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Abstract

:

In Europe and Asia, vehicle emissions regulations include a number limit for particles larger than 23 nm, which might be reduced to 10 nm in the future. A particle number system (LABS) consists of a volatile particle remover (VPR) and a particle number counter (PNC). However, it is not simple to derive the combined penetration (efficiency), because the parts are calibrated separately at different sizes and with different materials. On the other hand, portable emissions measurement systems (PEMS) for real-driving emissions (RDE) testing or counters for periodical technical inspection (PTI) of vehicle exhaust are calibrated as complete units with soot-like aerosol. The aim of this study is to estimate the efficiency of a LABS using different materials (soot, graphite, salt, silver, emery oil), typically used for the calibration of LABS, PEMS or PTI counters. The results show that appropriate selection of the calibration material is important in order to have representative of the reality efficiencies. The impact is very high for 23 nm systems, but less critical for 10 nm systems. The estimation of a mean size based on the ratio of 23 nm and 10 nm measurements and the correction of the losses in the sub-23 nm region are also discussed.
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1. Introduction


Particle number measurements are part of the European Union (EU)-type approval regulations since 2011 for light-duty diesel vehicles [1]. Over the years, limits were added to light-duty direct injection gasoline vehicles, heavy-duty engines and non-road mobile machinery (i.e., off-road engines). Many countries in Asia have also included the particle number limits in their regulations [2]. All regulations prescribe non-volatile particles (i.e., that do not evaporate at 350 °C) above 23 nm. A similar methodology was also included in the aviation sector, with the main difference the lower size (10 nm instead of 23 nm) [3]. Concerns for existence of non-volatile particles below 23 nm for vehicles led to investigations and expansion of the vehicle emissions regulation protocol down to 10 nm [4]. The new methodology, included in the global technical regulation (GTR 15), is not part of any vehicle regulation yet, but there are discussions on-going to include them in the next EU regulatory step (Euro 7) for both light-duty and heavy-duty vehicles [5,6,7,8].



In addition to the laboratory measurements, since 2017 on-road measurements with portable emissions measurement systems (PEMS) are required [9]. PEMS are smaller and lighter than the laboratory counterparts, but comparable in terms of performance [10]. The current technical requirements prescribe a 23 nm lower cut-off size, but in light of the upcoming regulations, the technical specifications for the 10 nm PEMS are also ready [2].



Recently, a particle number requirement was added during the periodic technical inspection (PTI) of diesel vehicles in some European countries [11,12,13,14]. These instruments are typically small handheld counters, robust enough for the environment of garages.



The regulations describe the main technical requirements of the instruments, but there is some degree of freedom for their design. Due to the different complexity levels, the technical requirements of laboratory, PEMS and PTI instruments are different. The calibration requirements are also included, but not with many details. The latest documents for the laboratory systems were published in 2007 [15,16] and have not been updated since then. PEMS have different calibration procedures, making the direct comparison of laboratory and on-board systems difficult. While soot particles are typically used for laboratory and on-board systems, salt is preferred for PTI instruments.



Studies comparing 23 nm laboratory systems [17,18,19,20,21], and recently a limited number of studies assessing 10 nm systems [22,23], have found, in most cases, good agreement between the systems; but not always [24]. Theoretical studies have presented sources of uncertainty, such as the particle losses inside the system, and the unknown size of the measured exhaust aerosol [10]. Much discussion has also taken place about the calibration material, which is not well defined in the regulations [25]. With a few exceptions, based on theoretical data, most studies investigated parts of the particle number system [26,27,28]. For this reason, a complete picture is lacking. For laboratory systems, the technical requirements are given for each part, i.e., the pre-conditioning system and the counter. For PEMS and PTI instruments, the requirements are given for the complete unit. There is only a small overlap between the calibration sizes and the direct comparison of the instruments, especially laboratory and PEMS, is difficult. Studies comparing them show acceptable differences [24,29,30], but there is room for improvement. Big differences can be found in the sub-23 nm range, due to the different penetration curves of the systems in that region [24].



The aim of this study is to fully characterize a laboratory particle number system, calibrating its parts separately, but the whole unit as well, with different materials. The experimental results are compared with theoretical calculations. As both 23 nm and 10 nm counters are included, expressions to estimate the mean size and/or to correct for particle losses are also presented.




2. Materials and Methods


The calibration setup consisted of a particle generator, a size classifier to select the appropriate size, the reference and the instruments under evaluation. The following sections describe the parts, starting from the instruments under evaluation and concluding with the particle generators.



