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1.

2.

21

21

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 a

nd 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
environmental and human health issues associated with submicronic PM emissions require
more detailed measurement of the mass, size, and quantity of these particle emissions.
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The distinction between nonvolatile and volatile particle types is a critical task in the
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nt of particles in aircraft engine(exhaust. Appendix A, SAE E-31 Pg
Matter Measurements, provides additional technical bases for the s
easurement methods forwolatile condensed particles in turbine exh
h subsequent report. Observations to date show that volatile particl

LES, DEFINITIONS, NOMENCLATURE:
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ameters less than 10inanometers (<10 nm) but may dominate in particle number
density (PND).

.1 ARP1179 Aircraft Gas Turbine Engine Smoke Measurement Practice
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2.2 Other Applicable References:

2.2.1

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.
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2.3 Definition

AIRCRAJ
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turboproy

CLASSI(
sphere w|

ELEMEN
combusti

EMISSIO

Llated flight altitude conditions, NASA Tech. Memo., TM-1998-2083
s:

ver generation on an aircraft, including those commanly called turbg
, or turboshaft type engines.

AL AERODYNAMIC DIAMETER: The diarmeter of an equivalent ur
ith the same settling velocity in still air as.the particle in question.

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

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

mass units of fuel burned (e.g., g/kgfuel).

ENGINE
distance
edge of t

NONVOL
pressure

EXIT PLANE: Any<point within the area of the engine exhaust nozz
within 0.5 diameters (or equivalent, if not circular) downstream from
ne nozzle.

ATILE PARTICLES: Particles that exist at engine exit plane tempe
conditions.

itulate at

09, pp. 176.

-T GAS TURBINE ENGINE: Any gas turbine engine used for aircrafft propulsion

jet, turbofan,

it density

pund in

er thousand

le at an axial
the outer

rature and

ORGANI

C-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 refer

red to as ppmm).
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2.3

24

241

(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
been cooled to below engine exit conditions (e.g., sulfuric acid particles).

Nommerjclature and Abbreviations:

Nomerclature (all units are SI):

g grams

mg = milligrams

ug = micrograms

m meters

cm = ¢entimeters

Mm = micrometers

nm = manometers

P = pressure, hPa
V  =yolume
T ={emperature, degrees Kelvin

t = 1ime, seconds, hours
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2.4.2 Abbreviations:
CO, = carbon dioxide
EC = elemental carbon
N = number of particles
OC = organic carbon

PM = particulate material

PND = Particte number density
TC 4Htotal carbon
SN 3 smoke number per ARP1179

Other gymboils are defined in the text as applicable to the-miathematical expression at
hand.

3. INTRODUCTION:
3.1 Background:

As scientific understanding of the effects of\ssmall microscopic-sized particleq on
environment and human health (Referenee 26) has increased, regulatory agencies have
become more concerned about the production, emission, and dispersion of quch particles.
As a resUlt, more restrictive regulations have been implemented, a notable example being
the United States Environmental Protection Agency’s (USEPA) consideration of PM-2.5
(particulgte matter less thanserequal to 2.5 micrometers in diameter) as a rtla_[inement of
the PM-10 (10 micrometers.in diameter) standard (Reference 26). The potential impact of
aviation ¢missions on the-global atmosphere has been assessed recently by|an
Intergovernment Panelon Climate Change (IPCC) (Reference 15). Aviation|particle
emissions were identified as a potentially strong contributor to changes in clgud formation
and in rafliativesforcing of the atmosphere and, consequently, to global climate change,
although|large‘uncertainties are associated with these estimated impacts. The IPCC
assessmenbwas 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 assistance in developing appropriate particulate characterization techniques for
routine certification of aircraft turbine engines. The SAE E-31 committee has specified

measure
existing r
small par|
Informati

Particulae Emissions:

Aircraft g
of hydrog
nonvolati
combusti
AIR. In g
formed a
particles

The nonv
combusti
nonvolati
and the G
concentrs
particles.

Modern t
the ambig
emission

bgulations. The committee has accepted these requests for the spg
licle emissions measurement and is responding by the writing, ef thi
bn Report, AIR5892.

As turbine engines emit small particles (<<10 ym)'as a result of the
arbon fuels. These are classified into two groups, nonvolatile and v

bn), particles ingested in the engine inlet, @nd metals and are addre
ddition, volatile particles composed of sulfur compounds and organ
5 the engine exhaust cools in the ambient air. The measurement of
ill be addressed in a subsequent\AlIR.

bn in an engine. These products consist of pure (optically black) ca
e (gray) organic compounds, and metal particles resulting from eng
ombustion of fuels cantaining trace metal impurities. Metal particle
tions are severallorders of magnitude smaller than those of carbon

Irbo-fan gngines ingest large quantities of air. Particulate material (
bnt air that enters the engine should not be considered as part of the
5. Careful analysis and identification of PM in the ambient air enteri

e particles are comprised mostly of carbonaceous particles (from fuel

olatile emissions include caryen-based particle products from incoanIete

for many
cification of
5 Aerospace

combustion
olatile. The

ssed in this
cs are
volatile

bon,
ne erosion

hceous
tontained in

b engine
g the engine

iS @ mand

atory 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.
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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.

