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Abstract10

Soot and particulate emissions from the transport sector are a major concern worldwide, given their11

harmful effects on public health and the environment. On-road vehicles are the main contributing12

source to this kind of pollution. They are strictly regulated in many countries, with limitations on the13

number and concentration of released particles, and they must be equipped with particle abatement14

systems. Wall-flow particulate filters are the most popular and effective devices to reduce particulate15

emissions from diesel and gasoline vehicles. Diesel Particulate Filters (DPFs) have been a recurrent16

research topic since the last century. There are different research studies analysing different aspects of17

these systems, at different levels, using different methodologies and different approaches. Their results18

are not always comparable. This work analyses the latest advances and trends in this technology by19

comparing two relevant performance parameters: their filtration efficiency and pressure drop. The20

findings of this study suggest that, in order to be competitive, upcoming DPFs should have filtration21

efficiencies above 80%, and pressure drops below 10 kPa, for space velocities of 1.5·105 h-1 or more22

at the clean state. They should reach ~100% efficiency after a short operation period, before the soot23

load reaches 0.2 g/L. Later, they should keep a low pressure drop for a longer time, with a reference24

of no more than 13 kPa for 6 g/L of soot load. Based on this analysis, this work proposes some test25

criteria and suggestions for the main parameters.26
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Highlights:29

- Current general design trends in wall-flow Diesel Particulate Filters are presented30

- The performance of current DPFs is quantitatively assessed in a systematic manner31

- Reasoned test criteria and suggestions for the main test parameters are provided32
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Abbreviations51

AC Advanced Cordierite52

ACT Asymmetric Cell Technology53

AT Aluminium titanate54

Cpsc Cells per square centimetre55

Cpsi Cells per square inch56

DPF Diesel Particulate Filter57

EDC European Driving Cycle58

EEA European Environment Agency59

EEPS Engine Exhaust Particle Sizer60

EMEP European Monitoring and Evaluation Programme61

EUDC Extra Urban Driving Cycle62

MEP Mean Effective Pressure63



MPD Medium Pore Diameter64

PM Particulate Matter65

PM10 Particles smaller than 10 microns66

PM2.5 Particles smaller than 2.5 microns67

RC Robust Cordierite68

SL Soot Load69

Sv Space velocity70

71

1. Introduction72

The presence of high concentrations of Particulate Matter (PM) in the air poses a serious threat to both73

health and the environment (Amoatey et al., 2019). On-road vehicles are one of the major sources of74

PM in most countries (Mukherjee and Agrawal, 2017). Automotive emissions are limited at global,75

national and regional level by different regulations, with special attention to diesel cars (Brewer, 2019).76

The environmental impact of diesel vehicles is currently similar to that of petrol vehicles, due to the77

regulatory and environmental pressure that several countries have been imposing on these kinds of78

vehicles since the end of the last century (Helmers et al., 2019). Nonetheless, recently, the prestige of79

diesel engines has been suffering due to the increasing global concern about climate change,80

particularly since the “dieselgate” scandal emerged (Hachenberg et al., 2018).81

In Europe, diesel cars were favoured by political decisions since the last century, until 2015. As a82

consequence, these types of cars are currently prevalent on European roads (Hooftman et al., 2018).83

The number and mass of particles generated by automotive engines have been limited in the EU,84

through increasingly stringent regulations, up to the Euro 6 standard that came into force in 201585

(“Regulation No 715/2007,” 2007). The EU emissions policy failed to regulate automotive emissions,86

as long as it allowed carmakers to sidestep the required performance, setting a gap between stated and87

real-world car emissions (Skeete, 2017).  The latest regulatory measures adopted to address this gap88

were the setting of a Worldwide Harmonised Light Vehicle Test Procedure (WLTP) (ECE, 2017), and89

the forcing of on-road measurements, with Portable Emissions Measurement Systems (PEMS)90

(Giechaskiel et al., 2019).91

In other non-EU countries, the share of light-duty diesel vehicles sales is lower and diesel engines are92

preferred for heavier vehicles, such as pickups or trucks (Dirndorfer, 2019). In the United States, the93

phase-in period of Tier 3 (2017-2025) applies at Federal level, and requires automakers in the US to94

certify an increasing percentage of their fleet as complying with the new emissions standard (3 mg/mi)95



(“United States: Cars and Light-Duty Trucks: Tier 3,” 2019). US standards are led by the California96

low emission vehicle (LEV) legislation, which sets stricter emission limits to cope with its exceptional97

smog problems (Hooftman et al., 2018). China, the largest emerging economy this century, has made98

important progress in the automotive regulations since 2000 (Liu et al., 2019), with increasingly strict99

emissions control (China 1 to China 6) following the European regulation (Wu et al., 2017). In 2020,100

China will implement the China 6 emission standard for light-duty vehicles, while some cities, like101

Beijing, are already forcing stricter regulations (similar to California LEV III) and avoiding further102

penetration of diesel cars into the market (Wu et al., 2016). Also India is tightening its PM limits103

through successive emission standards. The latest one, Bharat Stage-VI, will be applicable to vehicles104

manufactured after 1 April 2020 (Lathia and Dadhaniya, 2019). In Latin America, air quality standards105

are below those of the US or the EU. Some countries, such as Mexico and Chile, have introduced a106

CO2 tax to encourage the use of less polluting vehicles (Mardones and Baeza, 2018). Apart from these107

regulatory standards, several local policy instruments are being used to reduce air pollution in108

metropolitan areas with more or less success: setting low emission zones, applying parking licence109

restrictions, creating incentives to adopt electric vehicles, etc. (Haakman et al., 2020)110

The formation of particulate matter is recognized as one the main environmental impacts of the111

automotive sector, with effects on biodiversity and human health (Jasiński et al., 2016). Different112

methods have been proposed to reduce particulate emissions from diesel vehicles: fuel injection113

strategies, advanced combustion strategies, using diesel fuel with oxygenated additives, exhaust114

aftertreatment systems, etc. (Wang et al., 2018; Zapata and Nieuwenhuis, 2010). Among them, the use115

of wall-flow Diesel Particulate Filters (DPFs) is the most efficient and widespread (Ayodhya and116

Narayanappa, 2018; Mohankumar and Senthilkumar, 2017). Particle filters are the only systems with117

enough filtration efficiency to comply with the current PM emissions limits by themselves. However,118

the high backpressure they introduce in the exhaust pipe (Stamatellou and Stamatelos, 2017;119

Stamatelos, 1997), and the technical issues associated with the on-board regeneration process (Guan120

et al., 2015), are open challenges for improving their performance. The objective of this work is to121

show common trends in wall-flow Diesel Particulate Filters design and performance, and to identify122

attainable results at the present time that can be used in future research studies, as minimum123

competitiveness requirements.124

Diesel engines are currently facing a challenge. Emissions standards are becoming stricter, and the125

new harmonized testing procedures (WLTC) show a greater sensitivity to eco-driving factors (Gao et126

al., 2019). Meeting the emission limits is challenging, especially during cold start and warm up periods127

(Roberts et al., 2014). Nonetheless, dismantling the existing transport system, built around internal128



combustion engines, will take a long time (Kalghatgi, 2018). Internal combustion engine vehicles129

(ICEVs) will still be present in the next decades, as part of the energy transition of road transport in130

developed countries (Wanitschke and Hoffmann, 2019). While ICEVs are still manufactured and sold,131

optimized DPF designs will be necessary to comply with future emission regulations.132

Keeping an optimum design involves limiting the backpressure and the fuel penalty, for example, by133

adjusting the size of the filter (Stamatellou and Stamatelos, 2017), the geometric characteristics (Deng134

et al., 2017b), or the microstructure (Yamamoto and Sakai, 2016). The regeneration process, which135

has a critical effect on the vehicle fuel economy, also plays a crucial role in the DPF design. The high136

temperature needed to regenerate the filters and the high thermal gradients, that take place during the137

regeneration process, demand highly resistant materials (Deng et al., 2017a). In addition, an adequate138

porous structure of the substrate may reduce the regeneration temperature and improve the soot mass139

limit (Guan et al., 2015). Predicting the soot load under real transient operating conditions is140

challenging, but desirable, to determine the optimum regeneration timing (Du et al., 2018). The high141

research activity in this field is reflected in a proliferation of research studies and publications about142

wall-flow DPFs.  There is a general agreement on their characterization and study through the analysis143

of filtration efficiency, pressure drop and thermal loads during the regeneration processes, as the most144

relevant system parameters (Millo et al., 2015; Stamatellou and Stamatelos, 2017; Yamamoto et al.,145

2019). The standard type-approval procedures for aftertreatment systems contribute to standardising146

these measurements for full-scale DPF prototypes tested on board. Nevertheless, in the majority of147

cases, tests are performed in independent facilities, or at the laboratory scale, and there is no clear148

consensus on the experimental procedures. In some cases, the resulting measurements show149

differences of more than one order of magnitude, depending on the author (Xuereb and Farrugia, 2016).150

