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1. SCOPE

This SAE Aerospace Information Report (AIR) describes a method for assessing size dependent particle losses in a
sampling and measurement system of specified geometry utilizing the non-volatile PM (nvPM) mass and number
concentrations measured at the end of the sampling system.® The penetration functions of the sampling and measurement
system may be determined either by measurement or by analytic computational methods.

Loss mechanisms including thermophoretic (which has a very weak size dependence) and size dependent losses are
considered in this method? along with the uncertainties due to both measurement error and the assumptions of the method.
The results of this system loss assessment allow development of estimated correction factors for nvPM mass and number
concentrations to account for the system losses facilitating estimation of the nvPM mass and number at the engine exhaust
nozzle exit plane. As the particle losses are size dependent, the magnitude of correction factors can vary as a function of
many factors including combustor technology and engine operating condition.

Implementation of the nvPM sampling and measurement system for aircraft engine testing, as per AIR6037, requires a
sample line of up to 35 n} and includes several sampling and measurement system components,, which result in significant

particle loss on the ordenof 50% for nvPM mass and 90% for nvPM number.

exhaust exit plane nvPM have a lognormal distribution, known size dependent values of nvHM effective density and

The system loss correc%on factors are estimated based on a model with the following\inputs gnd assumptions: engine
geometric standard deviation, a minimum particle size cut-off of 10 nm, and no coagulation.

1.1 Sections

This document is divided into the following sections and appendices:
2. Reference, Definitionjs, Terminology, and Units

3. Introduction
System Penetration Calculations

Size Distributions angd System Loss Correction Factor Estimation
Uncertainties in nvPIM Mass and Number Correction Factors
General Information pn Method Assumptions and Assessments

Examples of System|Loss Correction Methodology

© © N o g A

Notes

1 The solution method presented here is fully equivalent to that published in ICAO Annex 16 Vol. Il Amendment 9. The underlying mathematics and
inputs are identical and the method has been verified that it produces identical outputs. The computational methodology has been modified to make
the numerical calculations more efficient and reduce computational uncertainties.

The predominate system loss mechanisms that influence the measured values of mass and number are diffusional, thermophoretic, and losses in
bends. These three loss mechanisms are the mechanisms taken into consideration in this method. The system loss mechanisms in the attached loss
calculation tools include additional loss mechanisms (electrostatic and turbulent inertial losses in lines) but the functionality has been disabled. The
research loss calculation tools include the functionality for these additional loss mechanisms. The user manuals for the tools discuss this in more
detail.
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APPENDICES:

A: Penetration Function Details

B: Determination of Correction Factors

C: Error Determination
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2.1.3.35 ISO/IEC Guide 98-3:2008, Uncertainty of measurement -- Part 3: Guide to the expression of uncertainty in
measurement (GUM:1995)

2.1.3.36 ISO/IEC Guide 98-1:2009, Uncertainty of measurement -- Part 1: Introduction to the expression of uncertainty in
measurement

2.1.3.37 P.R.Bevington and D.K.Robinson, Data Reduction and Error Analysis for the Physical Sciences, 2003.

2.1.3.38 L.M. Schwartz, Random Error Propagation by Monte Carlo Simulation, Analytical Chemistry, Volume 47, No. 6,
pp. 963-964, May 1975.

2.2 Definitions

2.2.1 AIRCRAFT GAS TURBINE ENGINE

Any gas turbine engine ysed for aircraft propulsion or for power generation on an aircraft, including those commonly called
turbojet, turbofan, turboprop, or turboshaft type engines, or auxiliary power units.

2.2.2 AERODYNAMI] DIAMETER
The diameter of an equijalent sphere of unit density (1 g/cm?3) with the same settling*velocity as the particle in question.
2.2.3 CYCLONE SEPERATOR
A device that removes particles larger than a prescribed aerodynamic_diameter via inertial and gravitational means. The
specified cut-point diamdter is associated to the percent of particles that’penetrate through the cydlone [e.g., Dso refers to a
diameter with a 50% penetration].

2.2.4 ELECTRICAL MPBILITY DIAMETER

The diameter of an equivplent sphere with the same electrical mobility as the particle in question; aJso referred to as mobility
diameter.

2.25 NON-VOLATILE/PARTICULATE MATTER (nvPM)

Emitted particles at the dgas turbine engine exhaust nozzle exit plane that do not volatilize when he¢ated to a temperature of
350 °C (623.15 K).

2.2.6 NON-VOLATILE PARTICLEIMASS CONCENTRATION

The mass of non-volatile|particle’s per unit volume of sample.

2.2.7 NON-VOLATILE PARTICLE MASS EMISSION INDEX

The mass of non-volatile particles emitted per unit of fuel mass used.

2.2.8 NON-VOLATILE PARTICLE NUMBER CONCENTRATION

The number of non-volatile particles per unit volume of sample.

2.2.9 NON-VOLATILE PARTICLE NUMBER EMISSION INDEX

The number of non-volatile particles emitted per unit of fuel mass used.

2.2.10 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 comprised of particles with diameters spread over
several orders of magnitude and are typically measured in terms of their electric mobility.
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2.2.11 PENETRATION

FRACTION

The ratio of non-volatile particle concentration entering and leaving a sampling and measurement system segment.

2.2.12 SAMPLING PROBE

The device placed in the

2.2.13 SEGMENT

engine exhaust plume used to extract a representative sample.

A continuous portion of sampling line that has the same diameter, wall temperature, and flow rate.

2.3 Symbols, Acronyms, and Terminology?

231 [COJ

Mole fraction concentrati
2.3.2 [CO2]din

Mole fraction concentrati
233 GCp

The carrier gas constant
234 CPC
Condensation Particle C
235 Cc
The dimensionless Cunn

2.3.6 Dso
The particle diameter (g
detected; likewise Dio, [
particle diameters of D1o

237 D

pbn of carbon dioxide in the engine exhaust on a wet basis.

pbn of carbon dioxide after the first dilution stage on a wet basis.

pressure specific heat capacity.

bunter.

ingham slip correction factor.

lectrical mobility~ unless stated otherwise) at which 50% of particles W
16, Ds4, and/Bgo are the particle diameters at which 10%, 16%, 84%, a
Dis, Dss,'and Dgo are detected, respectively, nm.

ith diameters of Dso are
Nnd 90% of particles with

The particle diffusion coefficient, cm?/s.

23.8 DF

Dilution Factor (sample concentration before dilution)/(sample concentration after dilution).

239 DR

The first stage dilution factor [CO2)/[CO2]ail1.

2.3.10 DF:

The second stage (VPR)

dilution factor as per calibration.

3

subscripts. This was done to avoid the equation editor misinterpretation of the underscore.

There are a few symbols with subscripts that differ with other E31 and ANNEX16 documents. In this AIR the underscore, “_”, is not used in
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2.3.11 Dm

nvPM particle diameter refers to the electrical mobility diameter except for the cyclone separator where the particle diameter
is the aerodynamic diameter, nm.

2.3.12 DMA

Differential mobility analyzer (also refer to AIR6037).

2.3.13 Dmg

Geometric mean diameter of an nvPM size distribution, nm.

23.14 6

Square of the relative difference between the measured and calculated nvPM mass to number tehcentration ratios.
2.3.15 AIn(Dm)
Width of a size bin in bage natural logarithm.
2.3.16 El
Emission index.
2.3.17 Elmass
nvPM mass emission index corrected for Probe inlet to Diluterd Gnlet thermophoretic losses, mg/kg fuel.
2.3.18 Elnum
nvPM number emission index corrected for Probe inletto Diluterl inlet thermophoretic losses, paiticles/kg fuel.
2319 ¢
Convergence criterion (1x10°) in the method for determining the number and mass corrections.
2.3.20 fign(Dm)

Lognormal distribution function’ with parameters of geometric standard deviation, o4, and geometrjc mean diameter, Dmg.

2.3.21 fn(Dm)

Engine exhaust nozzle exit plane nvPM number lognormal distribution function.
2.3.22 hgas

Carrier gas convective heat transfer coefficient.

2.3.23 IDi

Inner diameter of the ith segment of the sampling line, cm.

2.3.24 ks

Boltzmann constant, 1.3806 x 1016 (g-cm?)/(s?-K) in cgs units.
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2.3.25 KsiLmass

Elmass correction factor for system losses without Probe inlet to Diluterl inlet thermophoretic loss correction for particle
diameters greater than or equal to 10 nm.

2.3.26 kSLnum

Elnum correction factor for system losses without Probe inlet to Diluterl inlet thermophoretic loss correction for particle
diameters greater than or equal to 10 nm.

2.3.27 kthermo
Thermophoretic loss correction factor for the Probe inlet to Diluterl inlet.

2.3.28 Kuni

Thermophoretic loss corfection factor for the ith segment, distinguished from the probe tip to:\Dilyterl inlet thermophoretic
loss correction factor, Kingrmo.

2.3.29 L
Length of the ith segment of the sampling line.
2.3.30 A
Carrier gas mean free pgth.
2.3.31 Ao
Carrier gas mean free path at To and Po, equal to 67.3 nmx
2.3.32 mgas
Mass of average carrier gas molecule, kg.
2333

Carrier gas viscosity.

2.3.34 o

Carrier gas viscosity at Tl 'and Po, equal to 1.83 x 104 g/cm's.
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2.3.35 nvPMmassun

The undiluted (i.e., corrected for dilution) instrument nvPM mass concentration, pug/m3.
2.3.36 nvPMmi

Non-volatile particulate matter mass instrument.

2.3.37 nvPMnumun

Undiluted (i.e., corrected for dilution) instrument nvPM number concentration, particles/cm3.

2.3.38 nvPMni

Non-volatile particulate matter numher instrument
2.3.39 NnVPMmassep
Estimated engine exhaus$t nozzle exit plane nvPM mass concentration.

2.3.40 nvPMnumep

Estimated engine exhaugt nozzle exit plane nvPM number concentration with particle diameters befween 3 nm and 1000 nm
used in the iterative squJion.
2.3.41 nvPMnumep(Dm>1J0 nm)

Estimated engine exhayst nozzle exit plane nvPM number .concentration with particle diameters between 10 nm and
1000 nm used to determ|ne the number system loss correction:factor.

2.3.42 nVPMmassstP
Measured diluted nvPM fnass concentration at instrement STP condition, ug/ms3.
2.3.43 nvPMnumstp
Measured diluted nvPM humber concentration at instrument STP condition, particles/cms.
2.3.44 n

Penetration fraction.

2.3.45 npi(Dm)

The penetration fraction for the sampling line bend for ith segment of the sampling and measurement system at electrical
mobility particle size Dm.

2.3.46 ni(Dm)

The penetration fraction for the ith segment of the sampling and measurement system at electrical mobility particle size Dm.
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2.3.47 nNmass(Dm)

The overall sampling and measurement system mass penetration fraction for the nvPMmi without Probe inlet to Diluterl
inlet thermophoretic losses at electrical mobility particle size Dm.

2.3.48 I']num(Dm)

The overall sampling and measurement system number penetration fraction for the nvPMni without Probe inlet to Diluterl
inlet thermophoretic losses at electrical mobility particle size Dm.

2.3.49 Po
Reference pressure for carrier gas viscosity and mean free path, 101.325 kPa.

2.3.50 Pr

Carrier gas Prandtl number.
2351 Qi
Carrier gas flow in the it segment of the sampling system, slpm (temperature of 273715 K and 101.325 kPa).
2.3.52 Re
Carrier gas Reynolds number.
2.3.53 Rwn(Dmg)

Calculated ratio of the|estimated nvPM mass concentration, nvPMmassest, t0 the estimateqd number concentration,
NVPMnumesT, (g/cm3)(nm3=10-2g.

2354 p
Assumed nvPM effectiveg density, 1 g/cm3.

2.3.55 pgas

w

Carrier gas density, g/cn)®.

2.3.56 Sc

Carrier gas Schmidt nurber

2.3.57 oy

The assumed geometric standard deviation of lognormal distribution.

2.3.58 To

Reference temperature for carrier gas viscosity and mean free path calculations, 296.15 K.
2359 T:

Sample segment control temperature at Diluterl inlet, K.

2.3.60 Tect

Performance-predicted engine exit exhaust gas temperature (used for Probe inlet to Diluterl inlet thermophoretic loss
calculations), K.
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2.3.61 Tgasi

Carrier gas inlet temperature in the ith segment of the sampling system, K.

