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EXECUTIVE SUMMARY 

Gas turbine engines with a rated thrust of <26.7 kN, commonly found in business jets, light regional aircraft, 
and military applications, are currently regulated only for visible smoke, with no specific controls on gaseous 
or non-volatile particulate matter (nvPM) emissions. While their overall contribution to global aviation is 
relatively modest, the use of these non-regulated engines is increasing, and their emissions remain largely 
unquantified. 

This report presents newly acquired gaseous, nvPM and smoke engine-exit emissions data for small engines 
that do not have nvPM data available in the ICAO databank (Honeywell ALF 502-R5 and 507-1H) in addition to 
nvPM data from a non-regulated turboprop engine (Pratt & Whitney PW127G). Descriptions of the specific 
experimental setups, including details of the bespoke designed exhaust probes, sampling and measurement 
systems, and data analysis methods are provided for each of the test campaigns. 

Emissions data for the three aforementioned engines, in addition to nvPM data from a further three non-
regulated engines in the 16-22 kN thrust range, which was acquired in previous test campaigns by the Swiss 
State-of-the-art aircraft engine emissions measurement system (SMARTEMIS) nvPM system are presented.  
This data is processed to afford comparison to the maximum nvPM mass and number regulatory limits set by 
ICAO for the reference LTO cycle (CAEP/11), and the maximum nvPM mass concentration (CAEP/10), as 
defined for regulated engines.  

The findings of this analysis indicate that lower thrust and non-regulated engines produce nvPM and gaseous 
emissions comparable to those of regulated engines, with emission levels generally well below the ICAO 
regulatory thresholds for in-production engines. However, nvPM emissions varied significantly among the 
tested engines. The ALF 502 and LF 507 emitted relatively low concentrations of small nvPM, whereas the 
tested turboprop (PW127G) witnessed higher concentrations of larger PM emissions across the entire power 
range. 

During the ALF 502/ LF507 testing a novel, simplified sampling and measurement approach was developed 
and validated against the European nvPM reference sampling and measurement system. This novel approach 
was then deployed for the PW127G test. This method utilised a Dekati eDiluterTM Pro, which facilitated CO2 
and PM measurements at either the first (5:1–15:1 dilution) or second (25:1–225:1 dilution) controllable 
dilution stages. This sampling setup offers a practical and simplified means of acquiring nvPM emissions data.  

In addition to the emissions data presented here for standard fossil-based Jet A fuel, the same experimental 
set-up was used to evaluate the impact of fuel composition on observed nvPM emissions during small engine 
testing.  Further details of this fuel impact can be found in the SAMPLE IV Deliverable 7 report, with the data 
also used to further assess methodologies for estimating nvPM emissions from smoke number as discussed in 
the SAMPLE IV Deliverable 6 report.   

 

  



4 

TABLE OF CONTENTS 

EXECUTIVE SUMMARY ................................................................................................................... 3 

TABLE OF CONTENTS ..................................................................................................................... 4 

LIST OF FIGURES ............................................................................................................................ 5 

LIST OF TABLES .............................................................................................................................. 6 

LIST OF ABBREVIATIONS ................................................................................................................ 7 

1. Introduction .............................................................................................................................. 8 

2. nvPM Emissions Testing of Small Gas Turbine Engines ............................................................ 8 
2.1. Experimental methods ..................................................................................................................... 9 
2.2. LF507-1H and ALF502-R5 Emissions Results .................................................................................. 16 

3. Emissions Testing of Non-regulated Turboprop engine ......................................................... 21 
3.1. Experimental methods ................................................................................................................... 21 
3.2. Emissions Results ............................................................................................................................ 28 

4. Summary of nvPM emissions from small and non-regulated engines ................................... 34 
4.1. ICAO nvPM regulatory levels .......................................................................................................... 34 
4.2. N/M Vs GMD .................................................................................................................................. 35 

ACKNOWLEDGEMENTS ............................................................................................................... 36 

REFERENCES ................................................................................................................................ 37 

APPENDIX .................................................................................................................................... 39 
AVL MSS calibration certificate ............................................................................................................... 39 
AVL APC calibration certificate (VPR+CPC) ............................................................................................. 40 
Gas analysers’ linearity certificates ......................................................................................................... 43 

  

  



5 

LIST OF FIGURES 

Figure 1: photographs of test engine on the CFS aero Hawarden test stand (left), sampling probe and near-
field measurement cabinet (middle), and main measurement cabin (right) .............................................. 9 

Figure 2: Diagram of the top-level assembly (left) and support arrangements (right) used on CFS Aero test bed
 ...................................................................................................................................................................... 9 

Figure 3: schematic and spatial locations of the sampling probe with the equal area sampling points (front-
view left) and sample intake (side-view right) ........................................................................................... 10 

Figure 4: Simplified diagram of the full sampling and measurement system (note full details of the novel 
experiments setup is available in the SAMPLE IV Deliverable 3 report7) .................................................. 11 

Figure 5: Number concentration comparison between additional and EUR nvPM reference CPC behind the VPR 
of the EUR APC during a full engine curve when sampling the ALF502 ..................................................... 12 

Figure 6: Measured EI NOx during LF507 ‘shakedown’ testing highlighting equivalent T30 points of LTO 
reported values (datapoints intersecting with black dashed lines) ........................................................... 12 

Figure 7: Measured EI THC during LF507 ‘shakedown’ testing highlighting equivalent T30 points of LTO 
reported values (datapoints intersecting with black dashed lines) – 85% and 100% LTO points have EI THC 
~ 0 g/kg ....................................................................................................................................................... 13 

Figure 8: Measured EI CO during LF507 ‘shakedown’ testing highlighting equivalent T30 points of LTO reported 
values (datapoints intersecting with black dashed lines) – 85% and 100% LTO points have EI CO ~ 0 g/kg
 .................................................................................................................................................................... 13 

Figure 9: Measured (uncorrected) PM number concentrations (blue) and particle sizes (red) during LF507 
‘shakedown’ testing ................................................................................................................................... 14 

Figure 10: Engine T30 Vs Thrust for the LF507 (left) and ALF502 (right engines) ............................................. 14 

Figure 11:  Regulatory HC (left) CO (middle) and NOx (right) emission indices against thrust for different fuels 
on the LF507 and ALF502 ........................................................................................................................... 17 

Figure 12: Corrected raw CO2 emissions against thrust for different fuels on the LF507 and ALF502 ............ 18 

Figure 13: Measured Smoke number against thrust for the LF507 and ALF502 engines ................................. 18 

Figure 14: nvPM EI number (left) and EI mass (right) against thrust for the LF507 and ALF502 ...................... 19 

Figure 15: Loss-corrected nvPM EI number (left) and EI mass (right) emissions against thrust for the LF507 and 
ALF502 engines .......................................................................................................................................... 20 

Figure 16: Engine exit Geometric Mean Diameter (GMD) derived from a Grimm SMPS+C 5420 against thrust 
for the LF507 and ALF502 engines ............................................................................................................. 20 

Figure 17: Diagram of the dedicated INTA probe used during PW127G emissions testing .............................. 21 

Figure 18: Diagram (left) and picture (right) of the dedicated INTAO probe orientation towards the engine 
exhaust ....................................................................................................................................................... 22 

Figure 19 Diagram of the dedicated INTA probe length (left) and picture of probe mounted on the structure 
(right) .......................................................................................................................................................... 22 

Figure 20: Pictures of the INTA dedicated probe and structure with concrete ballast used to weight down the 
structure ..................................................................................................................................................... 23 

Figure 21: Diagram of the experimental set up used to measure the emissions of the PW127G .................... 24 

Figure 22: Pictures of a) Instruments located in the death box, b) Instruments located in the cabin, c) Heated 
lines ............................................................................................................................................................ 24 

Figure 23: Probe inlet temperature representing engine-exhaust temperature plotted against engine shaft 
power for three up and down curves ........................................................................................................ 26 

Figure 24: Timeseries of the PW127G shaft power on 18th October 2024 ....................................................... 27 



6 

Figure 25: CO2 measured on the raw probe (left) and diluted probe behind the 1st stage of the eDiluter pro 
(right) against engine shaft power ............................................................................................................. 29 

Figure 26: Fuel flowrate (left) and measured DF1 (right) against engine shaft power ...................................... 29 

