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EXECUTIVE SUMMARY

To understand potential improvements that could be made todheentlCAO Annex 16 vol. Il nvPM sampling

and measurement standards and system loss correction reporm@art of the SAMPLE pbject, a series

of experimentsweredédsIy SR ' yR O2y RdzOGSR 4 020K / FNRAFTF | yYAC
and RollsRoyce Derby in 2021/2022. In consultation with EASA and the relevant SAE E31 teams and sub
committees, several specific independent experiments were performetsess:

1. Areported issue afinquantified thermophoretidossuncertaintyresulting fromadversetemperature
gradientsand compliancevith respect to ensuring 445°C minimum temperature at;Tn the dilution
box (Module 2- as defined by ICAO in Annexiélume [), experienced withinboth commercially
availableand bespokeampling systems.

2. Impact of cleanliness of Cyclone on uncertainty of nvPM measurements

3. LYGSNO2YLI NR&A2Y {(dzRAS&a 2F y@ta YI aaSouelzYdo SN 9

Including fluence measurements #oveksurrogatemass calibration sources

4. Understanding Charge potential of aerosols and their impact on particle size measurement

5. Characterisation of particle loss in Splitterdiven the known issues with maambing unform flow
split velocity across different power conditions

As an outcome of undertaking and interpreting these empirical measurements, a nurhiieidings and
recommendationsre provided. In terms of understanding potential differences in @mgerature gradnts
in the dilution box (Module 2), it was found that differémtatingand controlstrategies andlitter 1 designs
resulted invariations in temperature abiluter 1 inlet. It was found that some systetesignswvere capable
of meetingthe 145 °Gminimum temperature requirement, however such cases thiwas achievedy the
control system elevating the temperature betweé&nlitter 1 andDiluter 1 inlet, which is not conducive to
minimising thermophoretic los#&s such thalefinition of T, in SAEARP 6320vas further clarified ensuring it
is comparable betweedifferent systemgowards consistentlydefining thermophoretic losdor regulatory
reporting. However, this work has highlighted that further work is required to better understand the actual
particle loss observed from probe inlet filuter 1 outlet across different system design® enable these
losses to be more accuratetalculatedn future loss correction methodologies.

Operability improvements were noted across both the Swisskndpean (EUR)VPM systems by increasing
the frequency of cyclone cleaning, particularly when measuring low mass concentrafionss observed
GKIAKSRRAYIQ FohtBomt cdydtoe trapKreshifed imcreasedmeasuredconcentrationsin the
order of the quotedimit of detectionof the mass analysersThereforeat concentrations close to thiémit of
guantification this resultedn increased uncertainties It was therefore recommended that advisory guidance
regarding cyclone cleaningasadded to ARP 632@o improve the uncertainty in mass reporting at low mass
concentrations In terms ohumber reporting the cyclone cleaning was not observesigmificantly improve
cleanliness check#lowever,as an outcome ofletermining this it was observed that cleanliness issues in
Diluter1 could result ira system not achieving the cleanliness 8irelds defined in the standards.

In the absence of definedgas turbineaerosol standardcapable ofctingas a calibration source fatl nvPM
analysersand enablingempirical validation of sampling and measuremefiicienciesof regulatory nvPM
systens, severallaboratory-scaleparticlegenerationsourceswvere investigatedicross size ranges relevant to
gas turbine combustion sources Sufficiently high particle concentrationswere achievableto enabk a
thorough characterisatiorof both systemloss(including VPRand number counter performancetHowever,
whilstinvestigatingzery smalkurrogate aerosols (<15nigt low particleconcentrations, significarihcreases



in uncertainty were observed comparing two nominally identical number counting devisesof theseovel

particle generators allowed comparison of differgudrticle size analysers, highlighting generajreement

within a coefficient of variton (i.e., standard deviation/average) of 8.3% for GMD across all test points and
3.4% for GSD within a size ranging from 8 to 75 fims resuligivesconfidence that improvesgystem loss
O2NNBOGAZ2Y YIe& 0SS I OKASGI ot 6i0®S S YLt MIBMGTIS ¢6K Tt S NEKd
It was observed that the charge state of the aerosah impact fast sizing instrumenishich only employ a

single unipolar chargetherefore further work is required to understand charge potential of aircraft exhaust
However, itwas showrthat adding an additional neutralising stage could negagsmpactof particlecharge

NebulisedCarbon Black suspensions wetedzOOS a & Fdzft f @ RSY2yaidN) s&uRe fora | |
number, mass and size instruments,wever further work is required to understargtable concentration

limitsin solution charge state and reproducibility of manufacture apgdeatability of usage over timd_aser

fluence measurements were obtained on numerous particle sources highlightihgebulisedCarbon Black
suspensionsnay be a candidate for future calibrations of Laseluced Incandescen@nalysers.

OperatingSplitter 1 across a limited range @bw split velocities resulted in only a 3% difference in mass and
number concentrions. However, it is noted that further work is required on full engirigsestigating a
broaderrange ofSplitter 1 geometries and splitter leg velocitie®® ensureuncertainties associated with
preferential flow and impaction are not currently beingder predicted.

1 Further Discussed in SAMPLE IV Delivaisle Report 3
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1. Introduction

As of CAEP/10 (February 2016)imeugural engine nvPM certification requirement and emissions standard

for engines of thrust >26.7kN was adopted into the ICAO Annex 16 Volume Il as a new Chapter 4 & Appendix
7. The certification requirement specifi@ standardised sampling and measurarhgystem as detailed in

the schematic provided in Appendix 7 of Annex 16 Vol Il and provided belBigurel, was developedo

enforce a maximum nvPM masencentrationwhilst requiring the reporting of LTO nvPM mass and number

for in-production engines as of January 208ubsequently this samems@lingand measuremensystemwas
employedas part of CAEP/110 definenew LTO nvPM regulatory limits for both nvPM mass and number,
with new type engine applicability required from January 2023.

Module 1 Module 2 Module 3 Module 4 Module 5
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Figurel: ICAO Annex16 Vol Il nvPM Sampling and measurement system

To understand ptential improvementghat couldbe made to the ICAO Annex 16 vol. Il nvPM sampling and
measurement standards and system loss correction repoftiageline syiem), a series of experiments were
designed and conducted at both Relvs2 @ OS 5SNb & Iy R [/ I NRa RefearthyCerdr& NA A (
(GTRCin 2021/22 In consultation withEASA anthe relevant SAE E31 teams and soinmittees several

specific independent experiments were proposedisess

1. Areported issue ofdversetemperature gradients (thermophoretic loss) and compliance in meeting
the 145C minimum temperature at;in the dilution box (Module 2) of nvPM sampling systems
2. Impact of cleanliness of Cyclone on uncertainty of nvPM measurements
3. Intercomparison Studiea ¥ y @t a Yl a&d3 ydzYoSNJ g aAil S AyadNHzyS
Including fluence measurements
4. Understanding Charge potential of aerosols and their impact on particle size measurement
5. Characterisation of particle loss in Splitter 1

10



2. Assessmentof Ry (0 KNBS WO2YLXAIlIY(IiQ yat a

It was reported in SAE E31P discussions, that numerous nvPM sampling systems designed and built to be
compliant with ICAO Annex 16 Vol Il may notieetingthe current minimum temperature profile defined

for To (DP13SAE E3Virtual June 2020-. Currently this definition is given &s¢ KS y @t a a2 Rdz S
temperature (1), to within 5 cm of the Diluter 1 mixing plane, shall be maintained at greater than or equal to
145c /. @iven Tis not necessarily measured within 5 cm of the mixing plane (as indicated in fig3refAfie

ICAO Annex 16 Vol Il Appendi%‘7edition) and supported by text in SAE ARP63@d order to minimize
thermophoretic losses within Diluterl apdbvide an interface between two different active heating sections,
Diluterl nvPM Module 2 line wall temperature)(Tshall be maintained at greater than or equal to 418 K
(145°C). Note thatiTused for Collection Part thermophoretic loss calculatidongs not have to be located
RANBOGE & |G GKS théniherdiSnakirlly apotgrial igsyveloScdidipliaaré showid dny

given system drop to 145°C, as there will always be further cooling betwesrdThe dilution mixing plane.

Understanding particle losses in Modueis one of the highest priorities of the SAE E31 nvPM system
improvement items. It is noted that the maximum uncertainty associated with additional thermophoretic loss
in Module 2 is predicted to be 8% (18060 °Q, with the uncertainty proportionally reducing with increased
Gt 26SaG¢ GSYLIEND G dATS addfichd theIfmophoratic loss; 26020°C = 3% additional
thermophoretic loss).

It was also noted that itappearedthere was a technical wordig error in AREB320A, defining that T
temperature >145°C is required to minimise thermophoretic lossegthin the diluter, whereas this
temperature is required to minimise thermophoretic lgasor to the diluter¢ given minimisation of particle
loss within the diluter would require a{lof 60°C.

Therefore, experiments were performed in which the temperature profile within Modier@r! Reference s
ource not foundof a regulatory nvPM system (i.e., int&tdilution box toDiluter 1 inletas indicated irFigure
1) was characterised by measuring both the gas and inner wall terperat a range of conditions
representative of regulatory aircraft nvPM emission measurement (i.e., inlet temperature-18(15C,
flowrates ~2070LPM.

The aim ofthe experiment was to understand the temperature gradients within #ldRand Swiss nvPM
reference sampling systems in additiong@ommercial system designed and built by Sciteksultantsfor
RollsRoyce to performengineemissions certification. By emjmially measuring temperature distributions of

the three systems, which each had a different heating and insulation strategy, it was possible to assess
whether these systems (which weogiginallydesigned to meet SAE AIR6241) currently meet compliance and
whether the current definition of 1lis optimal. An understanding of, and the associated temperature profile

to this point within Module 2 is required to understand thermophoretic loss, towards reducing the uncertainty
associated with system loss cortien.

Nominally identical temperature validation experiments were performed on botlEd&and Swiss reference

systems at the GTRC prior to combustion testing undertaken December 2021. With the temperature, within
the sample flow path of the retrospecy a2 Rdzf S H Q&YX YSI adzNBR dzaiAy3a (g2
namely:

- A TypeK twin bore ceramic thermocouple(TC)0.5mm dianeter wire x 500mm longwvith 3mm
diameter ceramic insulation (TC direct 4080). This TC was used to measure the gas temperature as
its tip remained in the centre of the pipe thanks to the ceramic coating.

- AType K 310 Stainless Steel Sheath Thermocd&3€rC).0mm dianeter x 750mm londTC direct
408-060). This TC was assumed to be measuring the «waltrtemperature (or gas temp. close to
wall) given it was in contact with the inner surface.



Replicating realorld conditions (positive pressure at inlet of Dilution Baevated temperatures (>X6°Q
wasachieved using compressed air and a Watlow ©ASTO0 air preheater which was plumbed to the front

of each reference system dilution box during their respective testing. The inlet air temperature was regulated
using a fied TClocated in the gas stream between the air heater and inlet of the dilution box. Variable flow
rates atSplitter 1 were facilitated using a mass flow meter attached to the outlet of the systems respective
spill lines, which measured the flowrate goithgough the spill line when opened (simulating flow conditions
witnessed on engine tests at higher thrust conditions).

A temperature reader (TC direct 305M)ich firstly afforded irhouse calibrationywas usedo readboth the

¢ / @all and gas streanmgequentially. This methodology was adopted as using both parallel would

have caused a large restriction in the sampling liflee temperature reader & TC combinations were-
calibratedusing a traceabléry block(see calibration certificate iAppendix) at 6 °C Temperature checks

were then performed at block set temperatures from 6080 °C with the results provided iTable2. A
temperature measurement repeatability experiment was also performed by taking eight successive
temperature readings (4 with the ceramic TC and 4 with the SS TC) while the calibrated temperature block was
at 60 °C The readingindicateda measurementepeatabilityof +0.2°C (at 8 °GQ hence it was determined

post experiment correction of measured data was not required (relative uncertainty across temperature <1%)

Table2: Calibrated values of the Ceramic and Stairstss| (SS) TCs with the teenature reader

Calibrated Dry block set Reader + ceramic T Reader + SS T®
temperature(°Q
60 60 60.1
90 90.6 90.5
120 120.9 120.9
150 151.3 151.2
180 180.4 180.4

2.1 EURReference system €xperiment

2.1.1. Experimentasetup
TheEURdilution box has numerous permanent thermocouple locations affording control and recording of the
different temperature zones.Figure2 provides a photograph of the safing lines (with heaters/ ovens
removed) to show the location of the fixed thermocouples (green markers) used on the nvPM sample line and
RAf dzSyid O2yaGNRf ada2aidSy Frft2y3a gAGK || aOKSYIFLGAO G2 7
used toassess the temperature gradient within the nvPM sample line at four locations (red markers).

As can be seem T the EURdilution box is measured betweeBplitter 1 and the isolation valve (see yellow

and green marker in Figure 2) with the thermocouple tip positioned at the edge of the gas stream affording a
measure of the gas temperature next to the inner wall, which was nominally the same position as the
WHSYRBNRAMNIGSNYFE GKSNXY202dz2LJX S 6KSy LI I OSR Fid L}2aAi.

The dilution boxwas set as per normal operatiorwith the Gas Transfer LingTL)heated at 160°C and

sampling 14 1sPM and the diluter and diluent heated to maintain a diluter vent outlet temperatiré0°C.