2.3.62 Tiiei

Wall temperature of the ith segment of the sampling system, K.

2.3.63 Tvrr

VPR operation temperature used to calculate diffusion penetration function of the VPR, K.
2.3.64 Oy

Total ang|e of bends in thedith segment of the Qnmpling line, dpgrppc

2.3.65 VPR
Volatile Particle Removey.

2.4  Units

a. Physical Quantities
atm = 1 standard atmosphere, 101325 Pa
cm = centimeter (10f m)
g = gram
Hz = Hertz (1 per se¢ond)
K = Kelvin
kPa = kilopascal (10} Pa)
m = meter
nm = nanometer (10}° m)

im = micrometer (14-6 m)

Pa = pascal
s = second
slpm = standard liters per minute (Volumetric flow at STP condition)

STP conditions = standard temperature and pressure conditions, 273.15 K and 101325 Pa
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Prefixes

k = kilo, 103

h = hecto, 102
da = deka, 10?
d = deci, 10
c = centi, 102

m = milli, 103

| = micro, 106

n = nano, 10°°

pico = pico, 1012
3. INTRODUCTION

3.1 Background

In contrast to gaseous erpissions which have molecular properties, nvRPM emissions from aircraft

sizes (diameters) on the
particles in the sampling
These nvPM sampling s)
of a particle and cause t
turbine engines, the mos

when the sampling segment wall temperature is lower-than the exhaust gas temperature, where

dependent on the sampli
and turbofan aircraft eng
whereas diffusional loss
turbine engine exhaust, t
(size dependent patrticle |
To account for the losse
need to be known to qua

Although the direct meas
constrain the particle siz

brder of tens of nanometers (nm). Physically{inherent with these small nvj
system that transports the exhaust sample from the probe tip to the me
stem losses occur due to a number of @ifferent physical mechanisms wh

t significant particle losses are due-to thermophoresis and diffusion. The

has turbine engines have
PM sizes, there is loss of
asurement instruments.*
ich change the trajectory

e particle to deposit on the internal surfaces of the sampling line. For particle sampling from gas

mophoretic losses occur
as diffusional losses are

Ng segment geometry and the;exhaust sample flow rate. In the particle siz
ines (particle diameters <300 nm), thermophoretic losses are nearly ind
bs increase with decréasing particle size. Because of the high temper
ne small particle size,yand the length of the sampling system overall nvPM
psses on the order of 50% for nvPM mass concentration and 90% for nvP
5, both the size\dependent penetration functions and the size distributio
htify correctigns to the measured nvPM mass and number concentration

urement of particle size is not required, nvPM mass and number conce
b distribution. For example, the average nvPM mass per particle can be

known, total measured

NYPM mass concentration by the known, total measured nvPM numk

range of current turbojet
pendent of particle size,

}tures of the aircraft gas

losses can be significant

I number concentration).
h of the emitted particles
5 or emissions indices.

trations themselves can
bstimated by dividing the
er concentration. Then,

assuming that particle density is known and independent of parficle size, the volume per particle is obtained by dividing the
average nvPM mass per particle by the assumed density. From this volume, the diameter of a spherical particle can be
calculated to obtain the mass-weighted mean spherical equivalent particle size.

Most particle size distributions are not mono-disperse, and thus have a distribution with a finite width. In fact, most particle
formation mechanisms are stochastic processes that result in a lognormal distribution. This has been observed regularly for
aircraft engine nvPM emissions. The non-dimensional size distribution width, the geometric standard deviation, has been
fairly well determined, based on a large number of measurements [References 2.1.3.1 through 2.1.3.13]. For practical
reasons, the assumption of a lognormal distribution can be used to further constrain the size distribution, and with the
measured nvPM mass and number concentrations, a complete size distribution can be inferred.

4 The recommendations in this

document build upon the methods for the loss estimations described in AIR6037.
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With a theoretical size distribution determined as just described, and a measured or calculated sampling and measurement
system penetration function, the system losses for a particular test condition can be assessed. In the following, the detailed
approach is described with discussion of how uncertainties in the losses are related to uncertainties in the measured inputs

and to the assumptions made in the present method.

3.2
Factors

The system loss correction methodology is separated into two parts,

1.
2.

thermophoretic losses from the probe tip to the Diluterl inlet of the sampling system and

Overview of the Procedure to Assess System Loss, Calculate System Penetration Functions, and Estimate Correction

all other sampling and measurement system losses from the probe tip to the measurement instruments.

The probe tip to the Diluterl inlet thermophoretic losses, kierm, is determined from the engine exhaust temperature, Tecr,

at the probe and the sample segment control temperature at Diluter] inlet, T1

For all other system loss

es, the ratio of the mass to number concentrations measured from_ the

instruments are used alpng with nvPM particle loss penetration fractions and other factérs-and

below, to generate a log
distribution is determined
distribution is determineg
determined from the ratid
the number line loss adju

Finally, the measured nv

normal size distribution at the engine exhaust nozzle exit. This- exhau
by an iterative procedure that varies the size distribution gedmetric mear
d, both mass and number system loss correction factors;-ksLmass and
s of the exit plane lognormal distribution to the mass line‘loss adjusted n
sted nvPM size distribution.

PM mass and number concentrations are multiplied by KthermXksLmass and K

to estimate the exhaust nozzle exit plane nvPM mass and number congéntrations. Uncertainties i

plane nvPM concentratio
the assumed density, p,
lognormal assumption.

s are associated with uncertainties in the sampling and measurement sys
the assumed geometric standard deviation, ag, and the validity of the ¢

The quantification of patticle losses in the sampling and_measurement system needs to take in

(diameter) of the particle
typically quantified in tern
through the sampling ang
for all dilutions (DF: at di
The ratio of this concentr

5 because the loss mechanisms are particle size (diameter) dependent.
hs of the fraction of particles of a given size (i.e., particles with a given dia
measurement system«The nvPM number concentration measured at the
uterl and DF: at Diluter2 in the VPR) is calculated as nvPMnum(Dm) = DF
ation to the concentration at the exhaust nozzle exit plane is referred to a

fraction function n(Dm)= MVPMnum(Dm)/nVRMnumer(Dm). The penetration fraction function may be de

penetration fractions cor
mass uses similarly defin

3.3 Note on Particle D

Fesponding«o._a set of particle diameters or as a continuous function. T
ed size dependent loss functions.

ameters

hvPM mass and number
assumptions, discussed
5t nozzle exit plane size
diameter. Once the size
KsLnum, respectively, are
VPM size distribution and

thermXKsLnum, respectively,
N the exhaust nozzle exit
stem losses, instruments,
xhaust nozzle exit plane

to consideration the size
Each loss mechanism is
Mmeter, Dm) that penetrate
instrument and corrected
X DF2 X N"VPMnumsTp(Dm).
5 the number penetration
scribed either as a set of
he penetration for nvPM

A distinction must be

de whern Teferming (o particte diameters. Particte diameters are not a

unique characteristic of

individual particles unless they are unit density spheres. Engine exhaust particles are usually complex agglomerates and
many equivalent diameters may be defined, including for example volume equivalent diameter, projected area equivalent
diameter, electrical mobility diameter, and aerodynamic diameter. The responses for the instruments used to measure nvPM
mass are size independent. The lower size cutoff characteristics of the condensation patrticle counter used for measuring
nvPM number are defined in terms of electrical mobility diameter. The most commonly used instruments for sizing gas
turbine particles also measure size by electrical mobility diameter. In contrast, the penetration through the cyclone separator
and sample line bends depend on aerodynamic diameter. The cyclone separator performance, as is done here, can be
approximated with the mobility diameter. Thus, for the purposes of this AIR we have assumed that the aerodynamic diameter
is the same as the mobility diameter.
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3.4 Particle Size Distribution

nvPM size (diameter) distributions are polydisperse and depend on the nvPM source. When plotted against particle
diameter, nvPM mass and number size distributions differ. Figures 1 and 2 illustrate nvPM number and mass size
distributions, respectively, at three different aircraft engine power settings. The particle diameter range of interest is divided
up into size bins, equally separated in log-diameter space. These distributions are an important consideration for both nvPM
mass and number concentration loss assessment. The engine exhaust nozzle exit plane nvPM mass concentration,
NVPMmasser(Dm) in the bin at diameter Dm, is determined from the effective density, p, of the particles, the nvPM number
concentration of particles at that diameter, nvPMnumer(Dm), and an assumed equivalent spherical shape,

D
NVPMyq558p (Dm) = NVPMpymep (Dm) X TL'p6 (Eq. 1)

Because of the cubic dependence of mass on diameter, the peaks in the mass distributions are shifted to larger sizes
compared to the peaks in the number distributions.

nvPM number size distribution

:g 7.E+06 74 high engine power
S rs06 O medium engine pove?ro<>

k4 4 low engine power ¢

£ 5.E+06 Sk

© <& o
£ 46406

OE ‘ o

<

§° 3.E+06
i3S

£ 2.E+06

=

2 1£406

>

g

T 0.E+00 4 —— i S

1 10 100 1000

Mobility diameter, D, [nm]

Figure 1 - Downstream nvPM number size distribution measured [Reference 2.1.3.11] aftef dilution at the end of
thel25 m line in a AIR6241 [Reference 2.1.1.1] compliant sampling syst¢m®

3.0E%02 - nvPM mass size distribution
: &K
2.5E+02 1 © high engine power %o
10 medium engine power <o
2.0E+02 1

1.5E+02 1
1.0E+02

5.0E+01

dnvPM,/dlogD,} [pg/m)

TR |

0.0E+00
10 100 1000
Mobility diameter, D,, [nm]

[

Figure 2 - Downstream nvPM mass size distribution determined from the nvPM number size distribution in
Figure 1 using a density of 1 g/cm3

5 Typically, particle size distributions are plotted on a log base 10 scale.
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3.5 Correction Method Overview

A lognormal nvPM number size distribution is defined by three parameters: width (geometric standard deviation), geometric
mean diameter, and nvPM number concentration. As indicated in Equation 1, nvPM effective density links nvPM mass
concentration to the nvPM number size distribution. In order to determine the corrections due to particle losses without a
size measurement this method assumes a lognormal nvPM size distribution at the engine exhaust nozzle exit plane with an
empirically determined geometric standard deviation and particle density. The method iteratively determines the geometric
mean diameter of the distribution such that, when the distribution is multiplied by the size dependent sampling system,
cyclone separator, and VPR penetration functions and the CPC counting efficiency function, the calculated nvPM mass to
nvPM number ratio is equal to the measured nvPM mass to nvPM number ratio. It assumes that the nvPM mass only
experiences sampling system and cyclone separator losses while the nvPM number concentration is also reduced by losses
in the VPR and by the CPC counting efficiency.

Using a numerical minimization routine, the solution is obtained iteratively by adjusting the geometric mean diameter, Dmg,
of the particle lognormal size distribution to reduce, 8, the square of the relative difference between calculated and measured

ratios of mass to numbe
by integrating Equation 1
the mean particle size, D
respectively, are determi
mass and number conce

U

, to zero. This is illustrated in Figure 3. The nvPM mass and number cor
from 3 to 1000 nm.® All of this is done internally by the calculation tool

ned from the ratios of calculated exit plane nvPM mass and numper to cal
htrations, i.e.,

pmD3,
6

1000nm
Dmp>10nm

z

XNVPMhyinep X f1gn(Dm) XAl

centrations are obtained
omputer software. Once

Ing, IS determined, the nvPM mass and nvPM number system corréction factors, Ksimass and Ksinum,

culated instrument nvPM

n(Dpy,)

ksimass = %
thermo

VPMmassEp
DFy XnvPMupqgsssTP 1D
6

1000nm
Kthermo XZDm>3nm Nthermo XMmass(Dm)X XNVPMpymES

zégggq?nm Dl?:nxflgn(Dm)><A (Dm)

kﬁﬁg@'ﬁm Nmass(Dm) XDKSanlgn(Dm)XA In(Dp,)

-3

1000nm
NvPMnymgp 2D >10nm WPMnyumep X f1gn(Dm)¥Aln|

Xf1gn(Dm)*AIn(Dp)

(Eq. 2)

D)

kSLnum - ktherm

In these equations the e
ratios of the sum of the ¢
for either mass or numbe
Sections 1 and 2 and log
2.1.1.1].

