppmv): The unit volume concentration of a gas per million unit
volumes of the gas mixture of which it is part. (Also applicable to mass measurements
and referred to as ppmm).



https://saenorm.com/api/?name=82f9b6447478a2103c86e0d0e7ef2ed1

SAE AIR5892

2.3 (Continued):
PM-2.5: Particulate matter < 2.5 uym in classical aerodynamic diameter.
PM-10: Particulate matter < 10 uym in classical aerodynamic diameter.

TOTAL CARBON (PARTICULATE MATTER): The sum of elemental carbon (EC) and
organic carbon (OC).

VOLATILE PARTICLES: Particles formed from condensable gases after the exhaust has

LR I} ] + b s L LE, H Mo | W | AV
been coofedtobetow-engineexitconditions~(e g —sulfuricacidpartictes):

2.4 Nommeng¢lature and Abbreviations:
2.41 Nomenglature (all units are Sl):

g =dgrams

mg = milligrams

1g = micrograms

m = meters

cm = gentimeters

Mm = micrometers

nm = nanometers

P = pressure, hPa

V  =\plume

T = temperature, degrees Kelvin

t = time, seconds, hours
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2.4.2 Abbreviations:

3.

3.1

INTRODUQTION:

CO, = carbon dioxide
EC = elemental carbon
N = number of particles

OC = organic carbon

PM  =particutate mmateriat

PND =|Particle number density

TC total carbon

SN =[smoke number per ARP1179

Other symbols are defined in the text as applicable, to,the mathematical expression at
hand.

Background:

As scientffic understanding of the effects of small microscopic-sized particles on
environment and human health (Reference 26) has increased, regulatory agencies have
become more concerned about the production, emission, and dispersion of|such particles.
As a reslilt, more restrictivefegulations have been implemented, a notable|example being
the United States Environmental Protection Agency’s (USEPA) consideratign of PM-2.5
(particulate matter less.than or equal to 2.5 micrometers in diameter) as a réfinement of
ntial impact of
y an

oud formation
cing ere-and; —to hte change,
although large uncertainties are associated with these estimated impacts. The IPCC
assessment was requested by the International Civil Aviation Organization (ICAO), which
underscores the interest of the international aviation community in these potential effects
and in possible limitations and control.
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3.1

3.2

3.3

(Continued):

Agencies responsible for regulating and certifying aviation operations have begun to
examine methods for measuring particle emissions from aircraft engines. There is general
consensus and concern that the regulations regarding the emission of visible smoke for
aircraft engines, which have been in place for decades, do not address the measurement
of particles responsible for health effects and environmental impacts.

Working Group 3 of the ICAO Committee on Aviation Environmental Protection (CAEP)
has asked the SAE E-31 committee and European Commission AERONET Group for
technical gssistance-in-devetoping-appropriateparticttateeharacterizattien-techniques for
routine cgrtification of aircraft turbine engines. The SAE E-31 committeg hgs specified
measurement techniques and protocols for aviation emission measurements for many
existing regulations. The committee has accepted these requests for the specification of
small particle emissions measurement and is responding by the writing of this Aerospace

Informatipn Report, AIR5892.
Particulate Emissions:

Aircraft gas turbine engines emit small particles (<<10-um) as a result of the combustion
of hydrocprbon fuels. These are classified into two-groups, nonvolatile and|volatile. The
nonvolatile particles are comprised mostly of carbonaceous particles (from fuel
combustipn), particles ingested in the enginelnlet, and metals and are addressed in this
AIR. In addition, volatile particles composed of sulfur compounds and orgapics are
formed as the engine exhaust cools in the’ambient air. The measurement qf volatile
particles Will be addressed in a subsequent AIR.

The nonvplatile emissions include carbon-based particle products from incomplete
combustipn in an engine. These products consist of pure (optically black) carbon,
nonvolatile (gray) organi¢ compounds, and metal particles resulting from engine erosion
and the cpmbustion of fuels containing trace metal impurities. Metal particle
concentrations are several orders of magnitude smaller than those of carbopaceous
particles.

Modern tlirbo-fan engines ingest large quantities of air. Particulate material contained in
the ambientair that enters the engine should not be considered as part of the engine
emissions. Careful analysis and identification of PM in the ambient air entering the engine
is a mandatory requirement in measuring engine particulate emissions.

Measurement Methods:

Nonvolatile PM measurement methods can be divided into two general approaches:
measurement of the total particle mass and measurement of size and number density of
particles.

-10 -
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3.3.1

Mass Measurement: The first approach includes methods that measure the total mass

of emitted particles without distinguishing size or number of particles emitted. One
technique samples the exhaust stream and collects particulate matter on a filter, which is
analyzed for the collected particle mass. Another technique probes the exhaust flow
optically to quantify scattering material in situ without requiring the exhaust to be
sampled and transported to the measurement system. Other techniques use oscillating
microbalances, which measure particle mass based on the change in the natural
frequency of the vibrating element as particles are collected. These total mass
measurement systems are discussed in Section 5.

racdatar ntoroc fobioanor reo-nae adiract
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Current

mass ni

context
3.3.2 Particle
distingu
number
have be
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sample
value of
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3.4 Sampling
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easurements and the total mass measurement techniques are-dis
of this regulatory interest.

