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Abstract. The catalytic stripper (CS) for removing volatile particles is a critical unit within the measurement system. However, 

the penetration efficiency of small size particles is currently significantly lower than large particles in CS. Therefore, further 

improving the penetration efficiency of small size particles is of significant research interest. This study aims to enhance the 15 

penetration efficiency of small size particles by reducing the thermophoretic loss. For this purpose, a CS equipped with a plate-

type electrical aerosol classifier (EAC) was designed and developed, and its performance was evaluated. The particles are 

prevented from depositing on the tube wall by applying an electric field force to them in the opposite direction to the 

thermophoretic force they are subjected to, which ultimately serves the purpose of further improving the particle penetration 

efficiency. The experimental results demonstrated that the CS achieved a removal efficiency (RE) higher than 99.9% at a flow 20 

rate of 1.5 L/min or lower. At a sample flow of 0.3 L/min and a temperature of 350 °C, the penetration efficiency of CS+EAC 

without voltage was evaluated. Combined with the CS+EAC voltage-penetration efficiency curve, applying -112 V on the 

EAC, the penetration efficiency was further improved under the same experimental conditions, and the smaller the particle 

size, the greater the improvement. Compared to the 0 V, the improvement rate for 15 nm at -112 V was 24.4%, while that for 

23 nm was 18.9%. Further experimental results show that the EAC can remove particles smaller than 10 or 23 nm by further 25 

increasing the voltage. This capability enables rapid particle classification and facilitates high temporal resolution 

measurements of particle number concentrations across different size intervals. 

1 Introduction 

Accurately measuring ultrafine particle number concentration (PN) from motor vehicle emissions is essential for the 

prevention and control of atmospheric particulate pollution (Xie et al., 2023). Mobile source exhaust remains a major source 30 

of these emissions. To address this, both the current China VI motor vehicle emission regulations and the forthcoming Euro 7 
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regulations have set clear performance criteria for PN detectors (Liu et al., 2019; Hooftman et al., 2018). Studies have found 

that a significant portion of some motor vehicle particle emissions comprises particles smaller than 23 nm, with those between 

10 and 23 nm representing the higher proportion (Giechaskiel & Martini, 2013; Rönkkö et al., 2014). In response, the latest 

Euro 7 emission regulations have lowered the particle size detection threshold from 23 to 10 nm and introduced updated 35 

standards for exhaust gas pretreatment and particle counting devices (Giechaskiel, 2021).   

The ultrafine particles emitted by motor vehicles include volatile and semi-volatile particles, which significantly affect the 

accurate measurement of non-volatile particles in the exhaust. These volatile and semi-volatile particles can condense to 

nucleate or attach to non-volatile ones, altering the particle size distribution and number concentration of non-volatile particles. 

Therefore, according to the national motor vehicle emission standards, the volatile and semi-volatile particles are first removed 40 

from the exhaust to minimize their impact on the measurement results, after which the number concentration of non-volatile 

particles is measured (Melas et al., 2020). Worldwide, real-time measurement of motor vehicle PN emissions relies on exhaust 

gas sampling pretreatment devices combined with particle counting devices (Giechaskiel, 2019). The exhaust gas pretreatment 

devices—referred to as volatile particle removers (VPRs) in laboratory systems—fall into three types: evaporation tubes (ETs) 

that use dilution (Giechaskiel & Drossinos, 2010), thermodenuders (TDs) that remove particles via activated carbon adsorption 45 

(Faulhaber et al., 2009; Burtscher et al., 2001; Wehner et al., 2002; Fierz et al., 2007; Park et al., 2008; Huffman et al., 2008; 

Stevanovic et al.,2015; Louvaris et al., 2017; Babar et al., 2020; Giechaskiel et al., 2014), and catalytic stripper (CS) that 

operates through catalytic oxidation (Centre et al., 2014; Giechaskiel et al., 2020; Woo et al., 2021; Swanson et al., 2013; 

Swanson & Kittelson, 2010). 

The earlier Euro 6 and China 6 motor vehicle emission regulations have specified the design and performance criteria for 50 

the VPR, which comprises a primary diluter, an ET, and a secondary diluter. The primary diluter must achieve a dilution ratio 

(DR) exceeding 10 and operate at a heating temperature greater than 180 °C. The ET temperature is greater than 350 °C and 

is used to vaporize volatile and semi-volatile particles into their gaseous state (Giechaskiel & Drossinos, 2010). The two-stage 

cold dilution cools the high-temperature exhaust gasses to the normal temperature without requiring a specific DR. By lowering 

steam saturation, it effectively prevents the re-nucleation of volatile and semi-volatile compounds, facilitating their removal. 55 

The ET method relies on a higher DR to remove these volatile and semi-volatile particles; however, this reliance can lead to 

re-nucleation downstream of the VPR, potentially leading to erroneous measurement results (Melas et al., 2020). 

To mitigate the issue of re-nucleation, two advanced VPR devices have been developed and implemented: the first is a TD 

based on activated carbon adsorption (Burtscher et al., 2001; Fierz et al., 2007; Luís et al., 2016; Babar et al., 2020), and the 

second is a CS that utilizes the catalytic oxidation of precious metals (Jacob et al., 2010; Amanatidis et al., 2018; Melas et al., 60 

2020; Giechaskiel et al., 2020). TD comprises two main components: a desorber tube and an adsorber tube. The desorber tube 

heats the exhaust gas to 350 °C, converting the volatile and semi-volatile particles into their gaseous state. While this method 

effectively adsorbs and removes volatile particles, it requires frequent replacement of the activated carbon. Additionally, the 

TD is large in size, making it difficult to meet the needs of portability and integration. The CS features an internally integrated 

catalytic oxidizer based on a compact cordierite honeycomb coated with platinum-group noble metals. As volatile particles 65 
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pass through CS, they undergo catalytic oxidation reactions, converting into CO2 and H2O, which are completely removed. 