Current regulatory interest in stationary source particle emissions is directed toward total
mass measurements and the total mass measurement techniques are discussed in the

context
3.3.2 Particle
distingu
number|
have bs
measur
sample
value of
mass of
emitted
measur
discuss

3.4 Sampling

The samy
measurer
particle si
transport
tailored tq
densities

Except fo
require e

£ Ll ot ot s
Ul U TTYUIAlUTy TTTITTT oL,

ishes the size and number of individual particles. The technigues fo
and size distribution have been used extensively in atmogpheric re
en refined for use in measuring aircraft engine exhaust,. This type g

I exhaust stream. The measurement of these parameters can be u
particle density and information on the particle morphology, to estin
the particles. This approach offers considerably more information
particles, but it comes at the expense of aZzmore complex and costly
bment system. The number density and size distribution measurem
bd in Section 6.

ling of a particle-laden stréam and transportation of the sample to g
hent instrument must be~done carefully to minimize loss of particles
ze and composition before measurement. Sampling probe design 4
are important for most of the techniques discussed in this report an
the specific requirements of temperature, velocity, and particle nun
associated, with aircraft engine exhaust.

I optical-non-intrusive techniques, all measurements discussed in th

Size and Number Density Measurement: The second general-approach

I measuring
search and

=h

ement provides a number density and a particle siz& distribution defived from a

sed, with a
nate the total
hbout the

ents are

or change in
nd sample

I must be
nber

is AIR

tractive sampling from engine exhaust and transportation through s

to measu

ampling lines

rement instruments. Section 7 discusses the requirements for optinpal operation

of sampli

g probes andtransfer fines:.
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4. DESCRIPTION OF EMITTED PARTICLES:

41

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 ug 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 s|ze-related standards of particle mass measurements refer to particl
aerodynamic equivalent diameters less than 10 ym (US EPA PM-10) orwith
equivalent diameters less than 2.5 ym (US EPA PM-2.5) (Reference'6).” Particles emitted
from combustion sources such as aircraft engines are usually significantly s

1umind

ameter. Size distributions reported from aircraft engine test rig expe

es with
perodynamic

aller than
riments and

in-flight sjudies show a modal diameter of 0.03 to .06 um withvan average loghormal

geometrig
mode wa

standard deviation of 1.6 (References 9, 10, 28,29, 43). A second
5 found at a modal diameter of 0.15 to 0.2 um;

Composition:

The parti¢ulate matter emitted from aircraft engines is composed primarily of
particles that form inside the engine combustor and secondarily of the volatile
that nucldate in the cooling exhaust gas.from gaseous precursors. The emis

primary p

articles (treated in this repoft)-is related to the design and operating

but weaker

nonvolatile
particles

sion of
conditions of

the investigated engine and to fuel'properties. The formation of secondary p3articles (to be

treated in
the samp

Similar to|

a subsequent report) depends on the time-temperature history of th
ing conditions, and.the fuel properties.

particles emitted-from diesel engines (Reference 19), nonvolatile p

emitted from aircraft,€ngines can continue to grow by adsorption and conden

organic a
are reacti
as 400 K|

hd waterssoluble inorganic (e.g. sulfates) compounds. The organic ¢
Ve and<may be volatile or semi-volatile; i.e., they oxidize at tempera
As.shown in Figure 1, elemental carbon (EC) is chemically almost

eir formation,

articles
sation of
ompounds
ures as low
inert at low
700 K. The

and moderate temperatures and thermally stable up to temperatures of abou

elementa

carbon fraction IS the most stable Traction or combpustion particuiat

terms of particle aging and temperature change during sampling.

matter in
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4.3

(Continue

The distripution between organic carbon (O€)and EC depends on the opera
5 of the engine. The fractions may vary from 10% EC and 90% OC
5 to = 100% EC at take-off thrust conditions (Reference 28). An ex3
2. At common cruise conditions in modern engines, 60 to 80% of the emitted

e matter is elemental carbon. Usually, the light absorbing material, fermed black

condition
condition
in Figure
particulat
carbon, is

significanit feature of the black carbon fraction is its graphite-like structure. T

can abso

Temperature , K

elemental carbon above 700 K (Refefence 34)

d):

strongly correlated_toe the elemental carbon fraction of the aerosol.

b light in the whole visible spectral region very efficiently and appea

Evolving CO; as a function of the sample heating.temperature for ajcombustor
atter sample; semi-volatile OC oxidizes at 450 K, nonvolatile OC at|600 K, and

ling
at idle
mple is given

The most

hese particles

r as black.