Two heating strategies wetestedin the EURdilution baxto maintain the temperature from the diluter box

inlet and Diluter 1 inlet The firstutilisedtrace-heating elements controlled at 16 directly mounted onto

the pipeworkwhich were hen lagged with insulation and the seco8dy LJ 2 @ SR | oveide&tiaglJ?2 1 S Q
setup,with the temperaturecontrolled bymaintainingheater pad at the top and bottom of the oven &t80

°G which it was empirically determined resultedan internal oven aitemperature of 162165°C
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Diagram of the Dekati DI-1000 diluter

Figure2: Fhotographof the inside of th&URdilution box highlighting location of permanent thermocouplgreenmarkers)T1
location(green marker yellow outline) araschematichighlightingthe i S Y LJ2 NI NB @K & KI$oBeidhdiset i$
assessing temperature distributiat four positions (red markers)

As discussed previously, regulatory nvPM emission testing conditions were replicated usimeaied

compresed air affording a range of different inlet temperatures and pressures, with corresponding changes
in overall flowrate offered by opening and closing of the pressure spill valve. The spill flow rate was further
controlled by increasing the inlet pressuaad was recorded using a Coriolis flowmeter.

For the temperature gradient experimentatiod;S I & dzZNB Y Sy (i &
internal thermocouplédo four locationswithin the nvPM transfer linenamely:

oven upgrade (Sept 2020) with the thermocouple/temperature reader not traceably calibrated immediately
prior to the experiment. The oveheating experiment was performed in December 2021.
oven upgrade was not specifically undertaken to improve the temperature distribution of Module 2 but
implemented to facilitate easier access to the diluter for cleaning, with the hope that the temperature within

Position (1): inlet of thelilution box

g SNB

Position (2)EURsystem T position (betweerSplitter1 and isolation valve)
Position (3): Between isolation valve abduter linlet

Position (4): 2cm before diluter nozzle

2.1.2. EUR TResults: Traekeating Vs. Oveheating
The temperature prafe of Module 2 of theEURsystemdilution box was experimentally characterised using
the stainlesssteel sheath thermocouple(SS TQ)nner-wall temperature) for two heating systems, namely
trace-heatedor heated oven. The traelkeating experiment was p&armed prior to theEUReference systems

Module 2 would be more homogenous.

LIS NF 2 N SR

It is noted that the

Itis noted hat T, as normally reported by thEUReference system (fixed thermocouple mounted in Swagelok
fitting to measure the inner wall gas temperature near positior@ire2)) fluctuated between 16164 °C

for the traceheating experiment, and between 18950 °Cfor the oventheating experiment.

O ¢



Temperature measuremet were performed for both the traceheated (blue) and oveheated systems
(orange)with respective dat@ompared at different temperature and flow settings using tB8 T(resented
in Figure3.
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Figure3: Innerwall temperature profile iModule2 of theEURdilution box (blue: tracéeating; orange: oven heating)

As can be seen, both heating systems are seen to perform similarly, with the temperatogedogisistently

> 145°C to approximately position (However, the temperature gradient througiModule 2 was observed

to be smaller with the ovetheating systemcp kK 17°C) than with the tracéeating systemdgp &k 30°C), likely
owing to the more homogenous heating to diluter inleffered by the regulated oven spacélote that
differences observed between trad¢wating and oven heating for position (3) may also be due to slight
differences in experimental setp and emperature reading accuracy between the two tests.

In the case where the inlet gas temperature is lower than the oveipsitt of 160°C (i.e., TP2, TP4 & TP5 in
Figure3) then it is expected that the temperature of the sample gas increases, before again cooling, which
from the point of view of additional thermophoretic loss is not ideal. &scientifially optimum design
towards minimal thermophoretidoss if the exhaust gas temperature drops to the minimum permissible
temperature of 145°C, then it should not be reheated. Howeygiven the cold junction caused by the
coupling of the stainlessteel inlet pipework to the relatively cooler diluter bp(b0 °C) then achieving 145

°C at T(as currently definepiwould not be practically possihlgiven that there will always be a temperature
gradient betweerSplitter 1 and the point of the dilution.

As can be seeim Figure3, there is always a significant thermal gradient from position 2 to 4, with lower
temperaturesat position 4observed in the case of the oven heatingis notel that opening the spill valve
when the inlet temperature (i.e., position 1) is < 18D (i.e., TP2 and TPb)creaseghe sampleflowrate
through Module 2, andleads to an increased temperature in position 2 due to increased heat transfer from
the pipewak to the gas.



2.1.3. EUR T1 Results: Odmating gaseous vs inrerll temperatures
The temperature measurements performed with both theT&Hinnerwall gas temperature) and Ceranii€
(flow-path gas temperature) are compared for the oveeatedEURdilution box inFigure4. The temperature
profile is seen to be consistent between ttveo thermocouples, with the gas temperature recording slightly
less fluctuation than the innewall temperature i ¢ f c Mp £ & °Q).¢AIso, tha gas flow temperature at
position (4) is seen to be significantly greater than the inmel temperature (18-140°C Vs 11415°C). This
observation is expected given that the inlet nozzle of the diluter is located in a plenum supplied and
surrounded by 60C air.
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Figured: Innerwall (orange) and gas (green) temperature profile in Meduiof theoven heatedEURdilution box

As can be seen iRigure3 and Figure4 it seems that in the case of both the trace heating and oven heating
strategies, compliance to the current definition afi§ met. However, as indicated earlier, in the case of low
inlet gas temperatures with the spill open, the way this compliance was met is by the control system heating
the gas by circa 1% before it again cools enteriffjluter 1at position 3. As sidn terms of thermophoretic

loss this would be equivalent to allowing thetdmperature to drop below the 14%C threshold.

2.2Swiss Reference systemeXperiment

2.2.1. Experimental Setup
The diluter box in the Swiss system has two heating zones. As sh&iguigb, the inlet section of the diluter
box, including Splitter 1 and the PM isolation valve, is heated using a custate heating jacket (Horst
GmbH,Germany). The heating jacket and the temperature controller for the DekatiO00 diluter are
standard accessory components from Dekati. The thermocouples used to set and control the heaters are
located inside the heating jackets.i$ measured on the dar surface of Splitter 1 (T1a). In addition, a second
thermocouple was installed prior to the experiment on the surface of the short tube section between the PM
isolation valve and the Diluter inlet (T1b).
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Figureb: Schematic athe diluter box in the Swiss reference system and location of T1 measurement

As discussed previously, tleguipment used for theSwiss systenT: measurement was identical to the
equipment used for th&UReference systemi-igure6 shows the air preheater setup attached to the diluter
box inlet. The Ppressure control valve was either closed (withrRaintained near ambient pressure) or
opened with the compressed air pressure set to achieve spill flow rate l0PBDThe flow rate was monitored
using a Coriolis flow meter.

diluter box

TC meter

Insulated ’
Heating Bag connection TnermOCO“P
| T
&

Coriolis flow
ISR meter (g/s)

Figure6: Experimental setup for the Temperature neasurement in the Swiss reference system.
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The two TCs used during the experiment were inserted up to seven different pogfigose7). The ceramic
TCcould only reach the first two positions: diluter box inlet at 0 cm, and 26 cm with the TC fully inserted. The
SSTC was used to measure inner surface temperature at all seven positions. Note that TC insertion point in
the air preheater assembly was ~1m apstream of the diluter box inlet.

The air preheater was set to temperatures between 1@old) and 180C (hot). The heating jacket for the
diluter was kept at a constant setpoinwhereas the heating jacket in the inlet section was set t6 16or

180 °C The measurements were taken aft&nabilisation of the preheater and heating jacket temperatures.

At each test point (varying spill flow, preheat temperature and heating jacket temperature) each TC position
was measured twice. The TC was inserteghwise to each position and the same position was measured
during retraction
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Figure7: Schematic of the diluter box and T1 measurement positions

2.2.2. SwissSystenil1 Results
The results of the simeasurement using the two thermocouples are showRigure8. The squares show the
results obtained with th&STC and the circles are the results ahtd with the ceramic TC. For all test points,
thetemperatures at positions 1 and 2 with the two thermocouples were within 5 °C. The black and red symbols
represent measurements with the heating jacket set to 160 and 4B respectively. The green andubl
rectangles at positions Tla (hote that this is therdported by the system) and T1lb are the ranges of
temperatures measured during thexperiment.
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Figure8: Results of the T1 measurement in the Swiss reference system.

Considering the case with the spill clos&@y(re8a), the preheater wasequentiallysetat two temperatures
namely,its nominal setting (~160 °C) and cddtpoint (~145°C). In both cases, the temperature between
positions 1 and 3 increased, similar to the findings fromBdRa ¢ A G SY &aK2g¢y | 020Sd ¢KS
3 wasup to 15°C larger with the heating jacket set toQL8C Downstream of the PM isolation valve (position

5), the temperature decreased steeply. The PM isolation valve acts as a heat sink and due to its insufficient
heating (heated only from one side byetheating jacket). Interestingly, the temperatures downstream of the

PM isolation valve were up td& Chigher, with the heating jacket set to @8C The reason for this significant
difference with a relatively small change in heater setpoint is unclear.

With the spill open and the air preheater setrtominallycold(145°Q and hot temperature¢180°Q, similar
trends were observed upstream of the PM isolation valve as witnessed with the spill clagategb). The
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set to nominally hot(180 °Q, a n ¢of -10 °Cwas observed between positions 1 and 3. In contrast to the
measurements with the spill shut, the temperatures at positions 4 to 7 were significantly higher. This can be
explained by the high flow rate of hot air actively heating the Splitter 1 assembly asdaugmt conduction

to the PM isolation valve, resulting in the samplédtiter 1 maintaining a higher temperature. Also, with the

spill open, the differences between the measurements with the heating jacket @t*Cand 1® °Cwere

smaller than witness# with the spill closed.

These findings suggest that keeping the heating jacket @ CBrevents a significant drop in exhaust sample
temperature between the PM isolation valve and the diluter inlet. For the outer tube surface temperatures,
only the Th (T; in the Swiss system) was above the minimum required 145°C at all test points. T1b was in the
range from 80 to 10 °C however this is noted to be an outer wall pipe temperature and as observed,
particularly in the case of spill open, was significaritiwer than the comparativén-gas temperature
measurements which are more representative for thermophoretic loss correction. The same conclusions could
be drawn based on the subsequent tests with the complete nvPM reference system on the REgjurep(
heating jacket at 18 °Q. The spikeanddropsin T1bcorrespond to periods with the PM isolation valve closed
(cleanliness check, fuel change
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Figure9: Tla and T1b (left) and, Fright) as a function of time during nvPM testing using the RQL rig

2.3 RollsRoyce nvPM system @xperiment

2.3.1. Experimental Setup
RollsRoyce assessed their Scitek nvPM system dilution box temperature distributions by adding 16 surface
mounted NIST traceable thermocouples in addition to designing a bespoke NIST tracgmsi¢dmperature
sensor which was pladen the gas stream immediately prior to the diluter inlet as showRigurel0. This
TCwas potted in an insulating medium to ensure conduction effetom the sealing assembly were
minimised and sized appropriately to meet 10:1 immersion lengifiGdiameter ratio (Industry best practice).
As can be seen in normal configuratiansitypically controlled and logged at the inlet3plitter1 at a Ieation
370mm upstream of the dilution mixing plane.

To replicate representative test inlet gas conditions, compressed air was supplied to a thermostatically
controlled 25m heated line providing a diluter box inlet gas temperature of either’t@6r 175C Minimum
and ahotter inlet). The Gas Transfer line was set at 12.PMand the spill closed to provide a woisase



temperature loss scenario. Initially the system was set to standby with heaters activated with the isolation
gt gSa 0Of2aSs o0ST2NB GKS aeadSyYy ¢l a Lizi G 2lowdNHzy Q
were initiated. Reatime data was logged across the whole test sequence to assess the times taken to reach
thermal equilibrium.

Gas temperature

160°C heating

T1 control T1 Alarm Active heating
interface

FigurelO: Schematic Representation of Rolls Royce Diluter box highlighting locations of the standaesdrement and additional
in-gas measurement site

2.3.2. RollsRoyce TResults
As discussed previously and seefigurell, the experiment was started initially with the system in standby,
whereby the active trace heatingas energised with the gas flows off and left to stabilise. At approximately
10:30 the first isolation valve was opened allowing flow to enter the Gas Transier(GTLeading to a
sudden increase in the dilution box inlet temperature (brown dashed) laseair heated by the 25m line
entered the dilution box. As can be seen initially this was set atCl4hich was considered worst case in
terms of meeting the fcompliance.

PG FLIWINBEAYFGStE mnYpp GKS a2adSy valves opelurfiand fibii 2 W
though the nvPM system was initiated. As can be seen at this time, large variations in the diluent heater
temperature are observed (dark blue line), thought to be because of the legacy Annex 16. Vol Il compliance
with regard to reqiring temperature control usingzTwhereby the slow response time between the heater
increasing temperature and the diluter outlet temperature rising leads to significant overshoot of the heater
body temperature. In the latest CAEP agreed revision n€Aa6 Vol 15" edition July 202Bthis requirement

has been removed; hence this temperature control strategy is currently being assessed #yoRodls
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Figurell: Temperature measurements in Scitek nvPM Dilution Box

It is observed that at constant condition it takes approximately an hour for the gas temperature at the diluter
inlet to reach a pseudo constant temperature of ’Gywhilst noted that this is considerably lower than the

160 °Cand 145°C witnessed at thesTontrol and alarm locations. Also, the time taken &plitter1 (yellow

lines) and Tcontrol to rise suggest tha&plitterl has significant conduction lossea the spill lines when flow

to the spill leg is isolated. Similarly, given the fact that thedhtrol temperature is higher than the splitter
temperatures indicates that the second isolation valve is warmer than the splitter, suggesting either it has a
higher heating rate and/or lower conduction losses. At 12:30 a standard ambient check is performed, whereby
the isolation valves both shut causing the flow in both the nvPM @fitito cease leading to the witnessed
reductions in temperatures.