The CS core module is highly compact, and its structure allows for easy integration, enhancing portability and maximizing the 

efficiency of volatile particle removal. 

Based on the following points: (i) the concentration of emitted particles is higher in the 10-23 nm particle size range; (ii) ET 

and TD cannot completely remove volatile particles and often regenerate volatile particles smaller than 23 nm downstream of 70 

them. Therefore, the Euro 7 emissions regulations identify CS—known for their extremely high efficiency in removing volatile 

particles—as the only approved option for portable emission measurement systems (Giechaskiel et al., 2021). However, the 

CS exhibits lower particle penetration efficiency compared to devices such as ET or TD, primarily due to its unique honeycomb 

structure (Giechaskiel et al., 2014). The penetration efficiency of CS primarily depends on particle diffusion loss and 

thermophoresis loss. Additionally, an inverse correlation exists between the CS’ particle penetration efficiency and its volatile 75 

particle removal efficiency (RE), whereby enhanced RE results in lower penetration efficiency (Woo et al., 2021). 

Consequently, improving penetration efficiency is of significant research interest, as it would increase the flexibility in CS 

parameter design—enabling optimization of the volatile particle RE while maintaining compliance with regulatory standards 

for CS penetration efficiency. 

In volatile particle removal devices, particle losses primarily arise from diffusion losses driven by Brownian motion, and 80 

thermophoretic effects caused by heat conduction from the tube center to its wall during exhaust gas cooling. Diffusion losses 

decrease with increasing particle size, while the thermophoretic losses can be mitigated by reducing the temperature gradient . 

Based on the analysis of the particle loss mechanisms, the particle penetration efficiency is enhanced by introducing a 

counteracting force to the thermophoretic effect, thereby reducing particle deposition on the pipe wall. In contrast to the 

bidirectional thermophoretic force, the electric field force is unidirectional, with its orientation determined by the polarity of 85 

the applied high voltage. Therefore, assuming that high-temperature particles enter the electric field from one side of the upper 

pole plate, particle loss due to thermophoresis can be reduced by applying an electric field force to the charged particles t hat 

oppose the thermophoresis force acting on them.  

The main electromigration-based classifiers are primarily categorized into electrostatic precipitation (ESP) (Hinds, 1999), 

electrical aerosol classifier (EAC) (Liu et al., 1976), and differential mobility analyzer (DMA) (Whitby et al., 1966; Liu & Pui, 90 

1975; Knutson & Whitby, 1975). Each type varies in different classification effects and transfer functions. The ESPs tend to 

have higher particle losses, while the DMAs provide the most accurate particle classification. However, the high cost and 

complexity of DMAs limit their use in applications where moderate screening effects and lower costs are preferable. Although 

the EAC offers lower particle size resolution than the DMA, its simple structure and lower cost make it suitable for enhancing 

particle penetration efficiency in this study (Chen et al., 2018). 95 

Based on the analysis of CS and EAC, this study presents a novel approach by integrating a plate-type EAC downstream of 

a CS. The EAC generates an electric field force that counteracts the thermophoretic force acting on high-temperature charged 

particles, reducing their tendency to migrate toward the tube wall. This mechanism enhances particle penetration efficiency 

without compromising the removal of volatile particles. Further, by analyzing the relationship between the electric field 

https://doi.org/10.5194/egusphere-2026-565
Preprint. Discussion started: 5 March 2026
c© Author(s) 2026. CC BY 4.0 License.



4 

 

strength and the particle electromobility, the system can achieve precise classification of particles larger than 10 or 23 nm . 100 

This configuration enables alternating measurements with a cut-off diameter of 10 or 23 nm, which is crucial for achieving 

accurate PN measurements. 

The remainder of the paper is organized as follows. Section 2 describes the principle and experimental setup; Section 3 

presents the results and discussion; and Section 4 concludes the study. 

2 Principle and experimental setup 105 

2.1 Design of CS+EAC 

The structure of the CS+EAC developed in this study is presented in Fig. 1. The device comprises a stainless-steel CS on 

the left side and a plate-type EAC on the right side. The CS is fully sealed using welds and graphite gaskets. Positioned at the 

rear of the CS chamber is the core module—a 40 mm long, 25 mm diameter cordierite honeycomb (200 cells/in2, cpsi) coated 

with platinum-group precious metals. The CS is equipped with a 200 W heating jacket that raises and maintains its temperature 110 

at 350°C, enabling the removal of volatile aerosol particles. The remaining high-temperature solid particles then flow into the 

EAC. The left side of the EAC is directly connected to the CS outlet, with a graphite gasket ensuring a sealed interface . The 

CS outlet aligns with the EAC's sample flow inlet. The EAC receives sheath flow from a side inlet, where a steel mesh at the 

back end helps establish laminar flow conditions. The high-voltage electrode board in the EAC classification area is a gold-

plated FR-4 circuit board, with the following dimensions: 60 mm in length and 20 mm in width, as shown by the blue area in 115 

the EAC section of Fig. 1. 

 

Figure 1: Structure of the integrated CS+EAC system. 
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To minimize the influence of particle diffusion on the classification performance, the EAC flow field is designed to be 10 

mm wider than the electric field. The high-voltage wire is welded to the back of the electrode using high-temperature solder 120 

wire, and the joint is sealed with high-temperature silicone to prevent leakage. In addition, the electrode side of the circuit 

board is manufactured without holes, reducing the risk of particle generation from the solder heat and subsequent 

contamination of the EAC. The high-temperature particles entering the EAC experience two forces: a thermophoretic force 

along the direction of decreasing temperature and an electric field force that pulls them toward the high-voltage electrode. 

Increasing the electric field force counteracts the thermophoretic force, thereby progressively reducing the particle 125 

thermophoretic losses. Ultimately, the combined sample and the sheath flows exit the EAC. Overall, the CS+EAC system 

removes, dilutes, and cools volatile particles in the aerosol, while the applied voltage enhances the penetration efficiency of 

solid particles. 