In this paper, the latest advances and evolution of technology are analysed, based on a significant151

number of experimental cases extracted from the literature. A systematic literature review has been152

carried out with the following search criteria. Two databases have been explored: Scopus and Web of153

Science. The main subject headings used in the search were: “Diesel Particulate Filter”, “DPF”,154

“Filtration Efficiency”, “Pressure Drop”, “Particulate Matter”, “PM”, “Particulate Emissions”, and155

“Soot emissions”. These terms were combined through appropriate Boolean functions and156

complemented with several secondary headings: “Particle Filtration”, “Filtration Performance”,157

“Automotive”, “Soot Abatement”, “Soot Load”, etc. The study has taken into account the existence of158

synonymous or similar terms; it happens for example with the terms “Soot”, “Particulate Matter” and159

“Carbon Black”; also with “Pressure Drop” and “Backpressure”. The initial search was restricted to160

titles and the abstracts, and later broadened with the “Related Articles” function and extended to161



prominent references within each selected article. The last search was done in September 2019. In162

order to summarize the amount of published papers in the field in the last decades, a citation analysis163

was carried out in both WoS and Scopus using a selected Boolean function: ("particulate filter” OR164

(soot AND filter)) AND (diesel OR vehicle OR car OR automotive). Results are shown in Figure 1.165

166

Figure 1. Amount of published articles in Web of Science and Scopus from 1980 to 2019 with the terms:167
("particulate filter” OR (soot AND filter)) AND (diesel OR vehicle OR car OR automotive)168

Despite the high number of articles extracted with the above-described search process, most of them169

were excluded from this study. Only those papers with quantitative and comparable information about170

the filtration performance of vehicular particle filters were included. This criterion limited substantially171

the number of references in this document. The analyses developed in this paper, and the structured172

integrated information, provide a useful global perspective of the performance and competitiveness of173

current DPFs. Based on this information, current trends in the design and performance of wall-flow174

Diesel Particulate Filters are identified.175

The paper is structured into six main sections. In Section 1, an introductory analysis is presented, where176

the novelty and the urgency of this review paper of the current state-of-the-art are stated. In Section 2,177

the current general design trends are presented, mainly referring to the geometry: bulk size, cell density178

and wall thickness, and also, to other aspects such as substrate material or porous structure. Section 3179

gathers a significant number of experimental cases, drawn from the literature, and presents their results180

pooled into structured summarising plots. It provides an integrated analysis of the performance of181

different DPFs for the reader to get a graphical global perspective of the current status of these systems.182

Based on the reviewed information, Section 4 proposes reasoned test criteria and provides some183

suggestions for the main test parameters. Then, Section 5 critically reviews all the quantitative184



information presented herein, and outlines the expected performance of a competitive DPF, in terms185

of filtration efficiency and pressure drop. In summary, a reference point for checking the actual186

competitiveness of any upcoming DPF development is provided. Finally, Section 6 presents the main187

conclusions.188

2. Design trends189

The design of the wall-flow DPFs is relatively flexible and supports multiple variations and190

integrations. The most extended geometry is cylindrical, due to constructive criteria, and uses highly191

thermal-resistant ceramic materials, such as cordierite or silicon carbide, as substrates (Reşitoʇlu et al.,192

2015). The overall size of the filter depends on the exhaust volume of the engine, so the backpressure193

is kept low. A typical size for a passenger vehicle with a 1.8 litre engine may be 14.4 cm (5.66 inch)194

in diameter and 15.4 cm (6 inch) in length. The cell density may currently range between 31 cpsc195

(200 cpsi) and 46.5 cpsc (300 cpsi), and the wall thickness may range between 0.25 mm (10 mil) and196

0.48 mm (19 mil). With these typical design features, the filtration area of the monolith is about 1 m2/L,197

and the filtration rate is usually in the order of a few cm/s.198

Increasing the cell density reduces the pressure drop for the loaded filters, due to the larger specific199

filtration area. The influence is significant for small cell densities (< 160 cpsi), but is not economically200

and technically viable above 200 cpsi (Lupše et al., 2016). Reducing the wall thickness is also a direct201

way to reduce the pressure drop of a DPF (Boger et al., 2011a), as Darcy’s law predicts. Furthermore,202

by decreasing the distance between channels, the cell density is increased, which increases the filtration203

area and therefore the particle retention capacity. Reducing wall thickness decreases bulk density, but204

has two negative effects on the filter: first, the reduction of the mechanical strength; and second, the205

reduction in the maximum load of particles that leads to thermal failure in the process of regeneration.206

Therefore, reduction in the wall thickness is limited by the structural resistance of the monolith, and207

by the reduction in filtration efficiency.208

Among other aspects, the designers of filters use cell geometry and distribution to enhance their209

performance and increase their storage capacity (Johnson, 2004) and, by enlarging the size of inlet210

cells in relation to that of the outlet cells (Asymmetric Cell Technology), soot load can be increased211

up to 65%, for the same pressure drop (Heibel and Bhargava, 2007).212

Although square cell monoliths are the most extended designs, some studies show that, with hexagonal213

cells, higher filtration efficiencies can be obtained with less pressure drop and higher regeneration214

velocities (Tsuneyoshi and Yamamoto, 2013). Other authors have also proposed the use of triangular215

cells (Liu and Miller, 2002). Saint Gobain developed a cell geometry called "wavy" to produce an216



effect similar to that of the Asymmetric Cell Technology. Adding a sinusoidal undulation to the filter217

walls, the volume of the input channels and the filtering surface are increased, further reducing the218

pressure drop (Briot et al., 2007).219

Within the technological developments related to the geometry of the wall-flow DPFs, filters with220

bilayer channels, also called “inlet-membrane” filters, were proposed by (Mizuno et al., 2008). This221

involves placing a very thin layer of a material, with pores of very small diameter, onto the surface of222

the inlet channels of the filters. With this system, the increase in pressure drop, introduced by the filter223

as it gets loaded with particles, is smoothed, reducing the hysteresis cycle in the loading/unloading224

process. This also favours filtration efficiency in the first stage of filtration (Iwasaki et al., 2011).225

Catalytic coatings may have a similar effect to that of the membrane inlet. Dip coating alters the226

original porous structure of the substrate, reducing pore size, and increasing the specific surface. This227

causes an increase in both the filtration efficiency and the pressure drop in the clean substrate. Then,228

during the particle loading process, it also reduces the time of formation of the soot cake on the surface229

(Tsuneyoshi et al., 2011)[78].230

In this work, some of these innovative systems have been analysed, together with some traditional231

ones, and they have all been integrated into a joint comparative study.232

3. Performance trends233

In this section, the performance of the wall-flow DPFs is analysed during the filtration period. The234

most common parameters used to characterize the behaviour of these systems are the filtration235

efficiency and the pressure drop.236

3.1. Filtration efficiency237

Starting in September 2015, all new European diesel cars must be compliant with the Euro 6 emission238

standards, which set a particle number emission limit of 6 × 1011 particles/km and a limit of 4.5 mg/km239

for the mass of particulate (Barroso, 2012). In the near future, new standards are likely to be developed240

for even stricter emission limits. Particularly, for Non-Road Mobile Machinery, Stage V of Regulation241

2016/1628 will be effective from the 1 January 2019, reducing the particles mass limit for all the242

engines above 19 kW, and introducing a new limit for particle number emissions (“Regulation (EU)243

2016/1628 of the European Parliament and the council, of 14 September 2016,” 2016). The efficiency244

of a DPF is directly focused on the compliance with these standards, which is a fundamental245

prerequisite for the type-approval of any vehicle. The filtration efficiency can be defined in terms of246

mass or number of particles. In terms of mass, the filtration efficiency is defined as the ratio of the247



particulate mass retained on the filter, to the particulate mass entering into it (Eq. 1). In terms of248

number, a similar definition can be made (Eq. 2).249

𝜂𝑚 =
𝑚𝑖𝑛 −𝑚𝑜𝑢𝑡

𝑚𝑖𝑛
Eq. 1

𝜂𝑛 =
𝑛𝑖𝑛 − 𝑛𝑜𝑢𝑡

𝑛𝑖𝑛
Eq. 2

The main filtration mechanisms for particles in porous media (impaction, interception, diffusion) have250

been extensively described in the bibliography. Any specialist textbook may contain a detailed251

description of them. The deposition of particles on a filter occurs in two different stages, depending252

on the level of its saturation (Choi et al., 2014):253

- Deep bed filtration: In the early stages of loading (just after regeneration), the particles are254

trapped in the filter pores, mainly due to interception and diffusion mechanisms. The deposition255

takes place inside the filter walls, which induces a change in the internal microstructure of the256

filter, and therefore in its efficiency. During this stage, a sequential increase in pressure drop257

and efficiency occurs. The latter usually has relatively low values when the filter is clean, but258

experiences a considerable increase as the filter accumulates more and more particles.259