Figure 3 illustrates this:-strong relationship between aerosol light absorption and EC mass

concentra

tion.
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FIGURE 2 - Elemental carbon (EC) fraction of total carbon (TC) for an aircraft engine combustor
particulate matter sample as a function of the engine thrust level (Referenge 28)

0.025 —— . ;
[ n=37
[ r=0.876 ]
0.020F b_=67(0.22) m’g” A
‘e 0015} - -
o 0.010} y + .
0.005 | . * .
O
00008 — o v
0 1 2 3

EC ( multistep combustion) , mg m™> STP

FIGURE 3 - Ratticle-related absorption coefficient 64, at a wavelength of 550 nm|in an aircraft
engine combustorextraustgas as a functiom of the etementatcarbom 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

Measurement Method Measurement Analysis
Gravimdtric analysis [otal particulaie matter, fofal mass __ off line, filler samples
Combustion|of filter samples Total carbonaceous mass, TC off line, filler samples
and CQ, detection
Combustion analysis Organic carbon (OC),elemental off line, filler samples
including OC/EC separation carbon (EC), OC+ EC=TC
Opticallabsorption Black carbon (BC), BC = EC on-line, filfer samples
phatometry time resolytion > 1 min
Lasef induced Black carbon (BG) on-ling, in situ
incandescence
Transmissometry Opacity on-ling, in situ
Light pcattering Forward scattering on-ling, in situ
Micrpbalance Total particulate mass on-line, extractive

5.1 Gravimetric and Chemical Fijter Methods:

5.1.1 Introdugtion: Time-=averaging methods are used to sample the emitted pariicles on
appropfiate fibrous.filters or membrane filters (Reference 6). Since a considerable
fraction| of aireraft'engine exhaust particles is smaller than 0.1 ym in diamefer, filter
materigls of High sampling efficiency in this size range are required. Comnjon practice is
to use glass fiber, quartz fiber, or Teflon filters for exhaust particle sampling that show a

filtratio Q 5 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 um 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.

Grawmetrlc and Chemlcal analyses of the deposﬁed partlculate matter are tlme
consunmne = =hased
methods show almost no limitations in collecting a minimum dep03|ted mass of
particulate matter. The amount of deposited material can be controlled’by the time of
exposure and the sample flow through the filter.

The SAE ARP1179 Smoke Number measurement is a reflectance method fthat
measures the deposited material. Others (Reference 14) have adapted this method
using al gravimetric calibration to infer a mass concentration.

5.2 Optical Methods Based on Filter Samples:

5.2.1 Introdugtion: In contrast to off-line methods like:gravimetric, chemical or cambustion
techniques, the measurement of filter opticaliproperties can be conducted ¢ontinuously.
Optical|methods are suitable for the measurement of particles on a filter because carbon
is a very efficient light absorber, and optical methods are simple. These mgthods
analyze¢ the modification of filter optical properties such as transmittance ol reflectance
caused by the deposited particles;

5.2.2 Filter Transmission: The aethalometer (Reference 11) is a commonly used optical
instrument, which measures the change in filter transmission caused by the deposited
particles. This particle~related attenuation (ATN) of transmitted light is relajed to the
black carbon mass.feading of the filter Sgc via the relationship

ATN=—100 InTl: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 Aty is a proportionality factor that links the
attenuation to the black carbon mass loading, in m? g™'. The factor b oty 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:

524

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

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 section. The

factor

appears because in reflectometry the light beam crosses the partic

e layer

deposited on the filter twice before measurement. A study on the depender

particle
not stro|
measur

An exp{
deposit
particul
radiativ
optical
succes;

Multi-an
particle
require
Sampli
continu

composition and size (Reference 21) showed that the reflectance ¢
able dependence.

erimental method that analyzes the modifications of filter optical pro
ed particles but reduces cross-sensitivities to “white™and “gray” ligh
hte matter constituents was evaluated (Reference 30). This method
b transfer methods to include light scattering effects in the analysis
broperties. Measurements of aircraft particulate matter emissions W
sful. The data analysis is complex and.cannot be reduced to simple

gle Absorption Photometer: The miulti-angle absorption photomete
ents for sampling are similar to'the Smoke Number Test (Refereng

g can be performed either.for a short duration using an undiluted e
busly using diluted exhaust gas. In the latter case, information on th

of the p

scattered radlatlon Figure 4 summarizes schematlcally the optlcal set ups for

5 continuously from the exhaust-gas stream on glass fiber filters. The

ce of brer ON
pefficient is

ngly influenced by the light-scattering particle fraction but there‘is sfill a

perties by
-scattering
uses

pf the filter
ere
equations.

r samples the
e2.1.1).

xhaust gas or
e variability

article emission at censtant operation conditions is obtained. The npeasurement
ansient operation-conditions is also possible at a time resolution >1

min.

| to sampling.
requires
particle-

ing both

ransmitted
he back-

attenuation and reflectivity measurements and compares them with the developed multi-
angle absorption photometer (MAAP).
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pared to the

Filter ;7 i ]
sample
Attenuation Reflectance Multi-angle
set up set up Photometer
FIGURE 4 - Schematic Set/| Ip for Attenuation-and anlnnﬁ\/ify Measurements Co
Multi-angle Absorption Photometer (MAAP) Set Up (Reference 30Q)
5.2.4 (Continped):

Inputs required to determine the radiative transfer are the measured ratios

bf radiation

transmitted through the filter and radiation reflected back from-the filter for particle-

loaded

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

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

light ex

absorbance ABS of the particle-loaded-filter can be derived as

Equatign 3 is similar to the relationships given in Equations 1 and 2 but inc
considgration of multiple scattering.effects via the parameters t_ and SSA |

carbon

and th¢| filter spot area A aceording to Equation 4.