2.2 Theoretical analysis of CS+EAC voltage-penetration efficiency curves 

Based on the force and motion trajectory of particles in the flow field and electric field, this study established a two-130 

dimensional flow field model of the EAC and simulated its flow field using COMSOL. Since the aerosol inlet slit is the same 

width as the particle grading zone, the center profile of the flow field is used as the 2D model. Figure 2 shows the simplified 

schematic of the EAC’s classification region in 2D rectangular coordinates, where x and y indicate the horizontal and 

rectangular coordinates, respectively. The sheath flow flows along the x -direction, while the aerosol flow cuts into the flow 

field from y = 0 keeping an angle. The simulation parameters are set to the sample flow 𝑄𝑠𝑎 = 0.3 L/min and the sheath flow 135 

𝑄𝑠ℎ = 0.9 L/min. Due to the lack of CS, the sample inlet is set to an idealized temperature of 350 °C, which is the heating 

temperature of CS. The simulated temperature distribution is shown in Fig. 2. It can be seen that particles at different positions 

at the entrance of the sample flow slit may be subjected to thermophoresis forces in different directions. Particles approaching 

the grounding plate and entering the classification region are subjected to thermophoresis forces directed toward the grounding 

plate. Particles approaching 𝑄𝑠ℎ and entering the classification region are subjected to thermophoresis forces directed toward 140 

the high-voltage plate. This is due to the sheath flow temperature being lower than the sample flow temperature. As the particles 

continue moving along the x -axis under the influence of the applied electric field force, similarly, due to the lower temperature 

of the sheath flow, the particles will be subjected to thermophoretic forces directed toward the high-voltage plate. Based on 

simulation results, the following theoretical analysis of particles is conducted: 

𝐹𝑡ℎ represents the thermophoretic force (Talbot et al., 1980), which can be expressed as follows: 145 

𝐹𝑡ℎ =
3𝜋𝜇2𝑑𝑝𝐻𝛻𝑇

𝜌𝑔𝑇
 ,                                          (1) 

where 𝜇 implies the gas viscosity; 𝑑𝑝 refers to the particle size; 𝐻 denotes the thermophoretic coefficient; 𝜌𝑔  signifies the gas 

density; and 𝑇  denotes the absolute temperature of the particle. Particles acquire a thermophoretic velocity 𝑉𝑡ℎ , while 

simultaneously being subjected to a drag force (also known as resistance) in the opposite direction of 𝑉𝑡ℎ. The drag force can 

be expressed as 150 

https://doi.org/10.5194/egusphere-2026-565
Preprint. Discussion started: 5 March 2026
c© Author(s) 2026. CC BY 4.0 License.



6 

 

𝐹𝑑𝑟𝑎𝑔 = −
3𝜋𝜇𝑑𝑝𝑉𝑡ℎ

𝐶𝑐
 ,           (2) 

𝐹𝑑𝑟𝑎𝑔 + 𝐹𝑡ℎ = 0 ,            (3) 

Where 𝐶𝑐 denotes the Cunningham correction factor. With Eqs. (1) - (3), 𝑉𝑡ℎ is expressed in the form: 

𝑉𝑡ℎ =
𝜇𝐻∇𝑇𝐶𝑐

𝜌𝑔𝑇
= 𝐹𝑡ℎ ∗

𝐶𝑐

3𝜋𝜇𝑑𝑝
 ,          (4) 

 155 

Figure 2: 2D simulation of CS+EAC showing the flow field lines in the particle classification region. 

Neglecting the particle gravitational settling, the trajectory of the charged particles under the applied voltage in the EAC is 

expressed as follows: 

𝑍𝑝 =
𝑛𝑒𝐶𝑐

3𝜋𝜇𝑑𝑝
 ,            (5) 

𝑑𝑥

𝑑𝑡
= 𝑢𝑥  ,            (6) 160 

𝑑𝑦

𝑑𝑡
= 𝑢𝑦 + 𝑍𝑝𝐸𝑦 +𝑉𝑡ℎ = 𝑢𝑦 +

𝑍𝑝

𝑛𝑒
𝐹𝑒−𝑦 +

𝐶𝑐

3𝜋𝜇𝑑𝑝
𝐹𝑡ℎ = 𝑢𝑦 +

𝑍𝑝

𝑛𝑒
(𝐹𝑒−𝑦 +𝐹𝑡ℎ) ,     (7) 

where 𝑍𝑝 refers to the electric mobility of charged particles; 𝑛 indicates the number of elementary charge units; 𝑒 implies the 

elementary charge unit (1.6×10–19C); 𝑢𝑥  denotes the velocity of particles subjected to the fluid traction in the horizontal 
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direction; 𝑢𝑦  implies the velocity of particles subjected to the fluid traction in the vertical direction; 𝑍𝑝𝐸𝑦 + 𝑉𝑡ℎ indicates the 

velocity of particles subjected to the vertical component of the electric field force and the thermophoretic force; and 𝐹𝑒−𝑦 =165 

𝐸𝑦𝑛𝑒  indicates the electric force in the y -direction. For simplicity in theoretical calculations, the electric and flow field 

distortions within the EAC are disregarded. Furthermore, once the flow temperature stabilized, the 𝐹𝑡ℎ of all high temperature 

particles is considered to be a constant and all pointing in one direction. 

