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1. SCOPE

This SAE Aerospace Recommended Practice (ARP) describes recommended sampling conditions, instrumentation, and
procedures for the measurement of non-volatile particle number and mass concentrations from the exhaust of aircraft gas
turbine engines. Procedures are included to estimate sampling system loss performance. This ARP is not intended for
in-flight testing, nor does it apply to engines operating in the afterburning mode.

This ARP is intended as a guide toward standard practice and is subject to change to keep pace with experience and
technical advances.

1.1 ARP Section

This document is divided into the following Sections:

2. Reference, Definitigns, Termimotogy, and umnits
3. Introduction
4. nvPM System Gengral Description, Measurement and Losses
5. Sampling System Qetailed Requirements

6. Particle Mass Meagurement Requirements

7. Particle Number Measurement Requirements

8. Calculation of Emisgion Indices

9. nvPM System Opefation

A. Appendix
2. REFERENCES, DHFINITIONS, TERMINOLOGY, AND UNITS
The following publicatigns provide relevant background information for this ARP. The latest issueg of the referenced SAE
publications shall apply| In the event of a-conflict between the text of this document and referenceg cited herein, the text of
this document takes precedence. Nothing-in this document shall supersede applicable laws and regulations unless a specific

exemption has been objtained by the appropriate authorities.

2.1 Applicable Documents

The following publications form a part of this document to the extent specified herein. The latest ispue of SAE publications
shall apply. The applicak s o6t G ¢ purchase order. In the
event of conflict between the text of th|s document and references C|ted hereln the text of thls document takes precedence.
Nothing in this document, however, supersedes applicable laws and regulations unless a specific exemption has been
obtained.

2.1.1  SAE Publications

Available from SAE International, 400 Commonwealth Drive, Warrendale, PA 15096-0001, Tel: 877-606-7323 (inside USA
and Canada) or +1 724-776-4970 (outside USA), www.sae.org.

2.1.1.1 AIR5892 Nonvolatile Exhaust Particle Measurement Techniques
2.1.1.2 AIR6037 Aircraft Exhaust Nonvolatile Particle Matter Measurement Method Development

21.1.3 ARP1179 Aircraft Gas Turbine Engine Exhaust Smoke Measurement
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2114

2115

2116

2117

ARP1256

ARP1533

AIR6241

AIR6504

Procedure for the Continuous Sampling and Measurement of Gaseous
Turbine Engines

Procedure for the Analysis and Evaluation of Gaseous Emissions from Ai

Procedure for the Continuous Sampling and Measurement of Non-Volatile
Aircraft Turbine Engines

Emissions from Aircraft

rcraft Engines

Particle Emissions from

Procedure for the Calculation of non-volatile Particulate Matter Sampling and Measurement

System Penetration Functions and System Loss Correction Factors

2.1.2 Appended Documents

213

2.1.31

21.3.2

2133

2134

2135

21.3.6

21.3.7

2.1.3.8

21.3.9

2.1.3.10

21.3.1

Excel spreadsheet
Excel spreadsheet
MSS Aviation SOP
LIl SOP - Laser Ind

Other Publicati

Kittelson, D.
SAE Technic

Diesel Partic
162, Edited 4

SAE, Vol. 109, Sec. 3, pp. 1378-1403, 1992,

International
Electrical Reg

Hinds, W.C.,

International
of an Automgd

National Inst

Excel spreadsheet — PM_EI_calculator_03-08-2017

- nvPM System Compliance Checklists v1_4

- nvPM Operations Compliance Checklists v1_4

Lced Incandescence (LII) 300 Standard Operating Procedure, Artium, Octo
bns or References

bnd Johnson, J., "Variability in Particle Emission Measurements in the Hea
bl Paper 910738, 1991, https://doi.org/10.4271/910738.

Illate Emissions: Measurement Techniques, Fuel Effects and Control Tech
y: J.H. Johnson, T.M. Baines and J)C. Clerc, SAE, Inc., Warrendale, PA, 1

Standards Organization, ‘Rubber and Plastics Hoses and Hose Assemb
sistance and Conductivity, ISO 8031, 2009.
Aerosol Technolggy;”Second Edition, Wiley & Sons, 1999.

Standards @rganization, Air Quality - Definition and Determination of Perfd
tic Measuring System. International Standard 9169, 2006.

tute~ofOccupational Safety and Health (2003). Diesel particulate matter

Method 5040

— AVL Micro Soot Sensor Standard Operating Procedure, AVL;“March 2017.

<

ber 2016.

y Duty Transient Test,"

nology (PT-42) pp. 137-
D91 Transactions of the

ies — Determination of

rmance Characteristics

(as elemental carbon).

[ssue 3, available at: https://www.cdc.gov/niosh/docs/2003-154/pdfs/5040

pdf.

ASTM International (2013). Standard Test Method for Monitoring Diesel Particulate Exhaust in the Workplace, D

6877-13.

ISO/DIS 27891, Aerosol Particle Number Concentration — Calibration of Condensation Particle Counters,
https://www.iso.org/standard/44414.html.

ISO/IEC 17025:2005, General Requirements for the Competence of Testing and Calibration Laboratories,
https://www.iso.org/standard/39883.html.

Dieck, R.H., Measurement Uncertainty: Methods and Applications. The Instrumentation, Systems and Automation
Society. 3" Ed., 2002, pages 106-110.

Kline, S. J. and McClintock, F. A. (1953). Describing the uncertainties in single sample experiments. Mechanical

Engineering,

pages 3-8.
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21313

Giechaskiel B., Mamakos, A., Anderson, J., Dilara, P., Martini, G., Schindler, W., Bergmann A., “Measurement of

Automotive Nonvolatile Particle Number Emissions within the European Legislative Framework: A Review”
Aerosol Science and Technology, 46:719-749, 2012.

21314

Amanatidis, S., Ntziachristos, L., Giechaskiel B., Katsaounis, D., Samaras, Z., Bergmann, A., “Evaluation of an

oxidation catalyst (“catalytic stripper”) in eliminating volatile material from combustion aerosol”, Journal of Aerosol
Science 57 (2013) 144-155.

2.1.3.15

Engine Emissions, Third edition July 2008 and latest amendments.

2.1.3.16

21.3.17
conductivity.

2.2 Definitions and T
2.2.1 Definitions

AIRCRAFT GAS TURE
aircraft, including those

AERODYNAMIC PART
settling velocity as the

CATALYTIC STRIPPEH
COMPETENT LABORA

system appropriate to
standard ISO/IEC 1701

calibration of equipment is designed and operated so as to ensure that calibrations and meas

laboratory are traceab
17025:2005 is not requ

CYCLONE SEPARAT(Q
and gravitational mean

the cyclone separator [¢.g., Dso refers:{ora diameter with a 50% penetration (see Dxy below)].

ELECTRICAL MOBILIT]
in question; also referrg

ICAO, Doc 9977, Manual on Civil Aviation Jet Fuel Supply, First edition 2012.

ICAO, Annex 16 to the Convention on International Civil Aviation — Environmental Protection, Volume Il — Aircraft

ISO 8031:2009 Rubber and plastics hoses and hose assemblies - Determination of electrical resistance and

Erminology

INE ENGINE: Any gas turbine engine used for aircraft propulsion or for
commonly called turbojet, turbofan, turboprop, or turboshaft type engines,

ICLE DIAMETER: The diameter of an equivalent.sphere of unit density (1
article in question, also referred to as “aerodynamic diameter”.

R (CS): A catalytic device that removes volatile species through oxidation.
TORY: A testing and calibration laboratory which establishes, implements
p5:2005, as amended from time™“o time, or equivalent standard and for

e to the International System of Units (SlI). Formal accreditation of the
red.

R: A device that removes particles larger than a prescribed aerodynamic
5. The specified cut-point diameter is associated to the percent of particles

Y DIAMETER: The diameter of an equivalent sphere with the same electrica
d to a@s mobility diameter.

ower generation on an
br auxiliary power units.

0 g/cm?®) with the same

and maintains a quality

the scope of its activities, in compliance with the International Organizafion for Standardization

which the program for
urements made by the
laboratory to ISO/IEC

diameter via rotational
that penetrate through

I mobility as the particle

ELEMENTAL CARBON

atmosphere during TOT analysis, excluding char.

ERROR: Deviation between measured and true value of a given measurement parameter.

| (EC): Light absorbing carbon that is not removed from a filter sample heafied to 1143 K in an inert

FALL TIME (ISO 9169): The time taken for the output signal to pass from 90 to 10% of the initial output signal produced by
a reference material applied to the automatic measuring system, when the application of this reference material is abruptly
terminated to put the automatic measuring system in the basic state. (This term is only applicable for an online analyzer.)

FLAME IONIZATION DETECTOR (FID): A hydrogen-air diffusion flame detector that produces a signal nominally
proportional to the mass-flow rate of hydrocarbons entering the flame, and generally assumed responsive to the number of
carbon ions dissociated from the hydrocarbons entering the flame.

NON-VOLATILE PARTICULATE MATTER (nvPM): Emitted particles that exist at gas turbine engine exhaust nozzle exit
plane that do not volatilize when heated to 623 K.
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ORGANIC CARBON (OC): Carbon volatilized in He while heating a quartz fiber filter sample to 1143 K during TOT analysis.
Includes char formed during pyrolysis of some materials.

PARTICLE LOSS: The loss of particles during transport through the sampling system due to various deposition
mechanisms, some of which are size dependent.

PARTICLE SIZE DISTRIBUTION: The probability density function, list of values, or mathematical function that expresses
the nvPM (number, mass, surface area, or volume) concentration according to size. Engine exhaust is composed of particles
with diameters spread over several orders of magnitude and are typically measured in terms of their electric mobility.
PARTICLE MASS CONCENTRATION: The mass of particles per unit volume of sample.
PARTICLE MASS EMISSION INDEX: The mass of particles emitted per unit of fuel mass used.
PARTICLE NUMBER QONCENTRATIONThe number of partictes per unit votume of sampie. |
PARTICLE NUMBER HMISSION INDEX: The number of particles emitted per unit of fuel mass, Us¢d.

PENETRATION FRACTION: The ratio of particle concentration downstream and upstream of a sarfnpling system element.

PRECISION: The closgness with which a measurement upon a given invariant, sample can be rgproduced in short-term
repetitions of the measlirement with no intervening instrument adjustment.

RISE TIME (ISO 9169); The time required for the output signal to pass from 10 to 90% of the final change in the output
signal when a referencq material is abruptly applied to the automatic measuring system initially in the basic state. (This term
is only applicable for an online analyzer.)

STANDARD GAS VOLUME: The volume of gas at 273.15 K (0 2€) and 101.32 kPa (1 Atm).

VOLATILE PARTICLES: Particles formed from condensable gases after the exhaust has been coojed to below engine exit
temperatures (e.g., sulfuric acid particles); combustion exhaust material which volatizes at <623 K {350 °C).

2.2.2 Symbols, Acronyms, and Terminology

CmHn = Formula of hydfocarbon fuel

[CO2] = Mole fraction c@dncentration of carbon dioxide in the engine exhaust on a wet basis
[CO2]s = Mole fraction goncentratiott.of carbon dioxide in the engine exhaust as measured on a dry or semi-dry basis

[CO2]» = Mole fraction gonceftration of carbon dioxide in ambient air

[COZ]diI'I = Mole fractionlconcentration-of carbon-dioxide-after the first dilution cfggn on-a wet basis

[CO2]uiz = Mole fraction concentration of carbon dioxide after the second dilution stage on a wet basis
[CO] = Mole fraction concentration of carbon monoxide in the engine exhaust on a wet basis

CPC = Condensation Particle Counter

DF = Dilution Factor = (Sample concentration before dilution)+(Sample concentration after dilution)
DF1 = First stage dilution factor

DF1_s = First stage dilution factor measured real-time

DF2 = Second stage dilution factor
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Dm = nvPM particle diameter; refers to the electrical mobility diameter except for the cyclone separator where the particle
diameter is the aerodynamic diameter, nm

DR = Dilution Ratio, DR = (DF-1):1 (DF = 10 corresponds to a DR of 9:1, 9 parts of diluent mixing with 1 part of sample)

Dxy, at zz nm = Aerodynamic diameter at which xy% (detection efficiency) of zz size particles are detected

El = Emission index, emissions unit per kg of fuel

Elmass = Particle mass emission index, g/kg fuel

Elnum = Particle number

F. = Mass fraction of c3

emission index, particles/kg fuel

g

FS = Full Scale of the 3
GL = Gas Line

HEPA = High efficiency
[HC] = Mole fraction co
[HC]» = Mole fraction cqg
[H20] = Mole fraction cq
ID =Internal diameter
Kthermo = Collection Part
LOD = Limit of Detectio
m, n = Molar constants

Mc = Atomic weight of ¢

rhon in fuel = grams. of carbon in one gram of fuel

g
nalyzer working range

particle air filter, class H13. Removes 299.97% of dioctylphthalate particles
ncentration of hydrocarbons (as Methane equivalent) in the engine exhaust
ncentration of hydrocarbons (as Methane equivalent) in ambient air

ncentration of water in the engine exhaust on’a wet basis

thermophoretic loss correction factor

=)

for hydrocarbon fuel, CmHn

arbon = 12.011

Mu = Atomic weight of fiydrogen = 4/008

N = (Total) number con

Nin(Dm) = Upstream pa

centration of particles per unit volume. Typically, particles/cm?.

ticle 'number concentration for particles of diameter D;

Nout(Dm)= Downstream

nvPM = Non-volatile pa

particle number concentration for particles of diameter D;

rticulate matter

nvPMmi = Non-volatile particulate matter mass instrument

nvPMni = Non-volatile particulate matter number instrument

0.3 pym in diameter

(wet)

NMI = National Measurement Institute (e.g., NIST (National Institute of Standards and Technology), NPL (National Physical

Laboratory)

NVPMnum_sTp = Diluted nvPM number concentration measured by number instrument at STP condition, particles/cm?®

NVPMmass_stp = Diluted nvPM mass concentration measured by mass instrument at STP condition, ug/m3
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PTFE = Polytetrafluoroethylene

L atm

Rgas = Universal gas constant, 0.082
mole K

slpm = Standard liters per minute. Volumetric flow at STP condition.

STP = Standard temperature (Tstd) 273.15 K and pressure (Pstd) 1 atm (101.325 kPa).
t = Time in seconds, minutes, or hours as noted

T1 = Sample tube temperature at Diluter1 inlet, K

Teet = Performance-predicted engine exit exhaust gas temperature (used for thermophoretic loss calculations), K

TOT = Thermal-Optical|[Transmission
too =90% response timg (Time between change in concentration and the detector reaching-90% of |ts final signal)
VPR = Volatile Particle Remover

X, ¥y = Molar constants ¢f total hydrocarbon in engine exhaust, expressed as CxHy equivalent

Z = Exhaust componen}, either gaseous or particle
o = Atomic hydrogen-garbon ratio of the fuel = n/m. Typical values are provided in Table 1 of ARH1533

At = Time interval
2.23 Units

A. PHYSICAL QUANTITIES

atm = 1 atmosphere prg¢ssure = 101.325 kPa
cm = centimeter (102 m))
g = gram
Hz = Hertz (1 per second)

K = Kelvin

kPa = kilopascal (10° Pa)
m = meter

nm = nanometer (10° m)
Mm = micrometer (10° m)
Pa = pascal

s = second

slpm = standard liters per minute
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B. PREFIXES
k = kilo, 103

c = centi, 102
m = milli, 103
u = micro, 10°
n = nano, 10°

3. INTRODUCTION

3.1 Background

The Smoke Number (§
engine exhaust visibility

and number of nvPM ¢mitted from the engine. This ARP has been developed based en AIR62

techniques pioneered |
number of the emitted 1

The basic concept of
specifications of this

R
prescription of the paile transfer sampling line length with a maximum but also a minimum V

penetrations to the inst
accommodate measure
lines is possible. HoweV

the degree of standardigation. Therefore, also the minimum ling’length is specified.