At1250t deadSYy Aa F3AFAY agAGOKSR (2 WNYzy Qter2 REp 6 A (i
temperature. As seen, this has the unexpected effect of actually resulting in Bgligter 1, T, alarm and

diluter inlet gas temperatures. This result hiights that the control Tis now largely kept warm by the inlet

gas, resulting in the trace heating not being energised leading to withessed drops in temperature at the splitter
and second isolation valve, brought about by the aforementioned conductgseofronSplitter1 to the spill

line.

As such it is observed that with the spill closed the Scitek nvPM certification system used {RoRodiss not
achieving the 145°C threshaddi Diluterl inlet However, the data highlights that there are siguwifit thermal
lossesoccurring at Splitter 1 as a result of the sophisticated rdati spill system. It is therefore perceived
that in the case of an engine test witixpectedinlet gas temperatures at or above @8Cand sufficien{much
higher)flows through the spill system, that the splitter, and hence subsequEnwnstreamisolation valve,
would heat to higher temperatures than were experienced in Whigst-case ¢erospillflow) laboratory test.



Table3: Description of temperature measurement locationEigurell

Thermocouple Ident Location Thermocouple
position

Splitter 1 inlet Surface mounted

T1A Between Splitter 1 anc Surface mounted

Diluter isolation valve
Permanent system

temperature T2 Diluter vent In Gas
measurements/
alarm monitors during T2A Diluent heater In Gas
Engine Testing
T6 Diluter sample outlet Surface mounted
T6A Diluter box sample Surface mounted
outlet
TS1 Dilution box inlet Surface mounted
temperature
TS2 Splitter Spill Surface mounted
TS3 Splitter 1 inlet (outer Surface mounted
wall)
TS4 Splitter 1 outlet (outer Surface mounted
wall)
TS5 Diluter inlet fitting In gas ¢ thermally
Temporary isolated
temperaturesensors _ .
added for laboratory TS6 Diluter body- inlet Surface mounted
study
TS7 Diluter body- front Surface mounted
TS8 Diluter bodyc end Surfacemounted
TS9 Diluter outlet fitting Surface mounted
TS10 Diluter inlet fitting Surface mounted
TS11 Diluter Gas Inlet In gas
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Figurel2: Photo of Diluter inlet showing bespoke dritdough, thermally isolate¢thermocouple for sample gas temperature
measurement & wall surface mounted temperature measurement (prior to install of insulation)

The upstream conduction effect of the diluter body can be observed by the TS5 (soljd-rgdre11) and

TS10 (dotted red Figurell) temperature measurements at the sarweation right at the interface between

the two active heating zones (TS5 in the gas and TS10 on the fitting wall as sitoguréd?). The significan
difference between them (~80 to 8%) shows the impracticality of using wall surface mouritdd €lage to
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2.4 Conclusionsf T; Assessment
Lessons learnt from thegbree experiments were reported to SAE E31. Supported by the work of Missouri
University of Science & Technology, who also performed a similar experiment on the North American
Reference SystenDP34SAE 3DnHine January 2021) this work formed a signifitgart of the evidence
which led to an interim change in specifiedldcation in SAE ARP6320B and then into ICAO Annex 16& Vol
This interimsolution standardises the thermophoretic loss correction udsdall engine manufactureris
regulatorynvPMEmission Indices reporting (Probe to Splittanhilst ensuringconsistency for existing data
in the ICAO Aircraft Engine Emissions Databank.

However, due to additional thermophoretic particle loss witnessed between Splitterl and Diluter(girkt
the known temperature gradien@indthe expectation ofadditionalparticle loss within Diluter,Xhese particle
losseshave subsequently been addex$ part ofthe recommended practice for calculation of system loss
correction factors during the revision 8 ARP6484

It is noted that this isin interim solution until further work is performed, this calculation consists of a simple
thermophoretic calculation between Splitte(T;) and the specified333 K (60 °C) Diluterl outlet temperature.
Depending on a pecific nvPM system design this interim solution may be slightly overestimating or
underestimating particle loss iModule 2.

To reach a scientifically robust particle loss correction Nardule 2 requires understanding of system
temperatures between Spterl and Diluterl inlet. Some nvPM systems have temperature measurements in
this section which may help. Howevas discussegdipe temperatures do noaccurately quantifisample gas
temperature,thereforeit is likely that detailed experiments followinlge methodology for the EUR and Swiss
nvPM systems may need to be performed on individual nvPM system designmntify the experienced

2 Discussed further iBection 1.4.3 SAMPLE |V Deliverable Report 2



mass [ug/m?]

thermophoretic loss In addition, further validation of Diluterl losse(npirical measurements supportday
CFD) is required.

Alsq as a result othis work,additionalwordingO 2 y O S Négatiwe Fomperature gradiesfwas addedo
both SAE ARP6320B and ICAO Doc ,9&fMards minimisingthe chance of additionalunintentional
thermophoretic loss.

3. Impact d cleanliness of cyclone on nvPM measurements

As part of the SAMPLE | (200f0dings, a I>m cyclone was specified as required for the nvPM sampling
aeadsSy G2 SyadNB GKIFG fIFNBS WAKSRRSRQ LI NIA@ESa ¢
particles were seen to significantly impact average concentrations on a steady condition in the case-of an LIl
200 instrument. Similarly, it was thought that additional protection of the flow orifice contained within CPCs
was warranted. However, duringll-scale engine testing it has recently been observed that shedding of
particles from the cyclone collection pot, has led to failed cleanliness checks during nvPKtlezstéiness
maximum limits are jug/m®and 2 particles/crf). It has been suggestehis problem is most pronounced on

a low concentration test point following a test condition with a higher nvPM mass loading.

During RQL combustor rig testing, which it is noted experiences high incidences of large particle $hedding
within the combustor(engine testing may or may not have same high shedding frequefr@guent
cleanliness checks were performed towards understanding the impact that cyclone cleanliness may play on
nvPM measurement uncertainty particularly at lovass concentrations. After failed cleanliness checks, the
cyclone collection pots were removed, and cleaned out with isopropanol and cleaning tissue before
replacement.
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Figurel3: EURMVPM reference systeateanliness checks perfoed in between test points before and after cleaning the tyclone
over three days of rig testing (MSS lef;300 centre, APC right)

Figurel3 shows the multiple cleanliness checks performed by the EUR system for theLM3®) and APC
performed in between test points at regular intergalver the course of three days of combustor rig testing.

As can be seen, cleaning the cyclone collection poaydweduces the reportediF300and MSS mass with
f26SN) YIaa 20aSNBSR FGSNJI Ot SIyAyaod 1 2gSOSNE Of S|
APC cleanliness checks, as would be expected given it is thought the cyclone sheds only a pantitaege~

300 nm when dirty. It is also seen fiigure13 that the MSS generally reports a value < 0 uyfttaring
cleanliness checks; It is suspectbis isdue to the MSS resonance check being performed on the sampled
exhaust to provide accurate mass reading, with a differing gas composition experienced during cleanliness
checks due to it being composed of diluent gas and therefore correcting farafitf interference. This
highlights that the MSS should be resonance checked on the diluent prior to a cleanliness check and then back
on the combustion source when measuring exhaust. However, it is noted that resonance checks typically take
around 2 minués to perform, whichmay mean it is not practicab do regularly particularly at high engine
powersduring enginecertification testing.Cleanliness checks were performed regularly throughout the test

3 Pezold et al. (2009 5AMPLE | Final Report https://www.easa.europa.eu/en/docuriary/researchreports/easa2008op13



days, at a much higher frequency theaguired in IC® Annex 16 Vol Il which is annually.is noted that
duringthesenumerouscheckshe LIF300 and APC failed the certification cleanliness check threshold, which
is thought to result from a contaminated diluter, which was subsequently cleanedtaétéest campaign with
cleanliness check concentrations returning to expected values.

Cleanliness checks for the MSS and APC in the Swiss system can bd-gperld. It canagainbe observed

that the cyclone collection pot cleaning improved the reported cleanliness. It is noted that although the
cyclones in both systems are nominally identical (BGI SCC), they are mounted in different orientations with
the Swiss monted vertically and th&URmounted horizontallywhich is thoughto have negjgibleimpact as

the centrifugal forces are assumed to be dominaompared to gravitational forceOn day 2, the MSS
reported negative values during cleanliness checks, wdiglinmay be linked to the resonance check being
performed on the diluted exhaust sample instead of pure diluent, as described above for the MSS in the EUR
system. In comparison to the EUR system, the APC cleanliness failed only during the first ciecimdiclesn

day 1 and the cyclone collection pot cleaning improved both mass and number cleanliness.
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Figurel4: Cleanliness checks of the SwigBM referencesystem(a) MSS (b) AR®@rformed on 7, 8 and 9 December 2021
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a Fidas Frog optical scattering particle sizer was added to the Swiss sampling system operating in parallel with
the nvPM instruments. The instrument repgs PM1, PM2.5 PM4 and PM10 concentrations as well as size
distributions in the optical size range from 1880 nm. The mass concentrations measured during a
cleanliness check before and after cyclone cleaning are shofigumel5.
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Figurel5: Mass concentration reported by the portable optical sizer FIDAS Frog during cleanliness checks before and after cyclone
cleaning



It can be seen ikigurel5that the vast majority of the particles shed from the cyclone, either before or after
cleaning, are captured within the PM1 size classification, with a negligible contribution of particles larger than
HPp>Y 6y20S GKFG GKS YSInsiraze® WaS yiol beelzyeabididi) Asysick thi® F
highlights that the use of an optical scattering sizer can be a useful diagnostic tool to assess system cleanliness.

From this worktiwas recommended that advisory guidance regarding cyclone cleaning wed sdl8AE ARP
6320 and ICAO Annex 16 Vol Il,

4. Particle Sources

A number of aerosol sources were appraised for nvPM measuremdietdrchecks and calibration to improve
uncertaintyincludingconsistency. Particle sources included a recently released coomigravailable/SP
Glnanoparticle generatdr a commercialCatalytic Instruments Silver Particle Generator (§SR@pulised
COTS traceable standards (gold, silica)@adbon Blackowders(manufactured and aircraft engine sources);
and a bespoke neproprietary combustor rig designed and operated by Cardiff University at its Gas Turbine
Research CentrgGTRC)Brief details of the sources are described below.

4.1 VSParticle generator

The VSParticle, shown kigurel6, is a commercially available udeiendly, tabletop nanoparticle generator
based on spark ablation technolagi loanednstrument, withboth gold and graphite electrodes, was kindly
made available by the instrument OEMpo the SAMPLEVI consortium to trial as a useful particle source
towards calibration and intercomparison of nvPM mass, number, and sizing instruments.

X a2 >

Figurel6: Photograph of VSParticle naraficle aerosol generator

This particle generatooffers a wideversatility of available particle material which it is claimed is key for
reducing research iteration times and provides flexibility. The VSParticle allows efficient changes of aerosol
YFGSNRAFE @GAF OKIFy3aAy3d 2F GKS AyailiNHzySyidQa St SOUGNEP
repedable and stable aerosols of pure orrbetals/alloys, along with other conductive materials such as
Graphite in an aerodynamic size range of 1 to 300nm, without the requirement for surfactants or risk of
residual peaks of contaminants (often found in nkbed particle solutions). The VSParticle is similar in
technology to the PALAS spark particle generator but has finer control over the particle generation.

Prior to use in SAMPLEIV, the company provided a demonstration of the generator for both goldmitt g
particles with preliminary data being collected using a Cambufd$50Qo interrogate the size ranges and
number concentrations achievable. Details of the witnessed aerosols sampled after a 10:1 additional dilution
stage are presented ifigurel7 with a summary of the instrument sgioints required to achieve these
distributions presented iTable4.

4 https://vsparticle.com/products/vgfi-nanoparticlegenerator
5 https://catalytieinstruments.com/wygontent/uploads/2020/09/IRWHN2.IM_.18.pdf
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Figurel7: Spark Ablated Graphi&SAGand Spark Ablatedsoldnano-particle size distributions measured bipS50at different
VSParticleetpoints

As can be seen, the generator svable to produce significant concentrations gpark ablatedgold
nanoparticles at sizes down to 7 to 10 nm, which is the correct size to be potentially useful for calibration of
number counters and for use in equipment penetration efficiency studieso, Al was seen that particles
produced with graphite electrodes were in the size range 17 to 100 nm, which is representative of aircraft soot
and again potentially useful for calibrating number and sizing particle instruments. In addition, the larger
particle sizes (i.e., akin to particle mass) may be of use as a surrogate source for the calibration of carbon
based reatime mass instruments. Note that the internal structure of the carbon particles produced by the
graphite electrodes was not investigated gart of this study, and may be amorphous, graphitic, or
somewhere in between. For ease of terminology, the particles produced using the graphite electrodes will be
referred to asSpark Ablated Graphite (SAB)oughout this document but do not necesdgniepresent pure
graphite particles as measured. Future studies could use surface Raman spectroscopy and transmission
electron microscopy to assess the internal structure of these carbon patrticles.