Figure 27: PM number measured by the Grimm 5420 CPC behind the eDiluterTM 2nd stage plotted against the 
total number from the TSI SMPS behind the eDiluterTM 1st stage while sampling PW127G exhaust ....... 30 

Figure 28: Geometric Mean Diameter (left) and Particle Size distribution (right) measured by the SMPS at 
different engine power conditions while sampling PW127G exhaust ....................................................... 30 

Figure 29: total PM EI number derived from the SMPS (left) and from the CPC (right) ................................... 31 

Figure 30: PM EI mass derived from the SMPS ................................................................................................. 31 

Figure 31: nvPM EI number (left) and total PM to nvPM ratio (right) against shaft power ............................. 32 

Figure 32: Timeseries showing the shaft power (orange – left y-axis) and total and non-volatile PM CPCs 
measurements (blue and grey – right y-axis) ............................................................................................. 33 

Figure 33: nvPM mass (left) and number (right) emitted during the reference LTO for various small and non-
regulated engines ....................................................................................................................................... 35 

Figure 34: Maximum nvPM mass (measured x kthermo x DF1) for various small and non-regulated engines .... 35 

Figure 35: Engine exit plane nvPM GMD as a function of the ratio of regulatory system loss (SL) corrected nvPM 
number to mass (N/M) with Durdina et al. fit [13] (dashed lines represent 95% confidence intervals) .. 36 

 

LIST OF TABLES 

Table 1: Test points achieved during LF507 and ALF502 engines emission testing with their corresponding 
engine power ............................................................................................................................................. 15 

Table 2: Summary of fuel properties during LF507 and ALF502 engine emission testing ................................ 15 

Table 3: Regulatory gaseous and smoke emissions for the LF507 and ALF502 copied from the ICAO emissions 
databank (V30) ........................................................................................................................................... 17 

Table 4: Regulatory-equivalent nvPM EI emissions for the ALF 507 and 502 ................................................... 19 

Table 5: Dimensions and materials of the sample lines installed ..................................................................... 25 

Table 6: Flowrates and properties of the instruments used in the experimental campaign (flowrate was 
measured using a TSI 4140 flowmeter) ..................................................................................................... 26 

 

  



7 

LIST OF ABBREVIATIONS 

APC – AVL Particle Counter 

ASTM - American Society for Testing and Materials 

CAEP - Committee on Aviation Environmental Protection 

CPC – Condensation Particle Counter 

CS – Catalytic Stripper 

CU – Cardiff University 

DF – Dilution Factor  

DMA – Differential Mobility Analyzer 

DMS – Differential Mobility Spectrometer (Cambustion) 

EED – Engine Emission Databank (ICAO) 

EI – Emission Index 

EUR - European 

GMD – Geometric Mean Diameter 

GSD – Geometric Standard Deviation 

ICAO – International Civil Aviation Organization 

INTA – Instituto Nacional De Técnica Aeroespacial “Esteban Terradas” 

kSL – Size-dependent system loss correction factor 

LII – Laser Induced Incandescence 

LTO – Landing Take-Off cycle 

MSS – Micro Soot Sensor (AVL) 

NDIR – Non-Dispersive InfraRed 

nvPM – Non-Volatile Particulate Matter 

PM – Particulate Matter 

PSD – Particle Size Distribution 

RR – Rolls-Royce 

SAF – Sustainable Aviation Fuel 

SMPS – Scanning Mobility Particle Sizer 

SN – Smoke Number 

STP – Standard Temperature and Pressure 

TC – Thermocouple 

THC – Total unburnt Hydrocarbons 

VPR – Volatile Particle Remover 



8 

1. Introduction  

In light of the existing smoke number regulation not assuring the control of number concentrations of 
particulate matter (PM) emitted from large civil-aviation engines, as of CAEP/10 a new non-volatile PM (nvPM) 
mass regulatory limit for gas turbine engines with a rated thrust of >26.7 kN was adopted by ICAO in 2020.  
This regulatory nvPM limit was then further enhanced with the addition of an nvPM number standard, which 
was adopted in January 2023 (CAEP/11). 

However, as further discussed in the SAMPLE IV Deliverable 4 report1, at smaller EU airports there can often 
be significant relative utilisation (in terms of number of flights) of non-regulated engines (piston, Turboprop 
and turbofan <26.7 kN), with the analysis suggesting that this contribution is circa 34% of flights at Trondheim 
airport.  Non-regulated engines are commonly found in business jets, light regional aircraft, and military 
applications, and are currently only regulated for visible smoke, with no specific controls on gaseous or nvPM 
emissions. While their overall contribution to global aviation emissions is relatively modest, the use of these 
non-regulated engines is currently increasing, with their exact nvPM emissions remaining largely unquantified 
or predicted using data derived using non-standard measurement practices or from correlations to measured 
smoke number2.  

To increase understanding of real-world emissions from engines which are not detailed for nvPM in the ICAO 
Engine Emissions Databank (EED), either because they are legacy or do not meet the definition of thrust or 
technology to require regulation, the SAMPLE IV project measured the emissions from three available engines, 
namely a Honeywell ALF 502-R5 and 507-1H small turbofans (31 kN) and an non-regulated Pratt & Whitney 
PW127G turboprop engine.  Planning for these tests included pre-agreeing test cycles and sampling and 
measurement methodologies with EASA, which were adopted in order that representative regulatory 
emission index (EI) nvPM number and mass data could be practicably obtained, for the purpose of comparison 
to regulatory nvPM limits. 

To also offer ‘cost effective’ opportunities for other deliverables of the SAMPLE IV programme, concerned 
with smoke number correlations2, simplified/novel measurement of nvPM3 and fuel impact nvPM correction 
techniques4, additional parallel experimentation was conducted using the same sampling and measurement 
methodologies reported here, with the respective data reported in the relevant deliverable reports.  

2. nvPM Emissions Testing of Small Gas Turbine Engines   

As part of a wider test campaign, the engine-exit emissions of two Honeywell legacy turbofan engines, the 
ALF502-R5 and ALF507-1H, were measured at CFS Aero at Hawarden airport in the UK. Both engines are rated 
to 31 kN thrust and use reverse flow annular combustors, with the ALF502 equipped with one low-pressure 
compressor, whereas the LF507 has two low-pressure compressors. Both engines are just above the ICAO 
minimum rated thrust limit of 26.7 kN and therefore have regulatory values reported for smoke and gaseous 
emissions in the ICAO Engine Emissions Databank, but due to their legacy nature, they have not been certified 
for nvPM emissions. Given their power range, it is expected that the nvPM emissions will be similar in nature 
to slightly lower thrust non-regulated turbofan engines. 

 

 
1 SAMPLE IV Deliverable 4 report: https://www.easa.europa.eu/sites/default/files/dfu/sampleiv_-_d4.pdf 
2 SAMPLE IV Deliverable 6 report: https://www.easa.europa.eu/sites/default/files/dfu/sampleiv_-_d6_0.pdf 
3 SAMPLE IV Deliverable 3 report: https://www.easa.europa.eu/sites/default/files/dfu/sampleiv_-_d3.pdf 
4 SAMPLE IV Deliverable 7 report: https://www.easa.europa.eu/sites/default/files/dfu/sampleiv_-_d7.pdf 
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Figure 1: photographs of test engine on the CFS aero Hawarden test stand (left), sampling probe and near-field measurement cabinet 
(middle), and main measurement cabin (right) 

2.1. Experimental methods 

2.1.1. Sampling and measurement system 

As part of a wider test campaign, a dedicated exhaust probe was developed and manufactured by Scitek 
Consultants to allow ICAO certification-like emission sampling of the ALF502-R and ALF507-1H at the CFS Aero 
engine test facility. An equal area ‘piccolo’ type probe (10 mm tube with 1.5 mm wall) employing 21 (1 mm 
diameter) sampling points was manufactured, towards representative sampling of the exhaust.  The 21 equal 
area sampling points were distributed from the exhaust centreline to the upper wall of the exhaust duct as 
shown in Figure 2 and Figure 3. 