Based on the theoretical analysis of the EAC voltage-penetration curve, the thermophoretic force is incorporated into the 

derived equation to model the voltage-penetration efficiency of the CS+EAC at high temperature. The resulting modified 170 

particle stream function can be expressed as follows: 

Γ(𝑥,𝑦) = 𝜓(𝑥,𝑦) +
𝑍𝑝

𝑛𝑒
(Φ(𝑥,𝑦) + Τ(𝑥,𝑦)) ,         (8) 

Φ(𝑥, 𝑦) + Τ(𝑥, 𝑦) = ∫−𝐹𝑒−𝑦 −𝐹𝑡ℎ𝑑𝑥  ,         (9) 

Δ𝜓(𝑥, 𝑦) = −
𝑍𝑝

𝑛𝑒
[ΔΦ(𝑥, 𝑦) + ΔΤ(𝑥, 𝑦)] ,          (10) 

where 𝜓 refers to the fluid stream function, Φ indicates the electric field force function, and Τ refers to the thermophoretic 175 

force function. Based on Liu's analysis of the fluid stream function (Liu et al., 2016), Eqs. (13) and (14) in his study are 

modified as follows: 

∆Φ+ ∆Τ = ∫ −𝐹𝑒−𝑦 −
𝑙2

𝑥𝑖𝑛
𝐹𝑡ℎ𝑑𝑥 = (−

𝑉𝑛𝑒

ℎ
− 𝐹𝑡ℎ) ∗ (𝑙2 − 𝑥𝑖𝑛) ,      (11) 

∆Φ+ ∆Τ = (−
𝑉𝑛𝑒

ℎ
− 𝐹𝑡ℎ) ∗ 𝑙 ,          (12) 

Additions and modifications were made based on the classification discussed in Liu's study. If 𝜓1 −
𝑍𝑝

𝑛𝑒
[ΔΦ(𝑥, 𝑦) +180 

ΔΤ(𝑥, 𝑦)] < 𝜓1 , this indicates that the electric field force is less than the thermophoresis force, and some particles will settle 

onto the grounded electrode plate. By further increasing the voltage, the electric field force gradually offsets the thermophoresis 

force, and the normalized penetration efficiency Ω  increases to 1. When 𝜓2 −
𝑍𝑝

𝑛𝑒
[ΔΦ(𝑥, 𝑦) + ΔΤ(𝑥, 𝑦)] ≤ 𝜓3  , Ω  is 1, 

meaning that all particles pass through the EAC. When 𝜓1 −
𝑍𝑝

𝑛𝑒
[ΔΦ(𝑥, 𝑦) + ΔΤ(𝑥, 𝑦)] ≥ 0𝜓3 , Ω is 0, meaning that all 

particles are captured by the high-voltage plate. If 
𝑄𝑠ℎℎ𝑛𝑒

𝑙𝑤(𝑛𝑒𝑉+ℎ𝐹𝑡ℎ)
< 𝑍𝑝 <

(𝑄𝑠ℎ+𝑄𝑎)ℎ𝑛𝑒

𝑙𝑤(𝑛𝑒𝑉+ℎ𝐹𝑡ℎ)
 , then the Eqs. (16) – (18) in Liu's study 185 

are modified to the following equations: 

Ω =
𝜓3−[𝜓1−

𝑍𝑝
𝑛𝑒
(∆Φ+ΔΤ)]

𝜓2−𝜓1
 ,           (13) 

𝑃 = 𝑚𝑎𝑥 {0, 𝑚𝑖𝑛 [1,1 +
𝑄𝑠ℎ

𝑄𝑎
−

(𝑄𝑠ℎ+
𝑄𝑎

2⁄ )

𝑄𝑎
(
𝑍𝑝

𝑍𝑝,𝑐
)]}0 ,        (14) 

where 𝑃  implies the transfer function of CS+EAC comprising the thermophoretic force. The central mobility, 𝑍𝑝,𝑐 , 

corresponding to a 50% particle penetration efficiency, is calculated as follows: 190 

𝑍𝑝,𝑐 =
(𝑄𝑠ℎ+

𝑄𝑎
2⁄ )ℎ𝑛𝑒

𝑙𝑤(𝑛𝑒𝑉50+ℎ𝐹𝑡ℎ)
 ,           (15) 
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As shown in Eqs. (15), if the thermophoretic force points toward the ground plate, 𝑉50 increases compared to the case 

without thermophoretic force, which shifts the voltage-penetration efficiency curve to the right. Conversely, if the 

thermophoretic force points toward the high-voltage electrode, 𝑉50 decreases and the curve shifts to the left. The above is an 

analysis of the voltage-penetration efficiency function under ideal conditions. In fact, as shown in the simulation, the 195 

thermophoresis force acting on the particle changes as the particle moves. This results in the actual EAC transfer function 

lying between the two ideal analyses mentioned above. The estimated transfer function curve is such that as the voltage 

increases, the normalized penetration efficiency first rises, then plateaus, and finally decreases to zero. 

2.3 Experimental setup 

The study will characterize the performance of CS+EAC in terms of volatile particle removal efficiency and penetration 200 

efficiency of the CS, and transfer function of the EAC. The removal efficiency depends on the CS heating temperature, the 

size of the core catalyst, and the sample flow size entering the CS. The penetration efficiency experiments were conducted in 

two configurations: (i) CS+EAC without applied voltage, and (ii) CS+EAC with applied voltage. The transfer functions were 

carried out at various temperatures and dilution ratios. As shown in Fig. 3, the experimental setup includes a tube furnace and 

a soot particle generator for particle generation. The tube furnace generates tetracontane particles of controlled size by 205 

regulating the flow rate and heating temperature. The soot particle generator system comprises a mini -cast5 and a CS, which 

generate varying particle sizes by adjusting the flow ratios. The second configuration serves as the particle classification part, 

employing a DMA (TSI Model 3081) to classify monodisperse particles. These classifieds monodisperse particles then enter 

the experimental section consisting of three components: the bypass, the CS, and the CS+EAC, where the latter is equipped 

with an additional sheath flow supply. Finally, the PN and particle size distribution measurement section includes a Scanning 210 

Mobility Particle Sizer (SMPS) composed of a DMA (TSI Model 3081 or 3085) paired with a condensation particle counter 

(CPC, TSI Model 3788 or 3752) for particle size distribution analysis. The PN measurement unit consists of a separate CPC 

unit (TSI Model 3788 or 3752). Based on the experimental conditions, CPC-3788 was used in the removal efficiency 

experiment, and CPC-3752 was used in subsequent experiments. Analysis of the subsequent experimental results suggests that 

replacing the measuring device did not affect the research results. The specific experimental setup is shown in Fig. S1 to S4 in 215 

the supplementary materials. 
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Figure 3: Experimental setup for evaluating the performance of CS+EAC. 