2.1. Description of LABS


The most critical technical specifications of particle number systems are depicted in Figure 1. A laboratory particle number system (LABS) consists of a volatile particle remover (VPR) and a particle number counter (PNC). The VPR dilutes and thermally conditions the sample (removes volatile particles). It has a hot first dilution stage (temperature ≥150 °C), a catalytic stripper (CS) at 350 °C, and a secondary dilution at ambient temperature to cool down the diluted sample. The PNC, which is based on the condensation particle counting (CPC) technique counts the particles. At the time of writing, all vehicle regulations require counting from approximately 23 nm, except the aviation sector which requires counting from 10 nm. Future vehicle regulations will require a lower detection limit of 10 nm. The CS in the VPR is obligatory for the future 10 nm systems, while 23 nm systems may use a simple evaporation tube instead. Details can be found elsewhere [2].



Figure 1 also presents the main calibration requirements of a LABS. For the VPR, a particle concentration reduction factor (PCRF) is determined for 100 nm, 50 nm, 30 nm and 15 nm (only 10 nm systems). This PCRF includes the dilution and the particle losses. The ratio of PCRFs to the 100 nm PCRF have to be lower than threshold values: 2.0 for 15 nm, 1.3 for 30 nm, 1.2 for 50 nm. The counting efficiencies of the 23 nm PNCs (PNC23) at 23 nm and 41 nm have to be 50% (±12%) and >90%, respectively. The counting efficiencies of the 10 nm PNCs (PNC10) at 10 nm and 15 nm have to be 65% (±15%) and >90% respectively. The material is not clearly specified. It has to be thermally stable for the VPR calibration, soot-like or emery oil for the PNC10, but is not prescribed for PNC23. Finally, it should be mentioned that the sizes required for calibration of PNCs and VPRs have small overlap. For VPR the sizes are 15 nm, 30 nm, 50 nm and 100 nm; for PNC23 the sizes are 23 nm and 41 nm; and for PNC10 they are 10 nm and 15 nm.



The LABS of this study had a VPR with CS and two PNCs counting from 23 nm and 10 nm, respectively. In some cases, the combined LABS will be called VPR + PNC. Appropriate “size” indexes (23 or 10) will be used whenever reference to a specific combination is made.




2.2. Calibration Setups


The calibration tests included monodisperse, i.e., with specific sizes, calibration of the PNCs or the complete system LABS (VPR + PNC) (Figure 2), monodisperse calibration of the VPR (Figure 3), and polydisperse, i.e., with the whole particle size distribution, checks of the complete system LABS (Figure 4). The particle generators will be described in a subsequent section. The reference instrument (PNCRef) was the butanol based CPC (model 3752) from TSI (Shoreview, MN, USA), with lower detection limit 4 nm [31,32]. The maximum concentration in single counting mode was 105 #/cm3. The lengths of the tubes were selected such as to have similar diffusion losses between the reference and test instruments.



2.2.1. Monodisperse Calibration of PNC or LABS


The setup of Figure 2 was used. The polydisperse generated particles were size selected in a classifier (model 3081 from TSI). The classifier included a neutralizer (model 3077A from TSI) and a long differential mobility analyzer (DMA). The dilution upstream of the classifier was a simple dilution bridge (i.e., bifurcated diluter), and was adjusted in order to have monodisperse concentrations at the outlet of the classifier for each size tested <105 #/cm3. The sizes set were 7.5 nm, 10 nm, 15 nm, 23 nm, 30 nm, 41 nm, 50 nm and 100 nm. The flowrate in the classifier, around 1 L/min, was controlled by an in-house made venturi (ejector) diluter at the outlet of the classifier, that also provided adequate flow for all instruments: the reference PNC (PNCRef) and the test PNC (23 nm or 10 nm) or the complete system (LABS). The monodisperse efficiency E at each size i was calculated as:


Emono,i,PNC = CPNC,i/CPNC,Ref,i



(1)






Emono,i,LABS = CLABS,i/CPNC,Ref,i



(2)




where C is the concentration (#/cm3) measured by the respective instrument at size (diameter) i (nm) set at the classifier.




2.2.2. Monodisperse Calibration of VPR


The setup for the monodisperse calibration of the VPR (Figure 3) was the same as for the monodisperse calibration of the PNC, with the addition of a PNC (PNCMon) monitoring the concentrations at the outlet of the venturi diluter, when the PNCRef was exchanging positions (upstream and downstream of the VPR) with a pump of equal flow.