The nvPM number and m

XDF1 XDF; XNPMpymsTp kthermo XZE",ﬁg@Z‘m Nthermo XNMnum (Dm) XNMVPMpymEep
1000
ZDm;iglnm fign (D)XxAIn(Dy,)

b‘iﬁg’éﬁ’m Nnum (Dm)xflgn(Dm)XA In(Dpy,)

-3

it plane numberconcentrations, nvPMnumep, cancel in the numerators &
ngine exit plane Size distributions to the sum of the system loss adjuste
r. Note thatthethermophoretic loss penetration factor, ntermo, of the Prof
s factor, Kiiermo, are separated out of the calculation based on AIR6241

ass,correction factors only consider particles larger” than 10 nm in the ca

f1gn(Dm)xAIn(Dy,)

(Eg. 3)

nd denominators leaving
i nvPM size distributions
be inlet to Diluterl inlet in
requirements [Reference

culation for the exit plane

for tha actimaatrad o
T orc—csSarratcu— 1t

easured nvPM number

nvPM number concentrat

180 bt oconcidare pmarbialac D apa and oSl
oo O0C COTTSIOCTS panraCIiCsS— o il arid aouve— 1o

concentration because that is what the instruments will actually measure. Note that the system penetration functions drop
to zero rapidly near 10 nm, making it unlikely that particles less than 10 nm get counted.

6 This size range reflects the submicron nature of aerosols generated by aircraft gas turbine engines.
7 This is due to the large uncertainties in particle number measurements below 10 nm.
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Figure 3 - Correctiof method diagram. Note that Kthermo and DF@ cel out and hence hgve no impact on the
calculafions. These equations are expressed m,@ e detail in Equations 28|and 29.

N
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Engine exhaust exit plane nvPM mass and number concentrations are calculated iteratively in this method from the loss
and dilution corrected measured nvPM mass and number concentrations at their respective instruments using the sampling
and measurement system penetration fractions. Correction factors, Kstnum and Ksimass, for nvPM mass and number,
respectively, are the ratios of the engine exhaust exit plane nvPM mass and number concentrations calculated by the
method to the loss and dilution corrected measured nvPM mass and number concentrations. More explicitly, the nvPM

mass and number correction factors are defined by the following equations,

nvanumEP = kSLnum X kthermo X DFl X DFZ X nvanumSTP

nvPMmassEP = kSLmass X kthermo X DFl X nvPMmassSTP

This is explained with more detail in Appendix B.

4. SYSTEM PENETRATION CALCULATIONS

(Eq. 4)

(Eg. 5)

4.1 Required Paramet

The correction method d
and test measurements.
additional measurements
4.2 Measured nvPM M

Table 1 - Measured

brs to Determine System Losses

pscribed in Section 3 requires parameters from the sampling system, inst
How these parameters are determined is described in Sections4;'5, and
beyond those specified in AIR6241 [Reference 2.1.1.1].

ass and Number

nvPM mass and number parameters necessary.for system loss cor

ument calibration results
6. It does not require any

ection calculations

Parameter Symbol Description Units
NVPMmasssTp diluted nvPM mass concentration at insttument STP condition pg/ms
NVPMnumsTp diluted nvPM number concentration atdnstrument STP condition particles/cm?
DF1 first stage dilution factor, [CO2]/[CO2]uil1 -

DF2 second stage (VPR) dilution factar‘as per calibration -

4.3 United Technologi

In 2008, a spreadsheet |
as a function of particle 3
The resulting Excel-base
using standard equation
Although Baron created &

many of the same patrticl¢ transport-calculations, Aerocalc treats each loss mechanism as a separa

tool has simplified the an
turbulent diffusional, iner
Sections and segments.

ps Research Center (UTRC),Line Penetration Function Calculation Meth

vas developed at UTRC \[References 2.1.3.12, 2.1.3.13, and 2.1.3.14] to
ize which could then)be used to assess the performance of various sam
d tool [References’2.1.1.1 and 2.1.1.2] assumes steady state flow and

s taken from«Yo0ok and Pui [Reference 2.1.3.14] and Willeke and Bar,
very powerftland widely used spreadsheet tool called Aerocalc [Referen

hlysis/of'a sampling system by combining the effect of up to five different
ial, bends, thermophoretic, electrostatic and allows definition of up to 10 ¢

bd

predict particle transport
pling line configurations.
calculates particle losses
on [Reference 2.1.3.15].
ce 2.1.3.16] that contains
te calculation. The UTRC
article loss mechanisms:
ifferent sampling system

[The' loss calculation tools developed for this document extends the 10 se

gments in the UTRC tool

to 15 discrete segments.
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Flow characteristics such as velocity, Reynolds number, and Stokes number are closely coupled to gas and particle
properties. The expressions given for penetration efficiency due to each specific loss mechanism are under conditions
assumed to be steady for a steady engine operation point. Velocity, temperature and pressure within a single segment of
transport line of constant diameter and wall temperature will result in a single efficiency value for a single physical loss
mechanism.

The UTRC tool predicts transport efficiency for particles over a range of sizes, based on characteristics of the flow, the
transport line and ambient conditions for temperature and pressure. The UTRC tool does not account for coagulation, which,
in some cases, can affect nvPM size and number (see 7.1.3). The equations implemented in these tools for various loss
mechanisms are steady state expressions [References 2.1.3.12 through 2.1.3.25] as listed in 4.5 through 4.11 and in
Appendix A.

When considering the sampling and measurement system for which this AIR6504 is written, the parameters which must be
defined for each system section are listed in Table 2. For reference Figure 4 is a schematic of the sampling system defined
in the AIR6241 [Reference 2.1.1.1].

Additional parameters thpt are required for the sampling and measurement system loss calculations are shown in Table 3.
Although these parametgrs can be modified for a different carrier gas or particle descriptign,-the yalues for the carrier gas
and particle properties afe fixed to match air. In addition, the displayed size range is tailored to the Dso (=1000nm) of the
cyclone separator. Howgver, the calculations are valid to 210000 nm.

Section 1 Section 2 Section 3 Section 4 Section 5
Prode In - Splicser] In Spiicser] e - Diluter] O D¥later! Oat - Cyclone in Cyctons fn ~dOt it in PAf Meassrement X
> > < - > >
“(Length < $ m) “(Leagth <1 m) | “(Length=245+0.5m) ! "(Lpapth/= 3 m) '

Filvewed Diduent Gas
(Axr 0eNy) <10 ppm CO;

Isedation Valve 2
CO; Analvzer
Sampling ! ; (COzJan
7 Probes H Excess Dilvem
3 { Sample Mearer N . uvPA Mass Instrument
+ P, Pressure Splicter2 i o PN i ru
. e ~p
Cantrol Vaive Diluterl H
(DFy ¢ =8-14) ' l -
P N \ Flow = 2522 slpan | e ' Filler  Fiow Costroller Pramary Pany
Tam = 418K | | < Ta = 380e18K  Tiwe = 30=1SKg’ yipp ot Flew - @
? ® \ D=5 -815mm [%] '
Esolation Valve 1 T, H
H i VPR Excess flow
Splitterl H 1pm _ A avPM Number
""_-"]1 Cyclene Separster VPR (DE:) Tsstrument
et 3
pvPMai (CPC)
Collection Part - Transfer Part
- L) > .- >
< ) »> %
Leagth<35m T > Co, .\.llh‘f.(’,lt‘fll CcL

** Sum of Sections 1-4 Shall Not Exceed 35 m

Figure 4 - nvPM sampling and measurement system diagram defined in AIR6241 [Reference 2.1.1.1]
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Table 2 - Sampling and measurement system input parameters®

Parameter

Symbols Descriptions Units

Tgasi Temperature of the carrier gas of it" segment of the sampling line. (This is K
typically the line segment wall control temperature, Tinei, €XCept when two
adjoining segments differ in temperature. See Appendix A.1 for further
explanation.)

Tiinei Line segment wall control temperature of the i"" segment of the sampling line K

Tect Performance-predicted engine exit exhaust gas temperature K

Pi Pressure of the carrier gas in the i segment of the sampling line, assumed kPa
constant throughout the i'" segment and equal to 101.325 kPa

Qi Flow rate of the carrier gas through the it segment of the sampling line slpm
(Collection Part segment flow rates are estimated)

IDi Inside—diameter of the jth eagmanf of the Qnmpling line cm

Li Length of the it segment of the sampling line cm

Bbi Totallangle of bends in the it segment of the sampling line degrees

nver(15), VPR |penetration fractions at particle diameters of 15 nm, 30 nm, 50 nmpand dimensionless

nver(30), 100 nm which are used to determine the VPR penetration function

nver(50),

nver(100)

Ncec(10), CPC|counting efficiency at particle diameters of 10 nm and‘15 nm which are ysed | dimensionless

Ncec(15) to defermine the CPC counting efficiency function

cyclone Cyclgne separator particle diameter at which 50% of particles diameters of Dsp nm

separator Dso

are d

etected which is used to determine the cyclone separator penetration

functjon
cyclone Ratid of cyclone separator particle diameters at which 16% and 84% of particles dimensionless
separator with fliameters of Dis and Ds4 traverse from €yclone separator inlet through
sharpness, cyclone separator outlet which is used to determine the cyclone separator
(D16/Dg4)%-> penelration function
Table 3 -Carrier gas and particle preperties used in the particle transport calgulations
Carrier Gas Propqrties Value Units Notes
composition air -
viscosity, Mo 0.000183 g/lcmes Evaluated at 296 K and 101 kPa, not at STP
temperature conditions
mean free path, A 6.7.3 nm Evaluated at 296 K and 101 kPa, not at STP
temperature conditions
Particle properties Value Units Notes
Density 1 g/cm3 Assumed effective density
thermal conductivily 0.2 Wim+K ASSumed thermal conductvity
size range 3 to 1000 nm particle diameter

8

NOTE: These sampling system parameters for the individual sections of the sampling and measurement system in Figure 4 can be subdivided into
segments to be defined more accurately. The net penetration function for any section of the sampling and measurement system is the product of all
the penetration functions defined for that section.
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4.4 Note on Penetration Measurements

Measurement of penetration fractions for sampling systems is difficult. “While most physical loss processes have been
described relatively accurately, the practical assessment of aerosol sampling systems is, in general, more complicated
because often several loss processes interact. Common practices to characterize the performance of aerosol inlets include
calibration experiments using test aerosols, and numerical simulations using computational fluid dynamics and aerosol
dynamics models.” [Reference 2.1.3.17] Because of the difficulty of these measurements and the associated uncertainties,
the calculated penetration fractions described in this document are considered more robust.

4.5 Calculation of Penetration Functions
The size dependent transport efficiency, also called penetration efficiency, is the probability that a particle of a given size

that enters the line, exits the line. For a certain size, nvPM mass and number are related. Because number concentrations
are sufficient to measure the nvPM size distribution, the penetration efficiency is calculated on nvPM number concentration.

The nvPM sampling and
ni. Each of these can be
diameter, where the per
measurement system ov|

The subscripts refer to a
for the nvPM mass trans

Nnum (]:

where Nmass and Nnum are
respectively.

Figure 5 illustrates, for &
penetration functions for
thermophoretic losses, 1
Table 4 and discussed m

Implementation Notes

1. The nvPM sampling

probe and sampling

measurement system is composed of multiple segments each having itso
multiplied together to give a total penetration efficiency for that segme
etration efficiency through each segment is represented as n1, fz;N3,

erall penetration efficiency (np) is the product of all the segmentefficienci

Np =Ilieimi =m0 XMy X3 X1y

omponent or segment of the sampling system as listed in Table 4. Hence,
port and nvPM number transport lines are,

Mmass (Dm) = M1 X Np1 X Nent X Nz X Ny X Nepb X N3 X Np3 X Nepz X e X Ny

m) = N1 X Np1 X Nepy X Nz X Npz X Nepa XNz X Npz X Nepg X oo X Neye X Nypg

the product of the penetrations over the total number of mass or numbg

typical system, the VPR, penetration function, nver, the CPC counting
Nmass and nNrum, at the:nvPM mass and number instruments (excluding P
thermo, IN Sections-1_and 2), respectively. The individual penetration fun
ore thoroughly,in\4.6 through 4.11 and in Appendix A.

bystem Should be subdivided into segments. The number of segments will
system used. A new segment shall be defined based on a change

parameters: sample

!