The ARP outlines the rg

additional details provigled in the Appendix (Section(A). Equations for emission indices calculati

number are provided in
and operate a nvPM sy
the Appendix and attac

3.2 Limitations

N) measurement, described in ARP1179, was developed to ensurelcom
criterion. However, the SN does not address the current need to'quantitat

y the turbine engine PM research community [Refs. 2.1.1¢1,2.1.1.2] to
on-volatile particles.

e system design incorporates a high degree of standardization, such tH
P have similar size dependent particle losses: ©One example of systen

uments will be similar for different systems. The transfer sampling line len
ments of the largest aircraft gas turbines. There are test facility locations W
er, this would change the particle penetration characteristic of the measurerj

quirements for the sampling system, mass, and number measurements in §
Section 8 and a system operator guide is provided in Section 9 describing

stem in compliance to,this ARP. Additional technical information and supp
hments to this ARP.

This ARP addresses th
and probe thermophor
depend on a number o
are higher for number
dependent system loss

e measurement of nvPM delivered to the instruments by the sampling syste
tic loss)xSignificant nvPM will be lost in the sampling and measurement
parafeters associated with the nvPM source and the sampling and measu
an\for mass and increase at small particle sizes. When evaluating enging

pliance with an aircraft
vely measure the mass
11, which implemented
measure the mass and

at systems built to the

standardization is the
alue, such that particle
pgth has been chosen to
here the use of shorter
nent system and reduce

ections 4 through 7 with
pns for both mass and
how to check, maintain,
brt tools are included in

I (corrected for dilution
system. System losses
rement system. Losses
exit plane values, size

r particle number will be

required. System loss correction methodologies are discussed in AIR6504 and will be addressed in future ARPs.

Based on best available technology, but to allow for future improvement of particle system components, only minimum
particle penetrations of the diluter and volatile particle remover (VPR), and counting efficiency of the particle instrument
have been specified. Using components with better particle penetration characteristics than the minimum, will lead to a
higher reported nvPM number concentration.

Note that aircraft engine nvPM emissions will vary with fuel composition, independent of the sampling and measurement
system. When evaluating aircraft engine nvPM values, correction factors to account for fuel composition may be required.

Efforts to achieve higher levels of standardization and studies to reduce uncertainty are ongoing.
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3.3 Sampling System

The environment behind a gas turbine engine presents significant challenges on the sampling system used to capture the
exhaust nvPM sample. The high temperature and velocity exhaust requires a robust probe to collect the sample, followed
by a transfer system to transport the sample to the measurement instruments. These requirements are compounded by the
need to minimize the influence of the sampling system on the sample properties. Thus, a comprehensively designed system
is required.

The sampling system, discussed in detail in Section 5, is designed to control the sample temperature, dilution, and pressure
to minimize perturbations to the PM prior to measurement. The Transfer Part, which constitutes a significant portion of the
system, has been standardized to minimize variability between test facilities and operators. The exhaust sample is diluted
and maintained at prescribed temperatures and flow rates to prevent condensation, minimize coagulation of particles to be
measured, and to minimize particle transport loss. Once the exhaust sample has been transported to the measurement
instruments, nvPM mass and number concentrations are measured.

Understanding the sam
needed to enable an e

pling system particle transport loss is important for accurate nvPM measurgments. The parameters
stimation of size-dependent particle loss are discussed in AIR6504, The Igrgest source of particle

size-independent trans
number. Except where

diameter as defined in 2.

3.4 Measurement of
Once the sample has b|
in Sections 6 and 7. Th
consumed, as describe
of uncertainties in the ¢
4. nvPM SAMPLING /

The nvPM sampling an

a. Collection Part (Se
b. Transfer Part (Sect
c. Measurement Part

A flow diagram of the n

bort loss, the thermophoretic loss, is assessed and used to correct-the me
noted, all particle sizes mentioned throughout this document_ refer to pz
2.

nvPM Emissions

ben transported to the instruments, nvPM mass and humber emissions are
b NnvPM mass and number emissions indices (El).are then determined base
d in Section 8. Ambient nvPM concentrations shall also be measured and
blculated particle number and mass El are described in the Appendix (A.7.2
AND MEASUREMENT SYSTEM GENERAL DESCRIPTION

l measurement system shall consist of three parts, divided into five section

ttion 1)
ons 2, 3, and 4)
Section 5)

VPM sampling and measurement system is provided in Figure 1, with the t

sured nvPM mass and
rticle electrical mobility

quantified as described
d on the quantity of fuel
reported. Determination

).

o

brminology described in

Table 1. More details and examples of the requirements and recommendations for each section of {he system are provided

in Appendix A.
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Section 1 Section 2 Section 3 Section 4 Section 5

\ Probeln - Splitter] In Splitter] In - Diluter] Out Diluterl Out- Cyclone In Cyclone In—Instrument In nvPM Measurement |
' Tl el Ll 'l '
- Larhe | e V:"'!ﬁ _ _ r:‘-l r: - '}
! **(Length = 8 m) \ (Length =1 m) ! T(Length=24.5+0.5m) | **(Length =3 m) ! i
i H Filter i i i i
i ; Diluent Gas — E + E i
! : (Air orNy) <10 ppm £0; _‘: ' : :
i i Isolation Valve 2 i i i i
i Sampling i : i i CO, Analyzer i
' Probes ! i | | [CO)an !
| / ! Fxcess Diluent H i Il
| : Fample Heater | | Splitter2 nvPM Mass Instrument
: i PyPressure ' i plitter ’ nvPMmi Pump i
| : Control Valve Diluterl 1 | { :
| : (DF;_s=8-14) : : R :
5 : Py T : Flow=25:2slpm | o 5 : i
| Tip 418K | | | WA Tipe=333215K T =33315Kgl npopce up Flow :
® ID = 7.50-8.40 mm
i i T Isolatijon Valve 1 Ty i H i
' ! Splitterl i 1pm : nvPM Number :
! H Diluterl; Cyclone Separator Instrument i
! 1 Vent ! i
i i ’ nvPMni (CPC) i
' Collection Part ;54 Transfer Part "r“: Filterad Dilvent Gas '
i B ! (Tpically Air) i
| < > 5
& g’ B i
! ! rom CO, Analyzer in GL H
1 < ' 2 3 i
| Length<35m spitter1 [CO,] i

*%* Sum of Sections 1-4 Shall Not Excepd 35 m :

Figure 1.4 Flow schematic of nvPM sampling and measurement system
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Table 1 - nvPM sampling and measurement system flow schematic terminology

Terminology Description

Section 1 Sampling Probes Single or multi-point hardware used to sample exhaust from the aircraft engine exit.
ection
Heated Sample Line Heated length of tubing to transport sample from Probe to Splitter1 inlet.
Splitter1 Flow splitter assembly to provide samples to gaseous and nvPM sampling systems. Also
P provides a flow path to relieve and control the sample line pressure.
ZL:{?;S\';;R(; Valve used to control pressure at Diluter1 inlet.
P4 Pressure at Diluter1 inlet regulated with the pressure control valve.
Excess-Sample Flow | Sample vent from P, pressure control valve
T, Sample tube temperature at Diluter1 inlet. Used to calculate S¢ction 1 thermophoretic
losses.
Isolatidn Valve 1 Isolates the collection part and gas line (GL) from the-transfer gart to facilitate the system
°| leakage checks described in A.4.
Isolatidn Valve 2 Diluent 1 shut off valve.
Section 2 Diluter Ejector-type diluter which provides near ambient pressure to inlet of Section 3. Dilutes the
nvPM sample early in the system to minimize PM coagulation gnd thermophoretic losses.
Diluend Gas Compressed gas (Nitrogen or Air) forBiluter1. CO- impurity shall be low (<10ppm CO,) to
allow accurate online validation of Djlution Factor 1.
Filter High efficiency particle filter required to prevent particle contamination from diluent gas.
Diluent| Heater Heats diluent gas to Diluterd.
Diluterd Vent Allows venting of excess diluted sample to atmosphere to maingain constant ambient
pressure at diluter exhaust and prevent Transfer Part overpressgure.
T2 Temperature at vent flow to monitor Diluter1 outlet sample temperature.
GL Gas Lifte Heated section-to transport raw gas sample to instruments for ¢btaining ARP 1256 and/or
ARP1178-gas and/or smoke number measurements, respectively.
Section 3 | Heated|Sample Line Staridardized sampling section. Allows measurements at a saf¢ distance from the engine.
;:gg:::one Removes non-combustion particles (=1um dia.) and helps prevent instrument blockage.
Section 4 Splitter2 Flow splitter to provide sample for nvPM mass and pumper cor cenFraﬁion measurements
and a flow path to ensure that the system flow rate is maintaingd within 25 slpm + 2 slpm.
Instrunpent Inlet'Lines | Heated tubing to transport sample from Splitter2 outlets to nvPMmi and VPR inlets.
Filter High efficiency filter to remove sample particles and prevent damage of flow controller.
Flow Controller Maintains constant flow rate in Section 3 by controlling a make-up flow.
Pump(s) Draws make-up flow from Splitter2 and provides samples to CO; analyzer(s)
CO: Analyzer Measures CO- concentration in the diluted sample to nvPMmi (CO2_gi1).
Section 5 | NVPMmi nvPM mass instrument.
VPR Volatile Particle Remover - device that removes volatile species and further dilutes the
sample (second stage dilution, DF>) prior to entering the nvPMni.
VPR Excess Flow Allows venting excess diluted sample from VPR to prevent CPC overpressure.
. . Compressed diluent gas (Air) for Diluter2. The required low impurity (<0.1ppm CO3) shall
Filtered Diluent Gas allow online validation of Dilution Factor 2 (if required).
nvPMni nvPM number instrument (CPC).



https://saenorm.com/api/?name=f46d3385f8c1fda40ab00d741b822166

SAE INTERNATIONAL ARP6320™A Page 14 of 67

4.1  Collection Part (Section 1)

Section 1 is composed of the probe/rake hardware and a sample connection line. Section 1 complies with ARP1179 and
ARP1256 for smoke number and gaseous emission measurements, respectively.

4.2 Transfer Part
At the inlet to Section 2, the Splitter1 assembly shall split the sample into the Transfer Part line, the Gas Line (GL) for the

measurement of undiluted gas emissions, and the excess sample line. The gaseous emission species to be measured
depend on which nvPM ElI calculation method is implemented by the user, either CO2 only or full gas emissions (CO2, CO,

and HC).

This arrangement also allows the GL to be used to measure Smoke Number, if required, as specified in ARP1179.

The Transfer Part is s
characteristics across n

The Transfer Part line s
a. Passes through Dil
b. Passes through Se
c. Passes through a @
4.3 Measurement Pa
4.3.1 nvPM Mass Me
The nvPMmi shall meet
the instrument manufa
model of the nvPMmi n
4.3.2 nvPM Number

The nvPM number con

a Condensation Particl¢ Counter (CPC) (avPMni) in series. The VPR includes a device for the ren

and a dilution system (O

Each make and model
competent testing and
specifications listed in T

tandardizedto minimize hardware vartation im order to_provide compa
nultiple facilities and engine types.

hall be arranged such that the nvPM sample:

iter1, an ejector-type diluter which draws, dilutes, and cools thedsample;
ction 3;

yclone Separator and Splitter2 in Section 4 before entering the Measureme
rt
asurement
the requirements in Section 6. Each make and model of the nvPMmi shall 1
cturer or from another competenttesting and calibration laboratory confirn
eets the performance specifications listed in Table 3 in 6.2.
Measurement

centration shall be-determined using a system consisting of a Volatile Parti

F2) to reduce‘the nvPM concentration to the single count mode of the CPC (|

able particle transport

nt Part in Section 5.

bceive a certificate from
ning that the make and

tle Remover (VPR) and
noval of volatile species
Hiscussed in Section 7).

of the VYRR and CPC shall receive a certificate from the instrument manufacturer or from another

calibration laboratory confirming that the make and model of each device
ables6and 7, and in 7.1 and 7.2.

Imeets the performance

4.3.3 Make-Up Flow Path

The Make-up flow path shall be used to maintain a constant sample flow rate through Section 3 and provide a diluted (DF1)
sample for CO2 concentration measurement. The Make-up flow path shall contain a pump, flow controller, and CO2 analyzer.

4.4 Sampling System Particle Transport Loss
Generally, significant particle transport losses occur in sampling systems by thermophoresis, diffusion, and inertial

mechanisms. In the aircraft engine exhaust nvPM sampling system, these occur throughout the Collection and Transfer
Parts. Thermophoretic losses are independent of particle size, while diffusion and inertial losses are highly size-dependent.
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4.41 Collection Part Thermophoretic Loss

Collection Part thermophoretic loss is the largest size-independent particle loss for particle number and mass.
Thermophoretic losses are dependent on the temperature gradient between the sample and the sampling line wall. The
largest (>95%) source of thermophoretic loss occurs in the Collection Part (Section 1) as the sample cools from engine
exhaust temperature to the sample line temperature.

Per Reference 2.1.3.1 and as discussed in AIR6504 for sampling aircraft exhaust emissions, at exhaust temperatures up
to 973 K (700 °C) the particle penetration fraction due to thermophoresis relates to the sampling tube inlet and outlet
temperatures (in K) by the relation in Equation 1.

Toutlet
Tinlet

(Eq. 1)

)038

nvPM thermophoretic particle loss in the Collection Part, kinermo, Shall be cal
erage exhaust exit gas temperature (Tect) and Diluter1 inlet wall tempgraty

Thermophoretic penetration fraction (Nthermo) =(

ulated using the engine
re (T1) in the inverse of

The correction factor fo
performance-derived a
Equation 1:

Ty

(Eq. 2)

kthermo =

V)"

TEGT

If Teet < T1, then Kthermo|= 1

This correction factor shall be used to correct the nvPM mass and number:concentrations and Els ps discussed in 8.1.

4.4.2 Diffusion and Injertial Losses

To correct for diffusion and inertial losses, a particle size distribution would be required. Measurement of a traceable particle

size distribution is a con
be used to estimate sizg
losses and theoretical
size-dependent loss me

AIR6504 provides det
size-dependent particle

nplex activity, and beyond the scope of'this ARP. However, theoretical partic
-dependent transport losses. The parameters required to calculate particle s

particle size distributions (listed”in Table A2) shall be recorded to e
chanism correction factors.

piled explanations of, particle loss mechanisms and an estimation pr
losses in the nvPMimeasurement system. The procedure is based on a

e size distributions may
ze-dependent transport
pable an estimation of

pcedure for correcting
theoretical particle size

distribution calculation, pssumptions and-parameters generated using this ARP.