Table4: Summary oW/ SParticle set points used in the trials

Test point  Electrode N; flow Voltage Current  Geometric Geometric Total number
Material (LPM (kV) (mA) Mean Standard  concentration
Diameter  Deviation (#/cm3)
(nm)
Grl Graphite 10 1.3 10 22.4 1.66 2.85E+07
Gr2 Graphite 15 1.3 10 20.3 1.62 3.30E+07
Gr3 Graphite 10 1.3 8 20.3 1.63 2.99E+07
Gr4d Graphite 3 1.3 8 39.7 1.73 7.85E+06
Gr5 Graphite 1 1.3 10.4 72.0 1.85 1.06E+06
Gol Gold 5 1.3 10 10.0 1.37 1.64E+07
Go2 Gold 15 1.3 10 7.7 1.35 8.91E+06

4.2 Catalytic Instruments Silver Particle Generator (SPG)
Catalytic instruments have developed and released a new Silver Particle Generator (SPG) which is based on
the evaporation and condensation principle and showirigurel8. A loan instrument prototype was kindly
made available to the SAMPLE IV consortium, by the instrument OEM, to trial as a particle source towards
improved calibration method for VPR patrticle penetration and CPC counting efficiencyditfsirggt furnace



temperatures, it is claimed to generate stable aerosols at concentrations of up to 500,000 partiéliestloen
3 to 70 nm particle size range.

Figurel8: Photograph of Catalytic Instruments Silver Particle Generator (BFiGY trial

As seen irFigurel9, a range of particle sizes were achieved durirggdemonstration testing, with the GMD
ranging from 6 to 18 nm and at high number concentrations. This particle size range is very relevant for CPC
efficiency and VPR (small particle size) penetration calibrations.
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Figurel9: Siher particle size distributions measured bp S50t different SPG sqioints

4.3 Nebulised nanopatrticles
A Topaz tmizer aerosol generator ATM 226was used to produce a range of aerosol by nebulising
suspensionsGarbon Black Powdew & O NAirca&ftRadt, Silica, and gold nanoparticles) adaClsolutions
(salt). TheCarbon Blackhanopowder was purchased and suspended in ultrapure water by means of
sonication which was then nebulisddr measurementwhichis referred to asNebulised Carbon Black (NCB)
in this study.SomeCarbon Blackowder was also hydrogenategrior to suspensionby being placed in a
guartz tube furnace and heated to 8GCunder a hydrogen gas flowhis was done in an attempt temove
surfacebound oxygenThe salt solution corresponds to a 0.9% WaClsolution. Nebulisedsilica and gold
suspensionswhich were also testedare discussed in more detail iBection 6.1. Example particle size
distributions produced byNCBand salt can be seen Figure20.

6 https://www.topagymbh.de/erproducts/generation/product/a226
7 https://www.nanoshel.com/product/carbielack-nanopowder/



8x10°

Salt
——NCB
6x10°
&
E
S
£ 4x10°
o
L
2
Z
©
2x10°

10 100
Electrical Mobility diameter [nm]

Figure20: NebulisedCarbon BlackNCBX: Salt(NaCl)particle size distributiclmeasured by ®MS500
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4.4.1. HighPressure Optical Chamber (HPOC)
The HPOC isthecentralpress@@ y i F AyAy 3 LI NI (idza 2F GKS De¢w/ Qa |
allows both axial and radial visual access to the burners and operational flames within it. Designed for
pressures ad preheat air temperatures df6 baraand573 Krespectively, the HPOC is 0.7#h6n length with
an inside diameter (ID) of 0.315 m. A thermal barrier coating has been applied along the entire ID of the HPOC
to protect the stainlessteel casing from exssive temperatures during combustion experiments.

A working drawing andhmtograph of the HPOC are showrfigure21. During combustion experimentation,
the flame ismonitored remotely via HD cameras throughadial window, and aids in the visual confirmation
of flame phenomena such as flame stability and combustion can thermal distribution.
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Figure21: Drawing and Photograph of HPOC

4.4.2. Rich Qanch Lean (RQL) combustor rig
A Rich Quench Lean (RQL) combustor rig was developed for use 282 CLEANSKY2 fund®dPTOR

programme based on recommendations presented in the litera&ttitavhich was mounted within the HPOC.
To introduce the fuel to the combustor a pféming air blast atomiser, designed using the Parker Hannifin

8 Simmons, H.C. et al. 1976IRATOMIZING FUEL NOZZLE 3,980,233 [Patent].
9 Stohr, M. et al. 2019. Timesolved study of transient soot formation in an aemgine model combustor at elevated pressure. Proceedings of the

Combustion Institute 37(4), pp. 54€3428. doi: 10.1016/j.proci.2018.05.122.
10 Makida, M. et al. 2006Rreliminary experimental research to develop a combustor for small class aircraft engine utilizing primary rich combustion

approach. ASME Turbo Expo 2006 , pjp81



Corporation concept, has been successfully demonstrated as capable of producing a representative
combustion soure at low power conditions (125kW). The atomiser was manufactured using AM (Additive
Manufacturing)techniquest, adoptingaspects of fuel nozzle design considerations, including swirl angles.
Photograpts of the RQL combustdoefore final assembly in the ROC andnounted in the HPOC during
combustiontestingare presented below ifFigure22.

For this study, the RQL was configured for high repeatability and precise konéofuel and air flows, this

was achieved using three high precision Emerson Coriolis MFCs, contigiagndependent air lines and

using a high precision Bronkhorst coriflow, magnetically coupled variable speed gear pump, to deliver set fuel
flows. Fuel and airflow preheat temperatures were also independently maintained using water and electric
heating sgtems. Different fuels with various GTL (GasLiquid) blends with Jet A were tested.

Figure22: Pictue of the RQL combustor during assembly and mounted in HPOC during combustion testing

5. ParticleMass, Number and Size instrument intercomparisons using
novel particle sources

5.1 Experimental setup
The experimental setup fgrarticlemass, number and size intmmparison can be found Figure23, Figure
24 and Figure25 respectively. For all three experiments, A PALAS VKL10E was used tardildey the
aerosol followed by a Grimmvay flow splitter (critical orifice removed to allow significanwflate without
high pressure drop) to all the analyse@nductive silicone tubing was used to connect the diluter to the
splitter and to the anlysers.lt is noted that it was not always possible to ensure tube length and flowrate
to all analysers wagpreciselyidentical, howeverthe particle lossdifferences were predicted to have a
negligible impact (<1%). Leak/contamination checks were @d¢siormed before and after the experiments
by placing a HEPA filter at the inlet of the diluter and checiliranalysers meased zeroparticles.

For the number intercomparison,@2MS500vas used to measure the particle size distribution in paralléi wit
anAPClorO2 YLJ NA a2y s FyR (GKS ! 2a 5a! ¢gla dzaSR (42 O2YLJ)
'2aé¢ AY RAFINI YOO

For the size intercomparison, the twaMS500wnvere equipped with theibm integrated sample conditioning

& dilution sample lines, whichfor this experiment wereot heatedand did not utilise the dilution stage

11 Crayford et al. 2019Manufacture, characterization and stability limits of an AM Prefignairblast atomizer GT2019:91624
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Figure25: Diagram of the experimental setup for the size instrument intercomparison

5.2 Mass intercomparison results
FivenvPMmass measurement analysers, namely Ei¢R systerhlF300 (SN0435), the NRGR00 (SN0331),
the EUR systerVISS (SN273), tHawiss systeriiSS (SN1065) ardZHAW CAPS (SN315001) which operates
at a wavelength of 660 nm, were compared with different particle types generated by a VSpatrticle (Graphite
electrodes) and a nebuliser (hydrogenated and #omrogenatedNCB. The test points correspond to a-60
second average a stable condition.

It is noted that both MSSs were calibrated in parallel on the same propane burner source (Jing miniCAST
5201C) by AVL Graz September 2020. Using a Rdfeyce Gnome engine, tHeUR systenilF300 was
calibrated in March 2020 and November 2021 and the NRRBDOwas calibrated in March 2020. The CAPS
was originally equipped with a 530 nm LED and was rebuilt at Aerody2@2ihto the 660 nm wavelength.

The CAPS was not calibrated according to SAE ARP6320.



5.2.1. Results of Graphite and Black Carbon Tests
The results of the mass intercomparison experiment uSAgsfrom the VSparticle antiCBare shown in
Figure26andFigure27. The analysers were compared at mass concentratianging from ~20 to ~4Q@/m?
corresponding to a GMD range-€20 to ~70 nmNo direct particle size measurements were performed during
this experiment but a nominally identicakexperimentalsetup was used fothe comparison oparticle size
analysers, seBigure23 & Figure25. Note that the GSDs &/AGgereratedat smaller PS®were wider causing
high mass concentrationfor theNCB the GMD stays constamtith concentrationscontrolledusing dilution
alone.

Firstly, Figure 26 shows, thatboth MSSs andL.IF300s agree very well with themselves with average
differenceof 0.9% between the two MSSs a@d%between the twoLIF300s.0n these patrticle sourced)e
LIF300s generallyeported a higher mass than the MSSs which wasaverage 1% in the case ddAGand
circa 30% for the NRIQF300in the case of the&NCBsources.This differenceds likely due to a differencim
particle absorption properties butouldalso partly originate from the fact that the MSSs were calibrated in
parallel on a minCast source while thielF300s were calibrated ondifferent particle source, @nomeengine
(alsoat different timeg. It is also noted that the percentage differencelieased with decreasing mass for the
NCBsource suggesting a potential zero offset for one or more of the instrumefte eBC instruments,
namely theMSS andhe PMssaCAPSusing a MARof 6.3 g/n¥, agreed within 1.8% dfie MS3nean between
50-110pg/m?but appeared taeportincreasinglyower concentrations compared to both tHeF300and MSS
(up to 13% lower than the MSS for TR%concentrationdncreasedat mass loadings > 2Q@/m3. Consulting
the CAPS manufacturer listure, Aerodyne quotea measurement rangef 0-1000 Mmt, whichequates to
approximately~130eg/m?, hence this observation is consistent with these reported figutes. noted that
the CAPS data was corrected to STP (correction factor ~1.09) to affinett comparison with the other mass
analysers all reporting at STP.

Comparing the error bars which highlight deviations over theidute sampling average, it is noted that there
appears to be higher scatter observed by all analysers whilst usingarticle, indicating it was a less stable
source that theNCBin this experiment.
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Figure26: Bar chart results of the mass intercomparison experiment (error bars represérdatahdard deviation

12T.C. Bond, R.W. Bergstrom, Light absorption by carbonaceous particles: An investigative review, Aerosol Sci. Technd) 40 (200
27i 67. https://doi.org/10.1080/02786820500421521.



Figure27 further highlights the above findings, showing that the MSSsldH@D0s agreed with themselves,
with a bias between th&lF300s and the MS$Sacross all concentrations and sources, more soM@B It also
shows that the CAPS deviated above the MSS at concentrations below 56 amgnbelow the MSS at
concentrations above 100 pugAnThis observation is indicative of a nonlinearity between@#S and MSSs,
with a crossoveat mass concentrations >12f/m? (close to the quoted magAP$neasurement range of
130 ug/m? quoted above) It is also noted thabnly SAGs measuredat these higler concentrations hence
particle morphology could also bmpacting this observatianFinally, it is seen that all mass measurements
agree within 20% of their mean, except for the NRkE300 on NCB It should be also mentioned th&CB
hydrogenation does not appear to have any impact on the various mass arsalsiaed, given there are no
observable differences THb(nonhydrogenatedNCB and TP-8 (hydrogenatedNCB.

It is noted that theEURLIF300was inadvertently put in higsensitivity mode, which had not been calibrated
from TP5 onwards. This resulted in undgleporting of the mass for thBlCBtest points which is why its data
has been removed from TPEP8 irFigure26. Normalising theEURHigh Sensitivity IF300signal output to the
NRCLIF300resulted in similar observed trends.

Given that CAPS and MSS measomms ofequivalent BC (eBC) and thB300measures refractory BC (rBC)
it is unsurprisingthat all the instuments are reacting differently to these different carbon particles, which
are likely to have different carbon bonding/graphitisation and hence (MAC) absorption prop&itigtarly,
the L1300 fluencewasleft at the optimum for aircraft soofinstead @ optimising for these specific particle
sourcesyuring these studiesvhichwould have impacted the witnessed resulRecent worlké has also
provided evidence of a size dependent MAC that would directly affettt eBC instruments if the size of the
graphite andNCBpatrticles is in the range where MAC is varying. This would contribute to the differences
observed between the CAPS ai&S in comparison to tHdF300.
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Figure27: Ratio of the differehmass measurements with regards to their mean

13 Corbinet al,, "Sizedependent mass albsption crosssection of soot particles from various sources," accepted for publication in Carbon (2022).