J--, Nn. The sampling and

n penetration efficiency,
for particles of a given

es:
(Eq. 6)

the penetration functions

(Eq.7)
X Ncpc (Eqg. 8)
br sample line segments,
efficiency, ncec, and the

robe inlet to Diluterl inlet
ctions, n;, are defined in

depend upon the specific
of one of the following

flowrate, sample line control wall temperature or sample line ID >15%.

Since the Probe inlet to Diluterl inlet thermophoretic loss in the sampling and measurement system are done separately

and outside of the loss correction tools, the segments used to construct the probe inlet to Diluterl inlet of the sampling
and measurement system should equate the wall temperature with the gas temperature of each segment. However,
from the Diluterl outlet to the instrument inlets, actual sample gas and segment line wall temperatures should be used.
In practice, temperature differences will occur if an upstream segment line wall temperature is higher than the next
adjoining downstream segment line wall temperature. At the date of this AIR publication this has only been observed at
the mass instrument inlet. The standard input data set has an example of how this is handled in segment numbers 1
through 5, and the mass line segment number 11. In Figure 6 these temperatures are highlighted in blue.
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The estimated sample flowrate through the Collection Part will change with engine thrust setting. For a specific engine

test, if the difference between using the lowest estimated flowrate and highest estimated flowrate has an impact of less
than 1% on the system loss correction factors for both nvPM mass and number, then a single estimated Collection Part
sample flowrate can be assumed for all system loss correction factor calculations for that engine test. Otherwise the

individual estimated

flowrates should be used per engine test point system loss calculation.

1 - G- G-050-5-8-0-8-0-08 8884
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Figure 5 - Mass an

instruments. The mass

model of diffusional a
losses, the cyclone

efficiency. Also illus

thermophoretic lo

thermophoreticloss from the Probe inlet to Diluterl inlet of Sections 1 a

D, (nm)

d number penetration functions from a single tip probe to the nvPM
penetration functien\is determined from the cyclone separator pen
nd bend losses. Thelnumber penetration function includes the UTR(
separator penetration function, the VPR penetration function, and t
trated are the-counting efficiency curve for the CPC, the VPR penet}
55 of Sectiofnis 1 and 2. (Neither the mass or number penetration fu

1000

mass and number
etration and the UTRC
C diffusional and bend
ne CPC penetration
ation curve, and the
ctions include the
d2)
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Table 4 - nvPM Sampling and measurement system component and segment penetration fractions. In the loss
calculation software tools, there are up to fifteen line penetration segments, ni, available that can be used to
construct continuous, individual mass and number segment line penetrations, Nmass and nnum, from the probe

inlet to the mass and number instruments. Each segment line penetration, ni, will have a diameter, ID;, wall
temperature, Tiinei, Sample gas temperature, Tgasi, and sample flow rate, Qi, and will be used to compose the 5
sampling system sections.® If fewer than fifteen segments are required to describe the sampling system, the
lengths of the unused segments must be set to have zero length and identical wall and gas temperatures. The
tools will then ignore the penetration contributions of these segments.

Parameter
Symbol Description
ni(Dm) Segments i=1 to 15, Probe inlet to instrument inlet
Nbi(Dm) Segments i=1 to 15, Probe inlet to instrument inlet for bends
Ndil(Dm) Diluterl
Neye(Dm) Cyclone separator
Segment|thermophoretic losses; the thermophoretic loss for the sampling systeim:from the sample probe to
Nthi the Dilutgrl outlet is determined separately from the Diluterl outlet to the instrumagnt inlets thermophoretic
losses; s¢e Note in this section and see Appendix A
Nver(Dm) nvPMni PR
Ncec(Dm) nvPMni GPC counting efficiency
25qneter
Splitterl firte to :
individual e ganged prf)be inletto  Diluterl Pﬂutetl Cyclone el APC o
NOTES: probe extto X inletto toAPC to notused notused notused notused
probe probe Diluter]  inlet Seprator diluter
am Splitter] 5m line diluter nvPMi
inlet and
Splitter2
Sampling Line IngytParameters
Segment > 1 2 3 4 5 6 7 8 9 10 1 12 13 1 15
Segment carrier gas temperature, Tqasi K 750 750 443 ,?qkr 433 33 3 3% 3% 3 4 23 m M ik
Segment pressure, P0 kPa 10133 | 10133 | 104300133 | 10133 | 101.35 | 10033 | 101.33 | 100.33 | 10133 | 101.93 | 100.33 | 10133 | 101.38 [ 101.33
Segment flowrate, Qi slom 17 | 1280 28| 5000 | 250 | 250 | 2500 | 200 | 450 | 450 | 34 000 | 000 | 000 0
Segment Tube Diam, IDi tm 0150 | 0.488NM0.776 | 0776 | 0775 | 0088 | 0776 | 0776 | 0400 | 0400 | 0.40p | 0.800 | 0800 | 0.775 | 0.775
Segment Length, Li em 50 ANwh | 2000 | 000 | 267 | 14 | 863 [ 24094 | 102 | 59 [ 1.5 | 00 | 00 | 00 | 00
Segment line temperature, Tiinei K 750, 750 433 433 43 3 333 333 3 kXK 30 iE] | W mn
Segment bends, Obi degrees A% | %0 | w0 [ 20 | o 0 0 |10 | 2 | o | 4| 0 0 | o 0
Mass/Number Flag String )BOTH | BOTH | BOTH | BOTH | BOTH | BOTH | BOTH | BOTH | NUMB | NUMB MAgs | BOTH | BOTH | BOTH | BOTH

Figure 6 - An example of-aithermophoretic loss occurring at the mass instrument inlet. In this case, the mass
instrument inlet Iink wall temperature is controlled to 303 K and the line wall temperatu|re of segment 11 is
controlled to 333 K. Thermophoretic 1055 will occur in the instrument infet line. Hence, the gas temperature of

segment 11 is set to 333 K and the segment 11 wall temperature is 303 K. The probe inlet to Diluterl inlet
thermophoretic loss is determined outside of the loss tool. Hence, segments 1 through 5 all have identical carrier
gas and line temperatures.

9 Some of these sections, of course, can be subdivided further into segments of a given sampling system section.
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4.6 Diffusional, Thermophoretic, and Bend Penetration Fractions from the UTRC Model

The loss correction factor calculation tools (Excel® spreadsheet tool with Visual Basic calculators and MATLAB® tool) all
contain the standard equations used to determine nvPM transport efficiencies or penetration fractions that result from
diffusional, thermophoretic, and inertial (due to bends) losses of particles onto the surface of the sampling system line walls.
These tools allow for a straightforward calculation of the penetration functions for each line length depending on the sample
or carrier gas flow, line inner diameter, line length, line bend angles, line temperature, gas temperature, and a few other
parameters already input into the tools. Examples of these calculations are given in Section 8. The next two sections give
an overview of these diffusional penetration equations. More details are given in the Appendix A and in [References 2.1.3.12
through 2.1.3.25].

In the following sections there are distinctions made between laminar and turbulent based models used to calculate losses.
The decision on which model (turbulent rather than laminar) to use is empirically based. The turbulent model penetration
fractions compare better with measured penetration fractions.

4.6.1 Segments up to the Instrument Inlets, ni(Dm), i=1, 2, 3, ..., 15
hin a turbulent flow. This

iffusional losses in these

In the UTRC spreadshegq
will hold for all sampling
segments are calculated

t diffusional losses are modeled with standard models of particle diffusio
system flows up to the instrument inlets. Penetration values, ni(Bm), for d
with the expression

—mIDiLiVaqiff

Q;

ni(Dp) = e (Ea. 9)

where Vit IS the depos
gas flow in the ith sampli

tion speed, IDi and Li are the sampling line innerdiameter and length, r¢
ng line segment. A more detailed discussion, 0f'this expression is given ir

Penetration fractions at 80 discrete particle sizes (Dm) in the range'from 3 to 1000 nm should be

losses as applicable for ¢
4.7 Penetration Fractig

Bends in a sampling line

pach segment and component of the sampling and measurement system
ns Due to Inertial Particle Losses in Bends from the UTRC Model, npi(Dn

cause losses due to the(redirection of the flow from a straight path. A

dependent on the degre
angles in a sampling sys

e (a larger bend anglewill yield more losses??), they are also dependen
m, since the redirection of the flow from a straight path by a tube bend c4

bspectively, and Qi is the
the Appendix A.

calculated for diffusional

)

though these losses are
on the sum of the bend
uses particles to impinge

on the wall of the tube bgyond diffusional Jesses occurring in a straight sample tube.

In contrast to the diffusignal losses, sampling system bend penetration fractions are distinguished for turbulent flow, Re is
greater than 5000, and laminar flowyRe is less than or equal to 5000 where Re is the Reynolds number. For laminar flow
(including the transition regime,<Re<5000) the penetration due to bends in the transport lines should be calculated as

Mbi = 1 — 0.01745 X Stk X By; (Eq. 10)

10 AIR6037 recommends all bends have a radius of curvature greater than 10 tube diameters and that any bend in Section 3 (i.e., the 25 m line) has a
minimum coiled radius of 0.5 m (radius of curvature ~60 tube diameters). Although this stipulation helps to reduce the bend losses, it does not
remove losses due to wall collisions caused by bends redirecting the sample flow.
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For turbulent flow (Re >5000) the penetration due to bends in the transport lines should be calculated as

where:

—0.04927XStkxBp;

Mpi = €

Bui = total angle of bends in the ith segment of the sampling line in degrees

Stk = dimensionless

Stokes number

QixCexpxDZx1073
27xmxpxID?

Stk =

(Eq. 11)

(Eq. 12)

Penetration fractions at 80 discrete particle S|zes (Dm) in the range from 3 to 1000 nm should be calculated for bend losses

as applicable for each se

When counting individua
5, if there is a flexible sa
added to the total bend
Section 4 segment.

4.8 Thermophoresis

In addition to the diffusivd
particle losses to the inn
temperatures which are
surfaces. The UTRC spr
on the sampling system
sampling system set-up
lines are sufficiently long
Hence, except where the
segments are at differing
than the segment direc
downstream segment wh

For the specific case of
used. It uses the segme
loss relationships have b

bends in a flexible sampling line, each bend should be measured/to-a
mpling line between VPR inlet and CPC inlet, then the total bendof this
pf the Section 4 segment to VPR inlet with Section 5 bend penetration

behavior of particulate transport, convective flow due to thermal gradient
er walls of sampling system line segments and-components. Thermal
lower than gas temperatures cause additional particle deposition onto

segment wall temperatures, Tinei and.safmple system segment gas temp
the gas and particle properties can-be assumed approximately constar
(>>10 cm) for the gas and particles.tfo thermally equilibrate with the sampl
sample initially enters the system, thermophoretic losses will take place ¢
temperatures, Twallupstream aNA:Twalldownstream, aNd the upstream segment i
|y downstream of it (Twallupstream>Twalldownstream). The thermophoretic los
ereby upstream gas temperature is equilibrated to the lower downstrean

the thermophoretic,loss from the Probe inlet to Diluterl inlet, a simplifie
Nt wall temperature and the inlet gas temperature. In this simplified equ
een shown {References 2.1.1.3 and 2.1.3.18] to reduce to:

TEle
Tin

. jconstant
Nthermo = [ ]

pbadsheet uses the thermophoretic expression [References 2.1.3.18 and 2.

1 0° resolution. In Section
sampling line should be
calculated as part of the

S in sampling lines cause
jradients caused by line
the sampling line inner
1.1.3] that is dependent
brature, Tgasi. FOr a given
t. Additionally, sampling
ng line wall temperature.
nly when two connecting
at a higher temperature
s will take place in the
gas temperature.

d loss equation shall be
htion, the thermophoretic

(Eq. 13)
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where Tin is the temperature of the gas entering the sampling line which is approximately the engine exhaust temperature,
i.e.,Tin= TecT, Texit iS the equilibrated sample particulate and gas temperature which is approximately the temperature of the
sampling line wall (the diluter inlet wall temperature, T1), Texit= Twai(=T1), and the exponential constant!? is equal to 0.38.
Hence, the thermophoretic penetration fractions for the segment 1 and 2 aircraft turbine engine work are assumed to follow:

T1 )038
TEGT

Nthermo = ( (Eq 14)

where:

T1=433.15 K or is the measured Diluterl inlet temperature, T1

Teet = engine exhaust gas temperature (in Kelvin)

factor, niermo, has been
ce 2.1.1.1].