- Soot cake filtration: Once the internal microstructure becomes saturated and does not allow260

more particles to enter inside, particle accumulation begins on the filter walls. A layer of soot,261

called “cake”, is then formed, which in turn acts as a filter medium. This stage is characterized262

by a stagnation in the increase of pressure drop and filtration efficiency with the filter loading263

level. At this stage, the filter efficiency may reach values close to 100%.264

In order to better register the transient evolution of the efficiency, during the filtration cycles, both265

definitions of efficiency (Eq. 1 and Eq. 2) are usually applied on discrete measurements of the amount266

of particles upstream and downstream of the filter. The thus calculated instantaneous efficiency values267

may then be plotted as a function of time, or as a function of soot load.268

3.1.1. Time-based tests269

Time-based graphs may be useful to compare samples that were tested under identical conditions.270

However, they are not appropriate to compare systems from different experimental studies, since the271

evolution in efficiency depends strongly on the flow rate, and on the concentration of particles in the272

incoming gas stream. When one sample faces a high gas flow rate, with a high concentration of273

particles, its substrate becomes saturated more quickly, and the efficiency increases faster.274



In the document from Ingram-Ogunwumi et al. (Ingram-Ogunwimi et al., 2007), a graph is shown with275

the results of an experimental test where the filtration efficiency is plotted versus time. In this case,276

tests were performed on an engine bench with smoke measurements upstream and downstream of the277

DPF. The experimental setup was not designed to provide information on the soot load within the DPF,278

so the results were only presented on a time basis. Table 1 shows the main characteristics of the DPF279

samples and the testing conditions in that document.280

Bib. Source (Ingram-
Ogunwimi et
al., 2007)

(Ingram-
Ogunwimi et
al., 2007)

(Ingram-
Ogunwimi et
al., 2007)

DPF design
   - Material AT AT SiC
   - Diameter (mm/inch) 101.6 x 198.12

/ 4 x 7.8
101.6 x 198.12
/ 4 x 7.8

101.6 x 198.12
/ 4 x 7.8

   - Length (mm/inch) 174 / 6.85 174 / 6.85 174 / 6.85
   - Cell density (cpsc/cpsi)  / 300  / 300  / 300
   - Wall thickness (mm/mil)  / 13  / 13  / 12
   - Other features ACT, Oval,

MPD 17 μm,
Coated

ACT, Oval,
MPD 17 μm,
Coated

Oval,
MPD 20 μm
Coated

Testing conditions
   - Fluid Engine gases Engine gases Engine gases
   - Space velocity (h-1) Unreported Unreported Unreported
   - Flow rate (m3/h) Unreported Unreported Unreported
   - Soot mass flow (g/h) Unreported Unreported Unreported

Table 1. DPF samples and testing conditions in the document of Ingram-Ogunwumi et al. with time-281
based efficiency tests282

The aim of that study from Ingram-Ogunwumi (Ingram-Ogunwimi et al., 2007) was to show the better283

performance of AT ACT DPFs, compared to that of a standard SiC DPF with the same dimensions284

(external design). The filtration efficiency was calculated averaging subsequent measurements of the285

filter smoke number. Since the smoke meter needed two-minute-intervals to capture each286

measurement, the accuracy of the curves is limited, and the initial filtration efficiency (for the clean287

state) remains indeterminate.288

Tsuneyoshi et al. have also reported time-based efficiency results in two different experimental studies:289

one study aimed at analysing the effect of applying a washcoat (Tsuneyoshi et al., 2011), and another290

study aimed at analysing the influence of the cell structure on the filter efficiency (Tsuneyoshi and291

Yamamoto, 2012). In both cases, the tests were performed on an engine bench, and the filtration292



efficiency was measured with an Engine Exhaust Particle Sizer (EEPS). Table 2 shows the main293

characteristics of the DPF samples and the testing conditions in these documents.294

Bib. Source (Tsuneyoshi
et al., 2011)

(Tsuneyoshi
et al., 2011)

(Tsuneyoshi
et al., 2011)

(Tsuneyoshi
and
Yamamoto,
2012)

(Tsuneyoshi
and
Yamamoto,
2012)

DPF design
   - Material SiC SiC SiC SiC SiC
   - Diameter (mm/inch) 144 / 5.66 144 / 5.66 144 / 5.66 144 / 5.66 144 / 5.66
   - Length (mm/inch) 153 / 6 153 / 6 153 / 6 153 / 6 153 / 6
   - Cell density (cpsc/cpsi) 46.5 / 300 46.5 / 300 46.5 / 300  / 300 46.5 / 300
   - Wall thickness (mm/mil) 0.25 / 9.7 0.25 / 9.7 0.25 / 9.7 0.25 / 0.25 / 9.7
   - Other features Uncoated Alumina

coated
Alumina
coated

Hexagonal
cells

Square cells

Testing conditions
   - Fluid Engine gases Engine gases Engine gases Engine gases Engine gases
   - Space velocity (h-1) Unreported Unreported Unreported Unreported Unreported
   - Flow rate (m3/h) Unreported Unreported Unreported Unreported Unreported
   - Soot mass flow (g/h) Unreported Unreported Unreported Unreported Unreported

Table 2. DPF samples and testing conditions in two bibliographic sources with time-based efficiency295
tests296

The results of these two studies of Tsuneyoshi et al. (Tsuneyoshi et al., 2011; Tsuneyoshi and297

Yamamoto, 2012) are difficult to compare or to extrapolate to other results from the literature.298

Different engine operation modes are used. The loading periods are not comparable, and neither the299

gas flow rate nor the soot concentration in the gas are specified. Consequently, efficiency300

measurements and calculations should be provided, to the extent possible, together with information301

about the soot load in the filter at each moment, about the soot concentration in the sampling gas302

stream, and the gas flow rate.303

3.1.2. SL-based tests304

In presenting the efficiency as a function of the soot load, the influence of the substrate saturation on305

the performance of the DPF is eliminated. Samples with the same soot load could be then compared.306

Still, some studies show that the efficiency is also influenced by probabilistic phenomena (Orihuela et307

al., 2017a), that is, even for the same soot load, a DPF sample might have different filtration efficiency308

depending on the flow rate and on the amount of particles it has to face (soot concentration in the309

exhaust gas). However, the difference would be expected to be lower than using a time-based curve.310



Figure 2 shows the results presented in (Tandon et al., 2010) where the filtration efficiency of a number311

of DPFs, with different porosities, are presented. Unlike the previous graphs of Tsuneyoshi et al.312

(Tsuneyoshi et al., 2011; Tsuneyoshi and Yamamoto, 2012) and Ingram-Ogunwumi (Ingram-313

Ogunwimi et al., 2007), which present a number-based filtration efficiency, Tandon et al. report values314

of the mass-based efficiency. The description of the different samples used in this study is summarized315

in Table 3.316

Bib. Source (Tandon et al.,
2010)

(Tandon et al.,
2010)

(Tandon et al.,
2010)

(Tandon et al.,
2010)

DPF design
   - Material Unreported Unreported Unreported Unreported
   - Diameter (mm/inch) 144 / 5.66 144 / 5.66 144 / 5.66 144 / 5.66
   - Length (mm/inch) 154 / 6 154 / 6 154 / 6 154 / 6
   - Cell density (cpsc/cpsi) 42.6 / 275 42.6 / 275 31  / 200 46.5 / 300
   - Wall thickness (mm/mil) 0.31 / 12 0.36 / 14 0.31 / 12  / 13
   - Other features MPD 21.8 μm,

51% porosity
MPD 19.7 μm,
70% porosity

MPD 13.4 μm,
49% porosity

MPD 14 μm,
51% porosity
ACT

Testing conditions
   - Fluid Engine gases Engine gases Engine gases Engine gases
   - Space velocity (h-1) Unreported Unreported Unreported Unreported
   - Flow rate (m3/h) Unreported Unreported Unreported Unreported
   - Soot mass flow (g/h) Unreported Unreported Unreported Unreported

Table 3. DPF samples and testing conditions in the document of Tandon et al. with time-based317
efficiency tests318

319
Figure 2. Efficiency-SL curves measured by Tandon et al. (Tandon et al., 2010). Reprinted with320
permission from “Measurement and prediction of filtration efficiency evolution of soot loaded diesel321
particulate filters”, by P. Tandon et al., 2010, Chem Eng Sci. Copyright (2018) Elsevier.322



Influence of the flow rate323

The flow rate may affect the filtration efficiency of a DPF in two ways: (i) by modifying the diffusional324

filtration parameters in the filter walls, particularly the Peclet number through the flow velocity; and,325