5.3 Fluence measurements of novel mass sources
The use otaserinducedI(LIl) as a technique to measure black cartsmgt, and nvPM was developed and
refined over a few decades. LIl is performed by rapidly heating the particles to near sublimation temperatures
(~4000 K) with a short pulse duration laser and measuring the incandescent signals emanating from the very
hot particles. The mass concentration is determined from these signals. This is the operating principle of the
Artium Technologied.1F300 instrument. For a given particle source, the signal produced by LIl can be
dependent upon the laser fluence (energy per unit area of the laser light beam) at high fluences due to
sublimation of the particles, and at low fluences due to insufficient hgatiinthe particles. A recent study
showed that there is a wide range of moderate laser fluences where the signal is independent of the laser
fluence (plateau region)yhere the resulting mass concentrations are constant, regardless of laser fluence.
Denonstrating the mass concentration response to varying the laser fluence from low values to high values is
known as dluence sweepln the study, it was shown for a number of sources (engines and combustion rigs)
and fuels (Jet A, gasoline, and diesethe fluence sweeps were sdfmilar. The optimum range, where the
mass concentration was invariant as the fluence was changed, was wide, but also was at slightly different
fluences for different sources, operating conditions, and fuels. These diffesém¢ke fluence at which the
optimum range occurs is because the physical and composition properties of the particles may vary with the
source, the fuel, and the source operating condition. Changes in the properties such as light absorption and
organic catings may affect the amount of laser fluence required to achieve incandescent temperatures. As a
result, the fluence may be optimised farange of different sources, operating conditions, and fuels to which
an LIl instrument is anticipated to be applieFor aircraft engines, the source and fuel are going to be similar
(gas turbine engine and Jetl), and the operating conditions, from idle to full thrust, will be the most
significant variable affecting the properties and therefore the required fleenithe Artiuni1F300 has its laser
fluence set to be in the optimum range for a wide range of particle types, but of course has not been validated
for all particlesourcetypes. This parameter may be adjusted to be in the desired range by expertshwith
adjustment not available to neaxpert users.

This current study is investigatitigoveklsources for the calibration of the mass concentration instruments,
including theLIF300. To fully understand the response of thB#300in this study, it is ifportant to ensure

that itis in a range of fluence when the mass concentration is invariant with fluence so that small perturbations
in the laser fluence do not affect the measurement of mass concentration. Thus, performing fluence sweeps
on theLIF300 trelps assess the optimum fluence for each particle source and helps inform whether the source
has potential to be a representative calibration source in comparison to the Diffusion Flame Combustion
Aerosol Sourc€DFCASypically used (RoHRoyce Gnome engine). Fluence sweeps also aid in assessing
potential differences witnessed between the eBC analysers and rBC analysers on diexeiparticle
materials. Fluence sweeps were performed for the different novelaaabeous particle types using the NRC
LIF300instrument.

The laser fluence is controlled by adjusting thew@tch delay, with longer @witch delays corresponding to

lower laser fluences, less laser energy, less heating of the particles, and lower particle peak temperatures. The
Q-switch delay was varied fronB8% to 265 pgn increments of 5 or 10 ps and a measurement period of 10
seconds was taken at eachd@itch delay value. The-Qvitch delay value of 135 us was used as a reference

to account for variations in the source stability and was repeated four tifoeseach fluence sweep
performed.

The results are shown iRigure 28, with the lines corresponding to a"4degree polynomial fit to the
measurement data for the vans particle types investigated. The polynomial fits to the measurement data
shown inFigure28 are peak normalised for comparison purposes. The general trends for all sources are
similar. Every source has a region with a plateau at the peak mass concentration where the mass
concentraton is invariant with Gwitch delay (and therefore with laser fluence), as described above. As an
example, for the 21 nm GMBAGoroduced by the VSParticle (light grey solid line), the mass concentration is

14 Yuan et al. Measurement of black carbon emissions from multiple engine and source types usininthssed incandescence: sensitivity to laser
fluence, Atmos. Meas. Tech., 15, 2259, https://doi.org/10.5194/ami15-241-2022, 2022.



flat and uniform from 135 ps to 180 us (represi@g a wide range of laser fluence) with less than 1%
variation. This is the optimum region for operating 1é300 instrument, as the instrument response will be
insensitive to small changes in the laser fluence and in the particle properties.

Howeve, concentrations lower than the peak may be observed for some particles at4omit¢h delays,

where the laser fluence is greatest and these particles are showing evidence of sublimation (mass
concentrations less than the peak value). The particles #56% GTL (green dashed line) is one example
demonstrating this, with 8% mass loss fes@itch delays between 135 ps and 180 ps. These patrticles have
an optimum Qswitch delay between 165 us to 195 us, where there is less than £2% variation in the mass
concentration.

At large Qswitch delays, where the laser fluence is the lowest, the concentrations for all particle types are
observed to drop below the peak concentration observed in the plateau region. This happessvatiQ

delays greater than 195 |isr the particles from 75% GTL (green dashed IINEB(hydrogenated; black

dashed line) antNASwao00(hydrogenated; orange dashed line), where there is more than +2% variation in

the mass concentration. Some types of particles exhibit almost identical fluence sweeps to each other, such
as theNCB(hydrogenated; black dashed line) andASwaoo(hydrogenated¢ orange dashed line),

indicating they may be interchangeable. A particle source with a fluence sweep behaviour identical to that
for nvPM from a gas turbine engine would &eidealcandidatefor calibration ofLIF300instruments.
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Figure28: Fluence sweeps for various carbonaceous patrticle types, illustrating the optimum rangeit¢idelays for th&lF300
instrument. Varying @witch delay varies the laser fluence, which in turn may affect the reported mass catioantr

Following the procedure demonstrat&tl some of the fluence curves (previously showrkigure28) have

been shiftedin Figure29 on the Qswitch delay axis to illustrate the similarity in shape of the fluence sweep
results for all particle types investigated. The degree of this shift is dependent upon the differences in physical
properties of the particle types, suggesting lowbsarption by some particles, or increased presence of VOCs,
or other aspects that affect the magnitude of the laser fluence that is optimum in order to achieve the plateau
region. Previously NRC had determined that the optimum fluémcenis LIF300instrument usingthe Gnome
engine at high poweas a calibration particle soureeas at a @witch delay of 18@is. Several of the particle
sources also had this-Qwitch delay as their peak normalised concentration and thus optimised fluence,
without requiring a shift, namelWNCB(hydrogenated) NCB(non-hydrogenated) NASwao00 (hydrogenated)
andcombustor rig operating oii5% GTL. This implies these particles may be good candidates for calibration
of the LIF300instruments.
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Figure29: Shifted fluence sweeps for various carbonaceous particle, tyjpetrating the sefsimilarity of the fluence sweep
behaviour

The tested particle sources that required fluence shifts (as showigure29) are potentially less suitable as

a source for calibrating thielF300for measurements on the Gnome at high power. However, the most recent
fluence sweep curve for this instrumenitlf300 SN 0331) suggestie data is relatively flat from 135 pus to

180 ps when using particles from the Gnome engine at high power and reaches a peak at 135 us when the
Gnome is a low power (idle). So, an optimum compromisavifch delay would be 135 us for the Gnome
coveringthe range of particles from low to high power conditions. In this case, a source that is relatively flat
from 135 us to 180 ps might be most suitable for calibrating this instrument for application to aircraft engines.
Optimum sources for that applicatiomight include:

1 Combustor rig JetA

1 SAGQ21 nm GMD)
 SAG29 nm GMD)

1 NASwao00(hydrogenated)

All these patrticle sources had less theh5% variation from 135 ps to 180 ps. HydrogendiétBwas only
slightly more thant2.5%, so could also lecluded.

Fluence sweep data was not able to be repeated for all particle sources due to time constraints and data was
noisy due to fluctuations in the particle source concentration output. For future research, a constant mass
reference and/or multiple repats would help to reduce data variability and increase confidence in the
selection of candidate novel particle sources from the perspective of determining the optimum fluence.

5.4 Number instrument intercomparison
The Swiss anBURreference systems both uigle APGiumber countingunits, which broadly comprise of a
rotary dilution stage, evaporation tube, catalytic stripper, mass flow dilution stage and CPC. These two units
were calibrated in parallel at AVL Graz in September 2020, for the H2020 RAPT@¢h resramme to
understand uncertainty associated with calibration. During the December 2021 SAMPLE |V test campaign, the
two APCs were compared using various particle sources incli&iiagk AblatedGold, SPGsilver, SAG
nebulisedsalt, andNCB as desibed previously



The range of aerosols techniques trialled afforded a GMD size range from ~ 7 to 70 nm, which is thought
representative of the size of particles withessed in modern aviation gas turbine exhaust. The inbuilt APC
internal dilutionfactors (DE) were also varied from the minimum (PCRF ~ 100) to the maximum (PCRF ~ 1500)
on given sources to understand the impact of dilution rate on uncertainty. It is noted that this experiment was
performed in parallel with the CPC intercomparisonexkpent.

The first intercomparison results of the Swiss &ldRAPCs are shown igure30 comparing the ratio of
relative reported number concentratioplotted against both GMD (a) and CPC raw count (b).
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Figure30: a&b: Ratio of the Swiss and EUR APCs against the GMD and EUR APC total CEspexctively

As can be seeacross all thdaboratory generatedest aerosols the Swiss APC reported > 5% higher number
concentrations than th&URAPC, with the morphology of the aerosol not appearing to have a large influence
on the relative difference. It is noted thabave 15 nm(1000 #/cnd) that a relativeagreanent of circa~ 6.1%
(average ratio 1.061yvas observed. It is also noted kigure30, that the impact of using PCRF settings of
either 100 or 250 (which are typical setyi; used in aviation engine testing) does not appear to affect the
relative difference between the two APCs

However, it is evident frorfrigure30a& b that the relativalifference rises sharply towards the lefftand side

of the graphs as a result of either the small particle size or the relatively low concentration of the particles.
The relatively lower scatter of th®park Ablated @d particles from the apparent trehmay suggest that it is

the size, which is the major influence of this disparitgwever further experiments varying concentration at
different small sizes would be required to validate this hypothe€mmparing thelaboratorygeneratedtest
aerosol d#a it is noted that this trend is in contradiction to the relative differencdseaved betweenthe
measured nvPMf the EUR an&wisssystemsduring the first H2020 RAPTOR RQL test conducted December
2020 As can be sedny the green data points ifrigure30 higher concentrations of smaller particlese
reported by theEURAPC compared to the Swiss APC when measuring combustor rig soot at the end of their
relative sampling systems.

Consulting the previous calibration certificates of the two units (see Appendix), which were undertaken 13
months prior to ths experiment, it is noted that the CPC -aiit is very similar for both units as would be
expected after parallel servicinipterestingly the Swiss VPR had higher particle loss at smallaizhe time

of calibration(3% higher at 15 nm and 1% high&€B38 nm) which is in contradiction to the data observed in

this test.

Figure31 shows the impact of using high PCRF settings on the two APCs. Hh thaeehen comparing the
relative difference in reported number concentration at rising dilution factors (PCRF settings) for nebulised
Black Carbon (1 mg/ml nemydrogenated, circa 65 nm), the relative agreement gets worse at higher PCRF
(DF2) settings.
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Figure31: Ratio of the Swiss and EUR APCs against the selected PCRF (~DF2) when ME&suring

As can be seen Figure31, and in agreement with earlier discussiondg-afure30, relatively good agreement
is observed for the 100 & 250 PCRF (DF2) set pointstweigfain noed that typically PCRF settings of 100 &
250 are used during engine certification testing.

However, the relative agreement of the two APC gets progressively worse at higher PCRF settings, rising from
4% differences at the 100 & 250 settings up to 12.5%rdifices at the maximum 1500 setpoint.

5.5.VPR instrument intercomparison
To assess whether the relative differences in the reported number concentrations from the APCs were
associated with the VPR, following completion of the combustor rig experiments, péoetexperiments
were undertaken using different aerosol sources nanggwark Ablated @d, SPGsilver andSAGwhich were
size selected using a DMA. The setup of this experiment is shdviguire32.

Make-up
air

HEPA air vent

Splitter®

vent
4. 41pm

Aerosol
Generator Diluter

*with critical orifice

Figure32: Diagram of the VPR penetration measurement setup

It was first necessary to intercompare 2 nominally identical TSI 3756 CRQs5(n) owned byJoM, to
perform reattime size dependant penetration experiments down to particle sizes of.5fmse CPCs were
then subsequently used to measure concentrations of the different aerosols pre and pdstUtRend Swiss
ttwQao

Comparisons of the two CPCs were performed uSipark Alated Gold, andSAGrom the VSParticle angPG
Silver with the relative differences highlightedrigure33, Figure34 and Figure35respectively.
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and ratio of response respectively

It is noted inFigure33-Figure35 that unfortunately it was not possible to maintain the same concentrations,
and therefore differentiate sizelependent and linearity effects, across all size ranges usingptiuéx ablated
gold andSAGaerosols Sgnificantly lower concentrations of aerosol were emitted by the VSParticle at
different particle sizes and there is sificant loss of the smallest particles, which are hard to produce at high
concentrations, in the size selecting DMA.



Similarly, for the SPG due to time constraints, it was not possible to change the furnace temperature numerous
GAYSa (2 Wwipayideto geteQ, agaih le&ling?td a variation in concentrations across different
selected mobility diameters.

As can be seen iRigure33b-Figure35b, it appears for all three aerosols good agreement between the two
CPCs is not reached till > 15nm, which is surprising givensthef Ehe units is Znm. Note that particle
number concentrations were not consistent across the size range.