The probe was mounted within the engine exhaust jet pipe/nozzle (Figure 2), by modifying the part to include 
an upper and lower support boss which allowed for thermal expansion.  In discussions with EASA, it was agreed 
that this concept nominally adhered with the requirements of A16V2 [1], which specifies the probe should 
sample from within ½ a nozzle diameter, to ensure raw emissions are sampled with no entrainment of air. As 
can be seen in Figure 3, a tube-in-tube heat exchanger concept was designed and incorporated into the probe.  
The design included an exhaust ‘scoop’ in the lower half of the jet pipe/nozzle, which ensured the flow of hot 
exhaust gases around the internal sample line, which maintained the exhaust sample temperature as it passed 
through the cold bypass air. This design concept was employed to ensure compliance with the >145 °C exhaust 
sample temperature defined in A16V2 [1],  required to prevent condensation and PM thermophoretic loss 
before the sample is actively cooled in the ICAO-prescribed primary diluter stage. 

 

 

Figure 2: Diagram of the top-level assembly (left) and support arrangements (right) used on CFS Aero test bed 
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Figure 3: schematic and spatial locations of the sampling probe with the equal area sampling points (front-view left) and sample 
intake (side-view right)  

The outlet of the probe was connected to a Y-splitter feeding the EUR nvPM sampling and measurement 
systems dilution box and a Dekati eDiluterTM pro used to demonstrate additional ‘novel’ measurements (see 
SAMPLE IV deliverable 3 report5), as shown in Figure 4. All sample lines up to the EUR dilution box were 
insulated, to maintain the inlet sample temperature. Details of the EUR nvPM reference system can be found 
in the literature [2], [3], [4]. Briefly, regulatory gases (CO, NOx, THC) and smoke were measured using the raw 
gas line while regulatory nvPM number and mass were measured behind a Dekati DI-1000 diluter operated 
with nitrogen. Smoke Number (SN) was measured using a Chell CSM2001 analyser, sampling at a flowrate of 
14 Lpm in accordance with ARP1179D [5]. Due to time/cost constraints only one SN sample was taken at each 
LTO point, although ICAO [1] specifies that the number of samples at each engine operating condition shall 
not be less than 3. As discussed, the measured SN was also used in understanding smoke correlation data 
reported in the SAMPLE IV Deliverable 6 report6. Additional particle size measurements were made in parallel 
to regulatory nvPM using a Cambustion DMS500 and Grimm SMPS+C 5420. The engine testing was conducted 
September 2023, with the AVL MSS (nvPM mass) and APC (nvPM number) calibrated in February 2023, while 
all gas instruments (THC, NOx, CO2) linearised in July 2023, with the calibration and linearity certificates 
provided in the Appendix.  

DF1 varied between 8.1 – 13.1 over the six-days of testing, while the ambient temperature and relative 
humidity varied between 12-22°C and 47-94%, respectively. The engine exhaust temperature (TEGT), measured 
between the high- and low-pressure turbine rotors, varied from 127 °C, at sub-idle (<7%) thrusts, up to 600°C 
at maximum thrust conditions. Due to TEGT not always being >160°C and the collection section between the 
probe and the EUR dilution box being only passively heated by the core engine flow, this meant that T1, as 
newly defined in ARP6481A [6] (i.e., Splitter1 wall temperature), varied between 108 – 238°C. However, given 

 
5 SAMPLE IV Deliverable 3 report: https://www.easa.europa.eu/sites/default/files/dfu/sampleiv_-_d3.pdf 
6 SAMPLE IV Deliverable 6 report: https://www.easa.europa.eu/sites/default/files/dfu/sampleiv_-_d6_0.pdf 
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the EUR dilution box is heated, the aerosol entering the diluter was typically >145 °C, as measured by an 
additional thermocouple positioned between the EUR dilution box isolation valve and Diluter1 inlet (previous 
location of T1, with this temperature varying between 143 – 178°C, dependant on the thrust point being 
tested). 

 

Figure 4: Simplified diagram of the full sampling and measurement system (note full details of the novel experiments setup is 
available in the SAMPLE IV Deliverable 3 report7) 

Due to a rapid pressurisation of the EUR nvPM reference system sampling line during pretest shakedown 
measurements, as a result of an unexpected loss in power, the APC CPC was malfunctioning for the majority 
of the ALF502 and LF 507 tests as a result of Butanol being pushed through the CPC optics. Therefore, an 
additional CPC (TSI 3756 S/N: 3750185201/02) which meets the CPC specifications of ICAO A16V2 was 
positioned to sample in parallel, from the exhaust of the APC secondary diluter. 

At the end of the test campaign, following rigorous cleaning and drying of the internal APC CPC, its output 
concentration was compared to the external TSI CPC, with both sampling from the secondary APC diluter, to 
deduce a correction function for the employed CPC. This CPC ‘calibration’ data is displayed in Figure 5 (a), with 
a derived correction factor of 1/0.8961 applied to the additional CPC to derive a regulatory equivalent nvPM 
number for the whole test campaign.  

The undercounting of ~10% from the external CPC, when compared to the internal APC CPC could be explained 
by the additional sample path of ~1m causing additional diffusion loss, and the fact that the k-factor correction 
wasn’t applied by default to the additional CPC. Figure 5 (b) displays the size-dependent differences between 
the two CPCs, with the overall reduction in ratio being consistent with the additional diffusional loss in the 
additional sampling line and the up-trend < 15 nm likely caused by the higher counting efficiency of the 
external CPC at lower sizes (D90 of 10 nm Vs 15 nm respectively). Overall, the fluctuations do not exceed 1% 
between 15 – 40 nm GMD, therefore a single correction factor was deemed appropriate. 

It is noted that the performance of the EUR nvPM reference system CPC was further checked post-test to 
ensure the validity of the applied correction factor.  This performance check was conducted by comparing the 
EUR nvPM reference system CPC against the reference CPC of a national laboratory during a VPR penetration 
calibration in May 2024 (see SAMPLE IV deliverable 3 report7). This check highlighted that no long-term 
damage to the EUR nvPM refence system CPC had been sustained and the correction factor derived was 
traceable. 

 
7 SAMPLE IV Deliverable 3 report: https://www.easa.europa.eu/sites/default/files/dfu/sampleiv_-_d3.pdf 
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Figure 5: Number concentration comparison between additional and EUR nvPM reference CPC behind the VPR of the EUR APC during 
a full engine curve when sampling the ALF502 

2.1.2. Determination of ICAO-equivalent LTO points & Emissions Curves 

As agreed with EASA prior to the testing, LTO-equivalent test points were determined during a ‘shakedown’ 
test which was conducted on 15th September 2023 for the LF507 and 26th September 2023 for the ALF502 
engine. During this test the engine thrust was gradually increased in steps of 5-10%, up to maximum thrust 
and then decreased similarly back to ground idle. Suitably corrected measurements of CO, CO2 and NOx, 
obtained using the EUR nvPM sampling and measurement system were then plotted against combustor inlet 
temperature (T30), in order to derive LTO-equivalent engine powers by reading off equivalent T30 at the point 
the of reported EI for the given emissions species in the ICAO databank. This was considered suitable since 
ambient temperatures and pressures were close to ISA conditions (15 °C, 1 atm). The graphs of the NOx, CO 
and THC data used to determine the LTO equivalent points are given in Figure 6, Figure 7 & Figure 8 
respectively. 

 

Figure 6: Measured EI NOx during LF507 ‘shakedown’ testing highlighting equivalent T30 points of LTO reported values (datapoints 
intersecting with black dashed lines) 
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Figure 7: Measured EI THC during LF507 ‘shakedown’ testing highlighting equivalent T30 points of LTO reported values (datapoints 
intersecting with black dashed lines) – 85% and 100% LTO points have EI THC ~ 0 g/kg 

 

Figure 8: Measured EI CO during LF507 ‘shakedown’ testing highlighting equivalent T30 points of LTO reported values (datapoints 
intersecting with black dashed lines) – 85% and 100% LTO points have EI CO ~ 0 g/kg 

It was observed that there were slight discrepancies in the powers required to match EI NOx and other EIs at 
approach (30%), as such it was decided that two approach-type conditions would be measured in subsequent 
test days.   

As a check of nvPM emissions, DMS500 data was also recorded during the test sequence so as the overall 
trend of nvPM number emissions could be seen along with the witnessed particle sizes, as is shown in Figure 
9.  As is typical with larger engines, the particle sizes witnessed at higher powers are typically bigger, 
corresponding to higher mass loadings, even though the number concentration is seen to be dropping.  
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Figure 9: Measured (uncorrected) PM number concentrations (blue) and particle sizes (red) during LF507 ‘shakedown’ testing 

T30 equivalent temperatures for each of the LTO points (7, 30, 85 and 100%) were fixed to ensure consistency 
across repeated tests conducted on different days. A second order polynomial was fitted to the T30 versus 
thrust data for both engines, allowing thrust to be derived at any given T30, as shown in Figure 10. It is noted 
that an additional 4% thrust point was assumed at the lowest measured T30 to better constrain and improve 
the polynomial fit for converting T30 to thrust. 