The PCRF at each size was calculated as:


PCRFi = CPNC,Ref,i,upstream/CPNC,Ref,i,downstream



(3)







The PCRF ratios of different sizes to 100 nm were calculated as:


PCRFratio,i = PCRFi/PCRF100



(4)







The LABS is correcting the measured concentrations with the average PCRF of 30, 50 and 100 nm, which is calculated as follows:


PCRFave = (PCRF30 + PCRF50 + PCRF100)/3



(5)







The monodisperse efficiency of the VPR at a size i was calculated as:


Emono,i,VPR = PCRFave/PCRFi



(6)







Note that the VPR efficiency can take values slightly higher than unity, because the PCRF at 100 nm is lower than the average one.




2.2.3. Polydisperse Checks of LABS


The polydisperse checks (Figure 4) were performed by simultaneously measuring the polydisperse size distributions generated and appropriately diluted using LABS and the reference instrument [33]. The PNCRef was additionally connected to a bifurcated diluter model DDS 560 from TOPAS (Dresden, Germany) in order to keep the concentration in the single particle counting mode. For these tests the soot, graphite, silver and salt generators were used, plus an idling Diesel vehicle. The produced geometric mean diameters (GMDs) ranged from 30 nm up to 110 nm and the geometric standard deviations (GSDs) from 1.6 to 2.1, as checked with a scanning mobility particle sizer (SMPS) measuring in parallel with the rest instruments.



The efficiency was determined as:


Epoly,GMD,LABS = CLABS/CRef,corr



(7)




where CRef,corr is the concentration of the reference instrument corrected for the dilution ratio and any particle losses in the diluter (around 25% at the 10–15 nm range).




2.2.4. Estimation of Efficiencies (Fittings)


When enough data were available, curves were fitted to the experimental (monodisperse) data. The fitted curves were then used to estimate the response of the complete LABS either with monodisperse or polydisperse aerosol. For PNC and VPR, the following equations were applied:


Emono,i = s − s × exp [ ln2 × (d0 − di)/(d50% − d0)]



(8)






Emono,i,norm = Emono,i × k



(9)




where d0 (nm) and d50% (nm) are the diameters with efficiency 0% and 50%, respectively, s (–) the efficiency at the plateau region, k (–) the calibration factor: for PNCs it is the inverse of the slope; for VPRs it is PCRF100/PCRFave. The k factors were not applied, in order to take into account the impact of the material on the results.



The efficiency of the complete system (LABS) is given by:


Emono,i,LABS = Emono,i,norm,PNC × Emono,i,norm,VPR



(10)







The estimated efficiency of LABS is also abbreviated as “VPR × PNC”, while the measured efficiency of the LABS is abbreviated as “VPR + PNC”.



The estimated polydisperse efficiency (Epoly) of the LABS for a size distribution with a specific GMD and GSD was calculated by integrating the monodisperse efficiencies at each size for the specific size distribution.




2.2.5. Sub-23 nm Particles and GMD


In order to assess whether the ratio of the 10 nm and 23 nm systems (LABS10/LABS23) can give an estimation of the GMD of the measured size distributions, the experimental data were also compared with theoretically estimated ratios (Epoly,10/Epoly,23) for the specific GMD (and GSD).




2.2.6. Corrected 10 nm Concentration


The losses in the VPR are taken into account with the average PCRF (Equation (5)), which considers only 30 nm, 50 nm and 100 nm losses. The 10 nm systems can have big differences below 30 nm: there is a maximum PCRF ratio of 15 nm to 100 nm of two, but no lower limit. Thus, the losses in the sub-30 nm range can be up to 50% compared to the >30 nm range. The following equation has been proposed to calculate the corrected 10 nm concentration [34]:


CLABS,10,corr = CLABS,23 + CLABS,10-23,corr



(11)






CLABS,10-23,corr = (CLABS,10 − CLABS,23) × PCRF15/PCRFave



(12)




where:


CLABS,23 = CPNC,23 × kPNC,23 × PCRFave



(13)






CLABS,10 = CPNC,10 × kPNC,10 × PCRFave



(14)




where k (–) the calibration factor of the PNCs (inverse of the slope).




2.2.7. Uncertainty of Measurement


The uncertainty of measurements depends mainly on the uncertainty of the reference instrumentation. Other sources, such as flow splitting, diffusion losses in the tubes can also contribute. For the monodisperse PNC tests, we estimated an uncertainty of 5–10% due to the uncertainty of the reference instrument, the flowmeters and the splitter bias. For the monodisperse VPR and LABS tests the uncertainty was 10–15% due to the additional uncertainty of the linearity of the reference system (when measuring upstream and downstream) and the pressure differences at the two locations (upstream and downstream). For the polydisperse LABS tests the uncertainty of the diluter was also considered for the PNC. Even though it was calibrated, it had a 5–15% uncertainty, in particular, at low sizes where the particle losses were high. Thus, the uncertainty of the polydisperse tests was around 10–20%. These values should be kept in mind when discussing the results.