Size and Number Density Measurement: The secondgé&neral ap
ishes the size and number of individual particles. The techniques
and size distribution have been used extensively/in‘atmospheric
en refined for use in measuring aircraft engine €xhaust. This type
ement provides a number density and a particle size distribution d
| exhaust stream. The measurement of these parameters can be
particle density and information on the particle morphology, to es
the particles. This approach offers cansiderably more informatior

ement system. The number density and size distribution measure
ed in Section 6.

ling of a particle-laden stream and transportation of the sample to
nent instrumentmust be done carefully to minimize loss of particlg
ze and compasition before measurement. Sampling probe design
are important-for most of the techniques discussed in this report a
the specific requirements of temperature, velocity, and particle nt
associated with aircraft engine exhaust.

particles, but it comes at the expense of a more complex and cosfly

cussed in the
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used, with a
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about the
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nd must be
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Except fo

optical non-intrusive techniques, all measurements discussed in

this AIR

require extractive sampling from engine exhaust and transportation through sampling lines
to measurement instruments. Section 7 discusses the requirements for optimal operation
of sampling probes and transfer lines.

-11 -
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4. DESCRIPTION OF EMITTED PARTICLES:

4.1

4.2

4.3

Mass:

The amount of particulate matter emitted from aircraft engines can be quantified in terms
of mass of particles per volume of gas. Typical units are mg m™ or yg m™. Reference
conditions for the gas volume have to be specified, e.g., T = 273.14 K, p = 1013.25 hPa
for Standard Temperature and Pressure (STP) conditions or T = 288 K, p = 1013.25 hPa
for Sea Level Static (SLS) conditions. Unless stated otherwise, the particle mass
concentration does not refer to a specific range of particle sizes.

Size:

Current sjze-related standards of particle mass measurements referto’ particles with
aerodynamic equivalent diameters less than 10 um (US EPA PM-10) or with aerodynamic
equivalent diameters less than 2.5 ym (US EPA PM-2.5) (Reference 6). Pdrticles emitted
from compustion sources such as aircraft engines are usually-significantly smaller than

1 um in djameter. Size distributions reported from aircraft.engine test rig experiments and
in-flight sfudies show a modal diameter of 0.03 to .06 ym with an average lqgnormal
geometri¢ standard deviation of 1.6 (References 9, 10,728, 29, 43). A second, but weaker
mode wag found at a modal diameter of 0.15 to 02 um.

Compositjion:

The partigulate matter emitted from aircraft engines is composed primarily gf nonvolatile
particles that form inside the engine Combustor and secondarily of the volat(le particles
that nuclgate in the cooling exhaust'gas from gaseous precursors. The emission of
primary pprticles (treated in this report) is related to the design and operating conditions of
the invesligated engine and-te-fuel properties. The formation of secondary particles (to be
treated inla subsequent reéport) depends on the time-temperature history of their formation,
the samp|ing conditions;.and the fuel properties.

Similar to] particles.emitted from diesel engines (Reference 19), nonvolatile particles
emitted from aitcraft engines can continue to grow by adsorption and condgnsation of
organic apd. water-soluble inorganic (e.g. sulfates) compounds. The organiq compounds
are reactive-and may be volatile or semi-volatile; i.e., they oxidize at tempenatures as low
as 400 K. As shown in Figure 1, elemental carbon (EC) is chemically almost inert at low
and moderate temperatures and thermally stable up to temperatures of about 700 K. The
elemental carbon fraction is the most stable fraction of combustion particulate matter in
terms of particle aging and temperature change during sampling.

-12 -
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elemental carbon above 700 K (Reference 34)

d):

strongly correlated to the elemental carbon fraction of the aeroso

lustrates this strong relationship between aerosol light absorption
tion:

a combustor

t 600 K, and

ating
U at idle

ample is given

the emitted

, termed black
. The most

These particles

par as black.
and EC mass

-13 -



https://saenorm.com/api/?name=82f9b6447478a2103c86e0d0e7ef2ed1

SAE AIR5892

1M

80| + % ]
2 [ ]
O ! % 1
= [ ]
o 40 ]
L

on'_i ]

O-. " " 1 " " " 1 " " " 1 " " " 1 " " ..

0 20 40 60 80 100

engine thrust level , %

FIGURE 2 - Elgmental carbon (EC) fraction of total carbon (TC) for an’aircraft engine combustor
particulate matter sample as a function of the engine thrast'level (Reference 28)

0.025 ——————1————%r—
n=37

[ r=0.876 ]
0.020 b, =6.7(0.22) m*g?’ ]
‘= 0015f ]
o 0.010} g % .
0.005 | K S * .
S 4 ]

0.000 b
0 1 2 3

EC ( multistep combustion) , mg m*° STP

FIGURE 3 - Particle-related absorption coefficient 64, at a wavelength of 550 nm in an aircraft
engine combustor exhaust gas as a function of the elemental carbon mass concentration; the
correlation analysis indicates a mass specific absorption coefficient b ., = 6.7 £ 0.22 m 2g”
(Reference 33)
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5. PARTICLE MASS MEASUREMENT:

Measuring the mass of emitted particulate matter may be performed in several ways, as
summarized in Table 1 and described in detail below. Filter methods are the oldest and
most well known but are being replaced by optical methods that are non-intrusive and
provide immediate results. Microbalance methods also provide immediate results.
However, as the filter methods, they require extractive sampling.