 

Figure 10: Engine T30 Vs Thrust for the LF507 (left) and ALF502 (right engines) 
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power conditions against available fuel.  The test series was composed of up to 8 test points, driven on engine 
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same fuels).  
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Table 1. Each test point lasted at least 3 minutes to ensure stable emissions during the test point, with 
presented data derived from an average over a 30-second period from within the stable point. Smoke was 
taken on the LTO points on the down curve to ensure the engine was hot and stable. 
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Table 1: Test points achieved during LF507 and ALF502 engines emission testing with their corresponding engine power 

Test 
Point 

Label 
Approximate engine 

thrust [%] 

1 Ground idle 4-5 

2 Idle 6 

3 Taxi (LTO) 7 

4 Approach (LTO) 30 

5 Approach max NOx 40-45 

6 Cruise 70 

7 Climb (LTO) 85 

8 Take-off (LTO) 100 

2.1.3. Fuels tested 

The two Jet A fuels used for this testing were analysed by independent laboratories using ASTM approved 
methods, with the main properties summarised in Table 2, along with the allowable range of values specified 
by ICAO in Appendix 4 of A16V2 [1] for engine certification testing. Jet A (1) falls within the ICAO specifications 
for all measured properties. It is noted that although Jet A (2) meets the ASTM aromatics content allowance 
(<25%), it is just below the lower limit (13.5% Vs 15%) of permissible aromatics prescribed for engine 
certification testing. 

Table 2: Summary of fuel properties during LF507 and ALF502 engine emission testing 

Property 
Method 

used 
Jet A 
(1) 

Jet A 
(2) 

ICAO Allowable 
range of values 

Density at 15°C [kg/m3] D4052 795.2 796.6 780-820 

Distillation temperature 
10% boiling point [°C] 

D86 162.4 167.9 155-201 

Distillation temperature 
final boiling point [°C] 

D86 238.7 266 235-285 

Net heat of combustion 
[MJ/kg] 

IP12 or 
D3338* 

43.189* 43.18 42.86-43.50 

Aromatics content 
[%v/v] 

D1319 18.6 13.5 15-23 

Sulphur [ppm mass] 
D4294 or 
D5453* 

320* <270 < 3000 

Hydrogen content 
[%m/m] 

D3343 13.75 14.03 13.4-14.3 
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2.1.4. Data processing 

The measured raw gaseous emissions were corrected and converted to Emission Indices (EIs) as specified in 
ARP1533C [7] and Attachment B in A16V2 [1] to account for water vapour, O2 broadening, interference and 
conversion efficiency of the NOx analyser. Given the THC analyser (Signal 3000HV) was calibrated on propane 
equivalence, it reported measured unburnt hydrocarbons in ppmC3, therefore the measured values were 
multiplied by three to report in ppmC. The NOx analyser (Signal 4000VM) was configured to measure total 
NOx during this study, hence there is no speciation of NO and NO2 in this data. 

The measured nvPM number and mass concentrations were corrected and converted to EIs as specified in 
ARP6320A [8] and Appendix 7 in A16V2 [1] with the equations shown below. The fuel hydrogen to carbon ratio 
(𝛼) was derived from the fuel hydrogen content measured by laboratories following the ASTM D3343 method, 
as detailed in Table 2. The thermophoretic loss correction factor kthermo was calculated using TEGT. 

 

In this study a fuel composition correction (kfuel) has not been applied.  Given the very close agreement of the 
Jet A (1) fuel to the reference fuel hydrogen content of 13.75% compared to 13.8% (see Table 2), then 
correction would not meaningfully correct the reported EI’s beyond the measurement uncertainties of the 
fuel analysis and nvPM measurements. Further details of this impact on this data are presented in the SAMPLE 
IV Deliverable 7 report8. 

2.2.  LF507-1H and ALF502-R5 Emissions Results 

2.2.1. Gaseous and Smoke Emissions 

The regulatory gaseous EI emissions from the LF507 and ALF502 when burning two Jet A fuels are reported in 
Figure 11. As would be expected, and in agreement with the shakedown testing, EI HC and EI CO decrease with 
increasing engine power as the combustion efficiency increases, while EI NOx increases with increasing engine 
power indicative of a higher combustion temperature (i.e., T30). As would also be expected, given the very 
similar net heat of combustion and fuel hydrogen contents, the different fuels display similar gaseous 
emissions within measurement uncertainty. These results are in line with the literature [4], [9] and agree with 
the emissions reported in the ICAO emission databank [10] at the LTO points for these engine types (see Table 
3). 

 

 
8 SAMPLE IV Deliverable 7 report: https://www.easa.europa.eu/sites/default/files/dfu/sampleiv_-_d7.pdf 
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Figure 11:  Regulatory HC (left) CO (middle) and NOx (right) emission indices against thrust for different fuels on the LF507 and 
ALF502 

Table 3: Regulatory gaseous and smoke emissions for the LF507 and ALF502 copied from the ICAO emissions databank (V30)  

Engine 
Identification 

B/P Ratio 
Pressure 

Ratio 
Rated 

Thrust (kN) 
HC EI T/O 

(100%) (g/kg) 
HC EI C/O 

(85%) (g/kg) 
HC EI App 

(30%) (g/kg) 
HC EI Idle 
(7%) (g/kg) 

LF507-1F, -1H 5.1 13 31 0.01 0.01 0.12 4.72 

 

CO EI T/O 
(100%) (g/kg) 

CO EI C/O 
(85%) (g/kg) 

CO EI App 
(30%) (g/kg) 

CO EI Idle 
(7%) (g/kg) 

0.2 0.3 4.43 37.83 

NOx EI T/O 
(100%) (g/kg) 

NOx EI C/O 
(85%) (g/kg) 

NOx EI App 
 (30%) (g/kg) 

NOx EI Idle  
(7%) (g/kg) 

14.52 12.02 6.39 3.28 

 

SN Max SN 
T/O (100%) 

SN T/O (100%) 
SN C/O 
(85%) 

SN App 
(30%) 

SN Idle 
(7%) 

10.6 10.3 10.2 6.9 6.8 

 
HC EI T/O 

(100%) (g/kg) 
HC EI C/O 

(85%) (g/kg) 
HC EI App 

(30%) (g/kg) 
HC EI Idle 
(7%) (g/kg) 

ALF 502R-5 5.6 12 31 0.06 0.05 0.22 5.39 

 

CO EI T/O 
(100%) (g/kg) 

CO EI C/O 
(85%) (g/kg) 

CO EI App 
(30%) (g/kg) 

CO EI Idle 
(7%) (g/kg) 

0.3 0.25 7.1 40.93 

NOx EI T/O 
(100%) (g/kg) 

NOx EI C/O 
(85%) (g/kg) 

NOx EI App 
 (30%) (g/kg) 

NOx EI Idle  
(7%) (g/kg) 

13.35 10.56 6.6 3.78 

 

SN Max SN 
T/O (100%) 

SN T/O (100%) 
SN C/O 
(85%) 

SN App 
(30%) 

SN Idle 
(7%) 

15.4 13.5 12.7 5.7 2.3 
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The raw CO2 emissions measured and corrected as per A16V2 [1], are presented in Figure 12. As would be 
expected at the higher fuel flows witnessed at higher thrusts, an increase in CO2 is witnessed corresponding 
with a reduced Air-to-fuel ratio.  

  

Figure 12: Corrected raw CO2 emissions against thrust for different fuels on the LF507 and ALF502 

Smoke Number (SN) measurements are displayed in Figure 13 for the two fuels investigated, again noting that 
only one measurement was taken at each LTO test point during the down-curves. SN is seen to typically 
increase with power for both engines, in line with the nvPM mass trends reported later in section 2.2.2. 
Although, for the LF507, SN was found to be higher at 7% than at 30% for the Jet A (1) case, which is likely 
associated with the measurement uncertainty. These SN trends are in line with the nvPM mass trends reported 
in section 2.2.2.  