2.3. Particle Generators


The following generators were assessed in this study:



Silver particles were generated with a silver particle generator (SPG) from Catalytic Instruments (Rosenheim, Germany) [31]. Silver was heated and evaporated in a tube at 1100 °C, and a 2 L/min particle free air transported the silver vapors to the main flow tube, where they were diluted with additional 15 L/min (adjustable by the user) particle free air. For some tests, the particles passed through a catalytic stripper (CS; model CS015 from Catalytic Instruments) heated at 375 °C. The particles will be called “oxidized silver” particles.



Silver particles were also generated with a tungsten glowing wire generator (GWG) with a silver filament around it. The heat from the tungsten wire heated the silver filament, evaporating silver particles. The carrier gas was N2, which was also mixed with N2 to bring down the temperature and the concentration. The particles will be called “silver” particles. For some tests these particles were thermally pre-treated with the CS before the measurements with the various instruments.



Salt particles were generated in the field calibration system (FCS 249) from TOPAS (Dresden, Germany). The atomized particles were subsequently dried in a tube with silica gel. The particles will be called as “dry salt” particles.



Graphite particles were generated in a spark discharge graphite generator, model DNP 3000 from PALAS (Karlsruhe, Germany) or model VSP-G1 from Vsparticle (Delft, The Netherlands) [35]. High-voltage spark discharges between two graphite electrodes evaporated the electrode material. Nitrogen transferred the vapors to the main flow tube, where further dilution with filtered air reduced the particle number concentration. The particles will be called “graphite” particles.



Soot particles were generated with the AVL particle generator (APG) [36]: a combination of a mini combustion aerosol standard (CAST) model 6.203 C (modified) from Jing Ltd. (Zollikofen, Switzerland) and a thermal conditioning (350 °C) and dilution unit. The conditioning unit followed the same concept as the VPR of the particle number measurement systems. By adjusting the settings of the generator (fuel flow, oxidation air and mixing air), different size distributions could be produced. The particles will be called “soot” particles, and when necessary, it will be clarified if they were sampled directly from the burner, or the VPR, and/or mixing gas was added.



Soot particles were also produced with a Euro 3 Diesel vehicle without Diesel particulate filter (DPF) at idling. The sample was taken before the aftertreatment device (engine out).



Emery oil, i.e., polyalphaolefin (PAO), particles were generated with an electrospray aerosol generator, model EAG 3482 from TSI. The generator produced particles by moving the conductive liquid solution (PAO, ethanol, isopropanol and ammonium acetate) through a capillary and applying an electrical field to the liquid at the capillary tip. The electrical field drew the liquid from the tip into a conical jet from which ultrafine charged droplets were emitted. Air and CO2 were merged with the droplets, and the liquid evaporated while the charge was neutralized by an ionizer.





3. Results and Discussion


3.1. Monodisperse Calibration of PNC


Figure 5a,b presents the monodisperse calibration results for the 10 nm and 23 nm PNCs, respectively. The tests were conducted according to the setup of Figure 2 and the efficiencies were calculated according to Equation (1). Beginning with the PNC10 and the oxidized silver particles (Figure 5a, open circles), which had the most repetitions, the counting efficiency at 6 nm was slightly above 0, at 7.5 nm around 40–50%, at 10 nm 80% or higher, and at 30 nm or larger sizes 100%. There was practically no difference between thermally treated (with catalytic stripper) oxidized silver particles and non-treated. The difference at 7.5 nm is probably due to experimental uncertainties. The silver particles (asterisks) gave similar results for the limited number of sizes available. The results were very close to the manufacturer’s calibration data with emery oil (PAO) (small lines). Graphite (triangles) and diffusion flame soot (squares) particles had similar results. Salt (diamonds) was the only material that had lower counting efficiencies, around 5–10%. The results are similar to results in the literature: salt particles have lower efficiencies than PAO with differences of 10% at 20 nm [27] and even larger at smaller sizes [27,37]. Our results showed that silver, soot, graphite and PAO were close to each other.



The material had, in general, small impact on the counting efficiencies of the PNC10. On the other hand, the impact of the material on the PNC23 efficiencies was evident (Figure 5b). At 23 nm, for example, the counting efficiency with PAO by the manufacturer was 55%, with salt 0% and with graphite and soot somewhere in between: 27% for graphite, but 20–35% for soot. Regarding soot particles, dry soot after thermal pretreatment had lower counting efficiencies. Adding mixing N2 in the fuel resulted in higher efficiencies but this could be due to the different oxidation air flow rate: the mixture was lean in the setting with mixing air, but rich without. In general, the higher the lambda, the larger the mean size of the produced size distribution and the elemental carbon fraction [38,39,40,41]. Thermal pre-treatment also reduces the organic carbon fraction [42,43]. A study that examined the generator’s settings on the counting efficiencies found lower efficiencies with rich mixture [42], in agreement with our results. Another reason for the differences in the counting efficiencies is that the lean setting with the mixing air was bimodal [44], and thus the higher fraction of multiply charged particles might have increased the counting efficiency.