TABLE 1 - Methods for the Measurement of Particle Mass Concentrations in
Aircraft Engine Exhaust

|
Analysis
off line, filter samples

|
Measurement Method
Gravimelric analysis

Measurement
Total particulate matter, total mass

Combustion [of filter samples Total carbonaceous mass, TC off line, filter samples

and CQ, detection
Combustion analysis Organic carbon (OC),elemental off line, filter samples
including OC/EC separation carbon (EC), OC + EC=TC
Optical|absorption Black carbon (BC), BE€= EC on-line, filter samples
photometry time resolution > 1 min
Lasel induced Black carben(BC) on-line, in situ
incan@lescence
Transnissometry Opacity on-line, in situ
Light $cattering Forward scattering on-line, in situ

Micrabalance Total particulate mass on-line| extractive

5.1 Gravimetfic and Chemical Filter Methods:

5.1.1 Introdugtion:/ Fime-averaging methods are used to sample the emitted payticles on
approptfiate fibrous filters or membrane filters (Reference 6). Since a congiderable
fraction|of-aircraft engine exhaust particles is smaller than 0.1 um in diameter, filter
materials of high sampling efficiency in this size range are required. Common practice is
to use glass fiber, quartz fiber, or Teflon filters for exhaust particle sampling that show a
filtration efficiency of >99% in the relevant size range. Cellulose fiber filters like
Whatman No. 4, used for the current Smoke Number method (Reference 2.1.1), show a
significantly lower filtration efficiency for particles smaller than 0.1 ym in diameter
(Reference 6). To determine particulate matter, the technique used must specify both
temperature and filter face velocity for the sampling system.
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5.1.2 Method: The sampled particulate matter can be analyzed gravimetrically by weighing
the filter before and after loading, which yields the total particle mass. Combustion of
the particle-loaded filter with subsequent detection of the loss in mass or the evolved
CO, is used to measure the total mass of carbonaceous material as shown in Figure 1.
The separation between elemental and organic carbon can be achieved by pre-
treatment of the filter sample before combustion. There is no general agreement on
separation methods. An overview and comparison of applied separation methods is
given in Reference 36. Measuring the modification of the filter optical properties caused
by the deposited particles yields the amount of light-absorbing particulate matter on the
filter and is discussed in 5.2.

Gravim

consurling, expensive, and of limited temporal resolution. Howeverfilter

method
particul
exposu

The SA
measur|
using a
5.2 Optical M
5.2.1 Introdud
techniq
Optical
is a ver

analyze
caused

522
instrum

Filter Transmission:_The aethalometer (Reference 11) is a commonly use

ptric and chemical analyses of the deposited particulate matter-arg

5 show almost no limitations in collecting a minimum deposited ma
hte matter. The amount of deposited material can be cantrolled by
e and the sample flow through the filter.

F ARP1179 Smoke Number measurement is a teflectance methog
bs the deposited material. Others (Reference 14) have adapted th
gravimetric calibration to infer a mass concentration.

ethods Based on Filter Samples:

tion: In contrast to off-line methods like gravimetric, chemical or @
les, the measurement of filter optical properties can be conducted
methods are suitable for the measurement of particles on a filter b
efficient light absorber{ and optical methods are simple. These n
the modification of filter optical properties such as transmittance g
by the deposited particles.

ent, whichmeasures the change in filter transmission caused by th

time
based

ss of

the time of

that
is method

ombustion
continuously.
ecause carbon
nethods

r reflectance

d optical
e deposited

particles. This particle-related attenuation (ATN) of transmitted light is related to the
black carbormass loading of the filter Sgc via the relationship
T
ATN=—100 |nT—:bATNsBC (Eq. 1)

0

where T and T, denote intensities of transmitted light with respect to the particle-loaded
filter and the blank filter. The property b Ay is a proportionality factor that links the
attenuation to the black carbon mass loading, in m? g”'. The factor b o1y depends on the
microphysical and chemical properties of the deposited particles, e.g. on the amount of
organic material. Thus, the aethalometer is not directly applicable to pure carbonaceous
particles like the particulate matter emitted from a gas turbine engine due to these
dependencies on particle properties.
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5.2.3 Filter Reflectance: In a manner similar to the aethalometer, the measurement of the
change in filter reflectance has been shown to be applicable in determining filter mass
loading. The relationship between filter reflectance REF and filter black carbon mass

524

loading,

Sgc can be defined as:

REF:—100|nR5:2bREF Sac

0

(Eq. 2)

In analogy to Equation 1 R and R, denote the reflectance of a particle-loaded and a

clean filter, the coefficient brer is again given as a mass specific cross seq

factor 2
deposit
particle
not stro
measur

appears because in reflectometry the light beam crosses the part
ed on the filter twice before measurement. A study on the dependsg
composition and size (Reference 21) showed that the reflectance
hgly influenced by the light-scattering particle fraction but there is

able dependence.