As can be seen in Figure 13, the measured SN are compared to the reported SN values from ICAO emissions 
databank (see Table 3).  It is noted that the first test fuel, Jet A (1), had a similar H/C ratio to the data reported 
in the emissions databank (1.93), as such it would be expected that similar SN’s would be measured. To aid 
comparison, error bars of ±3 are added to the measured SN values in Figure 13, representing the achievable 
precision of SN [5]. It is seen that the measured and ICAO emissions databank SN follow the same trends for 
both engines, with the data reported in the databank typically higher than the SN’s measured during this 
campaign, but generally within the reported uncertainty of measurement.   

 

Figure 13: Measured Smoke number against thrust for the LF507 and ALF502 engines 

7 30 85

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

0 50 100

R
aw

 C
O

2
[%

]

Thrust [%]

Jet A (1) 507

Jet A (2) 507

jet A (1) 502

Jet A (2) 502

7 30 85

0

2

4

6

8

10

12

14

16

18

0 50 100

Sm
o

ke
 N

u
m

b
e

r

Thrust [%]

Jet A (1) 507
Jet A (2) 507
507 ICAO
jet A (1) 502
Jet A (2) 502
502 ICAO



20 

2.2.2. nvPM Emissions 

EI nvPM number and mass as specified by ICAO A16V2 [1] are presented in Figure 14. For both engines, the 
maximum nvPM EI number emissions occur at the lowest thrust, decreasing to reach a minimum at the highest 
thrusts measured. As can be seen, particularly in the case of the LF507, the nvPM EI mass displays a U-shape, 
with emissions first decreasing from low to mid thrust and then increasing again. For the 507, the maximum 
nvPM EI mass occurs at the lowest sub idle powers, indicative of the inefficiencies witnessed at these points 
as supported by the elevated EI HC and EI CO emissions also witnessed (Figure 11). However, in the case of 
the ALF502 the maximum nvPM EI mass was witnessed at the highest measured power.  

The typically lower nvPM EI emissions with Jet A (2) when compared to Jet A (1) can be attributed to its higher 
hydrogen content (14.03 Vs 13.75% - see Table 2), in line with the literature [3], [4], [11]. 

   

Figure 14: nvPM EI number (left) and EI mass (right) against thrust for the LF507 and ALF502 

Additionally, the certification-equivalent nvPM EI number and mass data for the LF507 and ALF502 taken with 
Jet A (1) during the down curve is provided below in Table 4. Jet A (1) was selected given its hydrogen content 
is closest to the ICAO reference of 13.8% and it meets the aromatic content requirements of certification fuel 
[1].  

Table 4: Regulatory-equivalent nvPM EI emissions for the ALF 507 and 502  

Engine 
Identification 

nvPM EImass 
T/O (mg/kg) 

nvPM EImass 
C/O (mg/kg) 

nvPM EImass 
App (mg/kg) 

nvPM EImass 
Idle (mg/kg) 

nvPM EImass 
Max (mg/kg) 

LF507-1H 48.1 48.5 26.4 18.9 58.1 

ALF 502R-5 71.7 51.1 12.1 7.2 71.7 

 
nvPM EInum 
T/O (#/kg) 

nvPM EInum 
C/O (#/kg) 

nvPM EInum 
App (#/kg) 

nvPM EInum 
Idle (#/kg) 

nvPM EInum 
Max (#/kg) 

LF507-1H 3.33E+14 3.65E+14 8.85E+14 1.35E+15 2.11E+15 

ALF 502R-5 4.98E+14 5.32E+14 5.36E+14 7.52E+14 1.17E+15 

 

Regulatory nvPM EI emissions are corrected for thermophoretic losses in the collection section; However, they 
do not currently account for size-dependent losses within the sampling and measurement system (see SAMPLE 
IV Deliverable 3 report9). Utilising the measured-PSD-based system loss correction methodology (PSDB) 

 
9 SAMPLE IV Deliverable 3 report: https://www.easa.europa.eu/sites/default/files/dfu/sampleiv_-_d3.pdf 
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discussed in SAMPLE IV Deliverable report 38 and Durand et al. [12], and applying it to the EI’s reported above, 
the engine exit nvPM EI number and mass emissions for the LF507 and ALF502 are given in Figure 15.  

The fully loss-corrected EI data exhibit similar shapes as the regulatory EI data, with higher concentrations, 
particularly at low thrust. The decrease in nvPM number and increase in nvPM mass with increasing power is 
explained by the increase in nvPM size, as shown in  Figure 16, meaning there are fewer larger particles as the 
engine power increases. 

  

Figure 15: Loss-corrected nvPM EI number (left) and EI mass (right) emissions against thrust for the LF507 and ALF502 engines 

 

Figure 16: Engine exit Geometric Mean Diameter (GMD) derived from a Grimm SMPS+C 5420 against thrust for the LF507 and ALF502 
engines 
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3. Emissions Testing of Non-regulated Turboprop engine 

A PW127G fitted on an Airbus C-295 aircraft was tested at INTA facilities, Madrid Spain in October 2024. The 
PW127G is a turboprop engine developed by Pratt & Whitney Canada, and part of the PW100 series. It is 
designed to deliver a maximum mechanical power output of 2,130 shaft horsepower and, given it is a 
turboprop, is currently non-regulated in terms of emissions. 

3.1. Experimental methods 

3.1.1. Sampling and measurement system 

3.1.1.1. Probe design 

In consultation with EASA, a dedicated probe was designed to measure the emissions of the PW127G at INTA. 
It consisted of two single-point probes (internal diameter 8 mm, thickness 1 mm) mounted within a larger pipe 
(internal diameter 40 mm, thickness 2mm), as shown in Figure 17.   

The outer pipe was designed to act as a heat exchanger, ensuring the flow of hot exhaust gases over the inner 
sampling probes, to maintain their internal gas temperatures. All components were made of stainless steel 
316L. The probe was fitted with a thermocouple at the bottom of the probe tip to record a probe-inlet exhaust 
temperature, firstly necessary to determine whether the probe was in the engine exhaust gas stream, and to 
afford PM thermophoretic loss estimations. A second thermocouple was fitted near the probe outlet at a 
location between the inner tubes.  This temperature was recorded to monitor the exhaust aerosol 
temperature before reaching the dilution system.  

 

Figure 17: Diagram of the dedicated INTA probe used during PW127G emissions testing 

The probe was bent at a 71° angle to allow for representative sampling from the exhaust nozzle of the PW127G 
engines which are oriented at 19° down from the horizontal, as can be seen in Figure 18.  
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Figure 18: Diagram (left) and picture (right) of the dedicated INTAO probe orientation towards the engine exhaust 

The probe was 2170 mm long and mounted on a ‘heavy-weight’ structure that allowed it to be adjusted up 
and down depending on the sampling position required, as depicted in Figure 19. Once set, the probe 
remained in the same position for the duration of the tests. A cabinet, which was manufactured as part of the 
base of the probe-mount structure, was also used to house some of the measurement instruments close to 
the engine exit. 

  

 

Figure 19 Diagram of the dedicated INTA probe length (left) and picture of probe mounted on the structure (right) 

The probe was fixed to the structure via a reinforced stainless-steel beam to minimise vibrations and to 
provide rigidity to the probe. To resist any axial movement when subjected to the thrust from the engine, the 
structure was supported with 4000 kg of concrete ballast. Figure 20 shows pictures of the structure prior to 
the test. 

19 º

71 º

71 º
21

70

a)
b)



24 

 

Figure 20: Pictures of the INTA dedicated probe and structure with concrete ballast used to weight down the structure 

It is noted that although the probe was designed to sit within the exit of the engine exhaust nozzle, during the 
engine emissions testing the probe was actually located 15 cm away from the engine-exit plane, at the request 
of the aircraft owner to ensure there was limited risk of damage to the aircraft’s engine/exhaust should the 
aircraft suddenly move and make contact the stationary test probe. 

3.1.1.2. Sampling system  

Due to technical and planning issues associated with transporting and using the EUR or Swiss reference nvPM 
system for the PW127G testing, a non-compliant ‘novel’ sampling and measurement system as demonstrated 
on the aforementioned LF507 and ALF502 test was developed, with further details of these ‘novel’ 
measurements detailed in the SAMPLE IV deliverable 3 report10.  