2.3.1 Removal efficiency of volatile particles 

This study first conducted some basic experiments, such as CS removal efficiency, to ensure that the research subjects met 220 

basic regulatory requirements. Tetracontane was selected to test the volatile particle removal efficiency of the CS due to it s 

representative characteristics. According to Euro VI emission regulations, the VPR must achieve at least 99% removal of 

tetracontane particles measuring at least ≥30 nm, with a particle number concentration of ≥ 10E4 #/cm 3. The more stringent 

Euro VII regulation mandates that the VPR must remove more than 99.9% of tetracontane particles with a median particle size 

exceeding 50 nm and a mass concentration >1 mg/m3. In this study, 0.3 g of tetracontane (Aladdin, >97.0% (GC)) was placed 225 

in a quartz boat at the center of a tube furnace. Tetracontane particles were generated by heating the tetracontane through the 

tube furnace, with their median particle size controlled by varying the heating temperature. In general, the RE declines 

gradually with increasing particle size and concentration, as well as with the reduced residence time in the CS. Therefore, this 

experiment was conducted under varying operational conditions, detailed in Table S1 and Fig. S1 in the supplementary 

materials. 230 

The RE is expressed as follows: 

𝑅𝐸 = 1 −
𝑁𝐶𝑆

𝑁𝑏𝑦𝑝𝑎𝑠𝑠
 ,           (16) 

where 𝑁𝐶𝑆 refers to the number concentration of particles after the CS, and 𝑁𝑏𝑦𝑝𝑎𝑠𝑠 indicates the number concentration of 

particles directly measured from the bypass. The experimental results are shown in Fig. S5-S6 in the supplementary materials. 

2.3.2 Solid particle penetration experiments 235 

Regulatory standards for VPR require testing penetration efficiency for solid particles with particle sizes of 15, 30, 50, and 

100 nm. The penetration efficiency (𝑓𝑝) is calculated as follows: 

𝑓𝑝 =
𝑁𝐶𝑆+𝐸𝐴𝐶

𝑁𝑏𝑦𝑝𝑎𝑠𝑠
=

1

𝑃𝐶𝑅𝐹
 ,           (17) 

where 𝑁𝐶𝑆+𝐸𝐴𝐶  refers to the number concentration of particles after the CS+EAC, the particle concentration reduction factor 

(PCRF) is the reciprocal of the penetration efficiency. To obtain a complete penetration efficiency curve for the CS+EAC, 240 

some particle sizes were added to the experiments, and penetration efficiency experiments were conducted at different CS 
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heating temperatures, different dilution ratios, and zero voltage. Table S2 shows the operating parameters for these experiments. 

The dilution ratio (DR) is calculated as follows: 

𝐷𝑅 =
𝑄𝑠ℎ+𝑄𝑠𝑎

𝑄𝑠𝑎
=

𝑄𝑡

𝑄𝑠𝑎
 ,           (18) 

where 𝑄𝑠ℎ represents the sheath flow rate, 𝑄𝑠𝑎 implies the sample flow rate, and 𝑄𝑡 signifies the total flow rate. The specific 245 

experimental setup is shown in Fig. S2 in the supplementary materials. In the experimental data graph presented in the result s 

discussion, DR1 denotes a dilution ratio of 1, and so on. 

2.3.3 Voltage-penetration efficiency curves for CS+EAC 

Voltage-penetration efficiency curve test for the CS+EAC was evaluated relative to its zero-voltage penetration efficiency. 

The high-voltage source (Dong Wen High Voltage, China) used in the experiment operates within a range of 0 ~ -10000 V 250 

and includes an output voltage reading. The specific experimental setup is shown in Fig. S3 in the supplementary materials. 

Polydisperse particles with varying peak particle sizes were generated by adjusting the gas ratio in the soot generator. The soot 

particles initially pass through a CS (catalytic instruments, CS015) to remove volatile particles before entering the DMA-3081 

for classification. The classified particles then enter the CS+EAC, where the applied high voltage in the EAC is increased 

linearly over a 120-s scanning cycle. The step voltage size was adjusted during the experiment. Each test comprised three 255 

consecutive scans, with the final voltage-penetration efficiency curve representing the average of the three measurements. In 

this study, the penetration efficiency curves were measured for particle sizes between 15 and 100 nm. The specific parameter 

settings are listed in Table S2. 

2.3.4 Measurement of particle size distribution at different voltages 

To validate the CS+EAC’s capability for rough peak particle size estimation, experiments were conducted to measure the 260 

particle size distribution at varying step voltage under fixed operating conditions. The polydisperse particles generated by a 

soot generator were charged using soft X-rays before entering the CS+EAC. Particle size distribution measurements were 

recorded at different voltage settings and compiled into a trend graph. The specific experimental setup is shown in Fig. S4 in 

the supplementary materials. The peak particle size was determined by analyzing the decay rate of the particle number 

concentration alongside the V50 fit data. The experiments were conducted at 25 °C and 350 °C, with the 350 °C experiment 265 

highlighting improvements in the penetration efficiency more clearly. 

2.3.5 Alternating measurement test at 10 or 23 nm 

To assess the feasibility of PN interval measurement above 10 and 23 nm, the cut-off voltages for these measurements were 

first established through the experiments presented in Section 2.3.3. Subsequently, the high-voltage power supply was set to a 

square wave voltage of only 0 and -200 V, and the interval time was changed to study the effect of voltage changes on the 270 

stability and accuracy of concentration measurements, with the aim of determining the shortest accurate measurement interval. 