The penetrations of thE URVPR1) and Swiss (VPR2) APCWYPR$ a dZNBER A GK (62 /t/ Q&
of the VPRs respectivelgre presented below ifrigure36. As can be seen it appears for both systems the
measured penetrations are 20% lower than would have been expected given the certified calibration values
(see Appendix) and values reported in the H2020 Raptor prograhiméhought thathe observed difference

in penetration may be attributed toincertainty associated with the relative counting effiaiées of the two

CPCs at different sizes for spedifist aerosol materialwhich highlights thaturther definition of the method

for the derivation of penetration gbarticles through a VPR may be requirpdrticularly if surrogate particles

are to be used

To improve VPR penetratiaimcertainty understanding,ufther work was undertakerconcernedwith the
uncertainties in penetration measuremehnt

0.9

=4
o

- 08 0.8
S 5 | ] - n | ]
) (%]
2 07 - 2 07 -
E 0.6 $ 2 0.6
g ’ ® E .
-— =
E = g 05 -
£ sil g
% 04 .c iver £ 04
e Gold =
g 03 . a 03 Sitver
g ® Graphite a8
o 0.2 0.2
= W AVL calibration % Gold
* o1 01 B AVL calibration
0.0 0
0 10 20 30 40 50 60 70 80 90 100 110 0 10 20 30 40 50 60 70 80 90 100 110
Electrical Mobility Diameter (nm) Electrical Mobility Diameter (nm)

Figure36: (a&b) Measured penetration efficiencies of thdRand Swiss VPRs respectiyvelsingSPG Silver, SgafAblated Gold and
Spark Ableed Graphite (8G)

Further investigation of this penetration datsghlightedthat two orders of magnitude differencesere
observedin particle numberconcentrations before and after the VPRccounting forthe dilution factorof

circa 70 coupled with the diffusion and thermophoretic particle Itsghlighting the importance afelative
accuracy oparticlecounting (atsmallparticlesize)for the CPCs used to measure fienetration Differences

in morphology of theséaboratory generatecgerosols compared to the CAST aerosol and RQL combustor rig
aerosol used in RAPTQ@IRe thought to have negligible effect on VPR penetrati@most of theloss is
attributed to diffusion at these smatlarticle sizeswhich directly relates to mobility size

In an attempt to reduce the CPC measurement error towards understanding the relative penetration of the
two VPRsthe relative penetrations (measured using exact same CPCs with same relativendéteusing the
silver particles which afforded a concentration of >5000 particle$femere predicted by normalising tHEUR

and Swiss VPR penetration efficiencies to one and other with the data preserfaypline37.

15 Further information found in SWPLE IV Deliverable Report 3
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Figure37: Relative penetrations &URand Swiss VPRs for different particle sizes using the silver aerosol

Asis seen by ratioing the penetrations against on@d other, it appears that the Swiss systems VPR has a
lower penetration efficiency than that of thEURVPR particularly at the smallest sizkss noted that the

lower penetration efficiency of the Swiss Vii&playghe sametrend as wasvitnessed in both the calibration
certificates (Appendix) and previously reported differences of the full APCs (VPR & CPC) witnessed in the first
H2020 RAPTOR tenbting thatthe witnessed difference isigherin this case However, given the trend for

the APC intercomparisoshown abovgFigure30), which indicated a higher reported number concentration

in the case of the Swiss APC, this would suggest that the CR@ngoefficiencies at the lowest sizes are
significantly different, with the Swiss CPC counting more efficiently thaBtHe&CPC at sizes less than 20nm.

It is observed that variations in counting efficiency at sf@UDsin some circumstancesan increse the
uncertaintyin reported Bs. This hidlights,that understanding howCPC#RRA Xy (G SN a ad G KS)
counting efficiency over a calibration period of 12 monthsdeded ¢ K S NB #2 N2 Izy RIQ wdithf A 6 NJ
determine changes tathe CPC counting performandgought aboutby factors such awick degradation

and/or changesin saturator temperaturegrior to 12-month service and calibratigiwere deemed necessary

by SAE E3Giventhe predictability of engine testing dateandthe lengthy calibratiorprocess ¢cheduling,

shipping, calibration, shippixgpthere have been occasionshen engine test campaignaere conducted

using analysers that are slightly beyond their recommended calibration schiedule L y & dz&sk2 dayORY | N
calibrations arecritical in understanding any additional uncertainty that may have occuredecognition of

this the SAE E31 havieformed ICAO CAEP W®S potential uncertainties associated with LJ-d&ed
calibrationtesting, which is anticipated may be documented in futtBAEAerospace Information Reports

(AIRs) In the case of masmeasurement,it is noted that the uncertainties associated withLJ- & @ R dzS
calibrationswill need to be consideredifferently than those of umber counting CPCs, givigns perceived

that the relative uncertaintyof the annual(NIOSH 5040nass calibratiormethod is currently significantly

larger thanthe drift of a mass instrumerdver thel2-month calibration period

5.6.Size instrument interecoparison
Towards assessing the relative agreement of different-tiea (fast) sizing instruments, currently being
considered for use in the size dependent system loss correction of ICAO Annex 16 Vol Il compliant nvPM
systems, intercomparison studies weomdertaken using a number of different aerosol sources on four
particle size measurement analysers, hamely theDBA5500M44), the NROMS500M125), a loaned TSI
EEPS (Model 3090), and the ZHAW SMPS (3082 classifier, aerosol neutralizer 3077A, BMZEO8T76).

These different analysers were compared using different particle types generatdte bySparticle gpark
ablated Graphite (SAG)and spark ablatedgold) and a nebuliser (hydrogenated and Hoydrogenated
Nebulised Carbon Bla¢klCB). The test points correspond to a-6@cond average (i.e., 2 SMPS scans) on a
stable condition. The particle size distribution properties (statistical GMD, GSD, total Number) were all derived
using the same MATLAB code (gg@endix) toensure direct comarability.



5.6.1. Size intercomparison results (usBpark Ablate@old,SAGandNCB
The results of the size intercomparison experiment are showfigare38, Figure39, andFigure40in terms
of statistical GMD, GSD arwtal number forspark ablatedjold, SAGandNCBrespectively. Both spherical and
soot inversion matrices were used for tBMS50&8 YR GKS 99t { oO0GKS 99t{ RST¥T
investigated) with the SMPS distribution calculated using the standllMi& inversion. It is noted that the time
at which the different instruments were last calibrated and serviced varied significantly which may impact the
results below; The EEPS was calibrated in July 2020, tb8S300vas calibrated in September 2020
both the SMPS and the NRMS500vere calibrated/serviced in October 2021.
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Figure38: GMD measured by various analysers and inversion matric8sgdcAblated Gold(left), Spark Ablated Graphite(SAG)
(middle) and nothydrogenated\ebulisedCarbonBlack(NCB)right) (note TP4 golq for the SMPS, the GMD, GSD and total number
from the lognormal fit were used given only part of the distribution was measured)
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Figure39: GSD measured by various analysers and inversion matricggéik Ablatedold (left),Spark Ablated @phite (SAG)
(middle) and nofhydrogenated\ebulised Carbon BladdCB)right)
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Figure40: Total number measured by varicarsalysers and inversion matricks Spark Ablated Gold (left), Spark Ablated Graphite
(SAG) (middle) and ndrydrogenated Nebulised Carbon Black (NCB) (right)

Summary statistics can also be found'ableb, from which it can be seen that all analysers (and inversion
matrices) agree within a coefficient of variation (i.e., standard deviation/average) of 8.3% for GMD across all
test points and 3% for GSD within a size ranging from 8 to 75 nm and a number concentration ranging from
2E+05 to 2E+07 particles/énslightly higher GMD and GSD variations are observed when measuring non



hydrogenatedNCBwhen compared wittSAGor spark ablatedyold, however it is noted that theNCBalso
produced the largest GMDs.

While the DMS500 reports the total number concentration at STP, the SMPS and EEPS report the data at the
actual sample pressure and temperature. In the case of the SMPS, the correction aladsiep the accuracy

of the inlet flow measurement using the inlet impactor. The SiHRrted total particle count is referenced

to the inlet flow rate measured (or inserted manually in the scan settings). In this work it was assumed that
the inlet flow measured using the impactor was correct and therefore STP correction was performed for both
the SMPS and EEPS using the sample temperatures and pressures reported. The correction was on the order
of 12-14% (i.e., correction factor of 1.11214).

STRcorreded total number concentrations agree within a coefficient of variation of 20.4%, a higher variation
than with GMD and GSD, however it is noted that some measured size distributions (e.g., TP4) were not fully
captured by all analysers and that the totalmiber derived from a particle size measurement is known to
have a higher uncertainty than the GMD (e.g., Cambustion quotes a 10% uncertainty for size and a 20%
uncertainty for number for a calibratedMS500. The impact of adding a chemical drietiire with the NCB

was also investigated; It was found that it did not further reduce the relative humidity nor impact the
measured particle size distributions (other than the expected higher diffusional loss), demonstrating that
diluting with dry air alone is enugh to fully evaporate the nebulised aerosol and maintain a rielative
humidity.

Tableb: Average sttistics of GMD, GSD & total number from the size intercomparison experiment

Average GMD [nm] CV [%] Average GSD CV [%] AverageNtot [#/cm’] CV [%]

| Spark TP1 17.0 6.7% 1.76 1.8%  2.55E+06 18.1%
Ablated TP2 13.2 59% 1.46 1.8%  3.02E+06 20.3%
Gold TP3 17.7 6.6% 1.77 1.0% 5.51E+05 16.6%
TP4 8.7 9.8% 1.34 3.2% 2.56E+06 33.8%

| TP5 40.0 7.1% 1.79 3.3%  2.98E+06 17.6%
TP6 53.6 7.9% 1.79 3.5% 1.28E+06 19.0%

SAG TP7 52.6 8.4% 1.87 4.7%  2.04E+05 18.4%
TP8 21.7 5.8% 1.70 3.2% 1.33E+07 17.6%

TP9 19.7 5.8% 1.65 3.0% 1.91E+07 17.4%

TP10 | 59.8 9.6% 1.90 3.3%  3.18E+05 18.1%

| TP11 | 62.3 14.0% 1.81 57%  2.62E+05 32.4%
NCB TP12 | 73.6 11.6% 1.75 53% 2.14E+05 20.9%
TP13 | 75.2 8.9% 1.75 51% 2.57E+05 14.7%

| Average CV all [ 8.3% | | 3.4% | | 20.4%

The full size intercomparison results are also preseriteHigure41 whereby the ratio between each size
measurement (including different inversion matrices for the individual DMS and EEPS) and the average of all
measurements at a given test point is plottedaatst mean for the mean GMD, GSD angl. Nhe observed

ratios for GMD generally agree within 15&&cept forthe NRC DM@8ata processed using the spherical
inversion. For GSD the ratios all agree within 8% and for total number withinFé@@te41 also shows that
GKSNBE R2SayQd FLIISIFENI G2 6S | aAl S 2N ydzyoSNJ RSLISy |
measurements.
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Figure41: Ratioof individual size instruments the meanof all instruments/s GMD, GSD and total number for the size
intercomparison experiment

Regarding theOMS500and EEPS inversion matrices, they are seen to significantly impact the output size
distributions, with the spherical inversion generally resulting in a larger GMD and smaller total number for the
DMS50Qtrends not as consistent with the EEPS). For information, the calibration procedure for the EEPS and
DMS500are not identical, with tk most notable differences being the source used for the soot inversion
(diesel engine for EEPS and MDAST generator f@MS500 and the fact that the EEPS is calibrated against

a DMACPC when th®MS500is calibrated against a DM&#ectrometer. Detailof the calibration aerosols

used by TSI and Cambustion are listed below.

EEPS calibration procedérg:s:
- Sphericali.e., compact)
0 <30 nm: sucrose and PAO oil generated from an electrospray aerosol generator
o 30560 nm: NaCl and PAO oil generated from a colligipa atomiser

- Soot
o Diluted diesel engine exhaust

DMS calibration procedute:

- Spherical
0 15 nm: Sulphuric acid generated from a collisigpe atomiser
0 50 & 100 nm: NaCl generated from a collisippe atomiser

- Soot
0 50-300 nm: Soot from Jing Mi@last generator

16 https://tsi.com/getmedia/22bf0108d934503b17%bc76chb55e100/Updated_Inversion_Matrices_ EBBSA4-web?ext=.pdf

17 https://tsi.com/getmedia/9198339bce44bfae550041311f1555/Summary_Inversion_Matrices_App_Note EGFE A4
web?ext=.pdf

18Wang et al(2016)Improvement of Engine Exhaust Particle Sizer (EEPS) size distribution measurd&#nEngine exhaust
particlesJournal of Aerosol Sciendéolume 92, February 2016, Pages BB

19 https://www.datocmassets.com/29100/16087238dhs calibrationv3. pdf



5.6.2. Measured particle size distributions
To provide visualisation of the actual size distributions reported by the respective size analysers in the
generation of the data presented in Sectibi®, the discreet inverted spectra from the EEPS (soot & spherical)
and DMS (soot & spherical) and the reported distribution from the SMPS are presented for théickSPar
generatedSAGandspark ablated goldnd for norhydrogenatedNCBin Figure42.

TP1 (gold) TP2 (gold) - TP3 (gold)

DMS CU soot
oy DMS CU spherical
P = = -DMS NRC soot
—— DMS NRC spherical
=~ = -EEPS soot
—— EEPS compact

dNrdlog(d,) [#em?]
dN/dlog(d,) [#em?]

dN/dlog(d,) [#lcm?]