A schematic of the sampling and measurement system used during the PW127G test is given in Figure 21. As 
can be seen, one of the probe outlets was directly connected to the CO2/CO analyser (Emerson) using a 25 m 
heated line maintained at 60 °C to supress condensation, with a back purge installed to prevent probe 
contamination during engine startup and shutdown. The second probe outlet was connected to a Dekati 
eDiluterTM pro via a heated line set at 160°C in accordance with ICAO Annex 16 Volume II appendix 7. Following 
calculations of expected emissions, the eDiluterTM pro was set to dilute at 15:1 in the 1st stage (heated at 60°C) 
and 150:1 in the second stage (cold) with nitrogen gas used to minimise the nucleation of water/volatiles, 
whilst also trying to maintain the CPCs in single count mode.  

Some of the emissions measurements were performed behind the first heated stage of the eDiluterTM pro 
(15:1 dilution), namely PSD using a TSI SMPS, located inside the aforementioned cabinet at the base of the 
probe stand, and an Artium LII-300 to measure nvPM mass, and a LI-COR 850 (pressure compensation control 
between 50 – 110 kPa) to measure diluted CO2, which were connected to the dilution stage using a 25m heated 
line set at 60°C.  Additionally aerodynamic size was also measured using a Dekati ELPI+ in parallel with the LII-
300 and LI-COR 850. 

The TSI SMPS was composed of a nano-DMA (model 3085), a CPC (model 3775 with a D50~4 nm and D90~10 
nm), a classifier (model 3082) and a radioactive neutraliser (model 3088). Due to the limited space available 
in the probe stand cabinet, the SMPS CPC was located on top of the nano-DMA, with a tube length of 75 cm 
connecting them. Additionally, number concentrations were measured using CPCs (i.e., Grimm CPC 5421 (with 
catalytic stripper) and 5420, respectively) sampling behind the second stage of the eDiluter pro (150:1 dilution) 
to remain in single-counting mode.  

To meet the definition of nvPM, as per ICAO A16V2 [1], the nvPM CPC was fitted with a Catalytic Instruments 
catalytic stripper heated at 350°C to ensure volatile removal. Pictures of instruments and heated sampling 
lines can be found in Figure 22. 

 
10 SAMPLE IV Deliverable 3 report: https://www.easa.europa.eu/sites/default/files/dfu/sampleiv_-_d3.pdf 
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It is noted that both CO2 instruments were spanned with Zero and span gas at the start of the testing, using a 
4% and 4000 ppm CO2 span gas for the raw and diluted CO2 analysers respectively.  

 

Figure 21: Diagram of the experimental set up used to measure the emissions of the PW127G 

 

 

Figure 22: Pictures of a) Instruments located in the death box, b) Instruments located in the cabin, c) Heated lines 

Details of the sample line dimensions and materials used to connect the different instruments are listed in 

Table 5.  The flowrates and main characteristics for the instruments used during these tests are given in 

Table 6. 
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Table 5: Dimensions and materials of the sample lines installed 

Devices connected Material Internal 
Diameter(mm) 

Length (cm) 

Probe – Emerson 
Stainless steel 8 2500 

Teflon tubing 6 202 

Probe – eDiluter Stainless steel  8 200 

eDiluter – CPC 5420 

Conductive tubing 11(0.44’’) 4 

Conductive tubing 8 (0.31’’) 4 

Conductive tubing 5 (0.19’’) 78 

eDiluter – CPC 5421 

Conductive tubing 11(0.44’’) 4 

Conductive tubing 8 (0.31’’) 4 

Conductive tubing 5 (0.19’’) 78 

eDiluter - NanoDMA 

Stainless steel 10 14 

Stainless steel 6.35 (1/4’’) 14 

Conductive tubing 5 (0.19’’) 65.2 

eDiluter – S1 

Stainless steel 10 14 

Stainless steel 6.35 (1/4’’) 14 

Stainless steel 10 2500 

S1 – ELPI+ 

Conductive tubing 11(0.44’’) 510 

Conductive tubing 8 (0.31’’) 7.9 

Conductive tubing 5 (0.19’’) 4.8 

S1 – LII 

Conductive tubing 11(0.44’’) 3 

Conductive tubing 8 (0.31’’) 52 

Conductive tubing 5 (0.19’’) 10.9 

S1 – S2 
Conductive tubing 8 (0.31’’) 4.9 

Conductive tubing 5 (0.19’’) 70.2 

S2 – LI-COR 

Conductive tubing 4.7(0.44’’) 4.7 

Conductive tubing 68 (0.31’’) 68 

Conductive tubing 15 (0.19’’) 15 

S2 – MFC 
Conductive tubing 4.7(0.44’’) 2.9 

Conductive tubing 68 (0.31’’) 96 
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Table 6: Flowrates and properties of the instruments used in the experimental campaign (flowrate was measured using a TSI 4140 
flowmeter) 

Instrument Parameter Theoretical 
Flowrate 
(L/min) 

Max. 
Concentration 
(single count 

mode) 

Detection 
limits 

Measured 
Flowrate 
(L/min) 

CPC 5420 nvPM number 0.3 1.5E5 #/cm3 4 nm 0.29 

CPC 5421 tPM number 0.3 1.5E5 #/cm3 4 nm 0.29 

SMPS PM size 0.3 >1E6 #/cm3 4-250 nm 0.26 

Emerson (CO2) CO2 4 4 % 1.5 ppm 3.85 

LI-COR 850 (CO2) CO2 0.75 2% 1.5 ppm 0.68 

ELPI+ PM size 10 8E7 #/cm3 6 nm – 10 µm 9.67 

LII nvPM mass 4 100 mg/m3 1 µg/m3 4.35 

 

The ambient temperature during the test, which happened on the 18th of October 2024, fluctuated between 
10-15 °C. The probe inlet thermocouple recorded engine-exhaust temperatures from 20°C of up to 391°C, as 
shown in Figure 23. This suggests that the 15 cm offset of the probe resulted in sampling propellor-diluted 
exhaust at ≤50% shaft power, except on the up-cycle of curve 1 (see details on the test matrix in section 3.1.2).  
This discrepancy between curve 1 and later curves is indicative that either the aircraft, probe or thermocouple 
slightly moved during curve 1. It is again noted that the thermocouple was located at the bottom of the probe, 
meaning it could be subject to the propeller wash while the raw gas and PM probe inlets, which are a few 
centimetres higher, may still be sampling core exhaust. 

 

Figure 23: Probe inlet temperature representing engine-exhaust temperature plotted against engine shaft power for three up and 
down curves 

3.1.2. Test Matrix 

Following discussion with the relevant technical experts at EASA an engine test matrix was agreed, whereby 
the aircraft engine was cycled through an up-and-down cycle, starting at a low shaft power ramping up to 
100% in power increments of 10-15%.  The actual test curves tested are shown in Figure 24, highlighting that 
the lowest power achievable on the day was 3% and that three up-down curves were performed. It is seen 
that curve 1 was the longest, with tests conducted at 10 engine power levels, whereas curve 2 only 
incorporated 7 powers, and the final curve 3 could only achieve 5 powers due to time and fuel constraints. 
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The normalised shaft power presented here is defined as the product of the normalised torque and the 
normalised high-pressure spool speed (NH), with all values then presented as a percent of maximum shaft 
power.  

While the actual shaft power is proportional to the product of torque and rotational speed, since both values 
are already normalised, their product directly gives a normalized (percentage) shaft power. 

 

Figure 24: Timeseries of the PW127G shaft power on 18th October 2024 

3.1.3. Data processing 

As the first stage of the data analysis, all the instruments measuring emissions and the engine log data were 
first aligned temporally (to adjust for offsets in sampling time, internal clocks etc.), by peak matching. Once 
the datasets were satisfactorily aligned, 1-minute stable test points were selected within the 3-4 minutes 
steady state engine condition. The SMPS PSD scan was set for 50 seconds (with a 10 second retrace time) at 
an aerosol flow of 0.3 Lpm and a sheath to aerosol flow ratio of 5:1. Given the PW127G is a turboprop engine, 
instead of nominal thrust (%) as is used for regulated engines, the correlating engine parameter used in these 
results is that of engine shaft power. As discussed, it was calculated as the product of the engine torque and 
the high-pressure spool speed (NH).  