(ii) by modifying the encounter probability between particles and filter struts for a given particle326

concentration in the gas stream.327

The capture efficiency of fine particles in fibrous filters decreases with the Peclet number and, hence,328

with the flow rate (Kirsch and Chechuev, 1985). More specifically, as Lee and Liu showed, for329

diffusion in ideal frictionless flow, 𝜂𝐷 ∝ 𝑃𝑒−1/2 (Lee and Liu, 1982). Tandon et al. provided330

experimental evidence of this fact (Tandon et al., 2010), as shown in Figure 3. Furthermore, increasing331

the filtration velocity decreases the most penetrating particle size (Lee and Liu, 1980; Yamamoto et332

al., 2019).333

334
Figure 3. Filtration efficiency sensitivity to gas flow rate for a 5.66 x 6 200/12 DPF (Tandon et al., 2010).335
Reprinted with permission from “Measurement and prediction of filtration efficiency evolution of soot336
loaded diesel particulate filters”, by P. Tandon et al., 2010, Chem Eng Sci. Copyright (2018) Elsevier337

On the other hand, Orihuela et al. stated that particle filtration efficiency may also be influenced by338

probabilistic phenomena. The higher the encounter frequency between particles and filter unit339

collectors, the higher the filtration efficiency of the substrate (Orihuela et al., 2017a). According to340

this, if the soot concentration remained constant, increasing the filtration velocity would increase the341

filtration efficiency. This trend would be opposite to the diffusional effects, but its relative importance342

has not yet been quantified. Further analysis is still needed to understand this observation. Meanwhile,343

specifying the test conditions (the flow rate and the filter net volume in particular) in filtration tests344

with DPFs appear to be necessary to understand the adequateness of a system, and to compare it with345

other abatement systems.346



3.2. Pressure drop347

The performance of a wall-flow DPF depends, at the macroscopic scale, on its geometry (diameter,348

length, wall thickness, cell density) (Deng et al., 2017b) and, at the microscopic scale, on the properties349

of the material used as substrate (porosity, pore size, tortuosity) (Tandon et al., 2010). The pressure350

drop they introduce is basically governed by Darcy’s law and Forchheimer’s extension, due to the351

porous nature of the filter substrate. Accordingly, the pressure drop is a quadratic function of the352

Darcian velocity (Eq. 3):353

∆𝑃
𝐿 =

𝜂
𝑘1
𝑣 +

𝜌
𝑘2
𝑣2 Eq. 3

Changing the microscopic design parameters affects the permeability values, 𝑘1 and 𝑘2, while354

modifying the macroscopic design parameters, affects the filtration area (surface area), and thus, the355

Darcian velocity. They all have a direct influence on Δ𝑃. Nevertheless, Δ𝑃 is also influenced by356

external parameters, such the properties of the fluid (its density and viscosity), and on the flow rate.357

The soot load in the filter substrate has a strong effect on the DPF performance, on its filtration358

efficiency and its pressure drop. However, the soot load is not a design parameter. During its operation359

period, a DPF goes through many loading/regeneration cycles. It starts at the clean stage, with 0 g/L360

of soot, and it gets inevitably loaded up to 8-10 g/L, at which point regeneration becomes necessary361

(Lapuerta et al., 2012). Hence, the soot load is not a parameter to take into account when evaluating362

the competitiveness of a DPF.363

Neither is the flow rate a design parameter, it is set as part of the experimental conditions and it is364

something external to the design of the DPF. Depending on the bibliographic source, the flow rate may365

vary between 25 m3/h (Tandon et al., 2010) and 1250 m3/h (Aravelli and Heibel, 2007). This great366

difference in flow rate, between some experiments and others, makes their results difficult to compare,367

mainly because the flow rate affects the filter pressure drop much more strongly than other parameters.368

3.2.1. Influence of the flow rate369

To show the importance of the gas flow rate in the experimental tests, a literature review has been370

carried out, and a number of ΔP-Flow rate curves have been analysed. Figure 4 and Figure 5 gather a371

number of ΔP-Flow rate curves from the literature.  Both graphs present the pressure drop of the DPF372

versus the flow rate. The compared results comprise different substrates and characteristics. They are373

shown in Table 4 and Table 5.374



Bib. Source (Ingram-
Ogunwimi et
al., 2007)

(Ingram-
Ogunwimi et
al., 2007)

(Tsuneyoshi
and
Yamamoto,
2012)

(Tsuneyoshi
and
Yamamoto,
2012)

(Aravelli and
Heibel, 2007)

(Aravelli and
Heibel, 2007)

(Schejbal et al.,
2009)

DPF design
   - Material AT SiC SiC SiC RC RC SiC
   - Diameter (mm/inch) 101.6 x 198.12

/ 4 x 7.8
101.6 x 198.12
/ 4 x 7.8

144 / 5.66 144 / 5.66 267 / 10.5 267 / 10.5 144 / 5.66

   - Length (mm/inch) 174 / 6.85 174 / 6.85 153 / 6 153 / 6 305 / 12 305 / 12 154 / 6
   - Cell density (cpsc/cpsi)  / 300  / 300  / 300 46.5 / 300 31 / 200  / 270 46.5 / 300
   - Wall thickness (mm/mil)  / 13  / 12 0.25 / 0.25 / 9.7 0.48 / 19  / 16 0.34 / 13.4
   - Other features ACT, Oval,

MPD 17 μm,
Coated

Oval,
MPD 20 μm
Coated

Hexagonal
cells

Square cells ACT Washcoat

Testing conditions
   - Fluid Engine gases Engine gases Engine gases Engine gases Engine gases Engine gases Engine gases
   - Space velocity (h-1) 0-163640 0-163640 0-228000 0-228000 35300-88250 35300-88250 0-24000
   - Flow rate (m3/h) 0-450 0-450 0-570 0-570 600-1500 600-1500 0-610
   - Soot load (g/L) 0 0 0 0 0 0 0

Table 4a. DPF samples and testing conditions of the curves presented in Figure 4



Bib. Source (Cutler et al.,
2007)

(Cutler et al.,
2007)

(Cutler et al.,
2007)

(Cutler et al.,
2007)

(Cutler et al.,
2007)

(Cutler et al.,
2007)

(Cutler et al.,
2007)

(Cutler et al.,
2007)

DPF design
   - Material AC SiC AC AT SiC AC AC SiC
   - Diameter (mm/inch) 144 / 5.66 144 / 5.66 Unreported Unreported Unreported Unreported Unreported Unreported
   - Length (mm/inch) 154 / 6 154 / 6 Unreported Unreported Unreported Unreported Unreported Unreported
   - Cell density (cpsc/cpsi) 46.5 / 300 31 / 200  / 300  / 300 46.5 / 300  / 300 46.5 / 300 46.5 / 300
   - Wall thickness (mm/mil) 0.38 / 15 Unreported  / 15  / 13 0.3 / 12  / 15 0.38 / 15 0.25 / 10
   - Other features Catalysed ACT,

Catalysed
ACT,
Catalysed

ACT,
Catalysed

Catalysed

Testing conditions
   - Fluid Engine gases Engine gases Engine gases Engine gases Engine gases Engine gases Engine gases Engine gases
   - Space velocity (h-1) 20000-

400000
20000-
400000

Unreported Unreported Unreported 12200-
292700

12200-
292700

10870-
260870

   - Flow rate (m3/h) 50-1000 50-1000 50-1200 50-1200 50-1200 50-1200 50-1200 50-1200
   - Soot load (g/L) 0 0 0 0 0 0 0 0

Table 4b. DPF samples and testing conditions of the curves presented in Figure 4 (continuation)



Bib. Source (Cutler et al.,
2007)

(Cutler et al.,
2007)

(Cutler et al.,
2007)

(Cutler et al.,
2007)

(Cutler et al.,
2007)

(Cutler et al.,
2007)

(Ingram-
Ogunwimi et
al., 2007)

(Ingram-
Ogunwimi et
al., 2007)

DPF design
   - Material AC AT SiC AC AT SiC AT SiC
   - Diameter (mm/inch) Unreported Unreported Unreported Unreported Unreported Unreported 101.6 x

198.12 / 4 x
7.8

101.6 x
198.12 / 4 x
7.8

   - Length (mm/inch) Unreported Unreported Unreported Unreported Unreported Unreported 174 / 6.85 174 / 6.85
   - Cell density (cpsc/cpsi)  / 300  / 300 46.5 / 300  / 300  / 300 46.5 / 300  / 300  / 300
   - Wall thickness (mm/mil)  / 15  / 13 0.3 / 12  / 15  / 13 0.3 / 12  / 13  / 12
   - Other features ACT,

Catalysed
ACT,
Catalysed

ACT,
Catalysed

ACT,
Catalysed

ACT, Oval,
MPD 17 μm,
Coated

Oval,
MPD 20 μm
Coated

Testing conditions
   - Fluid Engine gases Engine gases Engine gases Engine gases Engine gases Engine gases Engine gases Engine gases
   - Space velocity (h-1) Unreported Unreported Unreported Unreported Unreported Unreported 0-163640 0-163640
   - Flow rate (m3/h) 50-1200 50-1200 50-1200 50-1200 50-1200 50-1200 0-450 0-450
   - Soot load (g/L) 10 10 10 6 6 6 6 6

Table 5a. DPF samples and testing conditions of the curves presented in Figure 5



Bib. Source (Aravelli and
Heibel, 2007)

(Aravelli and
Heibel, 2007)

(Aravelli and
Heibel, 2007)