If there are thermophoretic losses in other sections of the sampling and measurement-system, the thermophoretic
penetration fractions are|determined from the UTRC thermophoretic expressions. These\are explicitly shown in Appendix
A, Equations A.1 and A.2. For two adjoining segments the downstream sample gas inlet tempergture, Tgasi, iS assumed to
be the upstream samplel segment wall temperature, i.e., Tgasi=Twallupsteam. The wall temperature,| Tinei=Twalldownstream, iS the
wall temperature of the downstream segment. There will be a thermophoretic ¢orrection needed, |if the upstream segment
wall temperature is greater than the downstream wall temperature, i.e., Twalupstream™ Twalldownstream (SE€ also Figure 6).

4.9 Diluterl Penetratign Fraction
A constant Diluter1 penetration, n«i(Dm) = 1 should be used for all particle sizes [Reference 2.1.3.P6].
4.10 Splitter Penetration Fractions

For all system splitters alconstant penetration, n(Dm) =lL.should be used for all particle sizes. (Losses due to bends in the
splitters should be considlered using the bend equatiens’in 4.7.)

4.11 Cyclone Separaton and VPR Penetrationfunctions and CPC Counting Efficiencies

The loss calculation requires continuous fanctions for the penetration functions of the VPR and the cyclone separator and
the CPC counting efficiency. This sectioh.discusses how to obtain continuous functions for the VPR, cyclone separator, and
CPC used in AIR6241| [Reference)2:1.1.1] compliant sampling and measurement system [from the sampling and
measurement system penetration @and counting efficiency values.

Using these performancg specifications along with a specified analytic function, a continuous function for the penetration or
counting efficiency can heCdetermined by using a fitting routine. The functions and illustrations of the fits to the four point
performance specificationsforthe VPR, thetwo point CPC Specification, and Specifications for the cyclone separator cutoff
are described below.

11 see Appendix A and Kittelson and Johnson [Reference 2.1.1.3] for a more complete discussion of the details and assumptions of this simplification.
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4.11.1 Cyclone Separator Penetration Function, neyc

The minimum specifications for the cyclone separator are its sharpness (see below) and its particle aerodynamic diameter
at the 50% penetration point, Dso. The sharpness is defined as the square root of the ratio of the particle aerodynamic
diameter at 16% penetration, Dis, to the particle aerodynamic diameter at 84% penetration, Dsa, i.e., (D16/Ds4)%5. The
minimum specifications for these are quantities are:

1. Dso=1000 £ 100 nm
2. Sharpness, (D16/Ds4)%5<=1.25

These cyclone separator sharpness and Dso values are the two parameters which define the cyclone separator penetration
function [References 2.1.3.27 through 2.1.3.30],

2
_(nx-peye)”

2‘7%111‘

ncyc(Dm) =1- Dmvidx (Eq 15)

x>0 xocycV2m

where peye=In(Dso) and |ocyc=In[(D16/Dga)®%]. Most computer spreadsheet applications have tHe cumulative lognormal
distribution built into the function library. In 8.1 there is an example that illustrates how te determine the cyclone separator
penetration function from the cumulative lognormal distribution given the cyclone sepatator’s sharnpness and Dsp values.

NOTE: For most aircraftjgas turbine engine applications all of the particulates will be <300 nm. In this size range the cyclone
separator penetrtion function will be effectively equal to 1.0.

4.11.2 VPR Penetration| Function, nver(Dm)

Particle losses in the VPR are due to both diffusion and thermophgresis. Since the penetration fupctions are multiplicative,
the VPR penetration fungtion will be the product of thermophoretic’(e.g., 4.4) and diffusional penefration functions, i.e.,

Nvpr = Nvpetn X NvpR diff (Eq. 16)

This VPR penetration fupction is determined by fitting.the theromophoretic and diffusional produgt to the VPR penetration
values specified in AIR6241 [Reference 2.1.1.1]. The minimum values for these penetration fractipns are given in Table 5.
Note in this VPR penetraltion function, the thermophoretic factor, nveri, is a constant parameter since the VPR and internal
sample gas temperatures are held constant(

Table 5 - AIR6241 [Reference 2.1s1.1] minimum specifications for VPR penetration at four particle diameters.

Particle Diameter,
Dm (nm) Penetration Fraction, nver
15 =0.3
36 >6-55
50 >0.65
100 >0.70
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The diffusion factor, nverdit, is determined from standard particle losses due to diffusion in a laminar flow (e.g., Appendix A
and [Reference 2.1.3.21]). Hence the total VPR penetration function is

Nvpr = Nvprth X {

2
1-55%x1ys +3.77 X1

P < 0.007
0.819 - e~115% +0.0975 - e77%1¥ + 0.0325 - e~ 7%% 3 > 0.007

(Eqg. 17)

where the deposition parameter, y = D X Lver/Qvpr, Lvrr is the effective length of the VPR, Qvrr is the carrier gas flow
in the VPR, and D is the particle diffusion coefficient calculated with the VPR temperature, Tvpr,

— kBTvPRCe
3muDm

where Cc is the Cunningham slip correction factor and p is the carrier gas viscosity. A more detailed discussion of this
expression is given in 8.2, example 2 and in Appendlx A. This equat|on along with the actual VPR patrticle penetration

data (see Table 2) ¢
to the four penetratio
the value of the thern
sum of squares diffe

The value of dver should

T UU UDCU I.U UCLCIIIIIIIU l.l T VI’I’\ pCIICLIClI.IUII IUIIL,I.IUII IUI [=} DlJCbIIIL’ VI’F\

h points required in the AIR6241 [Reference 2.1.1.1] by varying the VRR+
nophoretic penetration constant, nvert. The fit should be calculatedby-mi
ence between the measured VPR penetration, nvermeas, and the.calculat

;

be less than 0.05 to ensure a good fit to the measured penetrations.

NvPRmeas(Dm)—MvPR(Dm)
NvPRmeas(Pm)

Sypr = \/Zum (

Penetration fractions at 80 discrete particle sizes (Dm) in the range from, 3 to 1000 nm should be

continuous function.
4.11.3 CPC Counting E

The AIR6241 [Referencs
electrical mobility diame
counting efficiencies with
efficiency can be determ

Using the two counting
analytically. The relationg

fficiency, ncec

2.1.1.1] requires the CPC (as minimum requirements) to have counting &
er of 10 nm and =90% at an electrical mobility diameter of 15 nm. U
a two parameter sigmoid function [Reference 2.1.3.31] a continuous func|
ned, i.e.,

Dm—-Dg
Dso-Do

e—ln(z)-[

]

efficiency_points the two parameters of the counting efficiency func
hips between the function parameters and the counting efficiency points

Nepe = 1—

a19D15—15D10

D0=

The equation can be fit
pffective length, Lver, and
nimizing dver, the relative
ed penetration function,

(Eq. 18)

calculated from the VPR

fficiencies of 250% at an
5ing the actual two CPC
tion for the CPC counting

(Eg. 19)

tion can be determined
are

(Eq. 20)

@10~ A15

(a15+1)D1o—(@10+1)D1s5
a15—a10

D5y =

(Eq. 21)
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where

o = BAePed) i _ 10 or 15
i In(2) ’

(Eq. 22)

D10=10 nm, D15=15 nm, ncrc,10 is the counting efficiency at 10 nm and ncrec,1s is the counting efficiency at 15 nm. In 8.3 an
example of how to determine a CPC counting efficiency function from the above equations and the CPC counting efficiency

specifications is given.

5. SIZE DISTRIBUTIONS AND SYSTEM LOSS CORRECTION FACTOR ESTIMATION

5.1 Size Distribution A

ssumptions

As discussed in the introduction, a lognormal size distribution is used to represent the engine exhaust plane non-volatile
aerosol at the upstream end of the sampling system. The objective is to find a size distribution which has the same fractional

nvPM mass concentratiq
exhaust nozzle exit plan
diameter, Dmg, and a ged

Robust estimates of the

test campaigns where si
2.1.3.1 through 2.1.3.13]
of the sampling and mea
losses discussed above
number concentrations 3
which incur the highest Iq
can be represented by

comparison of size distri
with dashed line), and th
nvPM mass and number
and measurement syste
losses occurring in the V|

e, AnvPMnumer(Dm)/AIn(Dm), is specified by a total concentration ntRM
metric standard deviation, ag, explicitly,

{

bize distribution parameter, og, and the nvPM mass. density, p, are availa
ze distributions were measured along with nvPM mass and number co
. Most often, the size distributions were measuted in the nvPM measure
surement system (see Figure 4) near the nvPM mass and number instrum
in the previous sections these downstream size distributions are redy
Ind are distorted due to size dependent particle losses, especially for th

In(Dm)-1n(Dmg)
In(og)

2
1 }
e’ = nvPMgymep 'flgn(Dm)

AnvPMpymep (Dm) _ MVPMnumEP |
Aln(Dy) V2 In(og)

penetration and counting efficiericy functions as discussed in Section
putions at the nvPM number instrument (squares with dotted line), nvPM
e engine exhaust nozzle exit.plane (triangles with solid line). Clearly, th
instruments are reduced from the exhaust plane size distributions due
M. The size distributions at the nvPM mass and number instruments di
PR and the counting efficiency of the CPC.

n and number concentration losses as the exhaust aerosol. The size dlistribution at the engine

humep, & geometric mean

(Eq. 23)

ble and based on engine
hcentrations [References
ment Section (Section 5)
ents. Because of particle
ced in nvPM mass and
e smallest particle sizes

sses. These losses are dependent on particle size, temperature, flow rate, and line geometry and

4. Figure 7 illustrates a
mass instrument (circles
b size distributions at the
o losses in the sampling
fer due to the additional
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For this application the g¢
[References 2.1.3.1 - 2.1
and have a correspond
differential mobility analyj
the particle nvPM mass 4
density accounts for the

calculation algorithm des
5.2  Methodology for E

As described above, air|

+05
+05
+00

AIR6241 [Reference 2.1

Lot te e bt el st ary)

Ul

diameter, D, (nm)

hber size distributions at the engine exhaust plane, at the nvPM nur
mass instruments [Réference 2.1.3.1]

stimating\Engine Exhaust Plane Size Distributions

craft’nvPM size distributions have been empirically determined to be

500

hber, and at the nvPM

bometric standard deviation, 04=1.8, has been determined from research measurement campaigns
.3.13]. The exhaust aerosol particles are represented by an equivalent s
ng effective nvPM mass(density, p= 1 g/cm3. The effective density
zer to determine the particle diameter and a centrifugal particle nvPM ma3
nd then calculated asithe ratio of the particle nvPM mass to the particle vd
complex morphology/of these particles. By using the nvPM mass to nvH
ratio, the only other pargmeter needed js'the geometric mean diameter, Dmg, Which is determing
cribed in the_next section.

here of a given diameter
vas determined using a
ss analyzer to determine
lume. Using the effective
M number concentration
d numerically in the loss

ognormal. However, the

number concentrations

after appreciable losses. The method to correct for these losses using nvPM mass and number measurements assumes
that the engine exhaust plane lognormal nvPM size distribution is subjected to the calculated sampling and measurement

system losses.

Estimated undiluted nvPM mass and number concentrations at the respective instruments can be calculated using the
assumed lognormal size distribution at the exhaust nozzle exit plane, an assumed particle effective density, and the mass
and number penetration fractions,

D3
NUPMygssest = Nenermo X Z%)?,?gglrr{lm Nmass (Pm) X pnT X NUPMpymep X flgn(Dm) X Aln(Dy,) (Eg. 23)

nUPMnumEST = Nthermo X Z%J?,?gglrr{lm r/num(Dm) X nUPMnumEP X flgn(Dm) X Aln(Dm) (Eq 24)
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Taking the mass to number ratio of these estimated values removes the unknown, nvPMnmep, and leaves a single equation
with a single unknown, i.e., the geometric mean diameter Dmg. Note, again, that the Probe inlet to Diluterl inlet
thermophoretic penetration factor, niwermo, iS separated from the other sampling system penetrations based on AIR6241
requirements [Reference 2.1.1.1].