This method was used to determine the carbon mass concentration in the 4

aircraft

experiments was the combustion analysis of sampled filters to separate the

inction and light scattering by the particle-loaded filter. From these

ABS = 100 (1-SSA ). 7;'= Dgs Sec-

mass concentration cgc'is’/calculated from Sgc, the respective samp

S A
Cgc = B\C/

engine‘combustor. The reference method used during the evaluatig

values the

(Eq. 3)

udes the
. The black
e volume V,

(Ea. 4)

bxhaust of an
DN
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
in both cases weaker than the respective correlation of multi-angle photometry with TC

and EC.
TABLE 2 - Cdrrelation of Smoke Number (SN) method and Multi-angle Absorption Photometry
(MAAP) BC b4, =6.7m?g™") vs. TC (combustion method) and EC (multistep ¢ombustion)
SN vs. MAAP vs.

TC EC TC EC
number of samples 38 36 39 37
correlation cogfficient r 0.384 0.608 0.507 0.876
slope of regregsion line 0.612+0.046  0.947 £ 0.057._"0.635+0.042 0J988 £ 0.033

Figure

engine
becaus|
propert
as seef
respon
only an
The tim
volume

The ad
techniq
an airci
the mef
quality

b illustrates the application of the multi-angle absorption photometer
combustor exhaust sample. Sampling.from diluted exhaust gas is p
e of the reduced particle mass congentration level. The particle emi
es of the combustor showed a distinct variation during the measure
in the number concentration ef-combustion particles, N. The on-lif
Is well to varying particle emjssion. The present Smoke Number m
average mass concentration value, as indicated by the dashed line
e resolution of the MAAP is set to one minute; the detection limit at
flow rate of 1 m® h<lis < 0.1 pg m™.

/anced multi-angle absorption method appears to be an appropriateg
ue for the on-=line measurement of primary combustion particles in tf
aft engine. 1t is under consideration to become an optical reference
hsurement of carbon for anthropogenic combustion particle emissio
monitoring networks.

to an aircraft
referable
Esion

ment cycle,

e MAAP
bthod yields
in Figure 5.
a standard

filter-based
ne exhaust of
method for
NS in air
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5.3 Non-intrus
5.3.1 Introdud
avoiding
sample
propertig
quantity
techniqd
the med
inversio

informatjon is known (or-measured otherwise) and factored into the inversio

intrusivdg

Some n

measuremenistprovide spatially resolved information along a path (such as

beam)

Time, s of day

rbon mass concentration measured with the Multi-AngleAbsorption
I with the Smoke Number method (dashed line) in an aircraft enging
ne lower full line indicates the number concentration/of combustion
(Reference 33)

bive Sampling:

tion: Non-intrusive measurement techniques have the principal adv
ines. Optical techniques require-knowledge of the refractive index
ps of the measured particles to.calculate particle mass, but often the
can be inferred from the megasurement. Optical line-of-sight averag
es require a well-mixedexhaust (homogeneous measurement volu
n techniques usually-yequire symmetry assumptions unless distribut
methods require’a separate calibration to determine carbon mass |

bn-intrusivetechniques are point measurements. Other non-intrusiv

Photometer
2 combustor
barticles

antage of

errors incurred in collecting and transporting combustion particles through

hnd other
desired
ing

me) unless

surement is traversed and an inversion technique applied to the data. Simple

on
n. Non-
oading.

ayn
-

a laser
brcome data

r overa cross-sectional plane. These measurement techniques ovs

inversio
particle

nissues but are inferred measurements and can require assumptions about the

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
measuring the resulting incandescence with a light-sensitive detector (Reference 23).
The resultlng S|gnals are sensitive to the partlcle volume fraction and, to a lesser degree,

particle
elusive
minimiz|
popular|
of their
diesel (

In pract
temperd
temperd
depicte
spectra
of partig
charge-

test were demonstrated (Reference 17).

(@)

DILU uual ||.||.a|.|vc niadso UUITITUCI ILIdI.IUI FrcasuilcITICTI ILD UI I IIHI I aClul
due to unwanted effects of particle size and shape. These errorsica
ed with the proper choice of system parameters. LIl methods,are’b
for measuring particle mass distributions in flames (Referefces 38,
potential for high spatial resolution. LIl measurements hayve been a
Reference 39) and aircraft engine exhausts (References. 1, 35).

ce, a short laser pulse causes particles to rapidly\reach vaporizatio
iture, as depicted in Figure 6(a). The resultant incandescence track
iture, and the LIl signal is integrated over the. duration of the camera
i in Figure 6(b). With judicious selection of,camera delay, gate durg

le volume fraction (Reference 24). UUsing a pulsed laser and an inte
coupled detector (ICCD) camera, the benefits of LIl applied to an ai

(b)

Laser pulse

Particle
temperature .
sig

L

acy can be
N be
bcoming

4) because
pplied to

S
s particle
1 gate, as
tion, and

detection window, the incandescence ‘intensity gives an accurate measurement

ensified
rcraft engine

Camera gate

IncIndescence

al

t | ~50ns |

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,
or mass concentration, for a given density of the particulate matter.