(Aravelli and
Heibel, 2007)

(Boger et al.,
2011b)

(Boger et al.,
2011b)

(Boger et al.,
2011b)

DPF design
   - Material RC RC RC RC SiC AT AT
   - Diameter (mm/inch) 267 / 10.5 267 / 10.5 267 / 10.5 267 / 10.5 144 / 5.66 144 / 5.66 144 / 5.66
   - Length (mm/inch) 305 / 12 305 / 12 305 / 12 305 / 12 154 / 6 154 / 6 154 / 6
   - Cell density (cpsc/cpsi) 31 / 200  / 270 31 / 200  / 270  / 300 46.5 / 300 46.5 / 300
   - Wall thickness (mm/mil) 0.48 / 19  / 16 0.48 / 19  / 16  / 10  / 13  / 10
   - Other features ACT ACT Octosquare ACT,

50% porosity
ACT,
45% porosity

Testing conditions
   - Fluid Engine gases Engine gases Engine gases Engine gases Engine gases Engine gases Engine gases
   - Space velocity (h-1) 35300-88250 35300-88250 35300-88250 35300-88250 40000-20000 40000-20000 40000-20000
   - Flow rate (m3/h) 600-1500 600-1500 600-1500 600-1500 100-500 100-500 100-500
   - Soot load (g/L) 6 6 3 3 6 6 6

Table 5b. DPF samples and testing conditions of the curves presented in Figure 5 (continuation)



339

340
Figure 4. Pressure drop (ΔP)-Flow rate curves measured by different authors for clean DPFs (0 g/L341
soot): (Aravelli and Heibel, 2007; Cutler et al., 2007; Ingram-Ogunwimi et al., 2007; Schejbal et al., 2009;342
Tsuneyoshi and Yamamoto, 2012)343

344

Large DPFs
(heavy duty)



345

346
Figure 5. Pressure drop (ΔP)-Flow rate curves measured by different authors for loaded DPFs (3-12 g/L347
soot): (Aravelli and Heibel, 2007; Boger et al., 2011b; Cutler et al., 2007; Ingram-Ogunwimi et al., 2007)348

349

Curves in Figure 4 correspond to the clean stage, when the soot load in the DPF is 0 g/L, and curves350

in Figure 5 correspond to loaded filters, most of them with 6 g/L. In both figures, the most relevant351

design parameter of the different DPFs are specified in the legend: the diameter, the length, the cell352

density, the wall thickness, and the cell symmetry (ACT or not), at least. The results shown in Figure353

4 and Figure 5 confirm how the flow rate may affect the pressure drop, as much as the design and the354

geometry:355

- For a given flow rate, a 23% reduction in the wall thickness (from 13 mil to 10 mil, as in356

Boger’s curves) implies around a 30% reduction in pressure drop. In Figure 5 it can be observed357

that, for 480 m3/h, the difference between the 300/13 DPF and the 300/10 DPF is around 5.9358

Large DPFs
(heavy duty)



kPa (Boger et al., 2011b). In Figure 4, for 500 m3/h, the difference between the 300/15 DPF359

and the 300/13 DPF is 1.15 kPa (Cutler et al., 2007).360

- For a given flow rate, a 50% increase in cell density (from 200 cpsi to 270 cpsi, as in Aravelli’s361

curves) implies around a 40% reduction in pressure drop. In Figure 5 it can be observed that,362

for 650 m3/h, the difference between the 270/16 DPF and the 200/19 DPF is around 1 kPa363

(Aravelli and Heibel, 2007).364

- However, for a given wall thickness, or for a given cell density, a 16% reduction in flow rate365

may imply around a 24% reduction in pressure drop. In Figure 4 it can be seen that, for a 300/15366

DPF, reducing the flow rate from 600 m3/h to 500 m3/h implies a reduction of 3.5 kPa in the367

pressure drop (Cutler et al., 2007). For a 200/19 DPF, reducing the flow rate from 990 m3/h to368

640 m3/h implies a reduction of 1 kPa in the pressure drop (Aravelli and Heibel, 2007).369

Other parameters may also affect the pressure drop, for example, the porosity (Boger et al., 2011b),370

the deposition of a washcoat (Tsuneyoshi et al., 2011), or cell geometry (Tsuneyoshi and Yamamoto,371

2013). However, while all these are design parameters, the flow rate is an external parameter given by372

the operating conditions. Wall thickness, cell density, porosity, etc., can be adjusted in order to obtain373

a DPF with lower pressure drop. However, if the resulting DPFs are not tested under the same flow374

conditions, the effect of the flow rate will hide the actual performance improvement.375

Among the analysed DPF samples, those with high cell density (≥300 cpsi), and small wall thickness376

(≥10 mil), tend to be the most advantageous in terms of pressure drop. Due to the relationship existing377

between pressure drop and filtration efficiency, additional experiments would be needed to378

demonstrate that these DPF samples, with low pressure drop, actually comply with the current emission379

regulations.380

The two curves obtained from (Aravelli and Heibel, 2007) have a striking low pressure drop compared381

to the others. However, the DPF samples tested by Aravelli et al. are samples for heavy duty engines,382

their bulk volume is six times larger than that of any other sample. This difference impedes comparing383

these filters directly with the others, as the engines characteristics, performance range and operation384

regimes, are different.385

3.2.2. Time-based tests386

As previously stated, the gas flow rate is one of the parameters with most influence on the pressure387

drop of any porous system. According to Darcy’s law, the pressure drop depends directly on the flow388

velocity which depends, in turn, on the flow rate through the surface (filtering) area. However, the gas389

flow rate is an external variable, unrelated to the filter, and should not be taken into account when390



assessing the suitability of a filtering system. Consequently, the gas flow rate should be fairly391

considered when comparing different filters through different tests.  Three different bibliographical392

sources are analysed to explain this fact:393

- In the paper of Schejbal et al. (Schejbal et al., 2009), two SiC DPFs, one coated and one394

uncoated, are tested on EDC experiments, in order to validate a numerical model. The flow395

conditions are varied during the test, but they claim to have a mean soot mass flow of 0.7 mg/s,396

and a mean space velocity of 90,000 h−1. Considering the geometrical description of the filter397

(2.5 l), a gas flow rate of around 225 m3/h may be inferred.398

- In the paper of Bensaid et al. (Bensaid et al., 2009), two similar small DPFs are tested in two399

different housings. These tests were performed at laboratory scale by means of a synthetic soot400

generator. According to Bensaid et al., they use a mixture of argon and air, with a gas flow rate401

of 46 l/min and a soot mass flow rate of 5 mg/h.402

- In the paper of Lapuerta et al. (Lapuerta et al., 2012), a large SiC DPF (larger than Schejbal’s)403

is tested on-board, with the engine operating in steady mode at a low-load (1667 rpm of engine404

speed, 78.5 Nm of effective torque, 4.93 bar of brake mean effective pressure). The flow rate405

is not explicitly defined in the experimental description, but they report an air mass flow rate406

of around 80-81 kg/h at the inlet of the engine. On the other hand, according to their407

measurements, they had an accumulated soot mass of 30 g after 7 h testing, from which we408

estimate around 4.3 g/h of soot.409

The main characteristics of the DPF samples, and the testing conditions in these documents, are410

summarized in Table 6. Most data in Table 6 are directly reported in the documents, but some of them411

were calculated, or estimated, based on provided figures. Figure 6 gathers the ΔP-Time curves as they412

appear in their respective sources. In his document, Bensaid presents the pressure drop along the DPFs,413

subtracting the initial pressure drop at the clean state (Bensaid et al., 2009). The bare filter pressure414

drop is provided in the text, which is 3 mbar (as measured in the second housing). In the present work,415

the bare filter pressure drop has been added to the curves to be able to compare with the other cases.416

417

418



419

Bib. Source (Schejbal et
al., 2009)

(Schejbal et
al., 2009)

(Bensaid et
al., 2009)

(Bensaid et
al., 2009)

(Lapuerta et
al., 2012)

DPF design
   - Material SiC SiC Cordierite? Cordierite? SiC
   - Diameter (mm/inch) 144 / 5.66 144 / 5.66 25.4 / 1 25.4 / 1 190 / 7.48

 (width)
   - Length (mm/inch) 154 / 6 154 / 6 177 / 7 177 / 7 240 / 9.45
   - Cell density (cpsc/cpsi) 31 / 200 31 / 200 46.5 / 300 46.5 / 300 31 / 200
   - Wall thickness (mm/mil) 0.405 / 16 0.405 / 16 ~0.25 / ~10 ~0.25 / ~10 0.405 / 16
   - Other features Uncoated Pt coated Housing 1 Housing 2 Pt coated
Testing conditions
   - Fluid Engine gases Engine gases Air + Argon Air + Argon Engine gases
   - Space velocity (h-1) 90000 90000 ~30700 ~30700 Unreported
   - Flow rate (m3/h) 225 225 2.76 2.76 135
   - Soot mass flow (g/h) 2.52 2.52 0.005 0.005 4.28