Lower efficiencies of soot compared to PAO have also been reported in the literature [25,27,28,42,45]. The effect of calibration material becomes more pronounced as the temperature difference between the saturator and the condenser decreases [46,47]. Similar soot and graphite efficiencies have been also shown previously [26]. The lower efficiency with salt has been presented as well: 20% at 23 nm, approaching each other at the plateau region close to 100 nm [27]. Only one study has reported efficiency of 72% at 100 nm depending on the solution and the dilution [48]. In our study the efficiency was even lower (52%). It is possible that the highly charged atomized salt particles have high losses until their counting, or their crystalized structure results in high contact angles and thus low counting efficiencies [46].



The same figures also plot fittings (Equation (8)) to the experimental data for the following cases:




	
Salt efficiencies: The counting efficiencies with salt particles.



	
Low efficiencies: The lowest counting efficiency with the non-salt materials—for the PNC10, the manufacturer’s PAO data, and for the PNC23 the soot (or graphite or silver) data.



	
High efficiencies: The highest counting efficiencies—for the PNC10 our measured silver (or soot or graphite), and for PNC23 the manufacturer’s PAO data.








These cases were chosen in order to estimate the measurement uncertainty due to differences in calibration procedures. These curves will be used in subsequent sections.



Each material has advantages and disadvantages, as summarized elsewhere [27]. Different criteria can be used for the selection of the appropriate one. For example, electrosprayed PAO particles are spherical with minimum contribution of multiply charged particles. Salt particles are probably the safest to use, but the least relevant to combustion processes, as the particles found in vehicles’ exhaust. Soot particles are agglomerates, with properties that depend on the combustion parameters [28,42]. The impact of multiply charged particles can be kept low (<2%) with appropriate selection of the mean size of the generated size distribution [28].




3.2. Monodisperse Calibration of VPR


Figure 6 presents the PCRF ratios to the average PCRF of 30 nm, 50 nm, 100 nm, over different sizes, which is the inverse of the VPR efficiency (Equation (6)). The setup of Figure 3 was used, and Equation (4) was applied. The tests were conducted with PCRF 100. Higher PCRFs have higher PCRF ratios at smaller sizes, because higher dilutions and PCRFs are achieved with lower rotating speeds which increase the diffusional losses for rotating disc type diluters [49].



Figure 6a presents the results with silver particles. Comparing the GWG silver with and without CS, a small difference can be seen. The thermally treated particles have lower PCRF ratio. The same applies to the SPG oxidized silver particles. However, the differences are very small and within the experimental uncertainty that different setups can have. For example, at 7.5 nm the difference is 0.4 units, but the 10% uncertainty is 0.5 units for a PCRF ratio of five. The reason for these differences was not further investigated. Even though we do not expect evaporation of the silver particles at the temperature of the VPR at 350 °C, decomposition of the oxidized silver particles, which happens already from 200 °C is possible. Restructuring and sintering cannot be excluded as well, which may result in smaller particles and/or lower number concentrations. Even a 1–2 nm shift would bring the silver particles to the expected curve. The impact of sintering on silver aggregate particles (>50 nm) can start even at low temperatures [50,51], but the impact should be small for particles <20 nm [52]. A recent study with the same SPG generator as in our study and similar settings found that the particles were not completely spherical when air was used as carrier gas [31]. The same study also found that after sintering the actual size of particles, as determined by TEM images, was smaller than the one measured by SMPS (GMD 8 nm vs. 11 nm).



Figure 6b compares more materials in the size range of interest of the regulation (15 nm to 100 nm). Not all materials could cover all sizes. Larger sizes could be generated at adequate concentrations with graphite and soot generators, while smaller particles were generated with silver generators. In general, the agreement was good, in particular, at sizes 50 nm or larger. At 15 nm the scatter was quite high: from 1.63 to 1.85 for the thermally stable particles and 1.95 for silver particles not thermally treated. The maximum difference from the manufacturer’s value was 0.18 for the thermally treated silver and 0.28 for the non-treated silver. The measurement uncertainty was around 0.18 (10%) at this size. For the 23 nm point, there were no data from the manufacturer. The thermally stable particles ranged from 1.27 to 1.42, while the non-treated silver particles ranged from 1.37 to 1.54. At larger sizes the non-treated silver particles overlapped with the rest materials. This was expected, because the size dependency of the losses is not as steep as with small particles. The data were fitted (Equation (8)) to the following cases:




	
Low efficiencies: For this scenario, for the VPR, our silver data without thermal pre-treatment were used. Note that high PCRF translates to low efficiency (see Equation (6)).