Given the novel sampling and measurement system used, the PM EI, which were derived from the simplified 
regulatory nvPM EIs [8], were calculated as followed: 

𝑃𝑀 𝐸𝐼𝑛𝑢𝑚[#/𝑘𝑔𝑓𝑢𝑒𝑙] =
22.4 × 𝑃𝑀𝑛𝑢𝑚_𝑆𝑇𝑃 × 1012

 ([𝐶𝑂2]𝑑𝑖𝑙1 −
[𝐶𝑂2]𝑏

𝐷𝐹1
) (𝑀𝑐 + 𝛼𝑀𝐻)

× 𝑘𝑡ℎ𝑒𝑟𝑚𝑜 

 

𝑃𝑀 𝐸𝐼𝑚𝑎𝑠𝑠[𝑚𝑔/𝑘𝑔𝑓𝑢𝑒𝑙] =
22.4 × 𝑃𝑀𝑚𝑎𝑠𝑠_𝑆𝑇𝑃

 ([𝐶𝑂2]𝑑𝑖𝑙1 −
[𝐶𝑂2]𝑏

𝐷𝐹1
) (𝑀𝑐 + 𝛼𝑀𝐻)

× 𝑘𝑡ℎ𝑒𝑟𝑚𝑜 

 

Where PMnum_STP is the number concentration reported from either CPC5420 (tPM), CPC5421 (with buit-in, 
internal, catalytic stripper - nvPM) or SMPS (tPM) at STP, PMmass_STP is the mass concentration from either 
measured LII-300 (nvPM) or derived from the SMPS (volume x assumed effective density – tPM) at STP,  
[CO2]dil1 is gas concentration of CO2 at the 1st eDiluterTM pro stage in ppm, [CO2]b is the background CO2 level 
in ppm (measured at ~450 ppm by the LI-COR 850), DF1 is the 1st eDiluterTM pro stage dilution factor, MC is the 
molar mass of carbon (12.01 g/mol), MH is the molar mass of hydrogen (1.008 g/mol), α is the fuel H/C content, 
and kthermo the thermophoretic loss correction factor in the collection section.  
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Given the fuel H/C wasn’t directly measured for the fuel in the aircrafts fuel tanks, a value of 1.93 for α was 
used as it represents the average for Jet A aviation fuels (i.e., FHC of 13.8%). kthermo ranged between 1 and 1.18 
for this test campaign and was calculated using the probe inlet and outlet temperatures.  Standard 
temperature corrections were applied to the CPC 5420, CPC 5421 and SMPS number and mass concentration 
given they are calibrated and report at 21.1°C (correction of 294.25/273.15=1.08). 

When using the CPC 5240 and 5421 number concentration to calculate EIs, an additional dilution-correction 
factor of 10 is applied to correct for the difference in dilution between the 2nd and 1st Ediluter stage, from 
which the diluted CO2 measurement was made. Also, when using the CPC 5240 (nvPM) specifically, additional 
losses in the catalytic stripper were also corrected for, using previous empirically derived size dependant loss 
factors. 

The PM mass from the SMPS was derived by converting the measured number-space particle size distribution 
into volume space with sphericity assumed, fitting a lognormal distribution to it, and integrating to calculate 
a total volume undersize. The mass was then derived by multiplying the total volume by a particle effective 
density, which was deduced using the density correlation, formulated empirically across many gas turbine 
engines, proposed by Durdina et al. [13]. 

It is noted that the PM EIs as calculated above are expected to be comparable to fully loss-corrected (i.e., with 
kSL) EIs given the much shorter sample line length, and therefore negligible size-dependent losses in this novel 
sampling and measurement system.  Hence, to provide a prediction of ICAO defined nvPM EI, kSL number and 
mass for the additional sampling lines and VPRs must be deducted to result in the relatively lower EI’s that 
would be expected at the end of a compliant sampling system.  

3.2. Emissions Results 

3.2.1. Gaseous emissions  

The raw and diluted CO2 are shown in Figure 25 against engine shaft power. As can be seen the CO2 steadily 
increased with engine power up to ~55% shaft power and then stabilises, even though the fuel consumption 
steadily increases up to 100%, as can be seen in Figure 26Figure 25. This trend is different to that typically 
noted for turbofans (Figure 12). This suggests that from >55% shaft power, the AFR of the combustor remains 
relatively constant. 

Significant scatter is observed for the diluted CO2 < 30% shaft power, indicating that the emissions probe, 
located 15 cm from the exhaust nozzle, was maybe sampling at the boundary of the core exhaust, while the 
spatially higher “raw CO2” probe was likely still sampling at the core exhaust.  

This is further highlighted in Figure 26 (b) reporting the measured 1st stage eDiluterTM dilution ratio (i.e., DF1); 
For shaft powers >40%, the measured DF1 is around 14:1, in-line with the eDiluterTM setting, and in compliance 
with A16V2. For shafts powers <40%, the measured DF1 fluctuates between 15 and 35, suggesting both probes 
are not sampling the same exhaust, if it is assumed that the eDiluterTM pro is remaining constant, as it was 
shown to do in the earlier LF507/ ALF502 testing. 
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Figure 25: CO2 measured on the raw probe (left) and diluted probe behind the 1st stage of the eDiluter pro (right) against engine shaft 
power 

 

Figure 26: Fuel flowrate (left) and measured DF1 (right) against engine shaft power 

3.2.2. PM emissions  

The PM (tPM) emissions as measured by the SMPS sampling behind the 1st dilution stage (in parallel to the 
diluted CO2 measurement) and the 5420 CPC behind the 2nd dilution stage, were first compared, as shown in 
Figure 27. As can be seen, the instruments trend linearly, with a measured ratio of approximately 7:1, while a 
ratio of 10:1 was expected in theory (i.e., difference between 1st and 2nd stage dilution 15:1 and 150:1). This 
ratio suggests that either the SMPS is counting less than expected by approximately 40%, or that the 2nd 
dilution stage is not diluting as much as expected. Some of the scatter around the trendline can be attributed 
to the fact that the SMPS PSD requires a 1-minute scan, while the CPC records at 1 Hz, with the processed test 
points not precisely matching the SMPS scan times. 
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Figure 27: PM number measured by the Grimm 5420 CPC behind the eDiluterTM 2nd stage plotted against the total number from the 
TSI SMPS behind the eDiluterTM 1st stage while sampling PW127G exhaust 

The measured GMD and PSD from the SMPS are presented in Figure 28, which shows an increase in size from 
ground idle to ~30% shaft power, and then similar PSDs shapes at varying amplitudes, with a GMD around 57 
nm and a GSD around 1.78 at the higher shaft powers.  This finding is maybe in agreement with the CO2 
emissions presented earlier (Figure 25), which suggested that the combustor AFR was remaining somewhat 
stable at higher powers. 

 

Figure 28: Geometric Mean Diameter (left) and Particle Size distribution (right) measured by the SMPS at different engine power 
conditions while sampling PW127G exhaust 

The total EI number emissions, calculated and corrected to STP as described in section 3.1.3, are shown in 
Figure 29 for both the SMPS and CPC. EIs from both instruments display the same trend, with maximum 
emissions at low idle, decreasing sharply at flight idle and then a slight bell curve as shaft power increases.  
Overall total EI number ranges from about 1E15 up to 7E15 particles/kg fuel, similar to the reported EI number 
emissions for another turboprop engine reported in the literature [14] and within the range of regulatory 
nvPM EI emissions from the ICAO emission databank [10]. 
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Figure 29: total PM EI number derived from the SMPS (left) and from the CPC (right) 

PM EI mass was also derived from the SMPS PSD measurement. The number-space PSD was converted into 
mass-space assuming an average particle effective density of 1.03 g/cm3. This density was calculated using the 
fit from Durdina et al. [13] and minimising the N/M ratio. Given the maximum measured particle size 
achievable by the SMPS configuration used was 241.4 nm, and therefore didn’t capture the full volume-space 
PSD, a single lognormal fit was used to derive the volume-space based PSD and hence derive the total mass.  

The resultant PM EI mass, reported in Figure 30, exhibits a similar behaviour to PM EI number, with a maximum 
at ground idle, and then a more pronounced bell shape with increasing shaft power. The SMPS-derived EI mass 
ranged from approximately 90 up to 1300 mg/kg of fuel, a relatively high value when compared to modern 
turbofan data which typically report nvPM EI mass’ ranging between 0.6 to 292 mg/kg of fuel [15], [16], [17], 
[18], [19], [20], [21].  However, it is noted that these derived EI mass’ are in generally in agreement with 
reported EI mass emissions for less efficient turboprop (~1500-4000 mg/kg of fuel [14]), turboshaft (~200-600 
mg/kg of fuel [9]), and APU  (~100-800 mg/kg of fuel [3]) engines. 