Table 6. DPF samples and testing conditions in three bibliographic sources with time-based pressure420
drop tests421

422

423
Figure 6. Pressure drop (ΔP)-Time curves measured by different authors: (Schejbal et al., 2009),424
(Bensaid et al., 2009) and (Lapuerta et al., 2012)425
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427
Figure 7. Estimated Pressure drop (ΔP)-Time curves from (Schejbal et al., 2009), (Bensaid et al., 2009)428
and (Lapuerta et al., 2012) considering proportionality in space velocity and flow rate429

The compiled results are for DPFs operating in variable tests conditions. The DPFs presented in Table430

6 are not only different in size, cross-section and filtering features (wall-thickness, cell density), but431

they have also been tested under considerably different conditions: the first, under the variable432

conditions of a EDC (Schejbal et al., 2009), the second, under controlled, very low flow rate, laboratory433

conditions (Bensaid et al., 2009), and the third, on board a vehicle in a steady operating mode (Lapuerta434

et al., 2012). In order to homogenise the results of Figure 6, and reduce their dependency on the testing435

conditions, an adapted version of the same has been built by multiplying the values of pressure drop,436

by a proportionality factor that takes into account the ratio of space velocities, or the ratio of flow rates.437

In particular, the curves taken from references (Bensaid et al., 2009) were multiplied by the ratio of438

space velocities (90000/30700), and the curve taken from (Lapuerta et al., 2012), was multiplied by439

the ratio of flow rates (225/135). As can be seen in Figure 7, if the DPF studied by Lapuerta (Lapuerta440

et al., 2012) was exposed to the same flow rate as those studied by Schejbal (225 m3/h), a closer441

pressure drop would be expected. Similarly, if the DPFs studied by Bensaid (Bensaid et al., 2009) were442

exposed to the same space velocity as those studied by Schejbal (90000 h-1), a higher pressure drop443

would be expected. Furthermore, if they were exposed to the same flow rate, the resulting pressure444

drop would even be much higher than that of the DPFs in Schejbal’s paper.445

Apart from the flow rate, the effect of which has been attenuated in Figure 7 by introducing a446

proportionality factor, many other aspects may also affect the pressure drop in a DPF. The surface447

(filtering) area is particularly relevant, given its direct effect on the flow velocity across the filter walls.448

As a minimum, isolating the performance of the tested sample from the testing conditions is especially449

worthwhile.450

0

5

10

15

20

25

30

0 2 4 6 8 10

Pr
es

su
re

 d
ro

p 
(k

Pa
)

Time (min)

SiC Ø5.66 L6 200/16
Pt coated
SiC Ø5.66 L6 200/16
uncoated
SiC S7.48x7.48 L9.45
200/16
Cordierite? Ø1 L7
300/10; 2nd housing
Cordierite? Ø1 L7
300/10; 1st housing



3.2.3. Soot load based tests451

The soot load (SL) within the walls of the filter and on its surfaces is also a critical factor in the452

performance of a DPF. During the normal operating period (filtration), the soot load results in an453

increase in the pressure drop of a DPF, due to the reduction in porosity and permeability. However,454

during the regeneration process, the accumulated amount of soot also determines the peak temperature455

and the thermal stress the DPF is going to face (Boger et al., 2011b) . For this reason, many authors456

decide to present their results through characteristic curves of pressure drop (ΔP) vs. soot load. The457

references to some of these authors, with a summary of their experiments, are presented in Table 7a458

and 7b.459

Bib. Source (Ingram-
Ogunwimi et
al., 2007)

(Ingram-
Ogunwimi et
al., 2007)

(Boger et
al., 2011b)

(Boger et
al., 2011b)

(Boger et
al., 2011b)

DPF design
   - Material SiC AT AT AT AT
   - Diameter (mm/inch) 101.6 x 198.12

/ 4 x 7.8
101.6 x 198.12
/ 4 x 7.8

144 / 5.66 144 / 5.66 144 / 5.66

   - Length (mm/inch) 174 / 6.85 174 / 6.85 154 / 6 154 / 6 154 / 6
   - Cell density (cpsc/cpsi)  / 300  / 300 46.5 / 300 46.5 / 300 46.5 / 300
   - Wall thickness (mm/mil)  / 12  / 13  / 13  / 13  / 10
   - Other features Oval,

Coated
ACT, Oval,
Coated

ACT
50% poros.

ACT,
45% poros.

ACT,
45% poros.

Testing conditions
   - Fluid Engine gases Engine gases Cold flow

lab bench
Cold flow
lab bench

Cold flow
lab bench

   - Space velocity (h-1) 163700 163700 Unreported Unreported Unreported
   - Flow rate (m3/h) 450 450 150? 150? 150?
   - Soot mass flow (g/h) Unreported Unreported Unreported Unreported Unreported

Table 7a. DPF samples and testing conditions in three bibliographic sources with SL-based pressure460
drop tests461

462



463

Bib. Source (Nemoto et
al., 2011)

(Nemoto et
al., 2011)

(Nemoto et
al., 2011)

(Aravelli and
Heibel, 2007)

(Aravelli and
Heibel, 2007)

DPF design
   - Material AT AT SiC Cordierite Cordierite
   - Diameter (mm/inch) 144 / 5.66 144 / 5.66 144 / 5.66 267 / 10.5 267 / 10.5
   - Length (mm/inch) 154 / 6 154 / 6 154 / 6 305 / 12 305 / 12
   - Cell density (cpsc/cpsi) 46.5 / 300  / 350  / 300 31 / 200  / 270
   - Wall thickness (mm/mil) 0.31 / 12 0.28 / 11 0.28 / 11 0.48 / 19  - / 16
   - Other features Square

cells, 45%
porosity

Hexagonal
cells, 45%
porosity

Octosquare
cells, 40%
porosity

ACT

Testing conditions
   - Fluid Cold flow

bench
Cold flow
bench

Cold flow
bench

Engine gases Engine gases

   - Space velocity (h-1) Unreported Unreported Unreported 73500 73500
   - Flow rate (m3/h) Unreported Unreported Unreported 1250 1250
   - Soot mass flow (g/h) Unreported Unreported Unreported Steady Steady

Table 7b (continuation). DPF samples and testing conditions in three bibliographic sources with SL-464
based pressure drop tests465

Among the cases analysed in this present work, three references: (Ingram-Ogunwimi et al., 2007),466

(Boger et al., 2011b) and (Nemoto et al., 2011), are focused on aluminium titanate DPFs, while the467

research of Aravelli et al. (Aravelli and Heibel, 2007) is focused on cordierite DPFs. They all explore468

different design aspects in order to improve the pressure drop of their filters and, consequently, the469

performance of their DPFs: the use of ACT, the reduction of the wall thickness, the use of different470

cell geometries, or the influence of the porosity. Regarding the testing conditions, only two references471

present a clear enough description of the tests to know the flow rate, as a minimum. In the document472

of Boger et al. (Boger et al., 2011b), the flow rate has been roughly estimated by comparing the graphs473

ΔP-SL and ΔP-Flow rate. In the document of Nemoto et al. (Nemoto et al., 2011), the flow rate is474

undetermined.475

The ΔP-SL curves of the analysed cases are presented in Figure 8. In general, all the curves show the476

expected two-staged (deep bed filtration and surface filtration) growing trend, with initial ΔP values477

between 1 and 6 kPa, and scattered final ΔP values, between 4 and 15 kPa. The substrate material is478

identified in all the cases, and it may have an effect in the DPF pressure drop. Nevertheless, the results,479

presented in Figure 8, do not allow a fair comparison to be made between them. In the documents480

where a comparison is made with silicon carbide DPFs, the alternative (aluminium titanate or481



cordierite) always has a lower ΔP. However, in those documents, the results are due, not only to the482

material, but also to the cell design and structure.483

484
Figure 8. Pressure drop (ΔP)-Soot load (SL) curves measured by different authors: (Ingram-Ogunwimi485
et al., 2007), (Boger et al., 2011b), (Nemoto et al., 2011) and (Aravelli and Heibel, 2007)486

As in Figure 6, when different documents are compared, it is difficult to compare performances, due487

to the differences in the tests. For instance, samples AT ACT 300/13 from (Ingram-Ogunwimi et al.,488

2007), and AT ACT 300/13 from (Boger et al., 2011b), should give similar ΔP values, since they only489

differ in the external shape (oval vs. round) and slightly in the external dimensions. Instead, ΔP values,490

in the first case, are twice the values in the second. The flow rate is again a key factor in the pressure491

drop. The flow rate in (Ingram-Ogunwimi et al., 2007) is 450 m3/h, and the flow rate in (Boger et al.,492

2011b) is not mentioned, but it is probably lower. Specifying the flow rate in experimental research493

works with DPFs is clearly necessary to provide comparable results, and to demonstrate the efficacy494

of the filter.495

Still, a deeper analysis might be made if the space velocity is known. Comparing the SiC 300/12 DPF496

from (Ingram-Ogunwimi et al., 2007), with the RC 200/19 DPF from (Aravelli and Heibel, 2007), it497

can be observed that the first presents a 30% increased pressure drop than the second, for the last498

loading point (~6 g/L soot). If both filters had identical external dimensions, for a given flow rate, the499