	
High efficiencies: For this scenario, for the VPR, the manufacturer’s soot efficiencies were selected.








The present results confirm that the current requirement in the regulation (i.e., to calibrate with thermally stable particles) is adequate, but has to be checked by the calibration institute.




3.3. Monodisperse Calibration of LABS


The efficiency of a particle number system is practically the product of the efficiencies of the PNC and the VPR. Figure 7 compares how the theoretical and measured efficiencies of the complete system are compared with two scenarios, which represent the lowest and highest efficiencies of the complete system:




	
Low efficiencies: For this scenario, the “low” PNC and “low” VPR curves were multiplied.



	
High efficiencies: For this scenario, the “high” PNC and “high” VPR curves were multiplied.








Figure 7a presents the two scenarios for the 10 nm system. The PCRF of the LABS was 100, and the manufacturer’s value was applied in the calculations. The PNC10 and VPR low and high efficiencies as selected above are plotted. The estimated efficiencies of the complete system multiplying the lowest and highest efficiencies of the PNC and VPR (Equation (10)) (VPR × PNC curves) are also given. The measured efficiencies of the complete system LABS10, measured with oxidized silver particles downstream of a catalytic stripper (CS) are also plotted. The LABS10 complete system experimental data with thermally treated silver or oxidized silver or soot or graphite agree well with the estimated efficiencies (mainly with the high scenario) (VPR × PNC). The silver particles not treated are slightly lower, probably due to their higher losses as discussed in Figure 6. The results also highlight that, for 10 nm systems, the efficiency is practically determined by the VPR efficiency curve, while the PNC10 has minor impact. The reason is the low VPR efficiency at 10–15 nm, where the PNC10 already has high efficiency (>80%).



Figure 7b presents data for the 23 nm system, in the same format as Figure 7a. In contrast to 10 nm systems, for 23 nm systems (LABS23) the efficiency is determined by the PNC23, and not the VPR. The second point is that the “low” and “high” scenarios have quite large differences, due to the high dependency of the PNC efficiency on the material. The agreement of the graphite particles with the theoretical curve is very good. No data were available with soot particles. However, the experimental results with silver or oxidized silver are lower than the “low” curve. This could be due to the reasons discussed in Figure 6; the losses are higher for these particles, which might have been affected in the VPR. A study showed that the counting efficiencies of a 23 nm PNC changed after sintering the silver particles, while the effect for the 10 nm PNC was negligible [52]. Nevertheless, as the fittings to the data did not fully capture all “low” efficiency cases, this might have contributed to the differences (Figure 5 and Figure 6).



The previous results also show that calibration in parts or as a complete unit are equivalent under the following conditions:




	
The material that is used for the complete unit should be the same as with the one used for the separate parts, or at least it should be proven to be equivalent. It is also clear that the material used for the PNC calibration should be thermally pre-treated to simulate the VPR that is upstream of the PNC. For the VPR calibration it is critical to ensure the thermal stability of the calibration particles.



	
The concentrations need to be appropriate for the calibration. For example, a PNC measures accurately with low need for coincidence (or dead time) corrections in the 1 × 102 to 5 × 103 #/cm3 range. The complete system, with a dilution 100, would need 1 × 104 to 5 × 105 #/cm3 range. However, typically the concentration at the outlet of the classifier is 104 #/cm3, resulting in higher uncertainties for the calibration of the complete system as a unit.



	
The sizes selected should be common for a direct comparison. Current regulations (e.g., UNECE GTR 15 and Regulation (EU) 2017/1151) have different sizes, requiring fittings of the experimental data to estimate the efficiencies at other sizes.









3.4. Polydisperse Checks of LABS


Figure 8 presents comparisons of estimated and experimental data measuring polydisperse aerosol (setup of Figure 4). The PCRF of the LABS was 100, and the manufacturer’s value was applied in the calculations. The experimental data included silver, soot, graphite, and salt particles. The estimated efficiencies of the complete system (LABS or VPR + PNC) to polydisperse aerosol with various size distributions with GMDs 15–110 nm are given for the following scenarios.



	
High: The “high” efficiencies of the LABS (both VPR and PNC), assuming size distributions with GSD 1.5–1.6.



	
Low: The “low” efficiencies of the LABS (both VPR and PNC), assuming size distributions with GSD 1.5–1.6.