5. nvPM SAMPLING $YSTEM DETAILED REQUIREMENTS AND RECOMMENDATIONS

5.1 General Sampling System:Requirements

The sampling system shall se constructed adhering to the following requirement:

The total sample line length from probe tip to the instrument inlet shall not exceed 35 m (note that this is not equal to the
sum of the maximum individual section lengths). Detailed length requirements are provided in Figure 1.

The sampling system, excluding Section 1, shall be constructed adhering to the following general requirements:

a. Sample lines shall be as straight-through (i.e., minimize number of bends) as practical.

b. The number of fittings shall be minimized. Fittings shall be manufactured from stainless steel (304SS or 316SS
preferable) with an internal smooth bore (unless otherwise specified). The number of bulkhead union fittings shall be
minimized and thermally insulated to prevent thermal gradients. Details on best practices for use of unions and other
fittings are provided in A.2.2 of the Appendix.

The sampling line should be actively heated across fittings. If not practical, the sample line should be heated as close
as possible to the next heated element and thermally insulated across the fitting.
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d.

Any necessary bends shall have radii greater than 10X the internal diameter (ID) of the lines.

e. There shall be no forward-facing step-shoulders greater than 15% of the ID and changes in line ID greater than 15%
may only occur at a splitter flow path interface. Differences in ID of less than or equal to 15% shall be considered as no

change in sampling line ID.

Where carbon loaded polytetrafluoroethylene (PTFE) is used as the sampling line material, it should meet the recommended
anti-static resistance limits in Reference 2.1.3.16.

5.2 Section 1: Probe/Rake Inlet to Splitter1 Inlet

The probe shall adhere to following requirements and provide compatibility with ARP1179 and ARP1256:

a.

The sampling probe material shall be stainless steel
material such as In i i i
the specification li

its of stainless steel.

If a sampling probe|with multiple sample orifices is used, all sampling orifices shall be(ef-equal
probe design shall be such that at least 80% of the dynamic head pressure drop through the s3
(from free stream t¢ probe exit) is taken at the orifices. If active cooling of the probe is employ
shall be maintained|at a minimum temperature of 418 K (145 °C).

The number of locations sampled shall not be less than twelve (12). The~sampling locations sh
exhaust nozzle exit|area for straight turbojet, turboprop, turboshaft, and mixed flow (or confluen
over the core nozzle exit area for non-mixed fan engines. Probes with multiple sampling orifi
ganged together arg acceptable. Cruciform type sampling probe are in common use with a min

(e.g., 304 or 316) or any other non-reactive high temperature

beratures which exceed

diameter. The sampling
mpling probe assembly
ed, the exhaust sample

bll be arranged over the
t flow) fan engines, and
es or individual probes
imum of three sampling

orifices per arm. The radial locations of the orifices are usually.'at centers of equal area to gbtain an area weighted
average sample.

d. The axial location df the exhaust sampling plane shall be perpendicular to the nozzle axis and|as close to the plane of
the exit nozzle as ¢ngine performance parameters permit. The angular position of the probe prm is free and may be
varied, as long as the sampling requirements of ARP1256 are met. The position of the probe ghall not exceed 0.5 exit
nozzle diameters frbm the exit plane.

e. Probe placement and configuration shallbe.determined by representative gaseous or smoke demonstrations as stated
by ARP1256 or ARP1179 guidelines. In order to promote consistency, a specific probe design|should be standardized
for use within a givgn type or series of engines.

The sample shall be transferred frofrthe probe exit to Section 2 via a connection line of 4.0 to 8.5 mm inside diameter,
taking the shortest routg practical-In order to minimize particle losses, the length from probe inlet tp the Splitter1 inlet shall
be less than or equal tq 8 m.

To conform to ARP1179 and ARP1256, the sample connection line temperature shall be maintained|at 433 K+ 15K (160 °C
1 15 °C), except for the section needed to cool the gas from the engine exhaust temperature to that of the sample line. The
sample temperature reduction within Section 1 is required for the calculation of Collection Part thermophoretic particle loss.

The sample connection line from the probe/rake exit to Section 2 shall be constructed of Stainless Steel or carbon-loaded
electrically grounded polytetrafluoroethylene (PTFE).

5.3  Section 2: Splitter1 Inlet to Diluter1 Outlet

Section 2 shall contain a sample splitter (Splitter1), a diluter (Diluter1) and a valve (Isolation Valve 1). The isolation valve is
needed in order to perform the leakage check on the gas sample line (GL).

The sample line material shall be such as to minimize build-up of particulate matter or static electricity, for example, stainless
steel or carbon-loaded electrically grounded polytetrafluoroethylene (PTFE).

The length of Section 2 from the Splitter1 inlet to the Diluter1 outlet shall not exceed 1 m.
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5.3.1 Splitter1

Splitter1 shall be constructed of stainless steel, and the body temperature maintained at greater than or equal to 418 K
(145 °C).

The number of Splitter1 flow paths depends on the number of undiluted sample measurement lines and/or the need to
relieve large excess sample pressure. Single or multiple sequential splitters can be used.

The splitter angle relative to the incoming flow shall be as acute as practical and not exceed 35 degrees, and the nvPM
sample flow path shall be as straight-through and as short as practical.

The Splitter1 geometry shall meet the following requirements:

a. No forward-facing step-shoulders on the inner wall.

b. No change in ID frdm Splitter1 outlet to Diluter1 inlet.

c. Flowpathto GL ID § 4 to 8.5 mm

d. Excess sample linelinternal cross-sectional area shall be greater than or equal to the total inlet|area of the probe tips.
e. There shall be no r¢duction of Excess Sample line ID from Splitter1 outlet.

Examples of best practice splitter geometry are provided in A.2.1.

5.3.2 Isolation Valve [l

The Isolation Valve 1 shall be placed between Splitter1 outlet and*Diluter1 inlet. The valve shall be full bore with no forward

facing step-shoulders g

5.3.3 Diluter1 Inlet In
In order to minimize th
sections, Diluter1 nvPM
(145 °C). Note that T+ (

reater than 15% of the ID and the seals“shall be dry and heat resistant to af
ferface
brmophoretic losses within Diluter1 and provide an interface between two

Section 2-line wall temperature (T1) (Figure 2), shall be maintained at greatgq
Ised for Collection Partithermophoretic loss calculations) does not have to k

least 448 K (175 °C).

different active heating
rthan or equalto 418 K
e located directly at the

active heating interface

5.3.4 Diluter1

Diluter1 shall be an eje¢tor-type-diluter with an inlet ID greater than or equal to 7.59 mm.

The diluent shall be nitr
as specified by the Dili = : a2
connector with the dlluent pressure malntalned to keep crltlcal flow through the orlflce

flow shall be controlled
ofifice at the diluent inlet

)gen or air, be HEPA flltered and contaln Iess than 10 ppm COz The dlluen

The dilution factor, DF1, shall be measured in real-time during nvPM concentration measurements. A minimum dilution
factor of 8 is required to minimize nvPM coagulation, while the maximum of 14 is needed to maintain the diluted sample
within the measurement range of the nvPM mass instrument.

For sampling unmixed flow engine exhaust, a Diluter1 inlet pressure range is typically -5500 to +5500 Pa (-55 to +55 mbar)
relative to ambient, DF+ shall be controlled to within the range of 8 to 14. This may not be achievable at low power engine
conditions if the Diluter1 inlet pressure drops below -5500 Pa, which could cause DF1 to increase above the maximum value
of 14. Note that a blockage in the diluter inlet can also cause a low inlet pressure and thus high DF.

For sampling mixed flow engine exhaust, the sample at probe inlet is already diluted via the bypass air flow. With a high
(>14) primary dilution factor (from engine bypass and DF+), it is more likely that the nvPM mass instrument will be close to
or below its limit of detection. Thus, DF1 may be controlled at a value of less than 8, such that the total sample primary
dilution (engine bypass and DF+) is maintained at a minimum value of 8. The maximum value of DF1 (not including engine
bypass) shall still be 14.
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DF1 may be adjusted by controlling P+ with the pressure control valve on the excess sample flow path or by adjusting the
diluent gas flow.

The Diluter1 vent shall be open to ambient (equal to engine inlet pressure). To minimize impact on the operable DF+ range,
the Diluter1 vent line pressure drop should be kept to a minimum.

The Diluter1 body shall be heated to 333 K+ 15 K (60 °C + 15 °C), as shown in Figure 2. The diluent shall be heated as
needed to maintain a diluted nvPM sample temperature of 333 K + 15 K (60 °C + 15 °C), which shall be monitored at the
Diluter1 vent (T2). A safety feature should be implemented to prevent the diluent heater from over-heating when the diluent
gas is not flowing.

Heated Active heating
Active heating Corgrrlaresi‘.ed 333K%15K
interface T »M
\ —
Setpoint ¥ Thermal Insulation »
temperature : = /NN NN g g B P E x

433K = 15K
&&&{J

f‘fff ‘
T, ) Wk 3= & = & 3k 3k
»
Maximum 5 cm :
E o = O

Mixing
Plane

Figure|2 - Cross-section of example ejector-type Diluter1 inlet with heating interface

The particle penetration of Diluter1 (with diluter unheated under ambient laboratory conditions) ghall meet the minimum
requirements as showr| in Table 2. The Diluter1 pengtration validation methodology shall be the same as utilized for the
VPR in A6.1.3.

Table 2 - Minimum requirements for particle penetration fractions (transmission efficiencies) of Diluter1

Particle Size (Diameter)
Minimum particle penetration:fraction 80% 90% 90% 90%

535 Gas Line (GL)

Engine exhaust gaseous-emissions are needed for nvPM EI calculation. The GL provides an ¢xhaust sample for the
measurement of raw gasconcentrations. The GLand gaseous emissions anatyzers shattfoffow the guidelines in ARP1256.
Note the Collection Part (Section 1) of the nvPM sampling and measurement system meets the specifications in ARP 1256.
The Isolation Valve 1, between Splitter1 and Diluter1 (Figure 1), facilitates the ARP1256 leak check in the GL.

If the full nvPM EI calculation method is utilized, [CO2], [CO], and [HC] measurements are needed, and shall be performed
simultaneously. While the engine is at a stable operating condition, sequential switching can occur between [CO], [HC], and
[NOx] measurements and nvPM measurement.

NOTE: If [CO], [HC], and [NOXx] are not measured, the simplified case in Table 9 for nvPM EI calculation could be used.

If the simple nvPM ElI calculation method is utilized, only CO2 (wet, semi-dry or dry) measurement is needed.

SN measurements may be obtained using the GL and follow ARP1179.

For determination of DF+_s, a raw measurement of CO2 concentration (dry, semi-dry, or wet) shall be performed
simultaneously with the nvPM measurements to determine DF+ to maintain it within the specified range.
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5.3.6

Excess Sample Line

The probe inlet pressure will vary according to engine thrust. The sample line pressure at Diluter1 inlet (P1) shall be
maintained near local ambient air pressure using a suitable Pressure Control Valve with sufficient internal area. When fully
closed, the valve shall be capable of holding a vacuum pressure of -75 kPa relative to ambient.

An optional shut-off valve, with sufficient internal area to avoid system backpressure, should be added downstream of the

Pressure Control Valve

5.4 Section 3: Diluter

to prevent leakage at sub-atmospheric conditions inside Splitter1.

1 Outlet to Cyclone Separator Inlet

The requirements of Section 3 sampling system are tightly specified in order to standardize the particle loss in this part,
which is the longest in the nvPM sampling system and a large component of size-dependent particle loss.

The sampling line mate

The sampling line ID s
commercially available
a 1 mm wall thickness.

The sampling line shal
segments. The coiled s

The sampling line temp
flow shall be maintaine
(i.e., nvPMmi, volatile

pressure measurement

5.5 Section 4: Cyclon

The sampling lines to
grounded PTFE.

The sampling lines sha
to the inlet of the nvPM

5.5.1
An in-line cyclone sef

measurements. The cy
inlet and outlet IDs sha

hall be between 7.50 mm and 8.40 mm. Note, the sampling line 1D spec
ine outer diameter nominal dimensions of 3/8 inch with 0.035-inckizwall thid

be of length 24.5 m + 0.5 m, have no unnecessary fittings' and consist
bmple line bend radii shall be greater than 0.5 m.

erature shall be maintained at 333 K+ 15 K (60 °C.+ 15 °C) through active
i at 25 slpm * 2 slpm. This flow rate is monitored.via three measurements
emoval device and make-up flow). Optionally, the flow rate may be mor
between Diluter1 and Splitter2.

e Separator Inlet to Instrument Inlets

he nvPMmi and VPR inlets shall-be constructed of stainless steel or ca

| be heated to 333 K £,15 K'(60 °C + 15 °C) and each total line length from
mi and VPR shall be kept as short as practical and shall not exceed 3m.

Cyclone Separator

Llone separator material shall be stainless steel and heated to 333 K+ 15 K
be within 15% of the sample line ID.

fication corresponds to
kness; and 10 mm with

of a maximum of three

heating and the sample
Hownstream of Splitter2
itored via a differential

rbon loaded electrically

Cyclone Separator inlet

arator preveénts large non-combustion PM from particle-shedding to affect mass and number

(60 °C £ 15 °C), and its

The performance of the
to provide an optimal, >

a. Cut-point: Dso = 1.0

99%, transmission efficiency for 0.5 ym particles:

pm £ 0.1 ym

b. Sharpness: (D16/Ds4)?* less than or equal to 1.25

C.

5.5.2 Splitter2

Pressure-drop: AP less than or equal to 2 kPa

Splitter2 separates the sample into three flow paths to deliver the diluted nvPM sample to:

a.

nvPM mass instrument (nvPMmi)

b. Volatile particle remover (VPR) for nvPM number instrument

specifications in order
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C.

Make-up flow, which includes diluted CO2 concentration measurement

Single or multiple sequential splitters can be used. Splitter2 shall be constructed of stainless steel and heated to 333 K
+ 15 K (60 °C £ 15 °C). The split angles relative to the incoming flow shall be as acute as practical not exceeding 35 degrees
and all nvPM flow paths shall be as short as practical.

The Splitter2 geometry

a.

shall meet the following requirements:

No forward-facing shoulders on the inner wall

b. No change in ID from Splitter2 outlet to nvPMmi inlet

C.

No change in ID from Splitter2 outlet to VPR inlet

Examples of best pract
5.5.3 Instrument Inle

There shall be no chan

Ce Spiltter geometry are given in A.2.T1h the Appendix.
Lines

je in ID between the sampling line and the instrument inlets.

Additional emissions diggnostic instrumentation may be placed in the Make-up flow_path downstream of Splitter2.

5.6 Section 5: nvPM

The sampling system ¢
described in Sections 6
5.6.1 Make-Up Flow

The Make-up flow path

Measurement

f Section 5 includes only the Make-up flow path-requirements. The instry
and 7.

shall contain a primary pump and flew controller to maintain a constant tota

ment requirements are

sample flow rate, (sum

of Make-up flow, nvPMmi, and VPR) of 25 slpm 2 slpm up to 10 kPa below ambient, through Secfion 3.

The Make-up flow path
CO2 concentration dow

The CO:2 analyzer sha
approximately ten times

The sample gas meast
nitrogen. The diluted s4
“wet” correction is requ

shall also contain a CO2 gaseous analyzer (located after a flow controller) t
hstream of Diluter1 [COz2]di1 during the nvPM concentration measurement.

| meet the performance specifications given in ARP1256 noting that its
lower than the, CO2 analyzer used on the raw gaseous sample on the GL.

red downstream of Diluter1 can be considered ‘dry’ as it will consist of at
mple water content is negligible and consequently the CO2 concentration
red.