To determine Dmg, this method repeatedly adjusts the geometric mean diameter, Dmg, Of the exhaust nozzle exit plane nvPM
number concentration size distribution, fign(Dm), while calculating the ratio, Run(Dmg), of the estimated nvPM mass to number
concentrations with particle diameters ranging from 3 to 1000 nm,

1000 pmD3
R (D ) _ NMVPMmassEST __ 771:he'rmo><2Dm>7;?11m77mass(Dm)><—6 m><7WPan.mE‘P><flgn(Dm)><A In(Dpy)
MN - -
mg NVPMnumEST Nthermo XZﬁsﬁggrﬁm Nnum (Dm) XNVPMyyumep Xflgn(Dm)XA In(Dm)

an3
_ Zégﬁg’é'ﬁlm Nmass(Dm)% 3 mxflgn(Dm)XAln(Dm)

$E000mM 1y (D) X F1gn (Dm)XAIn (D)

(Eq. 25)

until the square of the rglative difference, &, between this ratio, Run(Dmg), and the ratio of the_measured mass to number
nvPM concentrations,

NthermoXDFiXNVPMinasssTP (Eq. 26)
NthermoXDF1 XDF; XnvPMnymsTp

is reduced to zero, i.e.,

s§=|1- RMN(Dmg)
- ( NthermoXDF1XMWPMynassSTP )
NthermoXDPF1XDF2XnvPMyymsTpP

IR
o

(Eq. 27)

This method typically copverges with values of & <10-°. Note that'the geometric standard deviatign, g, and the density, p,
of the unknown aerosol gre held constant with assumed values

o, =1®and p = 1g/cm? .

The approach is summafized in Figure 3. Figure 7 illustrates typical size distributions with these| constraints at the nvPM
number instrument, nvPM mass instrument and-at the engine exhaust nozzle exit plane.
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5.3 nvPM Mass and N

umber Correction Factors

The ratio of upstream to downstream nvPM number concentrations gives a system loss correction factor for nvPM number
and the ratio of upstream to downstream nvPM mass concentrations gives a system loss correction factor for nvPM mass.
Note, however, that in determining the number and mass correction factors only particles with diameters of 10 nm or greater
are used to calculate the number and mass correction factors. The number and mass correction factor equations are:

1000nm

x

1000nm

XDm>10nm WPMnumep*f1gn(Dm)XAIn(Dmy)
1000nm

Dm>3nm NVPMpyumepP XNMnum (Pm) X f1gn (Dm)*xAIn (D)

kSLnum =

_%{

b

In(Dm)-In(Dmg)

ln(zrg)

1 _% {ln(Dm)—ln(Dmg)

2
} XAIn(Dy)

2
} XAIn(Dyy,)

Dm>10nm\/ﬁxln(a’g)xe zﬁonolgr]l."onnme lﬂ(o'g) (Eq 28)
1 {ln(Dm)—ln(Dmg)}z 1 {ln(Dm>-1n(Dmg)}2 '
- R R T 27 In(ey)
Z})ﬁﬂ%’#m%xe 2 n(ag) xAIn(Dpy) Z,E‘iﬁ‘i’é’#mnnum(l’m)xe 2 n(og) XAIn(Dpy)
_;{M}Z
k _ Rt nhxe 2L "D ) xainom (Eq. 29)
stmass [ ong) '
ST M (Pm)xDFxe 2L 1M ) o)

From these correction
NVPMnumep(Dm>10 nm) a

Or the correction factors

since kinermo is already in

factors the final exhaust nozzle exit plane nyPM number ang
nd NVPMmassep can be determined using

rlVPI\/InumEP = kSLnum X kthermo X DFl X DFZ X nvPMnumSTP
rlVP]V[massEP = kSLmass X kthermo X DFl X 7’“7P1V1massSTP

Can be used to determine engine exhaust plane nvPM number and mass

ElLyumer,= ksinum X Elyum

Elnassepr = Ksimass X Elnass

tluded in the El calculation in AIR6241.

mass concentrations,

(Eq. 30)
(Eq. 31)

Emissions Indices using:
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5.3.1 Calculation Tools

Based on the original UTRC spreadsheet tool [References 2.1.1.2, 2.1.3.12, 2.1.3.13, and 2.1.3.14] developed for the
calculation of penetration fractions two additional tools, a spreadsheet based tool that uses Visual Basic to perform the
calculations and a tool based in MATLAB® (requires a MATLAB® license to use source code), have been developed to
perform the entire loss correction. They require the user to input the sampling and measurement system segment input
parameters (see Table 2) and the mass and number concentrations.

These two tools are attachments to this AIR and have user manuals explaining how to use these tools. There is also a test
dataset which can be used as an example of how to run these tools.
5.3.2 Loss Correction Excel® Spreadsheet

A spreadsheet based system loss calculation loss tool written in Microsoft® Excel® is available with this document. It allows

factors for a single data set or multiple data sets. It requires the user t

input the sampling and

calculation of system los
measurement system se
5.3.3 Loss Correction
There is also available a
the source code must hal

a MATLAB® license. It t
parameters (see Table 2

6. UNCERTAINTIES IN

6.1 Parameter Uncertd
An engine test campaign
conditions, fuel type, dil
measurements will be
systematic and random
line loss correction mode

1. If size measurement
model give correctio

test campaigns.
They will be used to

They will be used tg
generated.

pgment input parameters (see Table 2) and the mass and number concen
MATLAB® Tool

loss correction calculator (both source code and an executabl€) based i
ve a MATLAB® license to run this version of the calculater. Fhe executal
bo, of course, requires the user to input the sampling and measureme
and the mass and number concentrations.

nvPM MASS AND NUMBER CORRECTION FACTORS
linties

typically involves a number of runs at'different conditions, e.g., power s
ution levels, and engine type. At(each test condition, typically lasting
ade for each measurement parameter. Each measurement paramete
ncertainty contributions. These measurement parameter uncertainties v
l.

data are taken, this«data can be used in selecting adjustable paramets
n factors that agree with those computed on the basis of size measurem

pstimate theuncertainty associated with the line loss model itself.

estimate the total uncertainties in the nvPM mass and number correcti

trations.

n MATLAB®. The user of
le version does not need
it system segment input

bttings, different ambient
a few minutes, multiple
r will have one or more
ill play three roles in the

ers to make the line loss
ents taken during engine

bn factors once they are

In the scope of this unce

tainty analysis, two basic questions were posed:

1. What is the uncertainty in the correction factors?

2. What drives the uncertainty in the correction factors?

To address the first question, a Monte Carlo analysis of the line loss correction was performed by assigning uncertainty to
parameters in the line loss calculation. This generated a spread of correction factors to determine how uncertainty in the
parameters drives uncertainty in the correction factors. To address the second question, an additional Monte Carlo analysis
was done to determine the sensitivity of which parameter or parameters in the line loss correction drive the uncertainty when
compared to the total uncertainty for the mass and number correction factors. For both of these Monte Carlo analyses a
range of nvPM mass concentration (i.e., KthermoXDF1XNnVPMmassste) and number concentration  (i.e.,
kihermoXDF1XDF2XnvPMnumsTp) inputs were used to examine uncertainty in the nvPM mass and number correction factors as
a function of particle size.
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6.2 Overview of Monte Carlo Method

Typical nvPM number and mass correction factors are a function of particle diameter as shown in Figures 8 and 9. Nineteen
different mass and number inputs were used to produce results for particle sizes over a representative range of engine
exhaust particle sizes. To examine uncertainty of the number and mass correction factors for each of the particle sizes, a
Monte Carlo simulation was performed to determine how the uncertainty in the parameters of the line loss calculation
propagates to the uncertainty in the number and mass correction factors. The parameters that were assigned uncertainty
were the measured inputs, the penetration functions and assumptions about the log-normal distribution. Each parameter
uncertainty was assigned over a normally distributed range. Error estimates were given for the following model parameters
and inputs:

the measured nvPM mass
the measured number concentration

the mass segment line penetrations

the number segment line penetrations
the VPR penetrations at 15, 30, 50, and 100 nm
the CPC counting efliciency

N o o b~ wDd P

the log-normal distriution assumptions
a. the geometric standard deviation
b. the effective dengity

The error estimates used are listed in Table C1. There are other factors (see Document Scope gnd 7.1.3) not included in
the model assumptions which are also not included in this analysis.

Sources of systematic bias will have an impact on correction.factor uncertainty determination, thege biases are assumed to
be small.

For a single Monte Carlo|trial, error was randomly assigned to each parameter and the number anfl mass correction factors
were calculated. This prgcess was repeated 5000 times allowing for a population histogram to be constructed for both the
number and mass corregtion factors. From the_ histograms, the total uncertainty for each correction factor was calculated
as a spread of 67% of the population distribution. The analysis was done for each of the 19 point$ shown in Figures 8 and
9 to capture the spread qf the number and.mass correction factors as a function of particle size.

A detailed discussion on how the Mante Carlo method was implemented and how the uncertainty was assigned to each
parameter can be found jn detail in-Appendix C.

Number Correction Factor vs
Geometric Mean Diameter
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Figure 8 - Number correction factor versus exit plane geometric mean diameter
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Mass Correction Factor vs
Geometric Mean Diameter
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6.3 Results

6.3.1 Monte Carlo Ung
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factors increase with deg
shown in Figures 8 and
distribution was generat
median as shown in Equ

The relative uncertainty
size in Figures 10 and 11
size. The number correg
ranges between approxir

Lo
T 7

re 9 - Mass correction factor versus exit plane geometric mean/dian

meter was driving the uncertainties in the full uncertainty analysis,a Monte
sensitivity study, instead of applying uncertainty to all parameters of

to only one parameter at a time and then a Monte Catrlg calculation w3g
brs. This calculation allowed for the comparison of thespread of the cor
1 in the line loss calculation to the full error propagation described above|
d number inputs for each model input parametet:

ertainty Propagation

prrection factors as a function of particle diameter shown in Figures 8 af
reasing geometric mean dianieter. A Monte Carlo simulation was done
9 as the correction factors,are a function of particle size. For each p
bd. The population distributions were then shifted and normalized by th
ation 32.

Aksinum __ Ksinum at Nth percentile-kgjnym at 50th percentile

ksSuium KSinum at 50th percentile

Histributions’ for 67% and 95% of the population distributions are plotted
. Thestelative number and mass uncertainty distribution spread increaseg
tion factor spread for 67% of the population for particles with a geomg

eter

Carlo sensitivity analysis
he line loss calculation,
s done to determine the
ection factors when only
This analysis was done

d 9 show that correction
for each of the 19 points
hrticle size, a population
e population distribution

(Eq. 32)

as a function of particle
5 with decreasing particle
tric mean size of 80 nm

hately -7% and +11% and at 5 nm the range is between approximately -2

b% and +36%. The mass

correction factor spread

for 67% of the population of particles with a geometric mean size

of 80 nm ranges from

approximately -0.5% to +0.4% and approximately from -10% to +13% for particles at 5 nm. A parametrization of the
population spreads as a function of correction factor is located in Appendix C.
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Spread of Number Correction Factor vs
Geometric Mean Diameter

U RUSTT SIGITTRuT (1T

Figure 10 - Relative gpread of number correction factor versus exit plane geometri¢’mean diameter. The light
grey and dark grey shaded areas indicate the 95% and 67% confidence intervals,[respectively.

Spread of Mass Correction Factor vs
Geometric Mean Diameter
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Figure 11 - Relative sgread of mass ‘¢orrection factor versus exit plane geometric mean diameter. The light grey
and dark grey shaded/areas indicate the 95% and 67% confidence intervals, regpectively.

6.3.2  Sensitivity Error AnalysiS;Results

The population distributipns-for the sensitivity analysis were generated as described above. Eaclh Monte Carlo simulation
of 5000 trials consists of @ SiNgIe parameter allowed 10 vary at a number and mass sewing that produces a particle size
distribution with a geometric mean diameter. Each calculated population distribution is plotted as a box and whiskers plot
where the top and bottom of the box represent the first and third quartiles of the distribution and the ends of the whiskers
represent the 2.5% and 97.5% percentile of the distribution as shown in Figures 12 and 13.

Sensitivity simulations were done at geometric mean diameters of 5 nm, 10 nm, 20 nm, 40 nm, and 80 nm for the parameters
shown in Figures 12 and 13. The results from the full error propagation analysis are included on the left side of each panel
in the Figures for determination of what parameters generate the most uncertainty in the nvPM mass and number correction
factors.