An illust
system
controlled remotely using a personal computer. A series of turning mifrors girected the
laser bgam to the LIl transmitter/receiver unit and launched it across-the exhaust plume.
The beam was safely terminated in an anodized aluminum beam-,dump. Tg@ minimize
vibration-induced relative motion between the transmitter and the receiver, the camera
and im3ging optics were mounted on the same rigid platform as the final lager beam
turning mirror. The receiver system was oriented at an oblique angle that allowed the
entire chord of the exhaust plume to be illuminated by.the laser beam. The|capability to
investigate spatial nonuniformities in the particle mass profile of the exhaust plume is a
feature pot available to extractive sampling point measurement methods urjless multiple

Beam dump
Translation Stage /

_______

Exhaust plume

Detection unit
Laser room

Beam-directing optics X &
A ((}6’ Pass-through

L

1064-nm pulsed laser

points are sampled.

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 fall quickly to a steady state value after transitions. The
system’s spatial resolving capability was demonstrated by a characteristic asymmetry
that was observed across the exhaust plume with hlgher concentratlons Iocated in an
outer ay e multi-
dimens|onal data sets of Figure 9 where distance across the exhaust pIume is plotted
on the x-axis, mass concentration on the y-axis, and time on the z-axis!

(6]

IS
.

N ) Max
Power setting Idle Hi-cruise  Lo-cruise ! Power

/ / T / ;;_: setting

w

Soot concentration

1 Soot mass

Average soot concentration (mg/m3)

o

1500 1600 1700 1800 1900 2000
Time (seconds)

FIGURE 8 - Particle Mass Concentration Averaged Across
the-Plume During an Engine Test Mission

)
T

Cnass (MGM3)

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 lo, final
intensity is | after traversing a path length, and the Beer-Lambert law applies

I =1, exp(—bl)

(Ea. 5)

where b is the extinction coefficient and includes contributions from both scattering
and absorption due to the particles. The value of b is linearly related to particle mass

conc

ntration if

e th

e th

e size distribution is fixed, and

e opacity is less than 0.1, i.e. a transmittance greater than 0.9 (Ref¢

rence 40).

The latter condition arises because scattering intensity is‘proportional to the number of

partic|
relatid
so thd
mass

wheré
distril

es, provided only single scattering occurs. For 031)< opacities < 0.1
nship is lost due to double scattering, i.e. particles are sufficiently ¢
it scattered light is re-scattered. The connegtion between transmittd
loading for engine exhaust smoke has been further refined (Refere

|1, exp(— = x40°2)
Kp

ution, p is the density of the particles, and vys is the mass loading in

8, this

ose together
ance and

nce 8).

(Eq. 6)

L is the path length in meters, K is a constant dependent on smokg size

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
collimating optics but have associated safety problems which can be overcome by
using a light emitting diode (LED) array as the light source. However, these light

sourc
passe

Only the intensity ratio is measured and calibration consists of mgasuring
transmittance through clean gas. Because of the possibility of optic degradation due
to fou
transr

gravin

The p

Be
oM
an

Sq
di
cg
ing

D¢
flu
ai
sg

g

S.

ing of the source or detector and other errors (see belew), a continy
hittance reading is preferable. A carbon mass loading calibration re
netric sampling in parallel with transmittance measurements.

rincipal instrument sources of error and theirremedies are as follow

bam steering due to variations of refractive index in the plume. This
ercome by ensuring that the beam diameter is sufficiently large to ¢

urce instabilities occur due to variable power supply and due to phy
splacement resulting from vibration. Both effects can be mitigated b
mpletely removed. «lf'the source output is continuously monitored, 3
Stability can be compensated in post processing.

btector instability can also be caused by window fouling or temperat
ctuations. Window fouling is best overcome by recessing and purgi
. Phetodiode response temperature dependence is approximately
aletper degree centigrade. Use of Peltier-cooled photodiodes can n

i¢s for multiple

the

ous 100%
quires

S:

can be
punteract

y displacement and by using a detector with a large effective diameter or by
uging a large diameter uncollimated source.

sical
it not
Ny remaining

ire
ng with clean
D.1% of full

educe this to

0.

D001 % 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 provides a
measurement of carbon mass loading.

5.3.4 Light Scattering:

5.3.4.1

5.34.2

Method: In light scattering, a beam of light shone across the engine plum
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me. There are two principal disadvantages. .The signal is weak an
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jeneitys Provided the plume is well mixed and the particle size distr
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5.4 Microbalance Methods:

5.41

542

54.3

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: In the TEOM instrument, a hollow vibrating tube equipped with a small in-line
filter is installed inside a heated chamber. The change in harmonic oscillation measured

by a se
addition
PM ami
(Refere
across {
been sH
extendsd
measur

QCM: |
the QCI
except
electrog
exhibits
period ¢
rotating
loading
tradition
(Refere

Sitive frequency Counter over a prescrived averaging time 1S propo
al PM mass collected on the filter. The TEOM was originally desigh

hces 18, 25, 3). The TEOM mass values must be correctedfor preg
he filter and total sample flow throught the TEOM. In general, the T
own to correlate reasonably well to the total filter method as determ
d averaging periods, but it has high instrumental néise making shor
ements problematic.