6. PARTICLE MASS |

D continuously measure

total range should be

east 88% dry air or dry
s measured dry and no

AEASUREMENT REQUIREMENTS

The concentration of turbine engine nvPM mass is determined using compliant instrumentation installed and operated as
specified below. The nvPM mass instrument (nvPMmi) used shall be capable of measuring black carbon concentration
within a measurement range of 0 to 1000 ug/m?, have a resolution of 1 ug/m? or better, and be insensitive to volatile PM
(note that volatile insensitivity is established when the instrument meets the applicability specification in Table 3). The
following subsections outline the recommended configuration and operation of the instrumentation, performance
specifications, instrument calibration, and data requirements. Additional supporting information is included in A.5 of the
Appendix. Figure 3 illustrates the interface between the nvPMmi and Section 4 of the nvPM sampling system.
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nvPMmi
ARP Compliant
nvPM Mass Instrument
Splitter2
From 1 pm Make-up Flow Control &
Cyclo#e_’ CO; Analyzer (COy_ai1)

PM Number
Measurement
System

Figure 3 - Flow schematic of the particle mass concentration measurement system

6.1 Instrument Opers

A number of available
documents for user refe

6.2
The required specificat

procedures as defined
modifications as outling

Instrument Perfofmance Specifications

ting Procedures

instrument and equipment standard operating procedures (SOPs)are prg
rence. The user is advised to use the latest version of the instrument opers

ons for the nvPMmi are listed in Table 3. The verification of these specifi
by the International Standards Organization ~\((SO) Standard 9169-2
d in the Appendix (A.4). A certificate should be<supplied by the manufactu

testing and calibration |
specifications listed in
design changes which

It is important to recogr]
thermal-optical analysis
universally agreed and
a precise sample of nv
precision of calibration
of the instruments the
Because of the expecte
the above process at th
of the instrument. The 3

b
Iable 3. The nvPMmi must comply with specifications in Table 3 after an

n
:Lselves, which are_known to have superior repeatability as compared to

oratory) indicating that the particular make aind model analyzer used durin
ffects data acquisition and processing ofithe instrument make/model.

ize that the performance specifications reflect the limits of the quantities th
as outlined in ASTM Method D6877-13 [see 2.1.3.7] as the reference meth
scientifically precise definition©f soot or nvPM. Similarly, there is no known

d verification using elemental carbon (EC) determined by ASTM D6877-13
d uncertainties intherepeatability of the thermal-optical transmission (TOT

e same or a different laboratory may produce a different slope without any
ccuracy specification in Table 3 is intended to account for such variability.

vided in the appended
ting manual.

Cations is based on the
D06 [see 2.1.3.5] with
rer (or other competent
g certification meets the
y hardware or software

at can be verified using
bd. Note that there is no
method that can deliver

PM for use as a reference material. Thus, the values specified represent fthe expectations for the

and not the capabilities
the reference method.
EC assays, a repeat of
change in the response



https://saenorm.com/api/?name=f46d3385f8c1fda40ab00d741b822166

SAE INTERNATIONAL

ARP6320™A

Page 22 of 67

Table 3 -

Performance specifications for nvPM mass instruments?®

Performance Specification

Reference for Definition

Repeatability ISO* 6.4.5.3 10 pg/m?®
Zero drift 1SO 6.6 (for Co only) 1 pg/m3/hr
Linearity 1ISO* 6.4.5.4 15 ug /m3
Limit of detection (LOD) or noise 1ISO* 6.4.5.5 or ARP 6320 Appendix A5.1 1 pug/m3
Rise time 1ISO 6.3 2 seconds
Sample rate 1ISO 2.1.7 1Hz
Accuracy -- Slope of the linear regression between mass instrument and EC +10%
Agreement with EC determined by determined by ASTM D6877-13 after calibration (see Table 4)

ASTM D6877-13

Applicability — Agreement with EC Validation on aircraft engine exhaust +16%

2Note that the references to 1$0-9469-in-th

6.3 Instrument Calibrption
Each particular make
must be calibrated annually by a c

Table 4. Quartz filter sampling and

used for the purpose of| calibration as described in the Appendix (A.5). Prior to Q’{

that the performance of the nvPMmi be assessed in the “as found” conditi a target EC con
ai& s and allow comparig
N

shown in Table 4. Thi
calibration constants.

Table

nd model of instrument shall be type-certified to the requireme

assessment will allow traceability to prior calibr

Q
oSV

hown
to the

e profile sho

ompetent testing and calibration laboratory accor,
EC analysis by ASTM D6877-13 (with temper.
channual calibra

QO

4 - Calibration sample desir: loading parameters

apply as described below.

in Table 3. All nvPMmi
quirements outlined in
n in Table 5) must be
ion, it is recommended
centration of 100 ug/m?®
on of existing and new

No. of Tests
— Annual

Calibration
b,

No. of Tests —
Accuracy
Certificate®

Target Soot
Concentration®
(pg/md)

e

Minirnum EC Fraction
to Total [EC/(EC+OC)]

0 (blank run) btank run) 3|
0.8 L. 50 6 0
\\
0.8 O$ 100 6 3
0.8 C) 250 0 3
0.8 @~ 500 6 3

@ EC Copcentration @ e as determined by ASTM D6877 elemental carbon (EC) analysis. Flow rate aind
collectipn time lengthare to be determined by the operator for each run to obtain an EC filter loading pf
12 pg/ glem?. One pre-fired, quartz filter in a stainless-steel filter holder shall be used. Actual

concer
collecti

| to filter

For ma

during e

gtarez

low at leas

rd

ach test run. The diameter of the filter deposit shall be large enough to al t one pun

collected
ch to be

collected from each filter. Only the accuracy performance specification value in Table 3 is applied in the

annual

calibration.

¢ ICAO recommendation is to also run three tests at 50 ug/m® [see 2.1.3.14].
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Table 5 - Recommended temperature profile for the ASTM D6877-13 method

Carrier Gas Temp. (°C) Time at Temp. (s) Carbon Removal |

100%He 310 80 OC1

475 80 0oC2

615 80 OC3

870 110 OC4
550 45

90%He+10%02 550 45 EC1

625 45 EC2

700 45 EC3

775 45 EC4

850 45 EC5

870 60 EC6

I 936 126 £C7
Calibration|Gas + He/Ox 0 120

6.4 Measurement Un

The performance spec
reference method. Furt
each specification inclu
uncertainty analysis.

7. PARTICLE NUMBH

The particle number co
a Condensation Particle
engine exhaust. The V
CPC, and a device for t
shall be connected to th
in the particle number s
through a pump before

certainty

fications presented in Table 3 represent limits that can be, vérified with r
nermore, caution should be exercised if these are used to estimate measure
des uncertainties in the reference method that may notneed to be includ

R MEASUREMENT REQUIREMENTS

hcentration shall be measured using a systém consisting of a Volatile Parti
Counter (CPC). The goal of the system_is\to accurately quantify only non-v
PR shall include a diluter to reduce patticle concentrations to within the si
ne removal of volatile species (e.g., Catalytic Stripper (CS) or equivalent) [se
e sample line from Splitter2 as shewn in Figure 4. As for the entire sampling
ystem shall be designed to minimize deposition/loss of particles. The partic
entering the CPC.

VolatileParticle Remover

basonable effort from a
ment uncertainty, since
ed multiple times in an

tle Remover (VPR) and
blatile particles from the
hgle count range of the
e 2.1.3.13]. The system
system, all components
e sample shall not pass

Diluter 2

nvPMni
From ————— I ARP Complian
Splitter 2 nvPM CPC

Pump @

Fiftered-BHuert-Cas T
(Typically Air) :
<0.1 ppm CO, Optional
If COy m option chosen CO, Analyzer
(CO2_giz)

Figure 4 - Flow schematic of the particle number concentration measurement system
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7.1 VPR Requirements

The VPR shall comply with the requirements listed in Table 6.

Table 6 - VPR requirements

Specification System Requirement

e Maintain particle number concentration within CPC single count mode
and reduce sample temperature to between 283 to 308 K at CPC inlet.
Diluent shall be HEPA filtered.

e Annual Calibration Certificate (as per A 6.1.2)

Dilution

¢ Minimum allowed particle penetrations for each DF; setting:
30% - 15 nm, 55% - 30 nm, 65% - 50 nm, 70% - 100 nm
+—Annual-Galibration-Cedificate{asperAi-6-1-3)
Deliver diluted sample to CPC within £15 kPa of ambier]t pressure (at
Sample Pressyre Control CPC exhaust) not to exceed manufacturer maximum.-sample pressure
specification.
e >99.5% removal of 30 nm tetracontane (CH3(€H2)38CI3)>95% purity;
Volatile RemoVal Efficiency particles with an inlet concentration 210000 particles/cm3
e Annual Calibration Certificate (as per A.6.1.4)
Heated Section 623 K
e With catalytic stripper:
o Specify replacement interval.
o Diluent must be air (10% . minimum O, content)
¢ No catalytic stripper:
o Heated dilution temperature between 423 to 638 K
o Total Dilution Facter >8
Output signal to, verify temperatures. Control to +15 K of specified
temperatures.

Non-volatile Particle
Penetration

Volatile Remoyal Device

Heated Stages|Control

7.2 CPC Requiremerjts

The CPC shall comply with the requirements listed.in Table 7.

Table 7 - CPC requirements

cification System Requirement
Working Fluid Reagent grade n-Butanol. Working fluid replaced at frequency per
instrument manufacturer.
Sample Flow The sample flow shall be full flow. No internal flow splitting is allowed.

e +10% from 2000 particles/cm?® (or expected lowgr threshold) to
Counting Accutacy the upper threshold of the single particle count %ode against a
fraceable standard.
e Annual Calibration Certificate (as per A 6.2)
e 250% at 10 nm and 290% at 15 nm electrical mobility diameter
Counting Efficiency using an Emery oil aerosol or equivalent.
e Annual Calibration Certificate (as per A 6.2)
Maximum of 10% correction shall be allowed. The coincidence

Coincidence Correction correction function shall not use any algorithm to correct for or define
the counting efficiency.
Resolution >0.1 particles/cm® at concentrations <100 particles/cm?®

e Linear response in single particle count mode range

Response e Annual Calibration Certificate (as per A 6.2)
Counting Mode Single count. Photometric mode not allowed.
Data Rate 21.0 Hz

T1090 Rise Time <4.0 seconds

Particle Number Concentration Reported at STP condition
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7.3 VPR to CPC Interface

The tube connecting the VPR outlet to the inlet of the CPC shall meet the following requirements:

a.

The material shall be electrically conductive.

b. The tube shall have an internal diameter greater than or equal to 4 mm.

C.

The sample in the tube shall have a residence time less than or equal to 0.8 seconds.

If the reported concentration value is not at STP conditions, the CPC absolute inlet pressure shall be measured with an
accuracy better than 2% so that the number concentration can be corrected to STP conditions following manufacturer’s

guidelines.

8. CALCULATION OF nvPM EMISSION INDICES

This procedure is used [to calculate nvPM mass and number emission indices (Els) for aircraft,gas furbine engines burning
hydrocarbon fuel in air.[The example calculations below do not consider the size-dependent’syste

a factor of ~2 and ~10 for particle mass and number respectively) that are required for the-calcula

nvPM number and ma

Additional correction fagtors to account for fuel composition and ambient conditions may be requ

determination. The nv

normalized to the amo(
HC (as CH4) emissions
the complete and simpl
these equations is also

Els. These correction factors are discussed in AIR6504.

M EIl equations are derived based on the amount of ©vPM in a control vol
nt of fuel used to generate that sample. The amount.of fuel used is derived
in the sample. Derivation of the equations is provided in the Appendix (A.7
fied mass and number nvPM EI equations and a.calculation example. An n
provided along with this ARP. Definitions for-thé parameters used are provi

loss corrections (up to
ion of engine exit plane

ired for accurate nvPM
Lume of exhaust sample
from the CO2, CO, and
. This Section provides
VPM EI calculator using
ded in Table 8.
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Table 8 - Parameters used for nvPM EI calculations

Definition

Elmass g/kg fuel nvPM mass emission indices
Elnum particles/kg fuel nvPM number emission indices
None Atomic hydrogen to carbon ratio (see typical values in Table 1 of ARP1533)
[CO-] Mole fraction Mean concentration of CO> vol/vol in undiluted exhaust sample (wet basis)
[CO2]s Mole fraction Mean concentration of CO> vol/vol in undiluted exhaust sample (measured dry or semi-dry)
[CO2]din Mole fraction Mean concentration of CO; vol/vol after first dilution stage (wet basis)
[CO2]dii2 Mole fraction Mean concentration of CO, vol/vol after second dilution stage (wet basis)
[CO] Mole ffactiom | Me&an undiiuted volfvol concentration of CO (Wet basis) |
[HC] Mole fiaction Mean undiluted vol/vol concentration of hydrocarbon (wet basis)as) CHa.
[H20] Mole f]action Mean water vol/vol concentration in undiluted exhaust sample
NVPMmass_sTp pg/m?3 nvPM mass volumetric concentration measured after the first dilution $tage at STP
nVPMnum_sTp particlgs/cm3 nvPM number concentration measured after the second dilution stagg at STP
Kthermo None Thermophoretic loss factor for measured nvPM mass and number concentrations
KsL_mass’ None System loss factor for measured nvPM mass‘concentration
KsL_num? None System loss factor for measured nvPM 'number concentration
DF1 None Dilution factor of the first dilution stage
DF1_s None Dilution factor of the first dilution*stage calculated with [CO]s real timq
DF2 None Dilution factor of the second'dilution stage
BR None Engine bypass ratio:5.B/C, where B and C are mass flow rates for bypass and core
Fmix None Fraction of bypass.air mixed with core flow air at the sampling probe glane
Fmass_residual None Fraction of ambient nvPM mass surviving the core
Frum_residual None Fraction of ambient nvPM number surviving the core

[CO2] b Mole fiaction CQOz concentration in ambient air at the engine inlet

[HClo Mole f]action Hydrocarbon concentration in ambient air at the engine inlet
nVPMnum_b particlgs/cm?® nvPM number concentration of ambient air at the engine inlet
NVPMmass b pg/m?3 nvPM mass concentration of ambient air at the engine inlet
Tecr K =g

T4 K Sample tube temperature at Diluter1 inlet, K

1.2 Note that these two values are set to 1 in the example calculations because size dependent system losses are not considered.
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8.1

Complete nvPM EI Equations

The equations below calculate nvPM EI in mixed (core plus bypass) and non-mixed flow (core only) sampling. The complete
nvPM EIl equations include:

a. Full gaseous species (CO2, CO, and HC) on a wet basis to calculate fuel burned. If species are not measured wet, they
should be corrected using guidance in ARP1533.
b. Correction for thermophoretic particle loss (due to temperature reduction from probe tip to sampling line) derived using
procedure in 4.4.1.
c. Corrections for ambient background residual (nvPM, CO2 and HC).
d. nvPM system loss correction (estimated from AIR6504).
8.1.1  For Mixed Flow Sampling
22.4x[nvPM o xDE xk, xkg -nvPM__, x(BRxE & +F )/ (BRXF, +1)]x107°
EIM _ mass_ ermo , mass mass | mix mass_residual mix (Eq. 3)
([Coz ]mn x DFl - [Coz ]b + [CO]+ [HC]_ [HC]b XML- + aMH)
B - 224x[nvPM, e X DE, xDE,xk,... X kSLJm - nVPMmme x(BRxF & F‘mmﬁsidual) /(BRxF_|+1)]x 10°
,,,,,, = (co,],, x DF, -[CO,], +[cO]+[HC]-[HE] M +aM ) (Eq. 4)
Where DF1=[COz] / [CQ2]din and DF2=[COz2]di1 / [CO2]aiz2 or calibrated output per Diluter 2 setting.
8.1.2  For Non-Mixed|Flow Sampling
The bypass ratio (BR) in Equations 3 and 4 is zero, which yields:
E] = 224)( (nVPMmass_STP x DE 2 klhermo x kSL_mass - nVPMmass_b x Fmass_ residua]) X 1 0_6
T (co.],,x pFCIco,), +[col+[HC]-[HC), )M, +ait,,)
(Eq. 5)
EI — 22'4X (nVPMmmLSTP x DE x DFZX kthcrmo x kSLJ1um - 1’IVPMnunLh X Fnumircsidual) 106
(co.],, x DF; -[co,}, +[col+[HC]-[HC), )M, +am,)
(Eq. 6)

Where DF+=[CO2] / [CCO

2ldid and DF2=[CO2]qi1 / [CO2]qi2 or calibrated output per Diluter 2 setting.