The experimental setup is shown in Fig. S3, with the operating parameters displayed in red. After classification, the 15 nm 

particles were subjected to CS+EAC and then measured for number concentration using CPC-3752. Changes in number 

concentration were observed by varying the interval time between 0 V and -200 V. 
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3. Results and discussion 275 

3.1 Penetration efficiency of CS+EAC without voltage 

The experimental results presented in Fig. 4 indicate that, for a given DR, penetration efficiency decreases as the temperature 

increases to 350 °C. Notably, at 350 °C, the penetration efficiency improves with increasing DR. However, the efficiency for 

smaller particle sizes remains below regulatory requirements. Therefore, further enhancement of small particles is necessary 

for the CS+EAC system to meet the requirements at 350 °C. 280 

 

Figure 4: Particle penetration efficiency of CS+EAC at dilution ratios: (a) 25°C, and (b) 350°C. 

3.2 Voltage-penetration efficiency curve 

To characterize the voltage-particle penetration efficiency of the CS+EAC under different operating conditions. Based on 

the mechanical structure of CS+EAC, soot particles were used for the voltage-penetration efficiency experiments of EAC at 285 

different dilution ratios and temperatures. The experimental parameters are shown in Table S2, respectively. The flow rate was 

set with a sample flow rate 𝑄𝑠𝑎 = 0.3 L/min and a sheath flow 𝑄𝑠ℎ ranging from 0 to 3 L/min. 

3.2.1 Effect of temperature 

Depending on the shape of the designed CS+EAC, the EAC will be heated due to its connection to the CS. Therefore, the 

voltage-penetration efficiency curve of the EAC is affected by the CS temperature. A key objective of this study is to 290 

investigate the extent to which an applied electric field can mitigate the thermophoretic loss of high-temperature particles. The 

maximum voltage of the EAC is limited to -5000 V, constrained by the narrow insulation distance between the high-voltage 

pole plate of the EAC and the adjacent metal structure. Figure 5 illustrates the normalized voltage-penetration efficiency curves 

of CS+EAC at different temperatures, with a dilution ratio of 4 (DR4). The vertical coordinate represents normalized 

penetration efficiency, calculated by dividing the penetration efficiency data from a single scan cycle by the penetration 295 

efficiency at 0V. The horizontal coordinate is the normalized voltage, where V50 refers to the voltage at which the normalized 

penetration efficiency is 50%. Above 250 °C, the particle penetration efficiency gradually increases with increasing voltage, 
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indicating the effectiveness of applying the electric field force to resist the thermophoretic force to enhance the penetrati on 

efficiency. The maximum normalized penetration efficiency is positively correlated with CS temperature, with the normalized 

penetration efficiency of 23 nm at 350 °C increasing to around 1.2. Additionally, the descending portion of the voltage-300 

penetration efficiency curve becomes steeper with increasing temperature. This may be due to the downward temperature 

gradient in the latter half of the classification zone, causing both the electric field force and thermophoretic force to poi nt 

toward the high-voltage plate. Consequently, the particle penetration efficiency decreases at an accelerated rate, resulting in a 

steeper gradient. Moreover, as temperature increases, the downward thermophoretic force increases, further enhancing the 

steepness. Considering the operating temperature of the CS and the effectiveness of enhancing particle penetration efficiency, 305 

all subsequent voltage-penetration efficiency experiments were conducted at 350 °C. 

 

Figure 5: CS+EAC voltage-penetration efficiency curves at varying temperatures. 

3.2.2 Effect of different dilution ratios 

Figure 6a shows the normalized voltage-penetration efficiency curves at 350 °C for various dilution ratios. Consistent with 310 

theoretical predictions, the normalized penetration efficiency increases with increased voltage. As the voltage is further 
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increased, the efficiency gradually decreases to 0. The maximum normalized penetration efficiency is positively correlated 

with the dilution ratio. When the dilution ratio exceeds 3, the maximum normalized penetration efficiency for each particle 

size is around 1.2. It is worth noting that the steepness decreases with increasing particle size at dilution ratio 1. The steepness 

of the curve increases significantly with increasing dilution ratio and the difference in steepness between particle sizes 315 

decreases gradually. This suggests that EAC requires a higher dilution ratio to reduce the effect of particle size on the 

consistency of the voltage-penetration efficiency curve. Figure S8 shows the voltage-penetration efficiency curve data for 

DR11, showing that the normalized curves for different particle sizes converge at high dilution ratios. This convergence 

indicates a gradual increase in the EAC’s size resolution with increasing dilution ratio. However, it should be noted that as the 

total flow increases, the particle residence time within the EAC decreases, leading to a gradual increase in V50. Considering 320 

this study’s objective to mitigate the thermophoretic particle loss while acknowledging the EAC’s maximum voltage limit of 

-5000 V, the final DR4 was chosen for the penetration efficiency enhancement experiments. 

 

(a) 
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 325 

(b) 

Figure 6: Voltage-penetration efficiency curves for CS+EAC under varying DRs: (a) normalized voltage, (b) applied voltage. 

Figure 6b shows the normalized penetration efficiency curve under actual voltage conditions. To clearly illustrate 

changes in small particle size, the horizontal axis adopts a logarithmic scale. The complete data can be found in Fig. S7. 

It can be seen that as the particle size increases, the voltage value corresponding to the highest penetration efficiency 330 

gradually increases. When selecting an appropriate voltage value, such as a lower voltage, the penetration efficiency of 

small particles with a diameter range of 15-30 nm can be improved, while the improvement ratio for large particles with 

a diameter range of 50-100 nm can be ignored. This indicates that by applying the appropriate voltage, the originally 

steep penetration efficiency curve can be flattened. 

3.2.3 The cutoff voltage, V50  335 

Figure 7 presents the V50 values for various particle sizes across different temperatures and dilution ratios. The data 

indicate that the V50 increases progressively with the particle size and the DR. In Fig. 7b, the columns represent the fluctuation 

range of V50, and the numbers represent the mean value of V50 under the same particle size and different temperature conditions. 
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It can be seen that the impact of temperature on V50 remains within 10%. Particle size distribution measurements at different 

voltages will reference the V50 values derived from the fitted curves, as shown in Fig. 7. 340 

 

Figure 7: V50 at varying temperatures and DRs: (a) different DRs, and (b) varying temperatures. To clearly illustrate the fluctuation 

range of V50 at different temperatures for various particle sizes, the column chart (top horizontal axis) employs an equidistant scale, 

differing from the bottom horizontal axis. 