An exp

deposited particles but reduces cross-sensitivities to-“white” and “gray” lig
particulate matter constituents was evaluated (Reference 30). This methd
radiative transfer methods to include light scattering effects in the analysis

optical

successgful. The data analysis is complexiand cannot be reduced to simp

Multi-angle Absorption Photometer:The multi-angle absorption photomet
particles continuously from the exhaust gas stream on glass fiber filters.

rimental method that analyzes the modifications*of filter optical pr

roperties. Measurements of aircraft-particulate matter emissions

tion. The

cle layer

nce of brer ON
coefficient is
still a

bperties by
ht-scattering
d uses

of the filter
were

e equations.

er samples the

The

requirements for sampling are. similar to the Smoke Number Test (Referemnce 2.1.1).

Samplir
continu
of the p
during t

The mo|

g can be performed_either for a short duration using an undiluted
pusly using diluted exhaust gas. In the latter case, information on
article emissiontat constant operation conditions is obtained. The
ransient operation conditions is also possible at a time resolution >

difications of the filter optical properties are analyzed on-line paral

The ap
knowle

lication of radiative transfer to the analysis of a particle-loaded filt

bxhaust gas or
the variability
measurement
e1 min.

el to sampling.
br requires

geof the radiation fields in the forward and back hemisphere of th

e particle-

loaded-filter. An opfical sensor is used capable of simultaneously measuring both
radiation fields. This sensor has one detector for the measurement of the transmitted
and forward-scattered radiation and two detectors for the measurement of the back-
scattered radiation. Figure 4 summarizes schematically the optical set ups for
attenuation and reflectivity measurements and compares them with the developed multi-
angle absorption photometer (MAAP).
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524

(Contin

Inputs r

transmi
loaded
and the

chematic Set Up for Attenuation and Reflectivity Measurements Cq
Multi-angle Absorption Photometer (MAAP) Set Up (Reference 30

hed):

bquired to determine the radiative transfer arerthe measured ratios
ted through the filter and radiation reflected back from the filter for

mpared to the

of radiation
particle-

and particle-free filter samples. The algorithm outputs are optical thickness 1

single scattering albedo SSA | of the particle-loaded filter, i.e., the

ratio between

light exfinction and light scattering by the-particle-loaded filter. From thes¢ values the

absorbgnce ABS of the particle-loadedfilter can be derived as

ABS = 100 ( 1=8SA ) 7, = bygg Seo- (Eq. 3)
Equation 3 is similar to therelationships given in Equations 1 and 2 but ingludes the
considdration of multiple scattering effects via the parameters 1. and SSA . The black
carbon mass concentration cgc is calculated from Sgc, the respective sample volume V,
and thelfilter spot-aréa A according to Equation 4.

Sgc A
BC — % (Eq- 4)

This method was used to determine the carbon mass concentration in the exhaust of an
aircraft engine combustor. The reference method used during the evaluation
experiments was the combustion analysis of sampled filters to separate the elemental
carbon (EC) and organic carbon (OC) fractions. The separation between elemental and
organic carbon was obtained by oxidizing the organic carbon at temperatures below
600 K and measuring the elemental carbon at temperatures above 600 K (Reference
36).
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524

(Continued):

A correlation analysis of the MAAP optical method and a filter catch based on the smoke
number (SN) combustion method is given in Table 2. The MAAP shows a very strong
correlation with the EC value of the reference filter sample combustion method.
However, the major contribution of uncertainties in the linear regression analysis is
expected from the thermal EC determination rather than the optical method. The
correlation with total carbon (TC) is weak because TC also contains transparent organic
compounds. Respective correlation analysis data for the SN method are added for
comparison. The correlation of the SN method with total carbon and elemental carbon is

nnnnnnnnnnnnnnn nitha racnap caorralation-aof-m. ancla-nhata

~

in both
and EC

TABLE 2 - Co
(MAAP) BC

U HW) MEH
CAST oS VWO ORTT UTdalmT e T opP T ounveoUTrTCTatorT Ut Attt AT ITrToton

rrelation of Smoke Number (SN) method and Multi-angle Absorptig
bap=6.7m2g™" ) vs. TC (combustion method) and EC (multistep

netry with TC

bn Photometry

combustion)

SN vs. MAAP

TC EC TC

VvS.
EC

number of sa

correlation cogfficient r
slope of regression line

39
0.507
0.635 £ 0.042

36
0.608
0.947 £0:057

38
0.384
0.612 + 0.046

ples

37
0.876
).988 + 0.033

Figure

engine combustor exhaust sample. Sampling from diluted exhaust gas is
becausg of the reduced particle mass concentration level. The particle en

properti
as seer
respong
only an
The tim
volume

The ad
techniq
an aircr
the mea

s well to varying particle emission. The present Smoke Number n
average mass concentration value, as indicated by the dashed lin
e resolution of the MAAP is set to one minute; the detection limit a

flow rate of +.m*h '

illustrates the application of the multi-angle absorption photometg

s of the combustor showed’a distinct variation during the measur
in the number concentration of combustion particles, N. The on-l

is <0.1 yg m>.

br to an aircraft
preferable
ission

ement cycle,
ne MAAP
nethod yields
e in Figure 5.
 a standard

anced.multi-angle absorption method appears to be an appropria

It is under consideration to become an optlcal referen

quality monitoring networks.

e filter-pased

he fordhe on-line measurement of primary combustion particles in the exhaust of
pft.engine.