	
LowE: The “low” efficiencies of the LABS (both VPR and PNC), using GSD 1.7–2.1 that matched the experimental GSDs.



	
Salt: The “low” VPR scenario but using PNC “salt” efficiencies and GSD 1.85 that matched the experimental salt GSD.






Starting with the 10 nm system (Figure 8a), in general, there was a good agreement between experimental and theoretical data. The “low” and “high” scenarios were quite close to each other, as with the monodisperse aerosol (Figure 7a). A small difference at GMD 30 nm for the soot particles was due to the wide GSD of the generated particles (GSD = 2.1) which better matched the “LowE” curve. The silver particles also matched the theoretical curves. The present results also include the uncertainty of the reference instrumentation, which consisted of a PNCRef and a dilution system (Figure 4). The dilution system had losses at small sizes that were taken into account in the results presented (around 25% at 10–15 nm), as discussed in Section 2.2.7.



Figure 8b plots the same information for the 23 nm system. The experimental results were also close to the estimated curves (“low” scenario). The reason is that the low efficiencies were based on soot particles. The two scenarios have relatively big differences, as was also the case with the monodisperse aerosol, due to the overestimation of the counting efficiency of the PNC counting efficiency with PAO particles (Figure 7b). These results highlight that the calibration material should be the same or similar to what is intended to be measured. The present results support the use of soot, graphite or silver particles. For silver particles without thermal pre-treatment there were concerns with the monodisperse tests that the VPR might change their size and result in higher losses. Here, with the polydisperse tests, this effect was not evident, but as mentioned previously, the uncertainty at the 10–15 nm range is high. For salt particles, the lower counting efficiencies of the PNCs (Figure 5) were also depicted in the polydisperse size distributions, which were much lower than the rest materials.



Comparing Figure 8 with Figure 7 it can be concluded that the polydisperse efficiency at a specific GMD is very similar to the monodisperse at the same monodisperse diameter di (around −5% for the 10 nm system, −10% for the 23 nm system). This applies for systems with sigmoid like efficiency curve, as in our case. For systems depending on the power of the diameter (e.g., diffusion chargers) the polydisperse efficiency may be 10–20% higher depending on the exponent and GSD [53,54].



The important message is that the 50% polydisperse efficiency of 10 nm systems (LABS10) is achieved when the inlet size distributions have GMD around 15 nm, while of 23 nm systems (LABS23) with GMD around 30 nm. The 85% efficiency is achieved at 30 nm and 60 nm, respectively.




3.5. Combining Information of PNC10 and PNC23


One topic of interest is whether the combination of the two PNCs (23 nm and 10 nm) sampling from the same VPR, can give useful information. Figure 9a compares the ratio of the two PNCs with the GMD of the size distribution that is being measured. The experimental data with soot (squares), graphite (triangles), and diesel (asterisk) particles are in good agreement with the expected (estimated) trend (curve “low”). However, the uncertainty is quite high, as a system with lower losses (curve “high”) would have significantly different results, in particular below 50 nm. The conclusions that can be extracted from this graph are:




	
Ratio <110% (i.e., differences between the two PNCs <10%) typically means GMDs >40 nm.



	
Ratio >150% translates to GMD <40 nm.



	
GMDs <30 nm have extremely high uncertainty on the ratios because the LABS23 measures very low emissions.








It should be emphasized again, that the methodology works only if the efficiencies of the material that is tested are known. For example, the ratio of salt particles is much different than the one for soot (e.g., for GMD 60 nm the ratio is 250% for salt, but 120% for the rest materials).



Figure 9b compares how the correction for sub-23 nm particle losses based on the two PNCs works. This correction (Equations (11) and (12)) is compared with experimental data and the estimated result based on the theoretical responses (polydisperse efficiencies) of the two systems. The results are plotted compared to the reference instrument. For a system with high efficiencies the correction works very well down to 20 nm. Below this size, the 23 nm system measures close to zero and the correction with the 15 nm PCRF underestimates the losses. For a system with higher losses (lower efficiencies), the experimental and estimated data agree and show that the correction overestimates the emissions around 10%. The reason is that the 15 nm PCRF is high and overcorrects for large GMDs. The correction does not work for salt particles due to the high uncertainty of the efficiencies with salt particles and the very low efficiencies of the PNC23 below 50 nm.



It should be added that the <10% difference at the whole range of GMDs >20 nm is a positive result. Without any correction, the true emissions are underestimated >15% at GMDs of 30 nm and reach 40% at 20 nm (see Figure 8a). Furthermore, with this correction, the differences of systems with high differences in penetration curves, such as the “low” and “high”, remain within 10% of each other.