0 100
d,, [om] d, [nm] d,, [nm]
o TP4 (gold) o TP5 (SAG) g TP6 (SAG)
A gat0® o
5 £y g
# ] ®
= N -
o ax10® il TN ‘\ o 2x10f
=3 1/ \ Ny =]
g / g
Z 2a0° o \ z
o f
oy R
P S
0
100 10 100
dpy [nm] dy [nm] dyy [nm]
TPT (SA TP8 (SA TPS (SAG,
5x10% (5AG) 8 (SAG) 5x107 { )
3x107 107
L4 510 -~
— 4x10°% — et TN - 410" i %
§ 5 ! N E 4o AN
; ' \ 8 i
& 308 & 210 ' \ &, 310" ! ‘\
z P:‘z 107 a’ .'3‘\ i J" \
iy \ l
82 g ' A B F” W
§ g 1x107 ,’J,' " % 207 ";_
T ju1gp = Y/ % LSy
" A\ sx10° P A
o
10 100 10 100
d,, [nm] d,, [nm] dy, [nm]
. TP10 (SAG) e TP11 (NCB) o TP12 (NCB)
mg e mg x10f "’g 6x10°
1
) 3 )
;f g‘mu’ g‘*uw’
g g g
B 2w s 3
5 ERSC £ 210°
o
10
d,, [nm]
. TP13 (NCB)
2 e
o
E
S0
g
=2
Z 2=10°

Figure42: Measured particle size distributions during size intercomparison experimentSysingAblated @d andSpark Ablated
Graphite (SAGand using nofhydrogenated\ebulised Carbon BladiCB)

As can be seen even though the GMD and GSD were shown to ély larggreement imable5 the actual
spectra for a given condition and aerosol type highlights that the measured distributions show differences in
the measured shapand number concentrations. This is particularly prominent in the case of thespasdl
ablatedgold (TP4)with the SMPS not resolving the lower size range of the c@welarly for theSAQTP8&9)



it is observed that the SMPS and EEPs appear ta baaodality in the distribution which is not witnessed in
the DM$%00with the soot inversion.

5.6.3. Effect of hydrogenatinyCBon size analysers charging efficiency
The effect of hydrogenatingCH(i.e., exposing thearbon blackpowder to ahydrogen rich atmosphetén a
furnace in an attempt toremove bound oxygen) on the charging state of the suspension was investigated by
comparing the particle size distributions measuring hydrogendt€Bwith and without an iAline softXray
source, with the results shown Figure43.
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Figure43: Particle size distributions oftirogenatedNCBwith and withoutan additionalneutraliser using variousizinganalysers
and inversion matrices

As can be seen, it is apparent that the CU B&8Bs impacted by a change in surface charge, given with the
X-ray neutraliserpowered on Figure43b & d), the GMD increases by ~ 40 nm and a multimodal distribution
for the case of both the soot and spherical inversion matrix when compared Wwéhxray neutraliser
powered off(Figure43a & c). Having the-May neutraliser on also had a significant impact on the NRGGDMS
with a GMD increase of ~20 nm and a total number increase by a factor of two. The impact of the gezutrali
on the EEPS and SMPS was less apparent, with only a total number increase of ~10% for both analysers.

These findings suggest that tlEMS500is more sensitive to potentially highly charged particles, probably
because of the use of a single unipolar igfea when compared with the EEPS (dual unipolar charger) and
SMPS (radioactive bipolar charger). These findings also highlight that thinreaizing instruments may
experience currently unquantified additional uncertainty introduced by aerosols vigghhyhvariable charge.
Currently given the sizing instruments are typically behind +88m long earthed sampling systems and
aircraft soot is assumed to have negligible charge potential this may not cause any issue. However, this
suggests that further wterstanding of the charge potential of aircraft emissionseguired, particularly if

there is the potential for sizing instruments to be used on simplified (short) sampling systems in the future.



6.t F NOAOfS AAT S YSI &dzNBYSysibds (SENBY U
Gold & Aircraft soot)

6.1.Suspensions as calibration checks for SMPS&&0Id)
Currently, generally only NIST traceaBlelystyrene LatexPS). spheres are used for calibration checks of
SMPS. However, PSL can only be used down to ~100 nmsketizey require a surfactant to prevent
agglomeration in their suspension which results in an interfering residual peak < 100 nm.

However, building on previous studigswo other traceable solid spherical particles in suspensions, namely
~15nmgolét(and ~20 nmsilicag SNE Ay @SadA3al t6SR gAGK GKS KeLRiIKSa.
and thereforewould bemeasurableat sizes <100nm.

SMPS scans are shownHFigure44 highlighting that both thenebulisedsilica andnebulisedgold peaks are
clearly seer(as indicated in dashed circldjowever, a significant residual peak is still present > 20 Tins
non silica/gold contaminatioresidualpeakresultedin difficultiesfor the DMS500and EEP®eingable to
resolvethe Gold/Silica peaks due to tliestruments havindower particle sizeresolutioncompared to SMPS
as seen irFigure4b. It is noted that there is currently an approximate 7 nm offset for both materials to the
reported mobility size but the SMPS although normalised, had not been size shifted to the P8k dphiag

the pre-check.

Size Distribution using for 3080 SMPS and 3082 SMPS using Gold Size Distribution using for 3080 SMPS and 3082 SMPS using Silica
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Figure44: Nebulised 15 nm (by electron microscopy) gold suspension (left) and 20 nm (by electron microscspesision (right)
measured by a SMPS
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Figure45: Nebulised20 nm (by electron microscopy) SiO2 suspension measuredMgE®d0and EEPS

20 DuranddTowards improved correction methodology for regulatory aircraft engine nvPM measutdhént hesis Qaliff
University (2019} https://orca.cardiff.ac.uk/id/eprint/126400/

21 https://nanocomposix.com/products/ecegdld-nanospherepvp?_pos=6&_sid=19693d701&_ss=r&variant=15906926788697

22 https://nanocomposix.com/collections/silisanoparticles?variant=866837954649



6.2.Suspended aircraft soot for-freld checks

In addition to suspending traceablearbon Black water for nebulisatiofNCB) as was used in the size and
mass instrument intercomparison€Uused the same method to suspend aircraft soot, collected from the
exit nozzle of a PW4000 engine by ZHAW, in watdach could then be nebulised to create amrosol of
aviation soot NAS) Due to the small volumes of sample collected, unfortunately it was only possible to
produce 10Cg/ml in suspension, which is 10 times more dilute than W@Bsolutionsformulated for this
study. However, wheithe PW400&uspensiorwasnebulised NASwaoo9, this soot was seen to be measurable
resulting in the size distributions shownkigure46.

It is seen that a mode is witnessed at ~ 60 nmN&Swo0a Which appears similar to the peak witnessed in

the case of norhydrogenatedNCB However, as would be expected due to the ordemagnitude lower mass
O2yOSYGNY GA2yE GKAA LISI]T Aa NBflFGA@Ste f26SN gAGK
Fa Aa G§KS O NCBsol@tian\i igicKr@ntlyunidhewy Why there appears to be a higher residual

peak in the case of the collected aircraft so@ASwao0g. With it hypothesised this may be a result of
contaminants in either the water or on the collected soot, or potentially an artifact of the actual soot collection
with small soot particles being present inet aerosol. It may also be that the higher concentration of large
particles for the 1 mg/mNCBa dz& LISy aA 2y A& Y2NB STFSOGAGS +G waol g
deposited on theNCBparticles instead of remaining as independent partigethe suspension).

4%10°
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£
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i
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©
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Figure46: Particle size distributions nbn-hydrogenated suspensionsigébulisedCarbon Black (NCBhd Nebulised Acraft Soot
(NASwa4000) Using aDMS500

As a proof otoncept this offers a potential opportunitfor the aeronautical research communitys it may

be assumed that the collected soot from actual aircraft exhaust will have material properties most similar to
those witnessed in real aircraft exhaust. As subfs line of study warrants furtheinvestigationtowards
RSPSt2LIAYy3 YSGK2R2ft23e TFT2N) O02ff SOGA2Y 2 FieldkNdsKkst Q |
and potentially even calibration of mass, number, and sizing instruments.



7. Particle barge investigation

The UDAC is a Unipolar Diffusion Aerosol Charger which unlike a traditioanaloX K¥85
aerosol neutraliser, puts a high concentration of either positive or negative charges on particles.
The principle of operation is based on corodscharge, the same as the charger in the
CambustionDMS500 Traditional chargers (neutralisers) produce a significant fraction of
uncharged particles, which means the counting statistics of SMPS patrticle size distributions
measurements are poor.

These=xperiments looked at the effect of using a UDAC by scanning the output from two particle
sources PG generatedilver andVSParticleSAG with two SMPS: a 3080 with a-8%
neutraliser and a 3082 with no neutraliser. The goal wasstes# the UDAQ@ould be used to
improve counting statisticavhich would benefit calibrations and line loss validations.
schematic of the setupsed to investigate particle charggeshown irFigure4?.

3080 with Kr-85

G: Cambustion
©

Source (SPG for Silver UDAC [
or VSP for graphite)

3082 UDAC direct

Figure47: Schematic of experimental Sgb used to assess particle charge

It is important to note that because the particles as measured by the SMPS 3082 have an
unknown number of charges peatrticle, direct comparison of number and size is not possible

¢ only relativenumberconcentrations. Furthermore, If the UDAC puts more charge on a particle

OKFY I a0l yRFNR ySdziN}¥f AaSNE GKS {at{ onyuw azt¥i
smaller.

In these experiments, the UDAC was usedharge particles from two different sources. Firstly,
SPGsilver particles(Catalytic Instrumenty. Secondly,SAG particles (VSRurticle). The SPG
produced particles less than 10nm in diametetereasthe VSRirticle generally produced
particles greater than 10nm.
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Figure48: Comparison of two SMPS on SPG generated Silver Particles

Figure48 shows the comparison of the two SMPS on the SPG for the smallest gensitagzd
particles. The number of particles as seen by tIf&®&MPS3082 increases with increasing ion
current. Higher iorturrentsproducemore ionsin the coronaand therefore charges moraf the
silverparticles.The particlesnay have only 1 charge frothe UDAC as the modes are similar at
high ion currentsThis suggesthat using the UDAC at high ion current might impgga@ounting
statistics across theparticle size distribution. Potentially this could significantly improve
counting the smallest particlgshe hardest to measure).
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~ 129 |~ UDAG setting A 3082
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Figure49: Comparison of two SMPS on VSPargeleerated Graphite Particles

Figure49 shows the comparison on tHeAG Although the particle distributions look different,
they are physically the saenparticles The UDAC direcheasurement (SMP3082) appears to

see moreparticlesat smaller sizes. This suggests there are multiple charges on these particles
and there might be higheparticle numbers.Thisshows thepotential for improving counting
statistics. However, this multiple charging effect was not seen ois#@&silverparticles,and it

is unknown whether this was due to the differgudirticle composition.
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Figure50: SMPS scan of UDAC when switched from positive to negative mode

Figure50 shows theSMP 3080 scanning the output of the UDAC when it is switched between
positive and negative modéom the VSRrticle generator. The SMPS3080 has thekr-85
neutraliser,soit may be assumed thahese distributionsare not an artefact of highly charged
particles. Thisshows that the precharged state does impact the distribution measured by the
SMPS. Negatively charged patrticles from the UDAC consistently produced higher total number
when inverted by the 3080 after the 86 neutraliser. This does raise questoof what the
charge state of an engingarticleis, as this could impact any planngdrticle size distribution
measurements closer to the engine exXit agreement with the earlier findings concerned with
hydrogenatedNCB this suggests further investigation as to the charge state of engine nvPM
particles is warranted

8. Characterisation of particle losses in Splitter 1

It was hypothesised unequal flowsSplitter 1 of a regulatory compliant sampling system could
induce additional particle loss for both mass (dominated by inertial particle loss) and number
(dominated by diffusional particle loss). Therefore, as part of thisgesgramme the impact

of changing the sample flow configuration 8plitter1l was investigated by controlling the Swiss
spill valve setting while sampling at positive inlet pressure. In normal operation, the valve would
be fully open, ensuring the pressure at the inlet of the dilitenear ambient, and causing a
large amount of sample flow to be dumped in the spill. In this experiment, over a 20 min period
where the combustion rig settings were kept constant, the spill valve setting was changed from
fully open to fully closed, redimg the flowrate in the spill (i.e., the flow configuration in splitter

1) and increasing the pressure at the inlet of the diluter.

The impact of the Swiss spill setting was first assessed on the EUR nvPM analysers. As can be
seen inFigure51, for the range of available settingend flow (which was less than can be
observed on engine sample rakdéisgre is no correlation between the Swiss spill settind ¢he

DF1 corrected mass and number, with fluctuations between test points attributed to rig
fluctuation over the 20 minute period given both number and mass followed the same trends,
regardless of the spill being open or closed.
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Figure51: CU mass (MSB}300) and number (APC) variation when Swiss opening/closing their spill

The impact of the spill valve opening on the relative agreement of Eh@ssion Indices
determined using the two systems is showrFigure52. At fully open, the Ppressure in the
Swisssystem was ~1013 mbar. At fully closed, the pressure was ~1050 mbar (+37 mbar). No
significant trend could be observed as a functiontled spill opening. The variability in the
relative agreement between the two systems could be attributed to the fluctuation of the RQL
rig (including mass to number ratioNote that depending on a specific engine probe/rake
design, the diluter inlet presire with the spill closed can be significantly higher than +37 mbar
(>100 mbar) creating larger spill/sample flow ratios than were possible for this experiment.

A more stable particle source with a system capable of simulating a full range of spliti@gloc
is ideally needed to fully assess the impafctioequal flow splitting.
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Figure52: Ratio of theEmissionindicesdetermined using th&wissand EUR systems as a function of the spill
opening in theSwisssystem.