The sensitivity error analysis shows that the parameters that contribute the largest error in the calculation of the number
correction factor, ksnum, are the geometric standard deviation, the measured mass, KiermoXDF1XNVPMmassste, and the
measured number, kinermoXDF1XDF2XnvPMnumsTr, as shown in Figure 12. For the mass correction factor the measured mass
and the measured number contribute the most to error as illustrated by Figure 13.
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Comparison of Number Correction Factor Uncertainty by Parameter Uncertainty
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7. GENERAL INFORMATION ON METHOD ASSUMPTIONS AND ASSESSMENTS

7.1 Assumptions

The system loss correction factors are estimated based on the following assumptions: engine exhaust exit plane nvPM is
represented by a constant value of nvPM effective density, a lognormal distribution, a fixed value of geometric standard
deviation, no coagulation, limiting the nvPM mass concentration to the mass instrument limit of detection, and a minimum
particle size cut-off of 10 nm.

7.1.1 Density

The current proposed value of effective density to be used in the model is determined from measured values (e.g.,

[Reference 2.1.3.7]). The model currently uses the value of 1 g/cm3. Line loss sensitivity calculations done using various
values of density over the range of 0.55 to 1 g/cm? show that line loss does not appear to have a strong dependence on

effective density. There

does appear to be a particle size dependence on effective density

nd the loss corrections

[References 2.1.3.7 and
dependent effective dens
7.1.2  Lognormal Distri
Although aerosol size dis
range of diameters on t
characterized by multi-m
the engine exhaust exit
been checked with com
size distributions. This a
are reasonably close to
understand the method'’s
7.1.3 Coagulation
This method does not d
[Reference 2.1.1.1] samy
particle coagulation. Hov
Diluterl inlet thermophor

then particle coagulation

7.1.4 Penetration Drift

2.1.3.11]. As better data is available the model can accept improved
ity to improve the accuracy of the model results.

bution

tributions are not universally characterized by any single’function, those
ne order of a factor of 10 and nucleate and grow through diffusional c
odal lognormal size distributions. In this work a monagniodal size distrib(
lane nvPM. The loss correction method’s use of Idgnormal and monomg
arisons to measured size distributions and with.sensitivity analyses usi
alysis showed that line loss calculations using“a single lognormal can gi
hctual correction factors for multi-modal size-'distributions. However, the
sensitivity to the lognormal size distribution assumption.

onsider reduction in particle:avPM number concentration due to coag
ling and measurement system Diluterl is used to help reduce thermophor
ever, if the exit plane avPRM number concentration corrected for system
etic losses is greaterthan 108 particles/cm?, i.e., if

sy num X Kihermo X DFy X DFy X n0PMyymsrp > 108particles /cm?

may be gccurring in the sampling system prior to Diluterl.

values including a size

which have a continuous
pllisions can typically be
tion is used to represent
dal size distributions has
ng bimodal and trimodal
ve correction factors that
e is still ongoing work to

ulation. In the AIR6241
btic losses and to prevent
losses and probe inlet to

(Eq. 33)

Line penetration drift has been evaluated for multiple systems. AS of the date of this publication no significant drift has been
observed over a period of about 10 months [Reference 2.1.3.32].

7.1.5

Correction Factors for Mass Measurements that are Below the Mass Instrument LOD

If the mass instrument measurement, nvPMmasssTp, is at or below the nvPM mass instrument LOD, Miod, the correction factor
can be determined by the following procedure.
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First, Dmgett (& geometric mean diameter to be used in the case when nvPMmassstr<Miod) can be determined from the
arithmetic mean of maximum, DmgLop, and minimum, Dmgmin, Values of Dmg at the mass instrument LOD, i.e.,

1
D. f= exln(Pmgrop) Hn(Pmnn)] — \/ Digrop X Dmgmin (Eq. 34)

mgef
The maximum geometric mean diameter, DmgLop, is calculated using the procedure of Section 5 and Appendix B, from the
dilution corrected measured value of nvPM number concentration, DFi1XDF2XnvPMnumste @and the value of the mass
instrument LOD as specified by the instrument manufacturer. (An example of this calculation is given in Example 8.4.)
(Since the correction factors decrease with increasing particle diameter or geometric mean diameters, this maximum
geometric mean value, DmgLop, represents a lower limit for the number concentration correction, KsLnum.)

The geometric mean diameter lower limit, Dmgmin, at the mass instrument LOD has been determined from test campaign
data, Dmgmin= 5 nm.

Since Dnyg is the only pafameter needed to determine the Tognormal distributions, The value of Dnlgerf from Equation 34 can
be used along with the mpass and number penetration functions to determine the mass and number correction factors and
then the exit plane and measured nvPM mass and number concentrations. From Equations'35 arld 36,

T Do onm DinXf1gn(Dm)XAIn(Dm)

Kstmass = SI000 - oss Dom)XDfy gm0 (D (Eq. 35)
Ksimum = z%?ﬁ%égiigzn:(gﬁ?g;ﬁi:)(XDZi(Dm) (Eq. 36)
The exit plane number is|then computed from Equation 37,
NVPMpymep = Ksinum X Kthermo %DFy X DFy X NUPMpymsrp (Eq. 37)
and the exit plane mass |s determined from the instrument. LOD value, nVPMmassLop, i.€.,
NUPMyassep = Kgpmass X Kehermo X DFy X NVPMipassi0p (Eqg. 38)

The uncertainties in thege values can be determined as explained in Section 6 describing the uncertainty analysis of this
method.

Alternative methods thaf extrapolate Dmg. or correction factors may also be applicable. For such extrapolations sufficient
measurement data wherg nvPMmassst+iS greater than the nvPMmassLop must be available.

7.1.6 LOD for Numbe

CPC manufacturers repgrt‘the CPC LOD to be about 1 particle/cm3. There is currently no altefnative method to derive
system loss correction factors when measured nvPM number concentrations are extremely low and close to the LOD.

7.1.7 Limits of Applicability

The correction factor calculator has been shown to work over a wide range of nvPM mass and number concentrations
observed in aircraft turbine engine nvPM emissions. In cases where the calculator does not converge, the nvPM mass and
number measurements are likely in error.
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7.2 Collection Part Penetration Function, ni(Dm)X Nb1(Dm)

Diagrams or verbal descriptions of in-use aircraft engine manufacturer nvPM sampling and measurement systems (Section
1 from probe tip to splitterl inlet in Figure 4) were obtained from Pratt and Whitney, General Electric Aviation, Rolls Royce
Civil Aerospace and Honeywell Aerospace and evaluated using the United Technologies Research Center (UTRC) particle
transport model. Ignoring thermophoresis (which is a function of exhaust gas temperature and therefore independent of the
sampling system Collection Part geometry), the primary loss mechanism during transport is particle diffusion. Diffusion
losses increase as the sample tubing diameter decreases and as flow rate decreases. For the flow ranges and tube
geometries of Section 1 of the nvPM sampling system, the tube diameters have a larger effect on diffusional losses than
flow rate [Reference 2.1.3.33].

However, since a requirement for gas turbine emissions sampling multi-tip probes is that >80% of the pressure drop across
the entire sample probe must be at the probe tips, extensive use of small diameter tubing is not practical. This design
constraint forces the sampling system Collection Part used by all aircraft engine manufacturers to have relatively similar
diffusional losses. For all aircraft engine manufacturer sampling and measurement systems a large proportion (~90% of the
allowable 8 m) of the Se¢tion 1 sampling line has an inner diameter greater than 7 mm.

Similarly, although sample flow rate is a function of engine power, each aircraft enging manufacturer’s Collection Part
(Section 1), and in partictilar the sample probe, is designed and operated to acquire a limited rangg of flow rates which vary
by a factor of 4 from low fo high power. Typically, the lowest flow rate is 13.5 slpm to satisfy ARP1179 [Reference 2.1.1.5].
This variation in flow rat¢ when sampling at low and high power conditions theoretieally produces <5% difference in total
particle loss. Therefore, the evaluated representative aircraft engine manufacturer,configurations were found to have similar
particle penetration curvgs from probe tip to the first splitter (i.e., the first 8 m of the’emission sampling system corresponding
to the Collection Part) with the typical penetration curve shown in Figure 14.

Typical Front End Penetratign Function

0.9
0.8
0.7
0.6
0.5
0.4
0.3

02
o%|

penetration fraction

1 10 100 1000
diameter, D, (nm)

Figure 14 - Typical front end penetration curve, N1 x no1, without thermophoresis losses determined from a
comparison of four aircraft engine manufacturer representative Section 1 (from the sample probe tip to splitterl
inlet) particle emission sampling systems
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7.3 Assessments

Since the publication of AIR6037 [Reference 2.1.1.2] additional experimental work [References 2.1.3.1 through 2.1.3.13]
has been conducted to verify particle penetration calculations and the loss calculation methods presented in this work.
Typically, what has been found is that the model is a robust method for calculating sampling and measurement system
correction factors for particle losses. Errors in the method do increase with decreasing particle diameter which is due to the
large particle losses at particle sizes below 10 nm. Additionally, in the effort to understand this calculation method, nvPM
mass and number measurement errors can lead to unphysical loss calculation results. Hence, the tool can be used as a
check on the sampling system measurements.

As an overview of the calculation method results, the two sub-paragraphs that follow give condensed data sets from test
campaigns.
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7.3.1

VPR and 25 m Li

ine Penetration Measurements

An illustration of data taken [Reference 2.1.3.11] to compare the UTRC line penetration calculation with actual measurement
is illustrated in Figure 15.

From the same test campaign the VPR penetration function was also measured and compared with the model results. An

example of the results is

illustrated in Figure 16.

p 08/26/2015 (Jet-A, PLA 90) f 08/27/2015 (50/50 Blend, PLA 60)
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Figure 16 - Measured (diamonds with error bars) and modeled (solid line) VPR penetration efficiencies at high
engine thrust. Signal was much noisier than line loss (Figure 15) due to low concentrations downstream of APC.
VPR loss measurements were difficult to make in the field because of the high APC dilution ratio, i.e., DF2,
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leading to low downstream concentrations. Although the results were noisy, the general trends agreed with
manufacturer laboratory tests. The error bars represent the maximum and minimum penetration efficiency values
for each diameter bin and the shaded areas represent the first and third quartiles for each diameter bin.
7.3.2  Expert Review of the System Loss Correction Method
During the preliminary work for setting the system loss correction method, the U.S. EPA sought in 2013 two independent
experts on transport, sampling, and measurement of combustion engine exhaust PM emissions, Professors David Kittelson

and K. Max Zhang of the University of Minnesota and Cornell University, respectively, to review the first draft of the method
[References 2.1.3.18 and 2.1.3.34; also see Attachments | and Il]. Essentially, they both have stated that:

1. The E-31 committee has spent a considerable amount of effort analyzing and developing methods for quantifying

system losses for the measurement of non-volatile particulate matter emissions from aircraft engines, and

2. That the resulting overall methodology appears to be sound, although limited by the necessity of assuming engine
exhaust nozzle exit glane geometric standard deviation and particle density.
3. Simulation calculatiops indicated that reasonable departures from assumed values geontetfic standard deviation density

led to small errors in

They also provided idea

KsLmass, typically less than 5%, but somewhat larger errors in Ksirdum! typic

5 on how to potentially improve the proposed correction method and the

ally 20 to 25%.

se have been integrated

into the current methodo|ogy.

8. EXAMPLES OF SYSTEM LOSS CORRECTION METHODOLOGY

8.1 Example 1, Cyclonje Separator Penetration Function
This explanatory informg

example values for shary

tion provides an example of calculating.the cyclone separator penetratig
ness and Dso.

n fraction function using

Given parameters:

Dso = 1000 nm
Sharpness, (D16/Ds4)%5 ={1.25
Step by step calculation:
1. Calculate Meyc
Meye= INn(Dso ) = In(1000 nm) =6.908
2. Calculate ocyc
Ocye=In[ (D16/Ds4 )°°] = In(1.25) = 0.223
3. Input the values of peyc and Ocyc into the expression for the cyclone separator penetration fraction
_M (Inx—6.908)2
Dme  2%yc Dpe 2002237
nCyC(Dm) =1- IX>0 X0cycV2m dx=1- IX>0 x(0.223)V21 x

Below are values of neyc(Dm), calculated using the above expression, for Dm values of 10, 100, and 1000 nm:
ﬂcyc(lo nm) =1
Neyc(100 nm) =1

Neyc(1000 nm) = 0.50
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Figure 17 - lllustration of cyclone;séparator penetration function
8.2 Example 2, VPR Henetration Function

This explanatory information provides an example of calculating the VPR penetration function from particle thermophoretic
loss and diffusional loss pquations together with the four known and measured VPR penetration ffaction specifications.