4. Conclusions


In this study, the effect of the calibration material was studied on the parts of a particle number system: the volatile particle remover (VPR) and two particle number counters (PNC) with cut-off sizes at 23 nm and 10 nm. The results showed that for VPR’s calibration it is crucial to have thermally stable particles, something already prescribed in the regulation. For 10 nm PNCs the impact of the material was small, with salt having lower efficiencies around 5–10%. For 23 nm PNCs the differences were very large: at 23 nm salt had 0% efficiency, while emery oil (PAO) had 56% efficiency. Silver, soot and graphite were in between. The scatter of the efficiencies of the soot particles was high (20–35%). Possible reasons were the thermal pre-treatment, the rich or lean combustion and the size distribution of the generated particles (multiple charge effect). Combining the efficiencies of the VPR and PNC gave similar results with the efficiencies of the complete system when it was calibrated as a unit. However, it was concluded that (i) the calibration sizes for PNC and VPR need to be the same (in order to avoid fitting of efficiency curves); (ii) the material should be thermally stable also for the PNC calibration and representative of the application that is intended to be used; (iii) the concentration levels should be appropriate for the application. Under these conditions, the comparison of the estimated efficiencies for various size distributions (polydisperse aerosol) was in good agreement with the experimental data. Different materials had different advantages and disadvantages. For example, electrosprayed emery oil had low levels of multiply charged particles, but it was not representative of the intended use of the PNC. Soot on the other hand had high scatter of the results, but on average matched well with the intended use (vehicle exhaust). Silver generators produced adequate concentrations for small sizes and graphite generators for larger sizes. Graphite particles did not need any thermal pre-treatment, while the results showed that silver particles might need thermal pre-treatment. Salt particles were the least representative leading to high deviations from the rest materials.



The results revealed that the 10 nm and 23 nm systems have 50% efficiency for size distributions with geometric mean diameters (GMDs) around 15 nm and 30 nm, respectively. The efficiency of the complete system was determined by the VPR for the 10 nm systems and by the PNC for the 23 nm systems. The ratio of the 10 nm and 23 nm PNCs gave a rough estimation of the GMD of the measured size distribution. Due to the high uncertainties, this index should be indicative only for GMDs larger or smaller than 40 nm. Finally, it was demonstrated that correcting the results for sub-23 nm particle losses when using the two PNCs measuring from the same VPR is possible with an error of up to 10% from GMDs >20 nm.
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Figure 1. Schematic of a typical particle number system (LABS = VPR + PNC in black box) consisting of a VPR (red box) and a PNC (green box). At the top of the figure the main calibration requirements are given for the 23 nm systems; the requirements for the 10 nm systems are shown in blue. E = counting efficiency; PCRF = particle concentration reduction factor; PNC = particle number counter; PND = particle number diluter; CS = catalytic stripper; VPR = volatile particle remover. 
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Figure 2. Experimental setup for monodisperse calibration of the PNC and complete LABS (VPR + PNC) system. DMA = differential mobility sizer; PNC = particle number counter; VPR = volatile particle remover. 
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Figure 3. Experimental setup for the monodisperse calibration of the VPR. DMA = differential mobility sizer; PNC = particle number counter; VPR = volatile particle remover. 
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Figure 4. Experimental setup for the polydisperse check (validation) of the VPR + PNC system. PNC = particle number counter; VPR = volatile particle remover. 
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Figure 5. Monodisperse calibration of PNCs with various materials: (a) PNC10; (b) PNC23. Lines give fittings to the experimental data of “high”, “low”, and “salt” efficiencies. 
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Figure 6. PCRF ratio to PCRFave at different sizes (inverse of Equation (6)). The VPR was used with PCRF 100: (a) silver particles; (b) all materials. Lines give fittings to the experimental data of “high” and “low” efficiencies (inverse of PCRFs). 
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Figure 7. Comparison of monodisperse calibration in parts (VPR or PNC) or as a complete system (LABS = VPR + PNC): (a) 10 nm; (b) 23 nm. The PCRF of the LABS was 100. Note that the legend is split in the two panels. 
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Figure 8. Comparison of estimated (VPR × PNC) and measured (LABS = VPR + PNC) system efficiency with polydisperse aerosol: (a) 10 nm system; (b) 23 nm system. Assumed geometric standard deviation (GSD) for salt 1.85, GSD for low and high scenarios 1.5–1.6, GSD for LowE scenario 2.1. The PCRF of the LABS was 100. Note that the legend is split in the two panels. 
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Figure 9. Comparison of estimated and measured data for polydisperse aerosol: (a) ratio of 10 nm to 23 nm systems; (b) corrected 10 nm system concentration to reference. Note that the legend is split in the two panels. 
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