3.3 Penetration efficiency improvement ratio and PCRF value 345 

Using the voltage-penetration efficiency curves of the CS+EAC at 350 °C and a DR of 4, the voltage values of EAC 

corresponding to the peak penetration efficiency enhancement for small particle sizes (15, 23, and 30 nm) were selected. These 

voltages were then applied to determine the penetration efficiency enhancement ratios of particles across various particle sizes. 

From the voltage-penetration efficiency curve, the maximum penetration efficiency for 15 nm particles occurs at -112 V. 

Figure 8 presents the penetration efficiency enhancement ratios for various particle sizes at -112 V, showing a 24.4% increase 350 

for 15 nm particles. This improvement is based on the 350 °C-DR4 penetration efficiency data in Fig. 4b. The enhancement 

ratio decreases gradually as the particle size increases. This results in a flatter penetration efficiency curve for -112 V compared 

to 0 V. The PCRF value in the regulation is determined by the average of the penetration efficiencies for the three particle 

sizes 30 nm, 50 nm, and 100 nm (an additional 15nm penetration efficiency is added for the 10 nm regulation). The specific 

requirements and limits are shown in Fig. S9 (Giechaskiel, 2021). 355 

A flatter penetration efficiency curve is essential for accurate PCRF determination, as the peak particle size is typically 

unknown during exhaust emission measurements. The optimal PCRF value is achieved when the penetration efficiencies across 

the relevant particle sizes are nearly uniform. As a result, the PCRF15nm at -112 V setting is suitable for 10 nm regulatory 

equipment and results in more accurate measurements. Further increasing the voltage to -160 V yields the maximum 

enhancement ratio for the 23 nm particles, reaching the value of 25.4%. However, the 55.5% reduction in penetration efficiency 360 

at 15 nm indicates that the -160 V setting is unsuitable for the latest 10 nm regulatory requirements. Excluding the 15 nm 
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particles, the penetration efficiency curve at the -160 V setting is very flat, making it appropriate for 23 nm regulations. Table 

1 summarizes the calculated PCRF values for the 10 and 23 nm regulations across various voltage settings. The data show that 

the PCRF value decreases as the penetration efficiency curve flattens out, thereby enhancing the accuracy of emission 

measurements. 365 

 

Figure 8: Penetration efficiency improvement ratio across various voltages. Arrows are used to indicate the coordinates of the 

penetration efficiency fitting curve and the improvement efficiency. To clearly illustrate the improvement rate in penetration 

efficiency across different particle sizes at varying voltages, the column chart (top horizontal axis) employs an equidistant scale, 

differing from the bottom horizontal axis. 370 

Table 1 

PCRF values at varying voltages. 

 Penetration efficiency 
PCRF15nm PCRF23nm 

 15 nm 30 nm 50 nm 100 nm 

0 V 32.36% 62.84% 73.99% 79.69% 1.822  1.399  

-112 V15nm 40.26% 70.31% 77.62% 79.66% 1.612  1.322  

-160 V23nm 14.41% 75.44% 81.37% 80.76% 2.683  1.264  

-246 V30nm 0.00% 77.78% 86.55% 83.42% - 1.213  
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3.4 Particle size distribution and response time 

To validate the ability of the CS+EAC to determine the peak particle size of the particle size distribution with short time 

and coarse resolution, the performance of CS+EAC is assessed through both the particle size distribution analysis and the 375 

concentration-time response evaluation. 

3.4.1 Particle size distribution and peak particle size at stepping voltage 

Using the voltage-penetration efficiency curves of CS+EAC obtained from Section 3.3 and the V50 data, we simulated motor 

vehicle exhaust by generating soot particles and examined how the particle size distribution changed with varying voltages. 

Figure 9a illustrates the particle size distributions of CS+EAC at 25 °C under varying voltages. The soot particles with an 380 

initial peak size of 35 nm shifted to a peak size of 37.2 nm after passing through the CS+EAC at 0 V. This shift occurs because 

the penetration efficiency increases with increasing particle size, resulting in a greater reduction in the concentration of small-

sized particles. As the voltage increases, it can be seen that the particle size distribution is gradually removed from left to right. 

This is determined by the transfer function of CS+EAC, where higher dilution ratios theoretically lead to a more verti cal cut 

on the left side of the particle size distribution. By continuously increasing the voltage and calculating the PN reduction rate, 385 

the voltage corresponding to the fastest decline—denoted as V50—identifies the peak particle size within the measured 

distribution. The scatter plot of the total concentration at varying voltages in Fig. 9a shows the steepest decline near -700 V. 

Correspondingly, the particle size distribution indicates that the number concentration of peak particle size (37.2 nm) is 

approximately halved at -700 V compared to that at 0 V. This indicates that when V50 is -700 V, the corresponding particle 

size is the peak particle size of the measured polydisperse particles, which is verified by Fig. 7, where 37.2 nm corresponds to 390 

a V50 around -700 V. 
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(a) 

 

(b) 395 

Figure 9: Particle size distribution measurements of CS+EAC at stepped voltages: (a) 25 °C, and (b) 350 °C. 
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Further, the same experiment was repeated at 350 °C. Based on the transfer function at this temperature and a DR of 4, 

CS+EAC is expected to show an initial increase followed by a decrease in the peak particle size concentration as voltage 

increases. Figure 9b shows that the number concentration of the particle size distribution increases with increasing voltage, 

but the peak particle size does not change much. As the voltage increases further, the particle size distribution concentrati on 400 

gradually shifts and decreases from left to right. At voltages from -600 V to -700 V, the peak particle size concentration of the 

initial particle size distribution is reduced by half, which indicates that the V50 corresponding to the peak particle size is within 

the range of this voltage interval. Similarly, comparison with the V50-particle size fitting curves in Fig. 7 confirms that the 

above method for the approximate estimation of peak particle size is both feasible and effective. 