A\n older instrument, which has been reintroduced to automotive eng
M. The harmonic oscillator principal used.ih the QCM is similar to th
hat the collected PM is actually deposited on the crystal element its
tatic precipitator (Reference 3). Due0 its higher frequency operati
far less instrumental noise than the TEOM but can overload in a re

carousel are used where the-carousel supplies a fresh element whg
exceeds a predetermined\limit. Agreement between QCM measureg
al PM mass methods was found in recent testing conducted in the
nce 3).

tional to the
ed to monitor

pient air quality but has been adapted for use in automotive engine festing

bsure loss
EOM has
ined over
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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 instruments provide real-time or near real-time results for size distribution and on-
line data to assess particle loading. The concerns of sample mishandling and extensive
time delays associated with off-line, post-test analysis have been eliminated. With this

extractiv
systems
diagnosti

Measurement of the physical characteristics of combustion particles from airg

engines g
sample fr|
2400 K).

particles

cm™ to ey
from a fe
paramete

Particle N

The PND
nuclei co

measurements and a means of rapidly assessing particle emissions from a c

source.

Ina CNC
(usually 4
sample p

o minimize modification of the exhaust particles as they are transpo
C instrumentation.

nd research combustors requires that the diagnostic instruments bg
bm a wide range of pressure (1 to 62 atm) and temperature conditig
They must be capable of measuring particle number densities (PNI]
ber unit volume of exhaust gas) that range from background levels 4§
haust emission levels as high as 1.0x10° cm®and particle diamete
v nanometers (~3 nm) to >10 uym. Instrumentation used to measurg
rs for aircraft engine emissions is described below and in-depth in R

umber Density (PND):

in turbine engine exhaust is\determined by using one or multiple co
inters (CNC). These counters provide real-time particle number de

pling
rted to the

raft turbine

b designed to
ns (220 K to
D) (number of
s low as 0.5
S ranging
 these
Reference 6.

ndensation
nsity
bmbustion

a particle-laden-sample is passed through a heated saturator whe
utanol) evaparates into the sample stream and saturates the flow.

e an alcohol
he saturated

asses through a cooled condenser where the alcohol condenses on| the particles

to genergte largerparticles (droplets) that can be counted with an optical det¢ctor. The

detector (
than 10*

tounts.the particles in either the single-pulse mode for number densjties of less
particles per cm® or in the photometric mode (light scattering) for patticle number

densities of T0*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

(Continued):

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

ize Distribution:

A differential mobility analyzer (DMA) in combination with a CNC can be used to
determine particle size distributions in turbine engine exhaust. An exhaust sample is

passed t
particles.
rod charg
classified
the DMA,
commerc
particle si
distributio
counter (|
diameter
in turbine

The direc
determina
addition,

computeq
density, W

Recent pl
combustg
obtained

data. The
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was obse
nm contri
>300 nm

rough a bipotar fon charger, that imparts a Boltzmann charge distr
The charged and neutral particles enter the DMA, which contains-g
ed to provide a precise negative potential. The particles are separ

by size according to their mobility in the electric field. By changing

a size spectrum is acquired. Bipolar charger/DMA/CNCrsystems a
ally available as a Scanning Mobility Particle Sizer (SMPS) and can
zes from 2-1000 nm in diameter using analyzers with different rangs
n for larger diameter particles (>300 nm) is determined with a laser
LPC) that uses light scattering techniques. Using a diffusion battery|
particles are removed from the sample before’entering the LPC. Mq
engine exhaust are smaller than 300 nm.in diameter (Reference 32

I measurement of particle size distribution and number density allow
tion of the mean geometric diameter and the particle distribution wi
bmission indices with respect to_particle number, surface area, and

. The particle surface area and mass require assumptions of morph
hich may be a source of-error in mass calculation.

nysicochemical characterization of particles emitted from an aircraft
r (Reference 32) 'show close agreement between the average partiq
from DMA measurements and those calculated from mass and num

ranging from 0.8 to 1.8 g cm™. The size range of particles also was

puteddess than 10% to the total number of particles, and particles W
contributed less than 0.01%.
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bse data indicate an average particle density of 1.0 g cm . Other studies report
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6.4 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

e Air Force Research Laboratory (AFRL)

¢ NASA Glenn Research Center

e Southwest Research Institute (SwRI)

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

e Paul Bcherrer Institute (PSI, Switzerland)

¢ Rolls|Royce (Derby, UK)

Figure 1Q is a schematic of a typical particle size distribution and number mepsurement
facility (References 37, 27, 31, 13, 2\0).
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FIGURE 10 - Schematic of a size distribution and number density measuremgnt facility.
DB=Diffusion Battery, LPC=laser particle counter, BC=Bipolar Charger, FCD=Filter Capillary
Dilute, CNC=condensation nuclear counter,,DMA=differential mobility analyzer,
TEM=transmission electron microscope