e method for

fons in air
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arbon mass concentration measured with the Multi-Angle Absorpti
d with the Smoke Number method (dashed line) in an aircraft engi

exhaust; the lower full line indicates the number concentration of combustio

(Reference 33)
s5ive Sampling:

tion: Non-intrusive measuremént techniques have the principal a

5.3 Non-intru
5.3.1 Introdud
avoidin

errors incurred in collecting'and transporting combustion particle

sample(lines. Optical techniques‘require knowledge of the refractive inde
properties of the measured particles to calculate particle mass, but often t
quantity can be inferred from the measurement. Optical line-of-sight aver.
techniglies require a well-mixed exhaust (homogeneous measurement vo
the megsurement is traversed and an inversion technique applied to the d
inversign techniquestusually require symmetry assumptions unless distrib

information is known (or measured otherwise) and factored into the inverg

intrusivé metheds require a separate calibration to determine carbon mas

Some

n=intrusive techniques are point measurements. Other non-intrus|

bn Photometer
ne combustor
N particles

vantage of
5 through

K and other
he desired
hging

ume) unless
ata. Simple
ution

ion. Non-

5 loading.

ive-

measurements provide spafially resolved information along a path (Such as a laser
beam) or over a cross-sectional plane. These measurement techniques overcome data
inversion issues but are inferred measurements and can require assumptions about the

particle

refractive index.
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5.3.2 Laser-induced Incandescence (LIl): To overcome the limitations of extractive sampling,
laser-induced incandescence has been developed and demonstrated to measure the
volume fraction of nonvolatile particles in turbine engines (Reference 16). LIl provides
real-time spatial profile measurements of nonvolatile particles in a hot exhaust stream
during engine operation. Important advantages include significant reduction in test
times, the ability to quickly track variations in mass for on-line monitoring during test
programs, and spatial resolution capabilities that reveal variations in black carbon mass
across a plume.

LIl involves heating particles with laser radiation to the vaporization temperature and

measur
The res
particle
elusive
minimiz
popular|
of their
diesel (

In pract
temper
temper
depicte
spectra
of partig
charge-

size. Quantitative mass concentration measurements of hightacc
due to unwanted effects of particle size and shape. Theseterrors
ed with the proper choice of system parameters. LIl methods are
for measuring particle mass distributions in flames (References 3
potential for high spatial resolution. LIl measurements have been
Reference 39) and aircraft engine exhausts (References 1, 35).

ce, a short laser pulse causes particles to_rapidly reach vaporizati
ture, as depicted in Figure 6(a). The resultant incandescence tra

i in Figure 6(b). With judicious selection of camera delay, gate du
detection window, the incandescence intensity gives an accurate

test wette demonstrated (Reference 17).

(a)

(b)

ulting signals are sensitive to the particle volume fraction and, 10 a

ture, and the LIl signal is integrated over the duration of the came

le volume fraction (Reference24). Using a pulsed laser and an in
coupled detector (ICCD) camera, the benefits of LIl applied to an aircraft engine

erence 23).
lesser degree,
iracy can be
can be
becoming

B, 4) because
applied to

bn

tks particle

ra gate, as
ration, and
measurement
tensified

Gamera gate
- Laser pulse
Particle / I .
temperature ncandescence
< / signal
1 \ T

t ‘ ~50 ns ‘

FIGURE 6 - The LII concept involves (a) heating particles via a laser pulse to about 4000 K,
then (b) subsequently detecting the resulting incandescence with a gated camera
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5.3.2

(Continued):

The measured radiation is modeled using Planck’s blackbody formula. For the small
particles observed in turbine engine exhaust, the radiation is directly proportional to the
volume fraction times the length of the measurement volume. The length is fixed by the
field-of-view of the detection optics. Assuming the mass density of the particles is
constant, the measured radiation is directly proportional to the particle mass. The
detection system is calibrated in situ for absolute intensity by passing a known flux of
black carbon particles through the measurement volume. This establishes the detection
system calibration factor that is used to reduce camera data to particle volume fraction,

caoncanteation—fora-aiva anaibhvaftha narticolaota oot

Oor mass

An illus
system
controll
laser be

The beam was safely terminated in an anodized aluminum\beam dump. T
n-induced relative motion between the transmitter and the receiver

vibratio
and im3
turning
entire ¢

feature

was located in a room remote from the test tunnel, and thetentire §
bd remotely using a personal computer. A series of turning mirrors

mirror. The receiver system was oriented at\an oblique angle that
nord of the exhaust plume to be illuminated by the laser beam. Th
investigate spatial nonuniformities in the particle' mass profile of the exhal
hot available to extractive samplinggpoint measurement methods U

0
vuriveoeiliuaatlvlr, TVl d UIV\JII uullouy VT G paruavurate rriattet.

ration of an LIl system on an engine test stand is shown in Figure

am to the LIl transmitter/receiver unit and launched., it ‘across the €
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FIGURE 7 - LIl System Mounted in an Engine Test Cell for
Measuring Particle Mass Concentration in Exhausts
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5.3.2 (Continued):