8.2  Simplifications of

nvPM El Equations

The complete equations (Equations 3 to 6) can be simplified depending on the need and availability of data. The parameter
settings for a limited number of cases are provided in Table 9. Two sets of example calculations with simplifications are

given in 8.2.1 and 8.2.2
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Table 9 - Values of parameters in nvPM equations based on several simplified cases

nvPM Equation Parameter

System loss corrections not required

Ambient HC is negligi
Ambient nvPM is negl
Ambient nvPM is sign

Ambient nvPM is sign

Simplified Case

ble [HCl,=0
igible, not evaluated or not required
ificant for bypass air and all survived through core

ificant for bypass air, but consumed in core flow

[CO] and [HC] are ne

[CO], [HC] and [NOy]
undiluted [COs]s sam

Notes:
Simplifications can
Els with and witho
If any ambient nvF
nvPM El. Users m
composition of am
Setting [CO] and |
(e.g., idle) or engin

8.2.1 Full Gaseous n

On a practical basis for
often negligible ([HC]b 3

gligible or not measured [CO] =0, [HCI=0

not measured, not enough data to correct the measured
ble to wet basis

DF1 = DF1_3

lead to different calculated Els and should be reported.-Sgecial care should
Lt system loss corrections.

M survives the core combustion, setting Frum_residual’= Fmass_residual = 0 will leg
ust estimate the Fnum_residual and Fmass_residual ON%a.case by case basis, dep
bient nvPM and the engine’s core temperature:

es.

vPM El Equations with No System/.oss Correction

turbine engine combustiop;*\the contribution of ambient hydrocarbons and
£0, PMmass_b = 0, PMnum_b,="0). As noted previously, the example calculations

Setting
kSL_mass =1, kSL_num =1

PMmass_b= 0, PIvlnum_b= 0
Fnum_residual = Fmass_residuaI= 1

Fnum_residual = Fmass_residual =0

be taken not to compare

d to a higher calculated
ending on the chemical

HC] = 0 leads to slightly higher calculated hvPM Els, especially for less effjcient engine conditions

hvPM on emissions are
in this ARP set kSLﬁmass

= ksL_num =1 to reflect that size dependent system losses (which depend on a number of paramefers associated with the

nvPM source and the s
values, these system Ig
AIR6504.

Equations 7 and 8 sho|
sampling.

ampling and measurement system) are not being considered. To calculate

Lld be used for nvPM El mass and number calculations for both mixed-fl

he engine exit plane El

sses must be cofisidered using ksL_mass and ksL_num estimations from the methodology discussed in

bw and non-mixed-flow

22.4x0vPM, ,x107°
EImass - 1 - x kthcrmo
(lc0.L, i eol-lco.] + ) (o, +aan,)
1
_ 22.4xDF, xnvPM, o, x10° <k

thermo

) .+,

num (

[co.], + é([co]- [co.] +[rC]

1

(Eq. 7)

(Eq. 8)
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8.2.2 Simplified Gaseous nvPM EI Equations with No System Loss Correction

Since the combustion efficiencies of modern turbine engines are greater than 95%, it is reasonable to assume that all of the
fuel carbon is converted to CO2. nvPM and CO:z-only measurements could be used for determination of Elmass and Elnum
using the following simplified equations (based on same assumptions for Equations 7 and 8):

-6
El,, ~ 224XV s e 1D XK o (Eq. 9)
([COZ]di/l - [Coz ]b /DE) X (M<' + OZMH )

224xnvPM % DF,x10°

num

_[Coz]b /DF;)(ML +CZMH)X thermo

~
~

" ([Co,]

(Eqg. 10)

dill

For modern engines, usirg-Equationrs-9-and-10-resultina-higherealeulated-Elmassard-EhmmeHess-than 0.1% for high power
settings due to the high|combustion efficiency, and less than 5% for idle conditions.

8.3 Examples of nvPM EI Calculation

The conditions: ambieni nvPM and hydrocarbon concentrations are negligible ([HClo,=0}yhVPMmass 4= 0; nVPMnum_b = 0) and
nvPM size dependent gystem loss corrections are not considered (ksi_mass = 1, Ksi_ngm= 1).

The given parameters gre:

[CO2]ary = 26051ppi [COlary = 1012 ppm [H20] = 0.0244
Total HC (wet) = [HC]= 117 ppm by C [CO2]b = 370ppmMm DF2 # 100
T1=436 K Teet = 678K

NVPMnum_sTp = 2.18[x 102 particles/cm?® NVPMinass_stp = 19 ug/m3

[CO2]aini= 2591 ppn} = 0.002591 (wet basis)
o = 1.897 for a typigal Jet A fuel
Converting [CO2]ay|to wet basis, [CO2] = [CO2]ary X (1 - 0.0244), [CO2] = 25415 ppm

Converting [COJuary o wet basis) [CO] = [COJay x (1 - 0.0244), [CO] = 987.3 ppm

DF+1 = [COz2] / [CO2Jhin =:25415/2591 = 9.809

DF1_s = [CO2]ary/ [CO2]ain = 26051/2591 = 10.05

Substituting T4, TeeT in Equation 2 yields,

0.38
436
Kihermo= 1/ (ﬁ) =1.18

8.3.1 Full Gaseous nvPM EI with No System Loss Correction
The example provided below uses Equations 7 and 8.

For the nvPM mass El calculation, substituting the given values into Equation 7 with all gaseous concentrations x 10, to
convert ppm to vol/vol values:
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224xnvPM ¢, x107°
El. = - xk

([Coz]dm +§([co]- [co,]. + [HC])J (M, +aM,)

1

thermo

-6
22.4x19%x10 <118

[2591 *5 ;15 x (987.9-370+1 17}< 10 x (12.011+1.897 x 1.008)

=0.0135g/ kg fuel =13.5mg / kg fuel

For nvPM number EI calculation, substituting the given values into Equation 8, with all gaseous concentrations x 10 to
convert ppm to vol/vol values:

22.4xDF, xnvPM, . o x10°
EI,, = xk

" {[coz]dm +é([co]- [co.] + [HC])J (M, +aM,)

1

thermo,

3 6
22.4x100x2.18x10° x10 <1.18

2591+
9.81

5% (987.9-370+1 17} 107 % (12.011 41897 x 1.008)

=1.56x10" particles | kg fuel

8.3.2 Simplified Gasgous nvPM EI with No System Loss Correction
The example provided below uses Equations 9 and 10.

For nvPM mass El calulation, substituting the given values into Equation 9, with all gaseous cpncentrations x 10, to
convert ppm to vol/vol Jalues:

22.4 xnvPM x107°
E[mass ~ p—— x k(hcnnu
(€01, ~[CO,], / DF)x (M, +aM,,)
B 22.4x19%x10°°
(2591-370/9.815)x107° x(12.011+1.897 x1.008)

x1.18

=0.0141 g/ kg fuel =14.1mg / kg fuel

For nvPM number El calculation, substitufing the given values into Equatfion 10, with all gaseous concentrations x 10 to
convert ppm to vol/vol values:

_ 224xnvPM,, . xDF, x10° <k
num ([COZ] _[(:O2 ]b /DE)(M( + (ZMH) thermo

dill

22.4x2.18x10° x100x10°

- x1.18
(2591-370/9.815)x 10 x (12.011+1.897 x 1.008)

=1.62x10" particles/ kg fuel
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8.4 Reporting of nvPM ElI

The calculated nvPM Elnum shall be reported in particles/kg fuel with three significant figures in scientific notation, and the
Elmass in mg/kg fuel with three significant figures and a maximum of one decimal point. The EIl units for PM mass emissions
are reported in mg/kg fuel, compared to g/kg fuel for gaseous emissions, to accommodate the relatively low PM emission
values for modern engines. The examples above and the PM EI calculator show the EI units for PM mass emissions
converted from g/kg fuel to mg/kg fuel.

When the measured nvPM mass and number concentrations are below the Leakage Check requirements as defined in
A.4.3.2, the calculated El shall be reported as “< System LOD”.

The nvPM EI calculations in the examples in 8.3 did not account for size dependent system losses. It should be noted that
these system losses will be significant and must be considered when calculating engine exit plane Elnum and Elmass values.
A methodology for estimating nvPM system losses and associated uncertainties is discussed in AIR6504 (see 2.1.1.7).

9. OPERATION OF nyPM SAMPLING AND MEASUREMENT SYSTEM

The operational proced

A system operation chg
the ARP requirements.
instrument operation gu

9.1 Calibration and M
All instruments shall be

9.1.1  The nvPM San

Lres for the nvPM sampling and measurement system are outlined:below.
cklist, attached to this ARP, includes detailed checklists to aiddhe system
idance provided by the manufacturer takes precedence‘and shall always bg
aintenance

maintained conforming to the manufacturer’s guidelines.

pling System and Make-up Flow

operator to comply with

Note that these checklists provide guidance to meet ARP Specifications; however, system and/or

b followed.

The following nvPM sarnpling system and make-up flow components shall be calibrated and maintained as follows:

pressure measurements should-beiwithin 2% FS.

tor collection reservoir shall be emptied and cleaned on an annual basis.

All calibrated flow rates'should be within 5% FS.
rs shall be calibrated by a NMI-traceable pressure transducer on an ann
pe (typically’ >1 year but could be less depending on nvPM loading), DF1 w

bn DEy approaches the upper range limit (14), clean Diluter1 as per manuf
sample inlet orifice nozzle shall be cleaned.

ller and inlet flow rates for nvPMmi, nvPMni, VPR shall be calibrated by a NMI-traceable flow meter

hal basis. All calibrated

Il increase compared to
Acturer guidelines. As a

To indicate if Diluter1 sample inlet orifice nozzle is becoming blocked and/or to help ensure Diluter1 dilution factor

operability at low power engine conditions, when probe inlet pressure is low, or when a different probe is utilized; an
operational check may be performed prior to the engine test series using the procedure described in A.4.7 of the

a. The cyclone separs
b. Make-up flow contr
on an annual basis
c. Pressure transducs
d. Over long time usa
an initial value. Wh
minimum, Diluter1
e.
Appendix.
f.

An additional system flow check prior to an engine test series can be performed to ensure the nvPM sampling and

measurement system operates correctly during an engine test. Disconnect Section 3 from Section 2 and place a flow
meter at Section 3 inlet to verify that the flow is within 25 slpm * 2 slpm, while ensuring flow rates in each Splitter2 flow
path are equal to those to be used during engine test. A measurement of sample pressure drop through Sections 3
and 4 during this check can be used to help flow validation during an engine test.
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9.1.2 nvPMmi

The nvPMmi shall be annually calibrated by a competent laboratory to meet the calibration requirements prescribed in 6.3.
The nvPMmi shall demonstrate compliance to performance specifications listed in Table 3 by the instrument manufacturer
or competent laboratory after any hardware or software changes to the nvPMmi which affects data acquisition and
processing.

9.1.3 VPR

The VPR shall be annually calibrated by a competent laboratory to meet the requirements prescribed in 7.1. If the VPR
contains a catalytic stripper, its replacement interval shall meet the manufacturer guidelines.

The VPR shall demonstrate compliance to performance specifications listed in 7.1 by the instrument manufacturer or

competent laboratory afterany hardware or software changes to the nvPMmiwhicaffects dataacquisition and processing.

9.1.4 nvPMni (CPC)
The CPC shall be annually calibrated by a competent laboratory to meet the calibration réquirements prescribed in 7.2. The
CPC working fluid shal| be n-butanol and shall be replaced following the manufacturer guidelines| (typically on a monthly
basis). The wick shall b replaced following manufacturer guidelines.

The CPC shall demongtrate compliance to performance specifications listed/in 7.2 by the instrument manufacturer or
competent laboratory after any hardware or software changes to the nvPMmi which affects data acquisition and processing.

9.1.5 Gas Analyzers
Calibration of the gas apalyzers shall follow ARP1256 procedures:

The CO2 impurity concgntration of the zero calibration gas-for the CO2 analyzer downstream of Diluter1 shall be less than
10 ppm. Note this impufity specification for the CO2 analyzer downstream of Diluter1 is different than ARP1256.

The diluent for Diluter1 |could be the same as the zero calibration gas used for the CO2 analyzer bgcause the CO2 impurity
criteria are the same.

9.2 Engine Test Seri¢s Operation
9.2.1 Prior to an Eng|ne Test Series
Pre-test checks for the|Collection-Part and Transfer Part cleanliness and leakage, and VPR dilutipn factor (DF2) shall be

performed using the procedures described in A.4.2, A.4.3, and A.4.6 of the Appendix. The Collection Part and GL
cleanliness check are not-required if performing the simplified nvPM El method.

9.2.2 During an Engine Test Series

If any component or section of the nvPM sampling system is new, cleaned since last use or used previously for a purpose
other than sampling engine exhaust, then the nvPM sampling system shall sample aircraft engine exhaust for a minimum
of 30 minutes at any engine power condition prior to obtaining nvPM measurements. Note that removal of soot blockage in
the Diluter1 orifice does not constitute a cleaning process.

For gaseous measurements on the GL and downstream of Diluter1:

a. Apply appropriate zero calibration gas and make any necessary instrument adjustments.

b. Apply appropriate calibration gas at a nominal 90% FS concentration to span the ranges to be used, adjust and record
gain settings accordingly.

The nvPM concentration measurements shall only be taken after all instruments and sample transfer lines are warmed up
and stable (typically 1 hour).
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The nvPMmi manufacturer recommended operability checks shall be performed

For nvPM number measurements, the following requirements shall be met:

a.
b. If a catalytic strippe
C.

d.

e.

The VPR heated stage is at 623 K + 15 K (350 °C £ 15 °C).

ris used in the VPR, the diluent shall contain at least 10% of Ox.

The nvPMni working fluid is at the level required by the manufacturer.
The nvPMni saturator and the condenser have reached correct operating temperatures.

The nvPMni manufacturer-recommended operability checks shall be performed.