RC 200/19 filter should have a higher pressure drop than the SiC 300/12 filter, due to the much thicker500

wall and lower cell density (smaller specific surface area). However, the length also affects the filtering501

area and, in this case, the RC 200/19 DPF is longer than the SiC 300/12, which compensates the502

previous effect. The space velocity is a useful parameter in this case, since it allows filters with503

different net volume to be compared. The space velocity for the SiC 300/12 DPF in (Ingram-Ogunwimi504

et al., 2007) is 2.2 times that for the RC 200/19 in (Aravelli and Heibel, 2007). If the pressure drop of505



the RC 200/19 was scaled up in the same proportion, its pressure drop would be 70% higher than that506

of the SiC 300/12 DPF.507

4. Test criteria and suggested test parameters508

The current legislation for particulate emissions in the transport sector sets unambiguous limits for the509

mass (4.5 mg/km in Europe) and for the number of particles (6·1011 particles/km in Europe). Both510

limits are defined in terms of distance, that is, per kilometre. Obviously, these limits depend not only511

on the aftertreatment system (the DPF in this case), but also on the engine: diesel or gas fuelled, newer512

or older design, light or heavy duty, etc. Therefore, to check the compliance with these limits, it would513

be necessary to test the filters on board the vehicle, under standard driving cycles. In many cases, this514

is not possible for researchers, however, future research studies should redirect their test procedures to515

converge with this way of presenting the efficiency. In upcoming publications, the test conditions516

should be described in such a way that the efficiency results can be extrapolated to the real operating517

conditions of an engine, and to calculate the amount/mass of released particles.518

When it comes to pressure drop, the minimum requirements are not so well defined. In principle, the519

lower the better, and this is applicable for both the clean and the loaded state, therefore, the longer the520

low pressure drop is maintained, the better. Currently, there are advanced DPFs with very low pressure521

drop (Aravelli and Heibel, 2007; Boger et al., 2011b), but the point is to develop wall-flow DPFs, with522

increasingly lower pressure drop, that demonstrate having enough filtration efficiency to comply with523

the legal restrictions.524

Unfortunately, the experimental conditions are not always explicit enough in the literature to compare525

different systems from different researchers. For the scientific community to make real progress in the526

development of new and better aftertreatment systems, the test conditions must be standardized. As527

shown in this paper, the competitiveness of a DPF cannot be determined if the test conditions are not528

completely defined. The test flow rate, together with the geometrical dimensions of the sample, have529

a definite effect in the filter performance. Both flow rate and geometry, should be clearly stated so that530

the space velocity can be calculated. Moreover, when possible, the space velocity should be used as531

an input in the experiment.532

In the following tables, some suggestions for the main test parameters are provided. Two scenarios are533

considered: Table 8 would be applicable to those who have the opportunity to perform tests on engine534

benches, while Table 9 would be applicable to research studies at laboratory scale. Some numerical535

values are listed in bold to reinforce the idea of using the corresponding parameters as experimental536

inputs for the test. In those cases, only a few discrete values are suggested.537



Suggested test parameters (light duty vehicles)
Engine operating conditions
   - Engine speed (rpm) 1500 and 2000
   - MEP (bar) Between 2 - 8
   - Torque (Nm) Between 25 -200
   - Fluid Exhaust gases
   - Space velocity (h-1) 20000, 50000, and 150000
   - Flow rate (m3/h) Between 50 - 500
   - Temperature (℃) Between 300 - 400
   - Soot mass flow (g/h) Between 2 - 10
Filtration efficiency measurements
   - Resolution in Time-based tests (s) 10 starting from 0 s
   - Resolution in SL-based tests (g/L) 0.05 starting from 0 g/L (clean state)
Pressure drop measurements
   - Resolution in Time-based tests (s) 60 starting from 0 s
   - Resolution in SL-based tests (g/L) 0.5 starting from 0 g/L (clean state)

Table 8. Suggested test parameters for research studies with wall-flow DPFs on engine benches when538
they cannot be tested with standard driving cycles539

540

Suggested testing conditions
Filtration efficiency tests
   - Fluid Exhaust gases / Gases from a soot source
   - Space velocity (h-1) 20000, 50000, and 150000
   - Flow rate (m3/h) per DPF volume unit (L) Between 10 – 100
   - Soot concentration (mg/m3) 0.6, 0.8, 5 and 20
   - Soot mass flow (g/h) per DPF volume unit (L) Between 0.01 - 2
   - Temperature (℃) Set by the soot source
Filtration efficiency measurements
   - Resolution in Time-based tests (s) 10 starting from 0 s
   - Resolution in SL-based tests (g/L) 0.05 starting from 0 g/L (clean state)
Pressure drop tests
   - Fluid Clean air (no soot)
   - Space velocity (h-1) 20000, 50000, and 150000
   - Flow rate (m3/h) per DPF volume unit (L) Between 10 – 100
   - Temperature Ambient
Pressure drop measurements
   - Resolution in Time-based tests (s) 60 starting from 0 s
   - Resolution in SL-based tests (g/L) 0.5 starting from 0 g/L (clean state)

Table 9. Suggested test parameters for research studies at laboratory scale with wall-flow DPFs when541
they cannot be tested on board542



The use of the space velocity as experimental input is encouraged in this article. In setting the space543

velocity as an input, instead of the flow rate, the volume of the sample is implicitly taken into account.544

In Table 8, the values proposed for the space velocity (20000, 50000 and 100000 h-1) were chosen545

according to typical operating conditions in modern light duty diesel engines (Millo et al., 2017). The546

gas flow rate can be adjusted to these values of space velocities by taking into account the sample net547

volume. In the cases where the space velocity cannot be controlled, at least the flow rate should be548

monitored and reported with the results.549

For on-board tests, it is interesting to investigate different operating regimes. The particulate emissions550

from diesel and gas fuelled vehicles are known to depend on the engine operation regime (Obuchi et551

al., 1987). Although the filtration efficiency of a DPF is affected by the engine operation, its552

competitiveness should be evaluated leaving the influence of the engine aside. Using standard engine553

speeds and load levels, fairer comparative studies can be made. In this work, two possible engine554

speeds (1500 and 2000 rpm) are proposed. The load level is not specified because it depends on the555

flow rate and, consequently, on the space velocity. In those cases where the space velocity cannot be556

controlled, suggested values of the load level could be 25, 100 and 200 Nm.557

If the soot mass flow rate is known, the measuring intervals for the SL-based tests can be calculated558

as a function of the flow rate. If not, weight measurements of the DPF, at intervals, will provide the559

soot load at each point in time. The temperature is another parameter affecting the filter performance.560

Due to the compressible nature of the gases, for a given volume flow rate, filtration tests at high561

temperature may yield higher values of pressure drop. In this sense, presenting the normalized pressure562

drop, instead of the real one, may be more convenient. The temperature should be then monitored or563

recorded.564

When a DPF is tested on an engine bench, the absolute amount of released particles depends, not only565

on the DPF efficiency, but also on the engine itself. In that case, the efficiency of the DPF should be566

presented separately as a percentage, but also, the final amount of released particles should be declared567

in order to check whether there is compliance with the regulation. In principle, both particle number568

and mass emissions should be measured. However, there are techniques to correlate both values569

(Shukla et al., 2017). The resolution of the SL-based tests is listed in bold to indicate suggested570

abscissas for the points in the curves, according to the usual evolution. At laboratory scale, there are571

greater difficulties in following an externally proposed procedure. In this case, the test conditions must572

fit the requirements or limitations of the test rig: the available resources, the aim of the research, the573

size of the sample, the measuring equipment, etc. For example, if a real engine is not available, of if574



the research study requires more stable and repeatable conditions, an alternative soot source might be575

necessary: a soot generator, a fuel burner, etc. Alternatively, for example, if the measuring equipment576

cannot cope with high temperatures or high soot concentrations, an adaptation of the flux might be577

necessary: a cooling process, a dilution system, etc. Similarly, if the DPF samples are not full-scale578

samples, some variables will need to be adjusted accordingly. For example, if a single channel DPF is579

tested, as in (Yang et al., 2009) or in (Stratakis et al., 2002), the flow rate should be largely reduced to580

fit the small volume of the sample. Also, the soot mass flow should be reduced in order to avoid a581

sudden saturation of the filter substrate.582

Suggested testing conditions for experimental studies at laboratory scale are presented in Table 9. As583

experimental inputs for the efficiency tests, the space velocity and soot concentration are proposed.584

The values of space velocity were chosen as in Table 8, to standardize the experimental casuistry of585

engine tests and laboratory tests. At laboratory scale, the flow rate is usually consistent with the size586

of the sample, so setting these values of space velocities is usually possible.587