6.4 (Continued):

In this fagility engine exhaust products are extracted through a particle probg and
transported to the instrumentation by the sampling system (see Section 7). If the diluted
sample gxceeds the capacity.of the CNC, the dilution flow is increased to further reduce
particle doncentration. For-more detailed size information or to obtain time-averaged 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 hygfometer 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 ele¢trostatic
precipita]or for-off-line analysis.
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6.5 Typical Particle Size Distribution and Number Density Data:

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 -

*
*
*
*

2.0E+07|

1.5E+07| -

dN/dlogd,, (cm™®)

1.0E+07| -

5.0E+06] -

*
*
K]
*

0.0E+00 e ‘ g
0.001 0.01 0.1

dp (Um)

10

—

FIGURE 11 - Size Distribution Data for Turbine Engine Exhaust

Similarly| Figure 12 depicts data and curve fits of surface area (diamonds, s¢lid line) and
mass (trigngles, dotted line). The three data points at the large end of the sige
distributipns (780, 980,;and 1140 nm) were taken with an LPC. As shown apd mentioned
previously, the contribution of the LPC size range (>300 nm) to total particle jnumber is

negligible.
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FIGURE 12 - Computed Surface Area and Mas\gfsbr Turbine Engine Particle Bmissions
¥

FIGURE 13 - TEM Micrograph of Particles from Turbine Engine Exhaust
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6.5 (Continued):

Figure 13 is a Transmission Electron Microscopy (TEM) micrograph depicting particles
collected from aircraft engine exhaust. Since the particles were extracted close to the
engine exit, the mostly spherical geometry is attributed to the absence of coagulation.

6.6 Electrical Low Pressure Impactor (ELPI):

6.6.1

6.6.2

Introduction: The electrical low pressure impactor manufactured in Finland is a
continuous instrument for the determination of particle size distribution with potential
application to aircraft engines. Although it has been used successfully in similar studies
of automotive diesel engines (Reference 20), it has yet to be demonstrated in the

aerosp4

Method
low-pre
unipola
passing
pressur
aerodyr

grounded through a sensitive electrometer. The amount of current measur.

electrorf

where N
particle
particle
rate (Rq

The EL
or with
particle

For mej
to that ¢
charger

ce Inaustry.

The ELPI consists of three main components: a diode typeccorong
5sure cascade impactor, and a multi-channel electrometer..During

" electrostatic charge is first applied to the incoming patrticle-laden fl
it through a corona discharge. The flow then passesthrough a mu
e impactor to size-classify particles from ~10 umA-f@ 30 nmA (class|

heter is related to particle number concentration by the relationship:
N = l/(Pnel)

| is the number concentration, | is-the measured current, P is the fra
5 penetrating the charger, n is'the average number of elementary ch
e is elementary charge (1.6:x 10™"° Coulombs), and U is the volume
ference 42).

Pl can be operatedeither with an electrostatic trap to capture partic
h back-up filter stage and electrometer to measure the concentratio

S

D.

hsuring diesel emissions, the ELPI has been shown to provide data
btained by the Scanning Mobilitiy Particle Sizer (SMPS), a commer
DMAJ/CNC system (Reference 22). It produces the same sampling

 charger, a
bperation, a
bW by
ti-stage, low-
cal

amic diameter). In each stage, the material is deposited on a meta| plate

bd by each

(Eq. 7)

ction of
arges per
ptric air flow

es <~30 nmA
n of these

comparable
cial bipolar
artifacts due

to inter

tage losses and particle bounce as are found with all cascade imp3g

ctors

(References 42, 41). On the positive side, the ELPI offers fast response time (1 sec),
provides data electronically in terms of either particle number or particle mass, and
allows samples to be obtained from each stage for gravimetric or chemical analysis.
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7. SAMPLING SYSTEM DESIGN:

7.1

7.2

Introduction:

The measurement techniques most often used for quantification of chemical and

particulate constituents require gaseous sample extraction from the flow field

. Generally,

this is a real-time process with a sample transfer system connected directly to analysis
instrumentation. The probe portion of the extractive sampling system is the hardware that
is inserted to collect the flow-stream sample. The probe must interface directly with the
transfer or sampling line. This section discusses sampling considerations for preservation
of the sample integrity while maintaining probe survivability in the harsh exhaust

environments of turbine engines and combustors.

Probes designed for particle sampling in aircraft engine exhaust streams muit survive a

severe thermal environment while providing a valid sample of particle-taden
analyzerg. Exhaust conditions (total temperature and pressure, static:tempe
pressure, velocity, Mach number, and particle loading) can vary widely from ¢
engine, and with throttle position, flight condition, and probe position (i.e. axiz
distance from engine exit plane).