Data produced by this system consists of consecutive images of the incandescing
particles in the exhaust plume. In all tests, LIl data were recorded at the rate of one
frame per second, where each frame was an accumulation of ten laser shots. Figure 8
shows a sample of LIl data recorded during a 45-minute test. Superimposed on the data
set is the actual throttle history. In all cases, the LIl signal indicated a change in mass
with a change in engine settings. At transitions from low to high power, a characteristic
spike in the mass profiles was observed consistently. This spike in the mass
concentration was observed to faII quickly to a steady state value after transmons The

g asymmetry
that wa$ observed across the exhaust plume with hlgher concentratlons lgcated in an
outer amnulus. Both the temporal and spatial characteristics are shown’in|the multi-
dimensijonal data sets of Figure 9, where distance across the exhaust plue is plotted
on the ¥-axis, mass concentration on the y-axis, and time on the'z-axis.
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FIGURE 9 - Particle Mass Profiles in an Engine Exhaust During a Transition
in Throttle Setting from Idle to Maximum Power
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5.3.3 Transmissometer:

5.3.3.1 Method: A common method for continuous monitoring of particle emissions is the
opacimeter or transmissometer. In this method, a light beam traverses the exhaust
duct and the attenuation of the beam is measured. The initial light intensity is |, final
intensity is | after traversing a path length, and the Beer-Lambert law applies

I =1, exp(—bl) (Eq. 5)

where b is the extinction coefficient and includes contributions from both scattering
and apsorption due to the particles. The value of b is linearly related to jparticle mass
concgntration if

e thp size distribution is fixed, and
o the opacity is less than 0.1, i.e. a transmittance greatef than 0.9 (Reference 40).

The Igtter condition arises because scattering intensity is proportional tg the number of
particles, provided only single scattering occurs. *Fer 0.1 < opacities < (.3, this
relatignship is lost due to double scattering, i.e.‘particles are sufficiently [close together
so that scattered light is re-scattered. The conhection between transmittance and
mass|loading for engine exhaust smoke has been further refined (Reference 8).

1=, exp(<=% 102 (Eq. 6)
Kp

where L is the path lengthtin meters, K is a constant dependent on smoke size
distriqution, p is the density of the particles, and ys is the mass loading in mg/m®.
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5.3.3.2 Application:

In determining the path length of the light beam needed for

measuring the

particles in the plume of a gas turbine, a value of 0.02% opacity for a one meter plume
defines the limit of visibility. Therefore, for modern engines, transmittance values of
0.99 are expected. A single pass through the plume requires measuring the difference
between two large transmittance values, which limits accuracy. Multiple passes
through the plume achieve improved accuracy.

Red light sources are preferred since (1) for a given power input, they give a higher
power output than other wavelengths and (2) low cost silicon photodiode sensitivity
peaks in the red light spectrum. Lasers are a popular source since they avoid

colli

using
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ercome by

S
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S¢
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D
fly

bs have the disadvantage of being diffuse and require focusifiigop

’F

ing of the source or detector and other errors (see’below), a conti
hittance reading is preferable. A carbon mass.Joading calibration
netric sampling in parallel with transmittance-measurements.

Béam steering due to variations of refractive index in the plume. Th

11 mamhich
I.IIIU UNMNLUILO VUL TIAVL doouULuidivu oul\.ﬂ.y MTUVICTTTO VVIIIUII wUdlnT Vo UV

a light emitting diode (LED) array as the light source. However, th
S.

e intensity ratio is measured and calibration consiststof measurin
ittance through clean gas. Because of the possibility of optic deg

rincipal instrument sources of error and their remedies are as follg

ercome by ensuring that the beam diameter is sufficiently large to
y displacement and by using'a detector with a large effective dian
ing a large diameter uncollimated source.

purce instabilities oecur due to variable power supply and due to p
splacement resdlting from vibration. Both effects can be mitigated
mpletely removed. If the source output is continuously monitored
stability caf’be compensated in post processing.

btector instability can also be caused by window fouling or temper3
ctuat|ons Window fouling is best overcome by recessmg and purg

aik

ese light

tics for multiple

g the

radation due

huous 100%

equires

WS:

s can be
counteract
eter or by

hysical
but not

any remaining

ature

jing with clean
0.1% of full

scale per degree centlgrade Use of Peltier-cooled photodlodes can reduce this to
0.0001% per degree.

Nitrogen dioxide in the exhaust absorbs some of the beam. Since extinction
coefficients for mixtures are additive, a knowledge of the NO, concentration allows
this error to be corrected in post processing unless NO, dominates the absorption.
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5.3.3.2 (Continued):

Sample error sources include scintillation due to turbulence-induced inhomogeneities,
density fluctuations, and incomplete mixing. Providing the detector bandwidth is

sufficient, turbulence effects and density fluctuations can be corrected in

post

processing. Only moving the instrumentation can solve incomplete mixing. If the
plume temperature is below the dew point of volatile particle precursors scattering due
to droplets will cause an error. Provided the plume is well mixed and the particle size

distribution is effectively constant, a transmittance measurement provide
measurement of carbon mass loading.

5.3.4 Light S¢attering:

Sa

5.3.4.1 Methgd: In light scattering, a beam of light shone across the engine plume is

scattgred in all directions but preferentially in the forward direction. The

intensity of the

scattgred light is dependent on the viewing angle with respect to the beam (higher
intengities with low angles) and the size distribution of the'particles in the beam. Like

transmittance, for a given size distribution, the intensity of scattered ligh

is

proportional to carbon mass loading (Reference 40).> The method has the advantages
of beipg a direct measurement, not a difference, that requires only one pass through

the plume. There are two principal disadvantages. The signal is weak

nd hidden to

some|extent by the background scintillationjyand it is a point measurement and relies

on the plume being uniformly mixed.