Ambient nvPM measure
in A.4.5 of the Appendi

Section 1 back-purging

Gaseous analyzer zero
than 1 hour during tests

During engine nvPM m

a. If P1is at sub-atmo|
off valve shall be cl
b. Both the GL CO:2

measured and use
as:

DF1_S=

The calculation of DF1_

ments shall be performed at the beginning and end of an engine test using 1
. The ambient measurement also serves as an operational nvPMni respon

as described in A.4.4 of the Appendix, should occur during enginé-start-up

and calibration span points shall be rechecked at the end of thetest and als
. If either has changed by more than +2% of FS range, that(portion of the tg

basurements, the following requirements shall be met;

Dsed.

oncentration and the CO2 concentratioi;’"downstream of Diluter1, [CO2]qil
i for validating and controlling DF+ inréal time (DF1_s) to within the range

[CO2]s
[COz]ainn

does not require the.CO- concentration on a wet basis.

The sample flow rate o
flow rates of the nvPM

25 slpm + 2 slpm_in Section 3 shall be monitored by summation of the m3
i and the VPR.\Note that flow validation can also be achieved by maintainir

pressure drop for the 2% slpm flow.eondition.

When the engine opergtion ahdsmeasured nvPM mass and number, CO2 and diluted CO2 concent

required thrust setting,

minimum of 30 seconds of data shall be averaged and recorded.

e procedures described
be check.

and shut down.

b at intervals not greater
st should be rerun.

spheric pressure, the P1 Pressure Control Valvé shall be closed; and if insfalled, the optional shut-

, shall be continuously
B to14. DF4_s is defined

ke-up flow and the inlet
g the same sample line

rations are stable at the

If the nvPMmi lacks a sample pressure measurement, the pressure shall be measured at a location between the Splitter2

outlet and the make-up

flow inlet, and recorded.

If the nvPMni lacks a sample pressure measurement, the pressure shall be measured at a location between the VPR outlet
and nvPMni inlet, and recorded.

It is recommended that the parameters listed in Table 10 be reported during the test. In addition, all parameters used for
calculating particle size-dependent transport losses (Table A2 in the Appendix) need to be reported.

If a more precise fuel analysis is performed, re-calculate Elmass and Elnum with known fuel parameters.

It is recommended that the cleanliness test and average pre- and post-test readings of the ambient air are reported with its
corresponding two standard deviation (20) variation.
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Table 10 - nvPM measured parameters reported during engine tests

| Parameter | Unit
Section 2 Inlet pressure mbar
Diluent pressure Bar
Diluter1 inlet Temperature K
20 Diluter1 inlet Temperature K
Diluter1 exit temperature K
Section 3 temperature K
Section 4 cyclone separator temperature K
Section 4 mass line temperature K
Section 4 number line temperature K
GL temperature K
Mass ahalyzer flow rate slpmo, |
VPR arfalyzer flow rate _slpm
Makeup flow rate (-~ slpm
Section 3 total flow rate O slpm
GL flow rate ¢ 'O slpm
Raw CQ. concentration L, 1O° %
20 raw [COz concentration (\\( %
Diluted |CO. concentration QLY ppm
20 dilufed CO, concentration LN ppm
DFi s AN -
DF; Q7 -
DF, N -
nvPM mass concentration (N'VPMmass_stp) R ug/m?3
20 nvPM mass concentration (\\‘ pg/m?
nvPM rjumber concentration ("'VPMnum ste) particles/cn®
20 nvPM number concentration \‘\O\ particles/cnp3
Mass ahalyzer sample temperature ()" K
Mass apalyzer sample pressuret, - Bar
Numbef analyzer sample temperature K
Numbef analyzer sample pressure Bar
El mas$ RS g/kg fuel
20 El Mass el g/kg fuel
El Numper -/ particles/kg fuel
20 EI Numbet/ * particles/kg fuel
Averagg pre< and post-test ambient air particle mass concentration ug/m?
20 amhj_e‘r;t’parﬁrlp mass concentration Iug,[m3_
Average pre- and post-test ambient air particle number concentration particles/cm?
20 ambient particle number concentration particles/cm3
Cleanliness test — particle mass concentration pg/m?3
20 cleanliness particle mass concentration ug/m?
Cleanliness test — particle number concentration particles/cm?
20 cleanliness particle number concentration particles/cm?
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10. NOTES
10.1 Revision Indicator

A change bar (1) located in the left margin is for the convenience of the user in locating areas where technical revisions, not
editorial changes, have been made to the previous issue of this document. An (R) symbol to the left of the document title
indicates a complete revision of the document, including technical revisions. Change bars and (R) are not used in original
publications, nor in documents that contain editorial changes only.

PREPARED BY SAE SUBCOMMITTEE E-31P, PARTICULATE MATTER OF
COMMITTEE E-31, AIRCRAFT ENGINE GAS AND PARTICULATE
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APPENDIX A

The Appendix provides information on the nvPM measurement system that was only briefly discussed in the main body of
the ARP. Information covered herein includes: specifications of system components, system/instrumentation standard
operating procedures (SOP), PM mass and number instrumentation calibration guidelines, brief discussions on calculations
of sampling system line losses, derivation of El equations and uncertainty analysis, and other supplementary information to
help the user build, operate and maintain the nvPM sampling and measurement system. The Appendix is divided into the
following Sections:

¢ A.1 nvPM Sampling and Measurement System Flowchart
e A2 nvPM Sampling System Best Practices

e A.3 nvPM Sampling System Particle Transport Losses

e A.4 Procedures for System Operation

e A5 Particle Mass Concentration Measurement

e A6 Particle Numbger Concentration Measurement

e A7 nvPM El and Uncertainty Calculations

A1 NON-VOLATILE PM SAMPLING AND MEASUREMENT SYSTEM.:FLOWCHART

The flowchart in Figure|A1 displays the main sections and components of the non-volatile PM sampling and measurement

system.
Engine exhaust
sample
P Collection Part — Sectjon 1

- 1
Section 1 | Transfer Part — Sectiops 2-4 i
probe inlet—spiiter] inlet e A
1
____--------::1.‘ .............. \ 1 PM Measurement — S¢ction 5 |

1
[
Section 2 H
Exces i
S spfeter [ inlet —diluter] outlet H
amp *T| {inflides Isolation Valves 1 and 2,

Gas Line

raw gas measurement, optional Smole measurement
temperature and pressure

measurements T1, T2 andP1)

(includes prefsure
control vall-e)

1 1
1 1
1 1
i 1
i i
: ; !
! Section 3 B .
i didastemseistini—avotamiies H Section 5 i
! | (standardised sampleflowrate andline | | |
! geometry i VPR & diluter2 nvPMni !
i [ 1
! ! V'V | Volatile Particle Removal ane non-volatile Particulate Matter | |
! > variabls dilution ™ mumber instrument
1 [
i . [

Section 4 .
i nvPMmi |
E it non-volatile Particulate Matter mass iastrument H
! cyclone inlet — instrumert inlets i
H (includes Splitter2) 1 Make-up flow
i 1
i (includes filter, flow controller, pump and diluted CO; measurement) | |
i 1
. J e e e 1

Figure A1 - Flowchart of the non-volatile PM measurement system
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A2 nvPM SAMPLING SYSTEM BEST PRACTICES
A.2.1 Splitter Design

Figures A2 and A3 show examples of splitter geometries and assemblies that meet the requirements and are acceptable
for use. Note that there are many other possible geometries and assemblies that could meet the requirements and could
be acceptable for use. Splitter design is not based upon hydraulic flow considerations but on the desire for standardization
between sampling systems.

Triple Splitter Double Splitter (i)

v

Double Splitter (i) Double Splitter (iii)

Figure A2 - Schematic examples of splitter geometries

i ID8mm

Spliter
flow path
interfpoe

(a) (b) (©)

Figure A3-Example of triple splitter geometry as (a) single plane, (b) multi-plane;
r and (c) line diameter change

A.2.2 Sections 1 through 4 Sample Line Thermal Connection Requirements

Best practice shall be to heat throughout the union connection interface. If this is not practical, as a minimum, the sample
line shall be isolated from the interface surface and heated up to within 5 cm of the interface surface and thermally insulated
throughout. An example is shown in Figure A4. If required, bulkhead fittings shall only occur at the interfaces between
Sections and where required within Section 4.
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Active heating

Figure A4 - Example of bulkhead union interface heating

Other connection fitting
practical, the sample lin
as shown in Figure AS.

A.2.3 Section 3 Flow

Figure A6 shows an ey
control. In the figure, S
Controller (14 slpm) an

25888 El _L( lssss

ﬁ TThe’ma'
Active heating : Madry E

Insulation

Figure A5 - Example of sample line connection heating

Rate Control

ection 3 flowrate of 25 slpm iscthe sum of the nvPMmi (4 slpm), VPR (4 slp
i CO2 Pump Flow Controller (3 slpm).

Pump

s within Sections 1 through 4 shall be heated across the connection where possible. If this is not
e shall be heated up to within 5 cm of the next heated section, and thermdlly insulated in between

ample of two flow controllers .installed in the Make-up flow line to providg Section 3 system flow

M), Primary Pump Flow

CO; Analyzer
nvPM Mass (col_dillj
4 slpm Instrument Flow
avPMmi Controller
Splitter 2
. 25+2 slpm ¢ Make-up Flow Filter 14 slpm
Section 3 -
Filter Flow Primary Pump
Controller -

4 slpm

I YPR (DF:) I
I S—

Figure A6 - Example of system flow rates that ensure Section 3 flow rate satisfies 25 slpm * 2 sipm

A.2.4 Make-Up Flow Sampling Configuration

It is recommended that HEPA filters be placed upstream of flow controllers to prevent damage to components.

A.2.4.1 CO2 Analyzer Sampling Configuration

For the [CO2_qi1] sampling, there are multiple approaches using several flow controllers and pumps. Figure A7 shows
possible examples of sampling layout options for performing nvPM sampling system flow control and [CO2_din1]
measurement for determination of the first stage dilution factor DF.
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CO; Analyzer CO,; Analyzer CO,; Analyzer
(COy_gi1) (COy_ain) (COy_gi1)
Flow Flow
Controller Pump Filter Flow Controller
Controller
. Flow
g Con;‘:]ler Pump c Flov]: Pressure Control
ontrollers Primary Pump Valve
»
Primary Pump

A3

Reporting of parameter

Primary Pump

Figure A7 - Examples of sampling layout for nvPM sampling system flow control

at first stage dilution measurement

nvPM SAMPLING SYSTEM PARTICLE TRANSPORT LOSSES

5 in Table A2 is needed for size-dependent particle loss calculation.

Table A2 - System parameters required to calculate particle size-dependent transport losses
Parameter Unit

Probe inlet temperature K
(Equivalent to performance-predicted engine exit exhaust gas temperature Tecr)
Measured Dilufer1 inlet temperature (T1) K
Individual flow fates glpm
(Measured Segtions 3 and 4; Practical estimation Section 1, Section 2)
Individual pipe jnner diameters for Sections 1 to 4 ¢m
Individual lengths for Sections 1 to 4 ¢m
Individual pipe wall temperatures for Sections 1 to 4 K
Total angle of gampling tube bend(s) for Sections-1 to 4 and flexible tubing in Section 5 | degrees
Cyclone Separptor Dso cutpoint (Manufacturer’Specification) nm

Cyclone Separ

btor sharpness (Manufacturer Specification) ecimal fraction

Diluter1 four ps

netration fractions (T.able 2) ecimal fraction

VPR calibration four penetration values (Table 6)

ecimal fraction

CPC calibratioff two counting efficiencies

ololal o

ecimal fraction

First stage dilu

ion factor, DF*

Second stage

VPR) dildtion factor, DF2

Measured nvP

M mass concentration (NnVPMmasssTp) fig/m?3

Measured nvP

M number concentration (nVPMnumsTp) particles/cm3
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A4

A4

A4

PROCEDURES FOR SYSTEM OPERATION

1 Collection Part

and Gas Line (GL) Leakage Check

1.1 Leakage Check Procedure

Prior to an engine test series, the Collection Part and the GL shall be checked for leakage using ARP1256 methodology.
This can be performed by:

a.

Isolate the GL from the nvPM Measurement Part using the Isolation Valve 1, the P1 Pressure Control Valve and, if

installed, the option

al shut-off valve.

Isolate the probe and the analyzer.

Connect and opera

The vacuum pump
rate shall not be leg

Figure A8 shows the sg

A4

1.2 Leakage C

The leakage flow rate s|

A4

2 Collection Part

€ a vacuum pump to verny the leakage TIow rate.

shall have a no-flow vacuum capability of —75 kPa with respect to atmosphe
s than 26 slpm.

mple flow path for this check.

Sampling
Probes- Blocked SR Flow

/ I No Flow

P, Pressure
Control Valve

Isolation
Valve 1

T

) Splittert
Collection

Part Sampling pump in GL draws sample

Figure A8 - Flow-schematic for collection part and GL leak check
neck Requirement
hall be satisfactorily if less than 0.4 slpm (no more than 2 standard liters pa

and:-Gas Line Cleanliness Check

ric pressure; its full-flow

S in @ 5 minute period).

This check is only performed 1t using the Tull gaseous nvP N ET calculation method.

A4

2.1 Cleanliness Check Procedure

The Collection Part and GL shall be checked for cleanliness using the following procedure:

a.

b.

Isolate the GL from the nvPM Measurement Part using Isolation Valve 1 and the P+ Pressure Control Valve.

Isolate the GL from the probe and connect the end of the sampling line to a source of zero gas.

Warm the system up to the operational temperature needed to perform hydrocarbon measurements.

Operate the sample flow pump and set the flow rate to that used during engine emission testing.

Record the hydrocarbon analyzer reading.
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A4.22 Cleanliness Check Requirement

The hydrocarbon reading shall not exceed 1% of the engine idle emission level or 1 ppm (both expressed as carbon),
whichever is the greater.

It is recommended to monitor the inlet air quality at the start and end of an engine test and at least once per hour during a
test. If HC levels are considered significant, then they should be taken into account.

A.4.3 Transfer Part Cleanliness/Leakage Check

Cleanliness checks can fail due to contaminated Transfer Part components or leaks in the Transfer and/or Measurement
Parts. A system leakage will result in ambient air particles drawn into the system.

A.4.3.1 Cleanliness/Leakage Check Procedure

Prior to an engine test geries, the Transfer Part shall be checked for cleanliness and leaks using!thg following procedure:
a. Flow HEPA-filtered|diluent through Diluter1 with the Isolation Valve 1 closed.

b. The flow rates in egch Splitter2 path shall be equal to those used during enginedesting.
c. Setthe DF2 to the lIpwest setting of the VPR.

When the measured nvPM mass and number concentrations are stable, record data for a minimum jof 30 seconds. The flow
schematic for the Trangfer Part cleanliness check is shown in Figure A9:;

: Section 5
Isolation '
Valve 2 1
Fiheredl thueflt Gas E €O, Analyfer
(Air or o) [0l
<10 ppm CO,
nvPM Mass Instrument

Diluent nvPMmi
Heater Pump

Diluterl
(DF, 5 =8-14)

Filter Flow Controller

Primary Pump

<)

'
. Make-up Flow
Isolation

Valve 1

I

VPR Excess Flow

Diluterl Vent

nvPM Number Instrument

nvPMni

-

; Filtered Diluent Gas
smmesm  No Flow ! (Typically Air)

i

1

Figure A9 - Flow schematic for the transfer part cleanliness check
A4.3.2 Cleanliness/Leakage Check Requirement

The 30 seconds averaged nvPM mass concentration (n'VPMmass_stp) shall be less than 1 ug/m?® and the 30 seconds averaged
CPC nvPM number concentration (nvPMnum_sTe) shall be less than 2.0 particles/cm?.