Given parameters and equations:
nver(Dm=0.015 pm) = 0.314
Nver(Dm=0.030 pm) = 0.635

Mvpr(Dm=0.050 pm) = 0.136

Mvpr(Dm=0.100 pm) = 0.778

T=350 °C, VPR temperature (350+273.15=623.15 K, the unit of temperature needed for these calculations is Kelvin). The
VPR penetration function is given by the expression,

2
1-55xy3 +3.77 X9 P < 0.007

Nver = Mveren X {
VR VPREE T 0,819 - @115 40,0975 - 67701 4 0.0325 - 6717 ) > 0.007

where,

Nverth = parameter representing thermophoretic losses and is determined from the curve fitting step. The equation for
yis

1p _ Lypr <D = Lypr , kBTvprCc _ kTvpRCc _, LvPR
QvpPR QvPR 3nuDm 3nDmp QvPR
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where Dm= the particle diameter, Lvpr = the effective length of the VPR, C. is the Cunningham slip correction factor, y is the
viscosity of air, and A is the mean free path of air at the VPR temperature, Tver, and Qver is the flow rate in the VPR. The
ratio, Lver/QvrR, iS Used as a parameter of the curve fit to the manufacturer VPR penetration fractions. The expressions for
the Cunningham slip correction factor, Cc, and the Sutherland equations for the gas mean free path, A, and the viscosity, y,
are

Co= 1+22{1.165 + 0.483¢~097Pm/20} = 1 + 2 {2.33 + 0.966¢~(*49%5Pm/D},

110.4
TvpR Po =+ To
A=A — | —z= 1 Sutherland mean free path
o () (o) {H;;;-;} ( path)
and,
1 32 To+110.4
1= o ( ‘;OPR) (m) (Sutherland viscosity)

respectively.

Step by step calculation:

1. Calculate the value fpr A using the VPR temperature, Tver,

S
=20 (%) (o) < )

where S=110.4 K is the Sutherland constant, A\o=67.3 nm is the:reference mean free path at t¢mperature To=296.15 K,
and pressure Po=PvRr=101.325 kPa.

1104

1
7.3nm x (623'15) x (101'325) X (1:2191%;5) = 67.3nm x 2.104 x 1 x 2272 =~ 145nm

296.15 101.325 —_ 1177 ~
623.15

A=

[orY

2. Calculate the value fpr p using the VPR temperature, Tver,

1= g (TVPR)3/2 ( To+110.4 )

To Typr+110.4

where =1.83 X 10 d¢/(cm s) isthe Teference viscosity at To=296.15 K.

623.15)3/2 (296.15+110.4
296.15 623.154+110.4

=183 x 10742 (

cms

) =310 x 1049
cm s
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3. Calculate constants in the equation for y using the value of A from above, i.e., the VPR temperature, Tver=623.15 K.
The resulting equation is

2
—16gCm [ 165nm —(0.4985D,/165nm) ]
. X ——X . X —12. . m
_ kpTvprLyer ., Ce _ 1.38065x10 a <623 15K | 1+ {2.33+0.966e } Lypr

3mDmQvPr K 3mx3.10x10~4 L DmQvpR

or

(0.4985 D,
v = 2.945x10 M cm® /s x {1+ 1021M 5 33, 0osee | Ve || L
Dm DmQVPR

Note : In the last term of thisequation, tvrr/DmQveR, Dmis mumits of trmtomake umnittessard-m the other two
occurances Dm is in unitg of nm.

4. Now, using this equation for y in the equation for nver together with the four measuréd,and known VPR penetrations
fractions, i.e.,

nver(Dm=15 nm) = 0.314
nver(Dm=30 nm) = 0.635
nver(Dm=50 nm) = 0.736
Nver(Dm=100 nm) = 0.778
a curve fitting routine cap be used to determine the VPR penétration function. The parameters which will vary and will be
determined by the curve fiitting routine are the ratio of the effective length of the VPR to the flow in|the VPR, Lvrr/Qver, and

the thermophoretic factof, nvertn.

For this example the VPR penetration function depictéd in Figure 18 was determined. The curve f|t parameters determined
were Lvpr/Qvrr=98.2 s/cm? and nverih = 0.877. The calculated penetration fractions from the fit arg¢

nver_fit(Dm=15 nm) = 0.318
nver_fit(Dm=30 nm) = 0.6Q9

nver_fit(Dm=50 nm) = 0.739

nver_fit(Dm=100 nm) = 0.§13
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Figure 18 - lllustration of VPR penetration function
8.3 Example 3, CPC Qounting Efficiency Function

This explanatory informgtion provides an examplef calculating the CPC counting efficiency function using the two CPC
counting efficiencies spe ified for particles with diameters of 10 nm and 15 nm.

Given parameters:
D10 =10 nm
Dis =15 nm

Ncec,10 = 0.55

Ncec,1s = 0.91

Step by step calculation:

1. Calculate values for aionm and aso nm

ln(l - UCPCi)
= TePel) o 1
a; n2) , 1 O0nm or 15nm
In(1 — 0.55)
A1onm = ln(Z—) =—-1.152
_ In(1 —0.91) _ 3474

Xisnm = W
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2. Calculate Do

3. Calculate Dso

D. = a19D15 — a15D1
= ————
d10 — A15

_ (=1.152) = 15nm — (—3.474) * 10nm

4. Enter the calculated

Below are values of ncrc{Dm), calculated using the above gxpression, for Dm values of 3.278 nm, 10

Ncpc(3.278 nm) = 0 (If the
Ncec(10.366 nm) = 0.606

Nepc(50.481 nm) = 1.000)

0 (—1.152) — (—3.474) = 7.519nm
(s + DDy = (@ + 1Dy
5 =
@5~ yp
—3.474+1)x 100nm — (—1.152 + 1) X 15nm
=9.673nm

(—3.474) — (—1.152)

values into the expression for CPC counting efficiency:

Dim—Dg
— 1 _ln(Z).[Dso—Do]
Nepe =+ 7€

| (2)[ Dm—7.519nm ]
—n(2)

n =1—-ce 9.637nm—7.519nm,
CPC

 value of the function is less;than zero, then the value of the function sho

.366 nm, and 50.481 nm:

uld be set equal to zero.)
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8.4 Example 4, Examy

Step by step calculation
given below.

1. Using the loss corre
LOD, and the other 1

The nvPM number m

Kihermo=(750/433)0-385

particle diameter, D, (nm)

Figure 19 - lllustration of CPC gounting efficiency function
le of Mass at LOD Calculation

Df the correction factors when'the mass measurement is below the LOD

ction calculation tophgcalculate Dmgmax from the measured number cong
eeded system parameters

easurement,and dilution, DF1, and are as follows:

1.232

KthermoXDF2XNvPMst

Df the mass instrument is

entration, the instrument

nm=(1.232)(4735.71 particles/cm?)=5834.39 particles/cm?

DF1=10

kihermoXDF2XDF1XnvPMstpnum=58343.9 particles/cm?

For this example use the ARP6241 specified maximum instrument LOD, nVPMmasstop=1 pug/m?3

KthermoXDF1XNVPMmassLop =1.232X10X1 pg/m3 =12.32 pg/m3

Using the standard data inputs from the table above, the loss calculator yields

DmgLop = 35.13 nm
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2. The geometric mean diameter can be calculated from the above value of DmgLop and the empirically determined
minimum geometric mean value, Dmgvin=5 nm,

D

mgeff = JDmgLaD X Dimguin = V35.13nm x 5nm = 13.25nm

3. Using the “Calcs” sheet in the calculation spreadsheet tool, the mass and number correction factors can simply be
determined by entering Dmge=13.25 nm in cell Z20, see Figure 20. All other parameters are those from steps 1.) through
3.). The results are automatically calculated and displayed in cells AB4 (ksLmass) and AB5 (KstLnum),
KsLmass= 1.4933

KsLnum = 5.4026
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H o B3 e - nvPM Line Loss Tool vi_0_Release(1)xdsm - Excel Gianpelll, Bob  [2

Irsen Page Layout Formulas Dats  Review  View  Developer Power Prot ) Tell me what you want to 8o

"o Wru-S2-A cWERE- $o%0 9 e s O e
AAT J Err v
Z AA AB -~

3

4 ~ ESLmass 1.4933 —<

5 num £.4026 é

6 —S———]

7| L Ovsoa

8

9

10

" Sigma, og ] kthermoxDF1xDF2xnvPMnumSTP kthermoxDF1xnvPMmassSTP

12

13

14 Sigma, og ‘ nvPMnumEP nvPMmassEP

15

16

17

18 Solver Variables

1 Dmg [nm]

2 13.250000 | / < \0.0000E+00

ik » Version_Log| | Input | Batch_Input ~ Cales | Seq Data | Output VPR fit Chart_Ind_Penstration Chat 3 ¢ »
" N A i [ - ] +

Figufe)20 - “Calcs” sheet from spreadsheet calculation tool
9. NOTES

9.1 Revision Indicator

A change bar (I) 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 THE SAE E-31P PARTICULATE MATTER COMMITTEE
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AFPPENDIX A - PENETRATION FUNCTION DETAILS

Al THERMOPHORETIC PENETRATION FUNCTIONS

When the sample gas temperature at a segment inlet is higher than the segment sampling line temperature, the thermal
gradient causes particles to move toward the cooler surface of the sampling line segment. This convective flow is in addition
to the diffusional flow. Hence, thermal gradients ocurring because line temperatures are lower than gas temperatures cause
additional particle deposition onto the sampling line surfaces. For particles with diameters that are less than the mean free
path of the carrier gas, i.e., in the free molecular regime where the particles flow similar to the carrier gas, the particle
thermophoretic deposition velocity is independent of particle diameter and pressure [References 2.1.3.3, 2.1.3.12, 2.1.3.13,
2.1.3.14, and 2.1.3.15].

The UTRC spreadsheet uses the thermophoretic expression [References 2.1.3.3, 2.1.3.12, 2.1.3.13, 2.1.3.14, and 2.1.3.15]
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where Tin is the temperature of the gas entering the sampling line which is approximately the engine exhaust temperature,
i.e.,Tin= TecT, Texit is the equilibrated sample particulate and gas temperature which is approximately the temperature of the
sampling line wall (i.e., the diluter inlet wall temperature, T1), Texit = Twal(=T1)=433.15 K, and the exponential constant is
equal to 0.38. Hence, the thermophoretic penetration fractions for the segment 1 and 2 aircraft turbine engine work are
assumed to follow
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where Ti1 = 433.15 K or is the measured diluter inlet temperature, T1 and Tecr is the engine exhaust gas temperature (in
Kelvin). Note that if TecT<T1, then nthermo=1.
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If there are thermophoretic losses in other segments of the sampling and measurement system, the thermophoretic
penetration fractions, nwmi, are determined from the UTRC thermophoretic expressions. These are explicitly shown above in
Equations A1 and A2. For two adjoining segments the sample gas inlet temperature, Tgasi, is assumed to be the upstream
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sample segment wall temperature, i.e., Tgasi=Twallupstream. The wall temperature, Tiinei=Twalldownstream, iS the wall temperature of
the downstream segment. There will be a thermophoretic correction needed, if the upstream segment wall temperature is
greater than the downstream wall temperature, i.e., Twalupstream™ Twalldownstream.

Al.1l Although, the simplified, Equation A4, and full thermophoretic loss calculations are sufficiently close and can be
used interchangeably for this gas turbine engine application, the Excel spreadsheet and Matlab calculation tools
supplied as part of this AIR use the full thermophoretic loss equation

A.2 DIFFUSIONAL LOSS PENETRATION FUNCTIONS

In the UTRC spreadsheet diffusional losses are modeled with standard models of particle diffusion in a turbulent flow [e.g.,
References 2.1.3.12, 2.1.3.13, 2.1.3.14, 2.1.3.15, 2.1.3.16, 2.1.3.20, and 2.1.3.21]. For diffusional losses the turbulent flow
regime is used for all sampling system flows up to the instrument inlets even when the flow regime is laminar or transition.
This will hold for all diffusional losses except the VPR. For the VPR laminar diffusion loss equations are used.

Penetration values, ni(D#), for diffusional losses in these sampling system segments (excluding|the VPR) are calculated
with the expression
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where Vit IS the deposjtion speed, IDi and Li are the sampling line inner diameter and length, r¢spectively, and Qi is the
gas flow in the sampling Jine. The expression for the deposition speed, Va dit)is
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D is the diffusion coefficient,
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