5.3.4.2 Appligation: The weak scattering sighal is enhanced and the backgrourld noise

suppressed by modulating the saurce and synchronously recording and
scattgring signal. A fundamefntal calibration requires the use of mono-d

adding the
spersed

particles and is normally conducted by the instrument manufacturer. For routine

calibrations, a surface that'scatters a known amount of light is placed in
the dgtector span adjusted. Zero readings would be obtained with clear
mass|loading calibration would require parallel gravimetric sampling ang
measjrements.

Instrument/sources of error and their resolution are similar to those for t

the beam and
air. A carbon
scattering

ansmittance

measprements, with the exception of NO,, which does not scatter the beam. The
sampling’errors are similar except that point measurement requires greater sample
homogeneity. Provided the plume is well mixed and the particle size distribution is
effectively constant, a scattering measurement provides a direct value for carbon mass

loading.
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5.4 Microbalance Methods:

5.4.1

542

543

Introduction: Other on-line methods have been used for the determination of total
particulate matter (PM) mass emissions that may have potential application to aircraft
engine testing. These methods are the tapered element oscillating microbalance
(TEOM) and the quartz crystal microbalance (QCM). Each is described briefly below.
Both these methods have been used successfully in similar evaluations of automotive
internal combustion engines, with the TEOM also recently introduced for measurements

in the aerospace industry.

TEOM: Hna-th A - -y ;
filter is installed inside a heated chamber. The change in harmonic oscillz
by a sensitive frequency counter over a prescribed averaging time js‘prop

\ - I o a o - -
V Cl a1 TOTTOVVY viNe g QUTPpPTa Vv Cl

small in-line
tion measured
brtional to the

additiorfal PM mass collected on the filter. The TEOM was originally’designed to monitor

PM ambient air quality but has been adapted for use in automative engine
(Referepces 18, 25, 3). The TEOM mass values must be corfected for pr
across the filter and total sample flow throught the TEOMIn general, the
been shown to correlate reasonably well to the total filter method as deter
extendgd averaging periods, but it has high instrumental noise making sh
measurements problematic.

QCM:
the QCIM. The harmonic oscillator principal@sed in the QCM is similar to t
except that the collected PM is actually deposited on the crystal element i

testing
pssure loss
TEOM has
mined over
prter term

An older instrument, which has been reintroduced to automotive engine testing, is

he TEOM
self using an

electrodtatic precipitator (Reference 3).-"Due to its higher frequency operation, the QCM

exhibits]

carousel are used where the carousel supplies a fresh element w
exceeds a predetermined limit. Agreement between QCM measu

rotating
loading

traditional PM mass metheds was found in recent testing conducted in the

(Referepce 3).

far less instrumental noisechan the TEOM but can overload in a 1
period gf time. To offset this problem, either a diluter or multiple elements

elatively short
mounted in a
hen the
rements and
UK
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6. SIZE AND NUMBER DENSITY METHODS:

6.1

6.2

Introduction:

Physical characterization of particles from gas turbine engine exhaust can be achieved
with the use of commercially available particle size and number density measurement
systems. These instruments are widely accepted by industry, academia, and government
research organizations. They can be operated as laboratory or mobile systems under the
difficult conditions encountered near the exit planes of combustors or turbine engines.
These mstruments prowde real tlme or near real t|me results for size dlstrlbutlon and on-
Ime data

engines g
sample fr|
2400 K).
particles
cm™ to ey

ent of the physical characteristics of combustion-particles from ai
nd research combustors requires that the diagnastic instruments |
pbm a wide range of pressure (1 to 62 atm) and.temperature condit
They must be capable of measuring particle-number densities (PN
per unit volume of exhaust gas) that rangefrom background levels
haust emission levels as high as 1.0x10° cm™ and particle diamet

1d extensive
With this

ampling

orted to the

rcraft turbine
be designed to
ons (220 K to
ID) (number of
as low as 0.5
Brs ranging

from a feyv nanometers (~3 nm) to >10 uym.:Jastrumentation used to measufe these
parametdrs for aircraft engine emissions isdescribed below and in-depth in|Reference 6.
Particle Number Density (PND):

The PND

nuclei colinters (CNC). These‘counters provide real-time particle number d

measure
source.

Ina CNC
(usually b

in turbine engine exhaust is determined by using one or multiple g

nents and a means’of rapidly assessing particle emissions from a

a particle-laden sample is passed through a heated saturator whg
utangl)-evaporates into the sample stream and saturates the flow.

sample p
to gener

hsses through a cooled condenser where the alcohol condenses g

ondensation
ensity
combustion

ere an alcohol
The saturated
n the particles

tector. The

detector counts the particles in either the single-pulse mode for number densities of less
than 10* particles per cm?® or in the photometric mode (light scattering) for particle number
densities of 10* to 10’ particles per cm®. The sample entering the counter is usually
diluted with particle-free air that is added to the sample flow at or within a few centimeters
of the probe tip. This dilution minimizes particle-to-particle interaction (coagulation), and
gas-to-particle conversion (nucleation, condensation) and prevents the saturation of the
PM instrumentation. The CNC data have to be corrected for this dilution to obtain the
actual particle concentration in the exhaust gas. The dilution and sample flows are
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6.2

6.3

(Continue

d):

monitored and controlled with flow controllers. The flow controller-based dilution ratios are
validated by comparing them to dilution ratios determined from the CO, concentration in
the diluted and undiluted sample trains. Leaks in the dilution flow or sample lines or
dilution air escaping through the tip of the probe may contribute to differences between the
flow controllers and CO, methods of determining dilution ratios.