If the cleanliness check fails, the system should be first inspected for leakage. If no leaks are detected, the cyclone separator
collection reservoir should be inspected and cleaned. If the cleanliness check still fails, segments of the sampling system
may need cleaning or replacement.
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A.4.4 Collection Part

Back-Purging

In order to maintain the Section 1 sampling probes and lines clear of unburned fuel, Section 1 shall be back-purged during
engine start-up and shutdown as depicted in Figure A10.

A.4.5 Ambient nvPM

Ambient nvPM mass a
engine test and reporte

For an enclosed test c
obtained while the eng
engine start-up.

A.4.51 Ambient nv

The ambient nvPM masg

or 2 as described below.

1. Method 1 - Samplin
The nvPM Sampling an

When sampling through

E Sampling
E Probe
| Assembly

SR Flow

Em— No Flow

P, Pressure
Control Valve

Isolation
Valve 1

Section 1

X,

“§

i Back-purge Gas

Figure A10 - Flow schematic for Section 1 back-purge
Measurement

nd number concentrations representative of engine air inlet shall be obtair
d as the average of these two measurements.

Bll, to achieve representativeness it is recommended that the ambient parf

PM Sampling Procedure

s and number concentrations fepresentative of engine air inlet shall be sam

g through Diluter1 vent
d Measurement system shall be used to sample through Diluter1 vent.
the Diluterd/vent the following procedure shall be used:

Lent flow supply to Diluter1 by closing Isolation Valve 2 and ensure that

ed before and after an

icle measurements are

ne is running. The first ambient measurement should be obtained a minimum of 5 minutes after

pled by either Method 1

the Isolation Valve 1 is

a. Turn off the dil
closed.

b.

c.

d.

The diluent heater should be protected from overheating when the diluent flow is turned off.

Ensure flow rates in each Splitter2 flow path are equal to those to be used during engine testing.

When the measured nvPM mass and number concentrations are stable, record data for a minimum of 3 minutes.

The flow schematic for the Method 1 ambient nvPM measurement in shown in Figure A11. This setup shall only be used if
the vent exhaust location is representative of engine inlet air.
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Section 5

Isolation
Valve 2 H
' CO, Analyzer

Filtered Diluent Gas
(COy_an)
nvPM Mass Instrument
nvPMmi

(Air orNy)
i Filter Flow Controller

<10 ppm CO,

Diluterl
(DFy_gr=28-14)

Splitter2

T =333K=15K
Flow =25+2 slpm

ID =7.59-8.15mm

Make-up Flow

T,
1pm VPR Excess Flow
T Cyclone Separator
PM N
VPR(DF3) nvPM Number Instrument
Representative nvPMni
[ErEime et A ]
Sample

Filtersd Diluent Gas

: Flow (Twpically Air)
No Flow

Figure A1 - 1 Flow schematic for ambient particle air measurement

2. Method 2 — An add|tional nvPM measurement system

An additional ambient nvPM sampling and measurement system shall'meet the following requirements:
a. The ambient nyPM sampling system shall conform to.Sections 4 and 5 sampling system requirements in this ARP.
b. The nvPMmi, PR and nvPMni shall comply with.Sections 7 and 8 of this ARP.
c. The ambient nyPM sampling system inlet,shall be located within 50 m of the engine intake|plane.

When sampling with an|additional nvPM sampling and measurement system, the following proceddre shall be used:
a. Ensure flow rates in each Splitter2)path are equal to those to be used during engine testing.
b. When the meagured nvPM\mass and number concentrations are stable, record data for a ninimum of 3 minutes.

A.4.5.2 Ambient nyPM Measurement Requirement

The 3 minutes averaged nvPM mass concentration (nvPMmass stp) and nvPM number concentratiof corrected for DF2 (DF2

x nvPMnum_sTr) shall be reported. Note the ambient level of nvPM mass concentration may be below the LOD of the nvPMmi.

The average nvPMni concentration value corrected for DF2 should be greater than 10 times the value measured for the
cleanliness check. If this check fails, the system operation should be verified (valve positions, flow rates, pressures, and
temperatures) and the measurement should be repeated.

If ambient nvPM levels are considered significant, then they should be taken into account for the calculation of PM Els as
discussed in A8.1.
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A.4.6 VPR Dilution Factor (DF2) Check
The VPR dilution factor (DFz2), anticipated during the engine test, shall be checked using either:
1. Method 1 — Off-line operational VPR dilution checks of the DF2 values from a Competent Laboratory

A CO2 gas analyzer and a test gas of appropriate CO2 concentration with <1% uncertainty are needed. The test gas
shall be either a high concentration CO2 gas (greater than 99.0%) or a blended CO2 gas with either nitrogen or zero air
as acceptable diluents. The CO2 analyzer shall meet ARP1256 performance specifications with an appropriate total
range. The analyzers used to measure [CO2]s or [CO2]«i1 are considered to be suitable for this purpose. The test gas
CO:2 concentration(s) should be selected such that the anticipated diluted CO: value for the VPR dilution setting(s) to
be evaluated, falls within the working range of the analyzer to be used.

a. Connect the CO2 gas analyzer to the outlet of the VPR with a tee fitting to prevent over pressurization of CO2

sample. The flgwstternatic forthe VPR ditutionm factor check s showmim Figore At2—

b. Connect the high concentration CO: gas to the inlet of the VPR using a tee fitting and|flow|control valve to provide
a VPR inlet prefssure as on engine test.

c. Allow the sample at the inlet of the VPR to have the same flow rate, and pressure as usgd during an engine test
using a valve upstream of the VPR inlet.

High
Concentration
CO; Gas

A 2

CO; Analyzer
Filterdd Phaluent Gas

(Iypically Air)

Figure A12 - VPR-dilution factor check setup
The VPR dilution factor|(DFz2) shall be checked using the following procedure:

a. Warm-up the VPR and ensure operating temperatures are reached.

b. Check that the VPR inlet is pulling a sample flow.

c. Warm-up the CO2 analyzer'accordingly and prepare for data logging.

d. Apply approprigte_zero calibration gas to the CO2 analyzer and make any necessary instrument adjustments.

e. Apply appropriate calibration gas at a nominal 90% FS concentration to the CO2 analyzer to span the ranges to be
used, adjust and record gain settings accordingly.

f.  Ensure the sample flow to the CO2 analyzer is adequate (typically 1 to 2 slpm, a pump may be required upstream
of the COz analyzer).

g. Flow the high concentration CO2 gas to the inlet of the VPR, ensuring that there is excess flow at the vent upstream
of the VPR inlet.

h. Set the VPR to a dilution factor setting.

i. Adjust the flow control valve at the VPR inlet, creating a pressure drop to simulate a typical sub-ambient sample
pressure at the VPR inlet during an engine test nvPMni measurement operation.

j-  Sample the VPR diluted exhaust flow with the CO2 gas analyzer.
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k. When the CO2 gas analyzer reading is stable, record 1 Hz CO2 concentration data points within a 3 minute period
and calculate the mean.

[.  Calculate the mean DF2 value as a ratio of the mean of CO2 measurements and the certified CO2 gas concentration.
m. Repeat steps h) to |) for each VPR dilution setting to be used during engine testing.

n. Calculated DF2 mean values shall be compared against the results of a Competent Laboratory calibration. If the
difference is:

(1) less than or equal to +10%, DF values from a Competent Laboratory calibration shall be used.

(2) greater than £10%, the real time [CO2]qi measured values shall be used for the DF calculation.

2. Method 2 — Real tinnie measurements

An alternative to performing the operational VPR dilution checks of the DF2 values from a Compefent Laboratory is using
real time measurements of CO2 at the CPC inlet downstream of the second stage dilution, [EO-]di2, fis shown in Figure A13.
Using this method elimipates the need for dilution factor operational checks pre- and post-engine t¢st series.

N VPR
" Exhaust

SN

CO;Analyzer

-

Filtered Diluent Gas
(Typically Air)

Figure A13 - Alternative setup (Method 2) to determine DF:

CO:2 measurement capability for concentration levels as low as 5 ppm is needed for this procedurg. The suitable range for
the CO:2 analyzer is typically 30 to 70 ppm FS. Ideally, the measured sample gas concentrations should be in the 20 to 95%
FS range. If this alternafive method is performed, the /PR diluent gas shall contain less than 0.1 ppm of CO2. The measured
gas sample does not nged to be dried.

During an engine test, OF2 as calculated belew:should be used to check if the VPR meets the calibrafion DF2 values provided

by the Competent Labgratory within 10%._If greater than £10, the real time [CO2]qi2 measured values shall be used for the

DF2 calculation.

[CO2]dinn

DF, = ————
27 [CO4lainz

A.4.7 Diluter1 Operability

To help ensure Diluter1 operability at low power engine conditions, when probe inlet pressure is low, an optional operational
check may be performed prior to an engine test series using the following recommended procedure:

- CO:z2 calibration gas containing between 3 to 5% CO:2 should be connected to the sampling probe such that it enters
Section 1 at near ambient pressure.

- The nvPM sampling and measurement system should be operated at the flow rates and temperatures used during
engine testing.

- P1 Pressure Control Valve on the excess sample flow path should be closed.

- DF1 should be calculated. If DF1 is found to be above 14, then the GL flow rate should be reduced.
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Blockage of Diluter1 sample inlet orifice nozzle may cause DF+ to increase above 14 indicating that the orifice needs to be
cleaned. The flow schematic for the optional Diluter1 operability check is shown in Figure A14.

An alternative method for checking Diluter1 operability is to measure the ambient CO: instead of CO2 from a calibration gas
using the procedure described above. However, the gas analyzer shall measure accurately at very low COz: levels of ~30
to 40 ppm.

Isolation
Valve2

Filtered Diluent Gas
(Adr or Ny)

CO; Analyzer
(COy g}

| Sampling
| Probe
| Assembly

Calibration gas
(3-5% COy)

<10 ppm CO,

Diluent
Heater

P, Pressure
Control Valve

Isolation Diluterl 1pmCyclone  Splitter2 E
Valvel (DFys=8-14 Flow = 2542 slpm Separator Make-up Flow ilter Flow Controller Primary Pump '
) |
Diluterl nvPM Number Instrument i
Vent nvPMni (CPC E
VPR Excess Jlow :
. Flow
i I XNo Flow Fill(t;;ng;;;ciﬁ?as
Collection |
Part Transfer Part .}
Figure A14 - Flow schematic for Diluter1.operability check
A5 PARTICLE MABS CONCENTRATION MEASUREMENT

hich do not volatilize at

Non-volatile PM (nvPM
temperatures below 62
metallic particles emitt
measured except by

measurement of black
emissions from aircraft
thermal-optical analysis
time.

Information is provided
of the main text along

) is defined as those particles present af\the aircraft engine exit plane w
3 K. The nvPM consists mainly of nafmometer size black carbon with tra

iiter sampling and analysis which' is expensive and time consuming.
Carbon mass concentration is considered the most appropriate method for|
engines. For calibration purposes, however, the mass of elemental carb)
is used as a surrogate forblack carbon mass since it is the most applicabl

n this Section fof_determination of compliance with the performance specifi
with the required equipment and procedures for the calibration of mass

e amounts of ash and

bd by aircraft engines under normaloperating conditions. Total nvPM mass cannot be directly

Therefore, the on-line
representing the nvPM
pon (EC) determined by
e method at the present

cations listed in Table 3
analyzers used for the

measurement of turbing engine nvPNM-mass emissions.

A.5.1 Maodifications tq ISO_ Standard 9169-2006 for Determination of Instrument Performance

The International Standards Organization (ISO) Standard 9169-2006 (Air Quality — Definitioy and determination of
performance characteristics of an automatic measuring system) provides the basis for the determination of most
performance characteristics of nvPM mass concentration instrumentation (nvPM mi) specified in Table 3 of the main text
[see 2.1.3.5]. The following discussion describes the standard and provides modifications to make it applicable for a
reference material that is not repeatable.

The I1ISO 9169 procedures require that the average values needed for the performance characteristics be calculated from
primary measurements over an averaging time that should include at least 30 primary measurements. The time interval for
the primary measurements and the averaging time are not specified in the Standard, but they are to be chosen appropriately
for the given instruments and the particular measurement application. For nvPM mass measurements, this ARP anticipates
that a 30 second average of instrument readings taken 1 second apart will reasonably assure that the nvPM mass
concentration of an engine under test can be captured while the engine is maintained in a stable state. Thus, the requirement
is that instruments provide data at a minimum 1 Hz data rate, i.e., that the maximum time interval for the primary
measurement be no more than 1 second, and that the average of these measurements over 30 seconds shall comprise the
instrument response for measurements in the field.
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The reference material for mass concentration has been chosen to be combustion soot generated by a diffusion flame
whose elemental carbon (EC) concentration is determined by the ASTM D6877-13 method [see 2.1.3.7]. This thermo-optical
EC/OC analysis requires that a sample of PM is obtained by drawing a known volume of gas containing the sample through
a quartz filter until sufficient mass is obtained for analysis. As the concentration of the generated PM may vary over the filter
collection time, the averaging time referred to in ISO 9169 is taken to be the same as the filter collection time.

Unlike the concentration of a gas in a calibration bottle, the reference material may not be the same in consecutive
measurements taken over the averaging time, i.e., each determination of the reference material’s value may be different,
albeit well known as determined by the ASTM method. The modifications to ISO 9169 needed to accommodate this are
included here.

To supplement ISO 9169 section 3, Symbols and abbreviated terms, the following symbols are added to support modified
equations shown below:

Ci; is the j'" instance pfthereference-materiat-concentrationattevet

E;; is the residual = the difference between Cij, and Yi;

E; alternative definitjon of the average over j of the Ei;

RM; is the ith reference material having an accepted C; of the measured with a known‘uncertainty
syi  the standard devjation over j of the Y;; for level i

Sci  the standard devigtion over j of the C;;for level i

Yi; s the result of mgasurement by the instrument of the reference material C;;

r is the intercept ojthe regression function applied in the lack of fit test

A is the slope of thg regression function applied in the lack of fit'test

In ISO 9169, Section 6
Standard, the following

Perform for each level,
averaging time ...

In ISO 9169, Section 6
formula for determining
response (because the

4.2, Requirements for the repeatability~determination under stable laborato

i, at least 6 consecutive measurements providing results of measuremeri

4.3, Requirements for.lack of fit determination under stable laboratory con
the lack of fit residual is modified to average the individual residuals rat
reference material may not be at exactly the same level during each rep

[y conditions of the ISO

text is modified to permit collecting fewer than ten repeats at each level of the reference material.

t Yi,j obtained over the

Hitions of 1ISO 9169, the
her than the instrument
pat measurement). The

residuals E; (lack of fit) ghall be determined according to:

Ei,j = YL,] - (F + A X Ci,j)
oo ?=1Ei,]'
=13 ™

In ISO 9169, Section 6.4.5.3, Repeatability under stable laboratory conditions of the Standard, the formula for determining
the repeatability of the instrument response is modified to account for the effect of the imperfect repeatability of the reference
material. For each accepted value, C;, the standard deviation of repeatability, s,;, and the repeatability limit at 95% confidence
(given as a + rogsinterval) shall be determined from the available n results of measurement according to:

Sy =Sy, —

2.2
i A Scy

$2 — 7:1(Yi,j B 71)2
SN CES)
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It may happen that the sample variance of repeatability so determined is negative, indicating that the variance of the
measurement could not be discriminated from the variability of the reference material. Should this occur for all target
concentration levels, i, of the reference material, the test can be repeated with additional attention given to the stability of
the reference material source (diffusion flame nvPM source flow and pressure settings) and the accuracy of the
determination of the reference material level (ASTM D6877-13 loadings and procedures). Failing this, the reproducibility
can be reported as “significantly better than A - sy ”.