Development History:

Turbine gngine exhaust characterization studies wére conducted at simulate
conditiong in the period 1995-98 in test facilities at the Arnold Engineering D¢
Center (AEDC) and NASA Glenn Research Genter (GRC). A multi-probe cru
was designed and fabricated for extractive-gas sampling from individual and
radial spatial locations across a turbineséngine exit plane by AEDC (Referenc
rake and |probes withstood nozzle exhaust total temperature conditions witho
cooling. The gas sample delivery ines were heated to prevent water vapor c
during trgnsport to the diagnostic instrumentation. The probes and sample li
primarily for measurements ef\eriteria pollutants, were also used to deliver ex
samples to particle characterization instrumentation. A dilution gas was intro
sample flow downstream- of a valve-distribution box but not within the rake st
would be|desired.

Followind testing;~an improved water-cooled probe-rake system was develop
in extreme high temperature environments, such as augmentor an

xhaust to the
rature and
engine to

| and radial

] altitude
bvelopment
ciform rake
combined

te 12). The
ut water-
bndensation
nes, designed
haust flow
duced to the
ructure, as

ed for
1 combustor

flow conditiens. The rake assembly consisted of four rake arms each having

12 probe

ports equally spaced at 1.25-Inch intervals. Probe designs were developed for specific

measurement requirements, including gas sampling, particle sampling, Mach

flow

angularity and total temperature probes. Each probe type was interchangeable at any

probe location port on the rake assembly.
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7.2

(Continued):

Collaborative discussions among technical representatives from AEDC, NASA GRC,
NASA Langley Research Center, Pratt & Whitney, General Electric, Rolls Royce-Allison,
UMR, Aerodyne Research Incorporated and others identified issues and concerns for
particle sample preservation during the extractive sampling process. As a result, the
particle sampling probe concept shown in Figure 14 was designed and fabricated by

AEDC and used by NASA and UMR at various measurement venues.

Figure 14 is a cross section of the particle probe, showing the water-cooling passages,
dilution gas supply, and gas-sampling stream. The addition within the probe of a diluent to
the sample gas was a deviation from traditional gas sampling probe designs. The diluent

helped

rticle number

density gs required for the diagnostic instrumentation. The diluent was gengrally most
effective|when injection occured near the probe tip. In the design shownin Figure 14, the

diluent
with a s

the rake.

Inle

s injected within two sample tube diameters of the tip. Theprobe was designed

mple extraction orifice area to the diluent injection area ratio of 0.25 for a nominal
dilution ratio of 4:1. Diluent was added through a tube concentric to the sample line and
parallel tp the sample flow. The desired diluent ratio (diluent-to-sample gas)|for a given
diluent syupply line pressure was determined by the diluentinjection area. The diluent gas
was fed simultaneously to all rake arms or to particle probes located within g given arm of

T
Q

‘Water

ﬁé‘ﬁ;
S
>

|
I

/

Diluent

FIGURE 34 - Cross Section of Particle Sampling Probe
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7.2

7.3

(Continued):

The probe operated satisfactorily by control of the diluent and sample tube pressures and
flows, with little variation from the design diluent ratio (4:1). However, during one
application of these probes, much higher dilution ratios were required to reduce the
particle number density to an acceptable range for the diagnostic instrument. Forcing the
diluent ratio to about 10:1 resulted in diluent gas exiting the probe tip during the test. This
probe design was not suitable for extremely high dilution ratios apparently because of the
turbulent flow conditions that resulted from mixing internal flows with widely different
velocities and pressure. Another problem identified in a different application involved large
pressure gradients along a rake arm that caused a variation in the dilution ratio from
probe-to-probe due to unequal amounts of sample gas entering different probes. These

problems
simultang

To overcq
probe rak
ratios. D
modificat
was desig
adjusting
mixed at
discharge
dilution p
measuret
hundreds|
generatio

General

To surviv
water cog
the samp
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between
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requiremg

ool £ F | R 1o N A dla P H Y ' 4la
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ous measurement of CO; in the sample stream.

me these problems with the AEDC probe, a new version was desi
e system that allowed individual dilution gas control per probe and
lution lines were added directly to each probe at the rear of the rake
on to the rake structure and maintain probe-type interchangeability.
Ined, fabricated, and successfully operated for high' (R>20) dilution
the ratio of the sample extraction and diluent.injection areas so that

ough

ned for the
igher diluent
to prevent
The probe

ratios by

the streams

nearly constant pressure with accurate contrelof the injected diluen

essure and flow settings and the dilution ratio computed from CO,
nents. The probe was designed and-fabricated to survive and func
of hours at maximum afterburning €onditions and will be suitable fo
h high temperature civil turbines:

Pesign Considerations, Durability and Environment:

e in the high temperature environment, sampling probe designs may
ling. The probes(must be designed so that water cooling does not
ing process externally or internally. Transpiration cooling, in which
brced out of passages near the probe tip, is not recommended. Led

t flow and the

flow. UMR reported excellent agreement’in the dilution ratio deter;lnined from

on for
r the next

incorporate
nterfere with
water is
kage

nternal cooling passages and the sample tube must be avoided. M

ssive

the extracted sampling stream also must be avoided to minimize cpndensation
prob€.and the sample transfer line. Simultaneously satisfying the ¢onflicting
brits for structural cooling and maintaining the integrity of the gas phase particle

stream is

a significant cthattenge:
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