3.4.2 Cycle voltage and particle concentration response time 405 

Based on the transfer function characteristics of CS+EAC, alternate measurements with 10 nm or 23 nm as D50 are possible. 

D50 is the particle size for which the counting efficiency in the emission measurement system is 50%. In practical applications, 

measurement must be made within seconds, as particle concentrations and size distributions vary in real -time. Therefore, time 

resolution is critical for alternating measurements. To maintain effective classification, the voltage conversion time must be 

rapid yet controlled. For CS+EAC, the key to achieving particle size classification conversion is the steady rate of voltage 410 

conversion and the residence time of particle in the EAC classification region. This is related to the response time of the voltage 

control module and the flow through the EAC. Based on the above research and analysis, it is proposed to carry out the 0~-

200 V voltage conversion concentration measurement of soot particles with a particle size of 15 nm under the conditions of 

sample flow of 0.3 L/min, 350 °C, and a dilution ratio of 4. The experimental results are shown in Fig. 10. Experiments were 

conducted by setting different intervals to determine the time required for concentration stabilization. When t =1 s, the voltage 415 

failed to accurately switch to 0 V or -200 V. This caused the voltage to remain at an in-between value, thereby preventing the 

complete removal of particles. As t increases to 5 seconds, the 15 nm particles are completely removed. Notably, when the 

voltage switches to 0 V, the concentration exceeds the average value. This may be due to the slower discharge rate of the high-

voltage source, thereby improving the penetration efficiency of the particles. In actual measurements, precise concentration 

measurements can be achieved by reading the voltage corresponding to the peak concentration and combining it with the PCRF 420 

value associated with that voltage. We can see from the end of the measurement that the concentration gradually decreases to 

the average value. Therefore, by using a custom voltage source, interval measurements can be achieved when the switching 

time is larger than 5 seconds. This measurement method can evaluate the concentration percentage of particles from 10 to 23 

nm in the exhaust gas. 
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 425 

Figure 10: Soot particle concentration measurements with a particle size of 15 nm at varying transition time intervals. 

4. Conclusion 

In order to further improve the penetration efficiency without decreasing the volatile particle removal efficiency of the CS, 

this study designs a device that integrates CS with a plate EAC. The charged particles heated by the CS enter directly into the 

EAC, where the electric field force counteracts the thermophoretic force, thereby further improving the particle penetration 430 

efficiency. The performance test was carried out in two parts: the first part involved measuring the removal efficiency of the 

CS, and the second part focused on assessing the penetration efficiency without voltage and obtaining the voltage-penetration 

efficiency curves for the CS+EAC. Using the voltage–penetration curves of CS+EAC, the particle size distribution 

measurements and PCRF calculations were conducted at various voltages. Further, alternating measurements of the number 

concentration for particle size intervals above 10 and 23 nm were performed by periodically adjusting the EAC voltage value. 435 

Experimental data demonstrate that the CS achieves an exceptionally high removal efficiency of volatile particles. At a flow 

rate of 1.5 L/min, the removal efficiency of tetracontane particles with a peak particle size of 88 nm and a mass concentrati on 

above 1 mg/m3 was greater than 99.99%. Moreover, lowering the flow rate further enhanced the removal efficiency. CS+EAC 

uses sheath flow to dilute and cool the sample flow, resulting in particle penetration efficiencies of 32.3% for 15 nm particles 
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and 79.6% for 100 nm particles (at a sample flow of 0.3 L/min, DR of 4, and CS temperature of 350 °C). Penetration efficiency 440 

will be higher with dilution compared to undiluted. Voltage-penetration efficiency curve demonstrates that applying an electric 

field can increase particle penetration efficiency by counteracting the thermophoretic force, which is manifested as a hump in 

the voltage-penetration efficiency curve. This improvement becomes more pronounced with higher DR and temperatures. 

Increasing the DR raises the V50 value and sharpens the descending slope of the curve, while temperature has a smaller effect 

on V50. 445 

Based on the voltage-penetration efficiency curves for CS+EAC operating at 350 °C—with a sample flow of 0.3 L/min and 

a DR of 4—multiple voltage values were chosen to calculate the PCRF. At -112 V, the penetration efficiency for 15 nm 

particles is improved by 24.4%, while the efficiency for 100 nm particles remains nearly unchanged, resulting in a flattened 

penetration efficiency curve. In emission particle measurements, the PCRF values derived from such a smoother curve result 

in more accurate measurements. Further increasing the voltage to -200 V produced a penetration efficiency curve suitable for 450 

23 nm regulatory devices. To explore the feasibility of alternating number concentration measurements for particle size 

intervals above 10 or 23 nm, periodic measurements were performed at two set classification voltages. When the interval time 

was at least 5 s (T ≥ 5 s), the maximum value obtained from the interval measurement closely matched the actual measurement 

value. Under these conditions, the CS+EAC combined with the particle counting device can accurately measure different 

particle size intervals. 455 

Finally, this study demonstrates that CS+EAC provides the following functions: 

i) It dilutes the aerosol to meet measurement equipment requirements. 

ii) It improves the particle penetration efficiency without decreasing the removal efficiency of the volatile particles. 

iii) It improves the PCRF value of the pretreatment device, resulting in more accurate measurements of the particle number 

concentrations in emissions. 460 

iv) It enables concentration measurements of numbers in different particle size bands such as 15 nm/23 nm and above will 

be realized, which will help to roughly locate the peak particle size of the emission during the field test. 

It is worth noting that this study did not conduct experiments combining unipolar diffusion chargers, which means that some 

work still needs to be done before the study can be put into practical use. Next, we will explore the effectiveness of this s tudy 

in practical applications by combining it with highly efficient unipolar diffusion chargers. 465 
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