In 1ISO 9169, Section 6.4.5.5, Limit of detection under stable laboratory conditions, the determination of limit of detection is
modified to accommodate an instrument that may not produce a measurement at each primary measurement interval, if
there is no stimulus for it in the reference material. In this section add the text:

If under the condition of zero stimulus, Co, the instrument does not automatically make a measurement during each primary
measurement interval (2.1.7), such that the statistic above is not able to be calculated, then a higher level of the reference
material, C1, may be used. C1 for this purpose should be a low level just above 0% of range such that the instrument
produces regular readirgs.

Ypoos = Y, —C +2x ty,0.95 X 51

If it is infeasible to detefmine the C+ value of the reference material at this low but non-zero level, then the LOD statistic as
defined in ISO 9169, Section 6.4.5.5 is not able to be determined. In this case the ngis€’level at this low level may be used
as an alternative to the LOD performance specification. The noise level (No) can,bé calculated as:

NO =2 X tv’0.95 X Sl
A.5.2 Instrument Calipration
A.5.21 Scope and|Application

This Section provides written instructions on the calibration.of\mass analyzers used for measuring nvPM mass emissions
from aircraft turbine engines. In order to standardize the nwvPM mass instrument’s calibration, tHe performance of each
instrument must be conppared to that of an established reference method by a competent testing apd calibration laboratory
[see 2.1.3.8]. The protocol outlined here uses ASTM.D6877-13 [see 2.1.3.7] as the reference method, a diffusion flame as
a source of nvPM, and|a Thermal/Optical — Transmittance (TOT) Carbon Analyzer [see 2.1.3.6] for the determination of
r directly measured via
the reference method
e TOT analyzer reports

national Standard (1ISO)
atic Measuring System
-1B for Monitoring Diesel
Analyzer is a currently
acceptable variation of ASTM D6877-13 WhICh uses the same temperature ramp, opt|cal analysis, etc., but a different
sampling handling method (i.e., analysis of the entire filter area instead of just a filter punch) and gas analysis technique
(i.e., direct measurement of evolved CO2 by non-dispersive infrared [NDIR] analysis instead of a methanator and flame
ionization detector) as described below.

Ab5.22 Overview of Calibration Method

ASTM International has established an evolved gas analysis which can speciate elemental carbon (EC) from organic carbon
(OC), and is performed by a thermal-optical transmission (TOT) analyzer with timed heating ramps and “cool-down” cycles
(Figure A15). This method is originally based on National Institute of Occupational Safety and Health (NIOSH) Method 5040
[see 2.1.3.6] for Diesel Particulate Matter. While the stated analyte for ASTM 6877-13 is elemental carbon, the method
measures all carbon species that evolve during the analysis and provides total carbon (TC) loading on the filter. All carbon
evolving from the filter is oxidized to form carbon dioxide (COz2), which is then reduced to methane (CH4) and measured
using a flame ionization detector (FID) in the laboratory TOT analyzer or measured directly by a NDIR analyzer in the semi-
continuous instrument.
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A red light (wavelength of 670 nm) laser and a photocell are used to monitor transmittance of a filter punch of known area,
which typically darkens as refractory OC chars during a non-oxidizing heat ramp and then lightens as the char burns off
during an oxidizing heat ramp. Figure A15 illustrates the heat cycles of the ASTM method. Calculation software, contained
within the instrument, divides TC into OC and EC by evaluating the split time between when the transmittance of the filter
returns (after darkening then lightening) to its original value from the beginning of the analysis. One should note that since
the instrument uses light transmittance through the filter to speciate the carbon types, any artifacts that remain on the filter
(due to lack of complete charring, etc.) can be determined as elemental carbon rather than organic carbon during analysis.
According to the published method, the limit of detection for EC is about 0.2 ugC/cm? and the precision (pooled relative
standard deviation at 95% confidence level) for EC was found to be between 4% and 10% for three major studies.

OC-EC split
OC and CC = EC —=

n Hs el 2000 | He -
rature

Teapsmitthnce

CH,

12

o

0 3 8
Time

(minutes)

Figure A15

Example thermogram f¢r filter sample containing organic carbon (OC), carbonate carbon (CC), and|elemental carbon (EC).
PC is pyrolytically genefated carbon. The.Curves indicated with the OC, CC, PC, EC, and CH4 labels|are CH4 concentrations
being measured by a flame ionization'detector (FID). The final peak is the methane calibration peak (see 1.1.1.17).

The ASTM D6877 labofatory,method is based on the preferential oxidation of organic carbon (OQ) and elemental carbon
compounds (EC) at different.témperatures (see Table 5 for temperature profiles). The carbon compgunds are removed from
the sample quartz filter py mtroducmg varying temperature and oxidation enwronments Organlc compounds are volatilized
from the sample in a heti lized or removed. Once
heated, the OC is (and any pyrolysis compounds are) converted to carbon dioxide (CO2) by passing the volatilized carbon
through an oxidizing oven containing heated manganese dioxide (MnOz2). The CO: is then transported in a He stream, mixed
with hydrogen (H2) gas, and is converted to methane (CH4) by passing through a “methanator” — a hydrogen-enriched nickel
catalyst. A flame ionization detector (FID) is then used to quantify the methane. The remaining sample is then cooled and
exposed to an oxidizing helium/oxygen gas transport mixture. This transport stream is heated and the EC component of the
sample is oxidized, and the EC is analyzed in the same manner as the OC.

The optical component of the analyzer is used to correct for pyrolysis of organic carbon compounds to elemental carbon in
order to avoid underestimation of OC and overestimation of EC. In order to ensure a proper OC/EC split, calibration of the
internal oven temperature should be conducted according to the manufacturer’s specifications. The sample reflectance and
transmittance are continuously monitored by a helium-neon laser and a photo detector throughout the thermal cycle. When
pyrolysis takes place, there is an increase in light absorption resulting in a decrease in reflectance and transmittance. Thus,
by monitoring the reflectance/transmittance, the portion of the elemental carbon peak corresponding to pyrolyzed organic
carbon can be correctly assigned to the organic fraction. An example of the laser transmission amplitude (red curve denoted
with the “Transmittance” label) is shown in Figure A15.
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In the Semi-Continuous TOT Analyzer, a quartz filter is mounted directly in the instrument and samples are collected for the
desired time period. Once the collection is complete, the oven is purged with helium and a stepped-temperature ramp
increases the oven temperature to 1143 K (870 °C), thermally desorbing organic compounds and pyrolysis products into a
manganese dioxide (MnOz2) oxidizing oven. As the carbon fragments flow through the MnO2 oven, they are quantitatively
converted to CO: gas. The COz is swept out of the oxidizing oven with the helium stream and measured directly by a self-
contained NDIR detector. A second temperature ramp (oven temperature up to 1203 K (930 °C)) is then initiated in a He/O2
gas stream and any elemental carbon is oxidized off the filter and into the oxidizing oven and NDIR. The elemental carbon
is then detected in the same manner as the organic carbon.

A.5.2.3 Calibration System Set-Up

The calibration system for nvPM measurements should be located in a well-ventilated area and contain a diffusion flame
combustion source including proper inlet source gases, a dilution system using HEPA filtered diluent to control target EC
mass concentrations, a 1 um cut-point cyclone separator upstream of the TOT mstrumentatlon and nvPMmi, a plenum

manifold system or a s
equivalent anti-static tulbing meeting ISO Standard 8031 [see 2.1.3.3] to connect the manual quartz
continuous EC/OC analyzer, and the nvPMmi. All tubing should be of the same material, length; ar
split point to the instrurrjent inlets. Figure A16 and Table A3 outline an example calibration¢system g
using an ejector, plenum, and manifold system is shown in Figure A17.

Care should be taken iff using a splitter assembly. Best aerosol physics judgementshould be used
particle concentration Hias between sampling legs. To reduce risk of a concentration bias betwee
instrument, plenum mahifold systems are typically the preferred choice for jAstrument calibration
source aerosol is well npixed.

The exact instrumentatjon set-up should be based on the standard operating procedure (SOP) fo

ally grounded PTFE, or
ilter sampler, or a semi-
d temperature from the
et-up. Another example

to avoid a potential for
n the filter sampler and
bystems, as long as the

each instrument being

utilized. SOPs for the mpass instruments are attached as indicated.in'2.1.2 of the main text. Once the calibration system is

operational, in order to yerify consistently accurate nvPM measuréments of all instrumentation incl
system, a tiered level of
be taken for the same
concentration. These ta

if the mass measureme

amount of time, if possible, in order-to establish a relatively repeatable fil
rget soot levels — outlined in Table. 4~ will provide a relatively wide range of
nt instrument will be able to accurately detect nvPM.

The EC/OC instrument
which should be consid
calibration. Additionally
measurement cycle, no

tends to have a lower deteetion limit (on the order of 0.2 ug/cm? of filter arg
ered when comparing the mass measurement instrument results to those

as the EC/OC instruments have internal programming to account for an
additional outside corrections will be required for the purposes of this calib

ed within the sampling

target soot concentrations should be pursued, and at each concentration leyel, each sample should

er loading (ug/m?) soot
lata points to determine

a) for both OC and EC,
shown from the EC/OC
y OC charring during a
ation.
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Section I. Diffusion Flame Combustion Aerosol
Source

FH1 Flow Pump
Meter

Diluent

- }—ﬁi H ------------- .

Burner Diluter

Cyclone

nvPM,;

DIAG

Section lib.)nvPM,,; and Optional
Diagnostic Instruments

e T o

Figure A16 - Calibration diagram with instrumentation schematic. Note that sample line lengths from cyclone to
instruments must belidentical.
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Table A3 - Breakdown of sections and major components of calibration system

C1: 1 ym cut point cyclone

D1 : diluter (N2 or air)

D2 : Ejector venturi pump

Section | - PM combustion source Il — Sample collection
Sub-section . Diffusion Flame lla. EC/OC analysis [Ib. nvPMmi and

Combustion Source diagnostic analyzer(s)
Major Burner : diffusion flame Either: nvPMmi
component(s) burner FH1: stainless steel

quartz filter holder for
EC/OC determination
using manual filter
preparation and
laboratory EC/OC
analyzer (shown)

A-DIAG : optional
diagnostic particle
analyzer

M1 : Mixing plenum

M2 : Manifold sampling

region

Or:

Semi continuous
EC/OC analyzer (not
shown)

Sedction 1.
Source

Diffusion Flame Combustion Aerosol

Diluent =

Dilution
Bridge'

Diluent

4

D1

M24

Diluter

Cyclone

1. HERAfHterwith-bypass-valveforadjustment-of

Excess
Aerosol

SectionNla. EC/OC Sampler and|
Analyser

H+o

Flow Pump
Meter

Semi-Continuous EC/OC

) i il o Sttt

concentration
2. Ejector venturi pump serves as a dilution stage
3. Mixing plenum
4. Manifold sampling region

DIAG

Section llb. nvPM,,; and Diagnostic
Instruments

] i

il ittty

Figure A17 - Second example calibration system

A5.24 Calibration Equipment List

The following is a list of the major equipment needed to implement quartz filter sampling and the manual version of the

ASTM D6877-13 analytical procedure [see 2.1.3.7]:

e Thermal/Optical — Transmittance (TOT) Carbon Analyzer

e Stainless steel filter holder having a tapered inlet section with a <12.5 degree half-angle operated at a filter face velocity

not exceeding 0.5 m/s at actual operating conditions.
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Pre-fired quartz fiber filters (25- to 47-mm diameter) prepared in accordance with ASTM D6877-13 [see 2.1.3.7]. The

filter area must be large enough to allow at least one punch (~ 1.5 cm?) to be collected from each filter and analyzed

appropriately.

within 1 year of use.

higher.

manual filter holder

and the nvPMmi.

Electronic mass flow controller for manual collection of filter samples calibrated to a NMi-traceable calibration source

Diffusion burner soot source, capable of producing an average EC content of the collected mass on the filter of 80% or

Stainless steel or anti-static tubing meeting the specifications shown in ISO 8031-2009 [see 2.1.3.3] to connect the

If a semi-continuous TOT analyzer is used (~ 16 mm filter diameter), it shall be operated within the same range of filter face

velocity as manually co
measurement.

A5.25 TOT Methd

lected samples and the “clean oven” function of the analyzer shall be used

d Procedures

to prepare the filters for

The samples collected are to be analyzed using the ASTM D6877-13 protocol, which specifies the pnecessary reagents and

materials, instrument
concentration. The follo

The temperature s
traceable transfer s
calibration on the s

Both method blank:
quartz filter without
of a pre-fired quartz
it. For the semi-con
being passed throu
minimum of three
response is within {
blank should also
contamination.

If the manual TOT
be spiked to a prop
of the theoretical m

For calculation of t

alibration and standardization, quality control, and analyzer operation
wing additional requirements must also be followed to_pravide the collectior

ensor controlling the oven temperature of the laboratory instrument shal
tandard within 1 year prior to any TOT analyses/ It is not currently possi
bmi-continuous instrument.

5 and field blanks shall be analyzed along:with the samples collected. A me
addition of sucrose but handled in the'same manner. A field blank for the r
filter installed in the filter holder andimmediately recovered without any sam|
inuous instrument, a field blankis'the measurement of the internal filter set
ph the filters. For the FID in.the)laboratory analyzer and NDIR in the semi-g
ethod blanks and three sucrose solution samples should be analyzed tq
5 to 105% of the theoretical recovery of OC prior to analysis of each samp|
be analyzed per sample set. An EC mass loading 20.3 pg/cm? for a

hnalyses reguire more than 1 day, a single quality control check using stog
erly prepared quartz filter and analyzed accordingly. The results should be &
Bss of earbon.

he-280% EC required by the diffusion flame soot generator, final sample

and calculation of EC
of high quality data:

be calibrated using a
ble to perform a similar

thod blank is a pre-fired
nanual method consists
ple gas passing through
without any sample gas
ontinuous instrument, a
ensure the instrument
e set. At least one field
field blank represents

k sucrose solution shall
etween 95% and 105%

results must always be

corrected for gas

aVYal i f. % H . ' PNH af. ]
IO UL drliiaulo UolTTy 1T odITIC UpTTdadllTy CUTTUTLUTNTO UoTU TUT odITIPIC U

llection. For laboratory

analyses, a Teflon filter followed by a pre-fired back-up quartz filter or two pre-fired quartz filters in series should be
used with the back-up filter analyzed for OC content. Any OC found on the back-up filter must be subtracted from the
OC found on the sample filters. In the case of the semi-continuous instrument, a Teflon filter is inserted into the sampling
train immediately upstream of the analyzer. Any OC measured by the instrument is then subtracted from the OC found
during sample measurement.

apply.

If a 25 mm quartz filter is used for sample collection, 11.2 of ASTM D6877-13 for replicate sample analysis does not
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