Particle S

A differentiat-mobitity-arnatyze Tecombinationwith—=a {Ecanbe 6
determing particle size distributions in turbine engine exhaust. An exhaust$

passed th
particles.

rod charged to provide a precise negative potential. The particles are sepa

classified
the DMA,
commerc
particle s
distributig

counter (LPC) that uses light scattering techniques.~Using a diffusion batte
particles are removed from the sample before entering the LPC. Most particles

diameter
in turbine

The direct measurement of particle size‘distribution and number density allg
determination of the mean geometric_diameter and the particle distribution v

addition,
computeq
density, W

Recent p
combustg
obtained
data. Th
densities
was obse

zes from 2-1000 nm in diameter using analyzers with different ran

ize Distribution:

./
v,

rough a bipolar ion charger, that imparts a Boltzmann chargédist
The charged and neutral particles enter the DMA, which contains

by size according to their mobility in the electric field. By changing
a size spectrum is acquired. Bipolar charger/DMA/ENC systems
ally available as a Scanning Mobility Particle Sizer' (SMPS) and c4

n for larger diameter particles (>300 nm) is determined with a lasg

engine exhaust are smaller than 300 nm in diameter (Reference 3

ample is
ibution to the
a high voltage

rated or

the voltage in

are

n measure

ges. The size

r particle
y, small

2).

ws the

vidth. In

emission indices with reSpect to particle number, surface area, ang mass can be

. The particle surface area and mass require assumptions of morf
hich may be a soutce of error in mass calculation.

hysicochemical characterization of particles emitted from an aircra
r (ReferenCe-32) show close agreement between the average par
from DMA measurements and those calculated from mass and nu
bse data indicate an average particle density of 1.0 g cm ~. Other
ranging from 0.8 to 1.8 g cm™. The size range of particles also wa
rved that for a typical aircraft engine, combustion particles with dis

hology and

ft engine

icle sizes

Mmber density

studies report
s reported. It
meters <10

nm contributed less than 10% to the total number of particles, and particles with diameters

>300 nm

contributed less than 0.01%.
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PM Measurement System:
The CNC and variations of the DMA systems described above are widely used and
accepted by academia, industry, and government organizations for the characterization of

exhaust particles from diesel and turbine engines. Organizations using these techniques
include:

e University of Missouri-Rolla (UMR)

e University of Minnesota

o Air Fgrce Research Laboratory (AFRL)

¢ NASA Glenn Research Center

e Southwest Research Institute (SwRI)

e United Technologies Research Center (UTRC)
e Germpan Aerospace Center (DLR, Germany)

e Paul $cherrer Institute (PSI, Switzerland)

e Rolls Royce (Derby, UK)

Figure 10 is a schematic of a typical-particle size distribution and number measurement
facility (References 37, 27, 31, 13,2, 7).
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FIGURE 1D - Schematic of a size distribution and number density measuremient facility.
DB=Diffusion Battery, LPC=laser particle counter, BC=Bipolar Charger, FCD=Hilter Capillary
Diluter] CNC=condensation nuclear counter, DMA=differential mobility analyzer,
TEM=transmission electron microscope

6.4 (Continugd):

In this fadility engine‘exhaust products are extracted through a particle probe and
transported to thesinstrumentation by the sampling system (see Section 7). |If the diluted
sample ekceeds’the capacity of the CNC, the dilution flow is increased to further reduce
particle cpneentration. For more detailed size information or to obtain time-pveraged size
distribution in-an unstable source, samples may be collected in tanks for off-line DMA
analysis. The relative humidity in the diluted sample is measured with a hygrometer and
controlled to below 40% to prevent water condensation. Information on particle structure
and morphology is gathered by collecting sample particles on grids in an electrostatic
precipitator for off-line analysis.
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6.5 Typical Particle Size Distribution and Number Density Data:

dN/dlogd, (cm™®)

Examples of data generated by a typical size and number measurement system are
presented in Figures 11 and 12. Figure 11 shows the measured size distribution
(diamonds) and its lognormal curve fit (solid line).

3.0E+07
2.5E+07 4 a
2.0E+07 |H
1.5E+07 |4
1.0E+07 |4
N4
5.0E+06 [
0.0E+00 oo
0J001 0.1 1 10
dp (um)

FIGURE 11 - Size/Distribution Data for Turbine Engine Exhaust
Similarly,|Figure 12 depicts data and curve fits of surface area (diamonds, dolid line) and
mass (trigngles, dotted line). The three data points at the large end of the size
distributigns (780,°980, and 1140 nm) were taken with an LPC. As shown gnd mentioned
previously, theieontribution of the LPC size range (>300 nm) to total particlg number is
negligible.
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