 

Figure 30: PM EI mass derived from the SMPS  
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3.2.3. Non-volatile PM emissions  

nvPM EI number emissions, calculated from the CPC with additional catalytic stripper (CS), following correction 
to STP (as described in section 3.1.3) and size dependant loss correction through the CS, are presented in 
Figure 31 (a). The nvPM EI number is seen to steadily decrease with increasing power and ranged from 7E13 
to 2.5E15 particles/kg of fuel. It is noted that these values are relatively low when compared with the literature 
(turboprop ~3E15 to 11E15 particles/kg of fuel [14], turboshaft ~3E15 to 7E15 particles/kg of fuel [9]), and 
APU  ~2E15 to 7E15 particles/kg of fuel [3]), suggesting that either the nvPM CS-CPC was malfunctioning or 
that the measured engine-exit emissions constituted a high fraction of volatile PM (e.g., oil).  

This is further substantiated by the tPM/nvPM ratio ranging from ~4 to 28 (Figure 31 (b)). The tPM to nvPM 
difference is further depicted in the timeseries plot in Figure 32, showing both CPCs responding at the same 
time to changes in the sampled aerosol, with a larger difference at high shaft power and a smaller difference 
at the lowest shaft power.  

It should be noted that following this observation additional post-test laboratory testing was undertaken 
comparing the nvPM CS-CPC to the tPM CPC and the EUR nvPM reference system on a range of laboratory-
generated proxy particles to check the CS-CPCs functionality.  The conclusion of this additional testing was 
that the CS-CPC was working as expected, with a tPM/nvPM ratio of <1.3 when sampling nebulised aircraft 
soot, likely stemming from uncertainty in the CPC counting efficiency and CS loss correction. 

 

Figure 31: nvPM EI number (left) and total PM to nvPM ratio (right) against shaft power 
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Figure 32: Timeseries showing the shaft power (orange – left y-axis) and total and non-volatile PM CPCs measurements (blue and 
grey – right y-axis) 

Unfortunately, no nvPM EI mass emissions are reported, as the LII-300 didn’t measure any signal during the 
engine emissions test. The sample flow rate was checked prior to the test, and the manufacturer (Artium) 
confirmed that there were no indications of an issue in the signals, laser fluence, or other operational 
parameters. Small changes of internal temperatures and pressures within the instrument may indicate that 
there was a change in sample flow through the instrument during the test. The absence of a measured nvPM 
mass likely suggests that no sample was reaching the LII-300 sample cell.  However, other theories could 
explain this result such as the emissions being composed of volatiles/organics, which are not measured by 
laser induced incandescence. 

To investigate this further, during an additional laboratory trial following the engine test, the INTA LII-300 was 
compared against both the LII-300 and MSS from the EUR nvPM reference system. The comparison 
demonstrated good agreement on nebulised carbon black and nebulised aircraft soot within a concentration 
range of approximately 30–2000 µg/m³. However, it is noted that during this laboratory testing, the INTA LII-
300 sampling was controlled by a mass-flow controller and vacuum pump, whereas during the PW127G test, 
sampling was controlled by an eductor pump as is typically employed by INTA. Given that the LII-300 was 
operating at ~900 mbar in parallel with instruments equipped with strong vacuum pumps during the PW127G 
tests, it is hypothesised that the eductor pump was unable to draw a sample from the splitter with the stronger 
pumps, resulting in the LII-300 not sampling any flow. 
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4. Summary of nvPM emissions from small and non-regulated engines 

The nvPM emissions from the LF507 and ALF502 as measured with a ICAO A16V2 compliant system, along 
with PM emissions from a PW127G measured using a ‘novel’ sampling and measurement system are 
compared with data from three additional non-regulated turbofan engines, measured by the Swiss 
(SMARTEMIS) nvPM reference system in previous test campaigns, namely a Honeywell TFE731-60 [21], a FJ44-
4, and a PW545A11, are compared in this section against the regulatory limits set by ICAO for the nvPM 
emissions of gas turbine engines >26.7 kN.  

4.1.  ICAO nvPM regulatory levels 

The nvPM mass and nvPM number emitted during the reference LTO cycle are shown in Figure 33 for the six 
different engines, along with the regulatory limits set by ICAO for in production and new gas turbine engines.  

The PW127G is a turboshaft engine and is rated in terms shaft horsepower (SHP) rather than thrust as is the 
case for turbofan engines. To enable comparison of the PM emissions from the PW127G with that of the other 
small/non-regulated engines, its maximum mechanical power output (2130 SHP) was converted to maximum 
rated thrust in kN.  To facilitate this a number of assumptions were required including assuming a propeller 
efficiency of 0.85 and a take-off airspeed of approximately 100 m/s.  To approximate an equivalent thrust 
rating the following steps were then applied. 

1) Convert maximum power from SHP to Watts: 1 SHP = 745.7 Watts so Power= 2130 x 745.7 
2) Convert maximum power to effective power: Power = 2130 x 745.7 x 0.85 
3) Divide by airspeed to get thrust: Thrust (N) = Effective power (W) / Airspeed (m/s) = 13.5 kN 

It is noted that this calculation is only undertaken to allow the data from the PW127G turboprop engine to be 
plotted at a rough equivalent thrust rating, as would be reported for a turbofan.  As such its accuracy is not 
important but allows an indicative rating of the turboprop compared to a turbofan. 

The equivalent LTO points also had to be assumed for the PW127G, with flight idle (7%) assumed to correspond 
with 18% shaft power, approach (30%) corresponding to 36% shaft power, climb (85%) corresponding to 80% 
shaft power, and take-off (100%) corresponding to the maximum shaft power. Given it remains unclear as to 
the discrepancy between PM EI number derived from either the SMPS/ CPC and the CS-CPC (nvPM) from the 
PW127G, the PM emissions during the LTO cycle are reported both in terms of PM and nvPM for this engine. 

Overall, Figure 33 shows that all small and non-regulated engines emit nvPM emissions significantly lower 
than the current limit for in production engines at equivalent thrusts, with only the PW127G (tPM) and 
PW545A emitting above the lower limit for new type engines. 

 
11 (Durdina et al. 2025 submitted to ES&T Air) 
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Figure 33: nvPM mass (left) and number (right) emitted during the reference LTO for various small and non-regulated engines  

Similarly, the maximum nvPM mass for all engines is significantly lower than the ICAO limit, as can be seen in 
Figure 34. 

   

Figure 34: Maximum nvPM mass (measured x kthermo x DF1) for various small and non-regulated engines 

4.2.  N/M Vs GMD 

As a comparison of nvPM emissions between regulated and non-regulated engines, the nvPM number to mass 
ratio (N/M) for the six engines were also correlated with the engine exit GMD affording comparison against a 
fit from Durdina et al. [13], derived from 42 engines across 19 turbofan types. 

As shown in Figure 35, small and non-regulated engines exhibit a wide range of GMDs (approximately 10 nm 
to 55 nm). All data falls within the 95% confidence bounds (dashed line) from the Durdina et al. fit, except for 
the PW127G at >30% shaft power.  

Generally, given similarity in PM produced in gas turbine engines the GMD is expected to correlate with the 
N/M ratio, and deviations from the fit are indicative of changes in particle morphology. For example, more 
agglomerated (i.e., structures with lower fractal dimension and more chain-like formations) can have a larger 
GMD without a significant change in mass.  
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This suggests that the PM emissions from the PW127G >30% shaft power maybe less dense or more loosely 
packed than typical aircraft exhaust nvPM, or that the measurement uncertainty of the utilised SMPS may 
have resulted in an overestimation of the GMD at these higher powers.  

  

Figure 35: Engine exit plane nvPM GMD as a function of the ratio of regulatory system loss (SL) corrected nvPM number to mass 
(N/M) with Durdina et al. fit [13] (dashed lines represent 95% confidence intervals) 
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APPENDIX 

AVL MSS calibration certificate 
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AVL APC calibration certificate (VPR+CPC) 
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Gas analysers’ linearity certificates 
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Rosemount CO2 low: 
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Rosemount CO2 high: 

 
 
Rosemount CO: 
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