APPENIX

Dry Block Calibratio@ertificatec used forEURS Swiss T
experiments

SUNBELT RENTALS 0 Harbinson [] MMewman []

Unit &, Maimo Court Jarki
Hirklmatham Business Park A D L

Carliflizale Mumbs:

AEMNTALE ~ Redoar T.Tata [ AShort Hipass
Teatferd g i i Cloveland Apgiveed 1
TH 580 T.Wingwaorth [
Iy o
el
Tel: 0370 330 8021 Email: Instrumentstioni@sun bolrentats. couk I:f

CERTIFICATE OF CALIBRATION

Custamer : SLMNBELT RENTALS
LNIT & RbALMO COURT
REDCAR
CLEVELAND
TS0 BSC
Instrusment : Sysbern 10 : D02
Deasniplion DRY BLOCK CALIBRATCR
Manufaciurer : AMETEK

Moded Mumber :  CTOGS0A
Sarial Mumbsr S85T02-01408
fissat Numbsr : EH-M122

Enviroimentsl Comdithons

Temperaiuns - 20°C £ 0°C Mains Votage - 240V & 40V
Ralative Humadily ©  S09%FH & S0%:RH Mains Frequency | S0Hz £ OHz
Comments

PROCEDURE WRITTEN TO MANUFACTURES SPECIFICATIONE
INETRUMENT ALLOWED T STABLISE BEFORE CALIBRATION
POWERED FROM 230% MAING TO PREFORM CALIBRATION

Traceab| ity Information

instrumenf Descrgtar Sanial Numbar Carnicats N Gl Dl

FLUKE 1523, Prokba & Thamnom 5003002 4656 SAD0DEDGAS it |
Date of Calibration : 28 Mowember 2021

Calibrated By : L.SPENCE Calloration Due Date © 248 November 2022

I

This cerfificale is iss e in acourdems will s laburs sy suradiiation ragainsranls of Dz Diilcd Kiguonm Aoz e
Sarvica, N provddes fracesbiily of measwemant 1o recognised Mationsl Stendands, and o the mits of measurements
realised at the Mational Physicol Labenkory o atber recogrissd MNatioral Slandonds kbonalotes. This cefifcaie may nol

o raproducad ather than in full, sxcepd with the priar weither approval of $ha ssuing fabaralony.




RollsRoyce Ttemperature & experiment data validation

Thermocouple signals were simulated using a Druck DPI620, serial number 02918726,
calibration 0087500. Thermocouples were connected using2906 (Serial Number 114CC4D)
connected to a SCALO2 (serial number 1A8BF6D, calibration 382a6)) All inputon the TE

2905 were set to ground reference and the pull resistor for open circuit detection was
disabled. The SGX102 inputs are set to a range of 700V to 9000pV. The data was sampled at
1000Hz, 1000 samples are averaged every second and the eggéx] at 1Hz.

Raw and processed data:
w ¢ KS NI 2 02 drhé tfermbhcbupléviolage as read by the ST
w / 2f R Waihe terhp2ndturexd thebcold junction thermistor, located in theZBD5

®w ¢ KSNY2 02 dzLX¢Shelmbcouplé terBperatirds fomverted using theZ8D5 cold
junction thermistor and the polynomial coefficients for a K Type floeouple used by LabVIEW
2013 (NI documentation references NIST as the source of these coefficients).

The tablebelow provides the response of all 11 data acquisition channels when provided with a
simulated signal from the Druck. Measured temperaturesehbeen calculated using gg K
thermocouple polynomial coefficients.

Thermocouple Simulated Mean Temperature
Channel Temperature [°C] Temperature [°C] | Standard Deviation
[°C]
20 20.2869 0.0230
TS1 100 100.244 0.0297
200 200.246 0.0224
20 20.264 0.0257
TS2 100 100.244 0.0292
200 200.267 0.0274
20 20.2695 0.0322
TS3 100 100.085 0.0279
200 200.028 0.0341
20 20.0603 0.0268
TS4 100 100.093 0.0296
200 200.16 0.0327
20 19.9605 0.029
TS5 100 99.834 0.0281
200 199.799 0.0285
20 19.8174 0.0277
TS6 100 99.782 0.0316
200 199.823 0.0245
20 19.577 0.0386
TS7 100 99.635 0.026
200 199.517 0.0310
20 19.6182 0.0252
TS8 100 99.6 0.0216
200 199.613 0.0286
20 19.78 0.026
TS9 100 99.696 0.0312
200 199.69 0.0328
20 19.7958 0.0313
TS10 100 99.763 0.0306
200 199.804 0.0307
20 19.816 0.037
TS11 100 99.75 0.0235
200 199.728 0.0264
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25-Sep-2020

Seite 5/5 zum Kalibrierschein vom 25-Sep-2020
Page 5/5 of calibration certificate dated 25-Sep-2020

Kalibrierung - Zahleffizienz - auBerhalb des akkreditierten PartikelgroBenbereichs
Calibration - Counting efficiency - not within the accredited particle size range

Partikelgrofie® | Nom. konzentration | Gem. Konzentration | Referenzkonz, [ Z#hleffizienz | rel. Messunsicherheit
Particle gizo* Novn, concentration Meas, Cancantration Reference cone. Caunting eff, ref, meas. uncertainty
(nm] [#/em3] [#/cm3] [#/cm3] 8] 8]
15 7000 6318 7034 0.898 5.9%
10 3000 2395 3192 0.750 7.9%

¥ Dle Messunsicherheit for die Partikelardlie betrdat 4% laut Kalibrieruna des DEMC bel elnem Nationalen Metrologlschen Institut.
* The measurement uncertainty for the particle size is 4% according to the calibration of the DEMC at a National Metrological Institute.,

Evaluierung* der Limits entsprechend UN/ECE GRPE-PMP Sub23nm draft
Limit evaluation* according UN/ECE GRPE-PMP Sub23nm draft

Kalibrierung - Linearitat
Calibration - l inearity

Nr, | Nom. Konz. | Ref, Konz, | Gem, Konz. | Zéhleffizienz Limit Status Residuum abw.
No, Nam. Cane. Ref Cone Mone Cone Couenting off Limit Status Rosidual dav,
[it/cm?] [#/cm?] [#/cm?] [] [] (1 (%]
1 10000 9375 9081 0.969 0.9-1.1 | passed 0.3%
2 8000 7765 7504 0.966 0.9-1.1 | passed 0.1%
3 6000 5907 5663 0.959 0.9-1.1 | passed -0.7%
4 1000 1117 3954 0,960 0.9 1.1 passed -0, 5%
5 2500 2569 2462 0,958 0.9-1.1 | passed -0.7%
6 0 0 0 - <0.5#/cm? | passed -
Berechnung des k-Faktors bei 55nm 10000 '
k-factor calculation at 55nm € :;‘83 | y2= 0.9653x e
7o Ri=09999] | @
Wert Limit B 6000 q
Value | Limit §§ 5o [
Steigung/Slope | 0.965 | 0.9-1.1 L o P 1
R 1.000 | »0.97 g 2000 | e 4 :
k-Faktor 1.036 - = 1000 | e l
: 0 2000 4000 6000  BOOO 10000

Reference Concentration [#/cm?]

Zahleffizienz hel 10nm und 15nm mit angewandtem k-Faltor
Counting efficiency at 10nm and 15nm with k-factor applied

Partikelgrife Zahleffizienz Limit Statue
Particle size Counting eff, Limit Status
[nm] [ {1 8]
10 0.777 0.5-0.8 |passed
15 0.930 20.9 |passed




Swiss APC CPC & VPR calibration certificates
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Kalibrierung - Zahleffizienz - auBerhalb des akkreditierten PartikelgréBenbereichs
Calibration - Counting efficiency - not within the accredited particle size range

PartikelgroBe* | Nom. konzentration Gem. Konzentration | Referenzkonz. | Zahleffizienz | rel. Messunsicherheit
Particle size* Nom. concentration Meas. Concentration Reference conc. Counting eff. rel. meas, uncertainty
[nm] [#/cm3] [#/cm3] [#/cm?3] [1 [
15 7000 5585 6188 0.902 5.9%
10 3000 2284 3029 0.754 7.9%

* Die Messunsicherheit fiir die PartikelgréBe betraat 4% laut Kalibrierung des DEMC bel einem Nationalen Metrologischen Institut.
* The measurement uncertainty for the particle size is 4% according to the calibration of the DEMC at a National Metrological Institute.

Evaluierung* der Limits entsprechend UN/ECE GRPE-PMP Sub23nm draft
Limit evaluation* according UN/ECE GRPE-PMP Sub23nm draft

Kalibrierung - Linearitat
Calibration - Linearity

Nr. | Nom. Konz.| Ref. Konz. | Gem. Konz.| Zahleffizienz Limit Status Residuum abw,
No. | Nom. Conc. Ref. Conc Meas. Conc. Counting eff. Limit Status Residual dev.
[#/cm3] [#/cm?] [#/cm?] [] (] (] [%]
1 10000 9759 9241 0.947 0.9-1.1 | passed -0.5%
2 8000 8035 7637 0.950 0.9-1.1 | passed -0.1%
3 6000 6159 5916 0.961 0.9-1.1 passed 1.0%
4 4000 4377 4185 0.956 0.9-1.1 passed 0.5%
5 2500 2621 2507 0.957 0.9-1.1 | passed 0.6%
6 0 0 0 = <0.5#/cm® | passed -
Berechnung des k-Faktors bei 55nm 10000
k-factor calculation at 55nm e 2000 y = 0.9513x =
g 8000 | R2 - 0.9999 .
5 7000 s
Wert Limit &~ 6000 o
Value Limit ég 5000 o
Steigung/Slope | 0.951 | 0.9-1.1 BE oo | i
R2 1.000 >0.97 g 2000 | =l
k-Faktor 1.051 = £ 1000 | ¢
’ : 2000 4000 6000 8000 10000 12000

Reference Concentration [#/cm3]

Z&hleffizienz bei 10nm und 15nm mit angewandtem k-Faktor
Counting efficiency at 10nm and 15nm with k-factor applied

PartikelgréBe Zahleffizienz Limit Status
Particle size Counting eff. Limit Status
[nm] [] (] [1
10 0.792 0.5-0.8 |passed
15 0.949 20.9 |passed




MATLAB code for the calculation of GMD, GSD and total
number

function [results]=size_intercomparison_raptor(Dp, PSD)

A=size(PSD);
tend=A(1,1);

for i=1:1:tend

if  PSD(i,70)==0
else

Ntot(i,1)=trapz(log10(Dp),PSD(i,3));
GMD(i,1)= round(10~(trapz(log10(Dp),PSD(i,:).*log10(Dp))/Ntot(i)),1);

GSD(i,1)=round(10”sqrt(trapz(log10(Dp),PSD(i,:).*log10(Dp).*2)/Ntot(i)
log10(GMD(i))."2),2);

lognorm="a*exp( - 0.5*((log((x)/b)/c)"2))' ;
fit_logn=fit(Dp',PSD(i, :)",lognorm, ‘start’ A

Ntot(i,1)*log(210)/(sqrt(2*pi)*log(GSD(i,1))) GMD(i,1)
log(GSD(i,1))], ‘lower' [0 3log(1.2)]);

coef_fit=coeffvalues(fit_logn);

GMD_logn(i,1)=coef_fit(2);

GSD_logn(i,1)=exp(coef_fit(3));
Ntot_logn(i,1)=coef_fit(1)/log(10)*sqrt(2*pi)*log(GSD_logn(i,1));

results(i,1)=GMD(i,1);
results(i,2)=GSD(i,1);
results(i,3)=Ntot(i,1);

results(i,5)=round(GMD_logn(i,1),1);
results(i,6)=round(GSD_logn(i,1),2);
results(i,7)=Ntot_logn(i,1);
end
end

clearvars Ntot GMDGSD lognorm fit_logn coef_fit GMD_logn GSD_logn
Ntot_logn A

end



Sizeinstrument calibration certificates

CAMBUSTION

DMS500 Certificate of Calibration with Soot Agglomerates

after Service and Adjustment

Company Name: Cardiff University Instrument Serial No2: M44

Company Location: Wales, UK Calibration N2 (matrix): m2cqs663
Ship Date: September 2020 Date Calibrated: 25% September 2020

In addition to the standard spherical calibration (m2cqw663), an additional calibration is provided for
measurement from highly fractal aerosols, e.g. Diesel. This applies only to the accumulation mode lognormal
fit output given by the Diesel aerosol description file (.dmd).

The calibration standards used for these measuremenits are traceable to relevant international standards. The
results refer to ents made at the time of test and not to the instrument’s ability to maintain
calibration. The reported measurement uncertainties we based upon a standard wuncertainty multiplied by a coverage
factor k = 2, which for a normal distribution provides a level of comfidence of approconately 95%. The standard
uncertanties are a consolidation of the uncertainty in the standard and the uncertainty in performing the measurement.

Size and Gain against Differential Mobility Analyser Sized Aerosol, with concentration indicated with a
standard aerosol electrometer
Electrometer filter flow = 8.0 slpm

Aerosol DMA Size DMS Size (nm) Electrometer DMS Concentration
(nm) Concentration (#/cc) (#cc)
Soot 50050 495 27300 + 5460 27200
Soot 10010 998 50600 + 10100 50100
Soot 20020 201 10400 + 2080 10300
Standards used:
Function Mir and Serial Number Calibrated Calibration Calibration Calibration
Miodel By Reference Date Due
TSI 3082 20E2ML529000 Cambustion 3082001522000,20 25/082020 25/08,2021
DMaA 20
Electrometer | Keithley 617 425680 Trescal 41386 23/05/2020 23/05/2021
Aerosol
Electrometer | Mass flow Aalborg 224526-1 Aalborg 200406224526-1 0&/04/2020 0e04/2021
meter GFC17

CAMBUSTION LTD

Calibrator: Thomas Pim J6 The Paddocks

347 Cherry Hinton Road
Approved By: Cambridge CB1 8DH

United Kingdom

Tel: +44 1223 210250
Dr] PR Symonds Fax: +44 1223 210190

E-mail: cambustion(@cambustion.com
Director
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