In order to measure the filtration efficiency, a soot-laden gas stream is necessary. Ideally, the soot588

concentration in the sampling gas should be similar to that in the real exhaust gases from a diesel589

engine: around 0.5 to 1 mg/m3 (Caliskan and Mori, 2017; Zhang et al., 2018). However, in order to590

accelerate the soot loading process in laboratory samples, some researches tend to use higher591

concentrations of soot (Choi et al., 2014; Orihuela et al., 2017b). Both ranges of soot concentration are592

acceptable, as long as the efficiency results are presented as a function of the soot load. In this work,593

two possible values in the lower range (0.6 and 0.8 mg/m3), and two possible values in the higher range594

(5 and 10 mg/m3), are proposed. Once the flow rate has been adapted to the sample volume, the soot595

mass flow rate is a direct function of the soot concentration in the gas, and, to the extent possible, the596

particle size distribution in the laboratory-generated soot-laden stream should be log-normal, as in a597

real diesel engine. The behaviour of any filter is known to be a result of several filtration phenomena598

(sieving, interception and diffusion mainly) and these filtration phenomena are highly dependent on599

the particle size. Thus, to ensure a fair comparison between DPF specimens, the particle size600

distribution should be reported, if known, by at least the mean particle size and the standard deviation.601

For lab-scale samples or small prototypes, presenting the amount of released particles is meaningless.602

In this case, presenting the filtration efficiency, in terms of percentage, is sufficient. However, both603

particle number and mass emissions should be measured.604



For pressure tests, using clean air at ambient temperature is the easiest way to standardize the605

measurement. The remaining parameters in Table 9 depend on the sample volume, and so they are606

presented per DPF volume unit.607

5. Competitive DPF performance608

Based on the bibliographic references reviewed herein, the performance of a competitive DPF, in terms609

of filtration efficiency and pressure drop, has been outlined.610

Without going into the specific emission limits set by the current legislation, the initial filtration611

efficiency (at the clean state) of current DPFs ranges from 40% to 80%. Later, after a short operation612

period (SL ranging from 0.04 to 0.2 g/L), the filtration efficiency reaches 100% in all the cases.613

The filtration efficiency is not as sensitive to the flow rate as the pressure drop. Nevertheless,614

depending on the engine operation mode, or on the particle size distribution in the exhaust gas, the615

filtration efficiency may vary by more than 20%, depending on the flow rate. A higher flow rate616

diminishes the filtration efficiency, especially for small particles (Kirsch and Chechuev, 1985).617

Therefore, to be competitive, upcoming DPFs should have filtration efficiencies above 80% at the618

clean state for space velocities of 1.5·104 h-1 or more. Ultimately, the competitiveness of a DPF is619

given by the number and the mass of released particles when it is operating at the exhaust pipe of a620

real vehicle, under a standard driving cycle.621

When it comes to pressure drop, the initial value is not as important as the evolution during the loading622

process. The initial pressure drop determines, in part, its subsequent evolution, but the pressure drop623

plays an important role for a longer time than the efficiency. Both the filtration efficiency and the624

pressure drop increase rapidly in the first stage of the soot loading process: from 0 to around 0.5 g/L.625

However, the efficiency remains stuck, from then on, under the 100% asymptote, while the pressure626

drop continues growing constantly with a lighter slope.627

Figure 9 presents the initial pressure drop of a number of DPF samples taken from the literature. The628

points are presented along the graph as a function of the space velocity (sv). The fitting curve629

summarizes the general status of the initial pressure drop of current DPF (Eq. 4):630

∆𝑃 (𝑐𝑙𝑒𝑎𝑛)[𝑘𝑃𝑎] = 5 · 10−5𝑠𝑣[ℎ−1] + 9.5 · 10−11𝑠𝑣[ℎ−1]2 Eq. 4

A similar analysis has been made with loaded DPF samples. Figure 10 shows the pressure drop of a631

number of tested filters. All of them have a soot load of around 6 g/L. In this case, the fitting curve is632

given by (Eq. 5):633



∆𝑃 (6 𝑔/𝐿)[𝑘𝑃𝑎] = 5 · 10−5𝑠𝑣[ℎ−1] + 2.4 · 10−10𝑠𝑣[ℎ−1]2 Eq. 5

These equations serve as a reference for future DPF specimens, understanding that a competitive DPF634

should have pressure drop values below the average curves, presented in Figure 9 (Eq. 4) and Figure635

10 (Eq. 5).636

637

Figure 9. Initial pressure drop of a number of DPF samples taken from the literature as a function of638
the space velocity (Aravelli and Heibel, 2007; Bensaid et al., 2009; Boger et al., 2011b; Cutler et al., 2007;639
Rose et al., 2013; Schejbal et al., 2009; Tandon et al., 2010; Tsuneyoshi et al., 2011; Yang et al., 2009)640

641

642

Figure 10. Pressure drop of a number of loaded DPF samples (6 g/L) taken from the literature as a643
function of the space velocity (Aravelli and Heibel, 2007; Boger et al., 2011b; Cutler et al., 2007; Ingram-644
Ogunwimi et al., 2007; Lapuerta et al., 2012; Schejbal et al., 2009; Tandon et al., 2010; Tsuneyoshi et al.,645
2011; Yang et al., 2009)646

647



6. Conclusions648

Wall-flow Diesel Particulate Filters are the most popular aftertreatment systems for the abatement of649

soot particles in the exhaust of diesel and gas vehicles. Decades of development have generated a good650

deal of literature about these systems. The magnitude of the automotive market worldwide, together651

with the increasingly stringent regulations, are still pushing the research activity in this field, which is652

likely to continue growing over a long period.653

Within the existing research studies on wall-flow DPFs, it is generally difficult to yield conclusions654

about their level of development. DPFs are relatively complex systems. Testing a wall-flow DPF655

involves many experimental parameters, and the variability in the experimental procedures make it656

difficult to compare results from different sources.657

In this work, a significant number of experimental cases have been analysed and compared, with the658

aim of affording a useful global perspective of the current performance and competitiveness of DPFs.659

A systematic literature review has been carried out exploring two databases (Scopus and Web of660

Science) and combining selected subject headings with suitable Boolean functions. Two main features661

have been analysed: the filtration efficiency and the pressure drop. The most widespread methods to662

present the test results (on a time basis, or as a function of the filter soot load) have been considered.663

Only references with quantitative and comparable results have been selected. The influence of the flow664

rate on these parameters has been also studied in this work. From this analysis, the following665

conclusions can be drawn:666

- The performance of a wall-flow DPF depends, at the macroscopic scale, on its geometry667

(diameter, length, wall thickness, cell density) and, at the microscopic scale, on the properties668

of the material used as substrate (porosity and pore size mainly). Any publication about wall-669

flow DPFs should define all these parameters to provide a full description of the samples.670

- In the literature, results are sometimes presented on a time-basis: the evolution of the filtration671

efficiency or the evolution of the pressure drop during the testing time. Time based results672

allow to compare samples that were tested under identical conditions but they are not673

appropriate to compare systems from different experimental studies. The evolution of the674

efficiency and the pressure drop depends strongly on the flow rate, and on the concentration of675

particles in the incoming gas stream. The tests conditions affect their time length; consequently,676

this way of presenting the results is useless for comparing different systems.677

- The pressure drop of a wall-flow DPF is strongly influenced by the flow rate. In addition to the678

geometric design, any publication on wall-flow DPFs should clearly indicate the flow rate in679



the pressure tests, so that the space velocity can be calculated. Moreover, when possible, the680

space velocity should be used as an experimental input.681

- The filtration efficiency is less sensitive to the flow rate than the pressure drop. However, in682

order to standardise the testing procedures, the flow rate should also be controlled, and683

explicitly defined, in those research works addressing efficiency tests.684

For the scientific community to continue making progress in the development of new and better685

aftertreatment systems, it is recommendable to standardize the test conditions. In this sense, this work686

presents reasoned test criteria and some suggestions for the main test parameters. For research studies687

on test benches with light duty engines, six possible operation modes are suggested, combining engine688

speed (1500 and 2000 rpm) and space velocity (20000, 50000, and 150000 h-1). For experimental689

studies at laboratory scale, the same values of space velocity are recommended. In efficiency tests, a690

soot source is necessary. In that case, two possible ranges of soot concentration are considered: 0.6691

and 0.8 mg/m3 for test conditions more similar to real engines; and, 5 and 20 mg/m3 when a faster soot692

load is needed. In both cases, a minimum resolution of the SL-based test is proposed, and the necessity693

to clearly specify all the remaining experimental parameter, are emphasised.694

With the information gathered and reviewed in this document, current trends in the performance of695

wall-flow DPFs have been identified. Competitively, upcoming DPFs should have filtration696

efficiencies above 80%, and pressure drops below 10 kPa for space velocities of 1.5·105 h-1 or more,697

at the clean state. After a short operation period (SL<0.2), they should reach ~100% efficiency. Later,698

they should maintain a low pressure drop for a longer time, no more than 13 kPa for 6 g/L of soot load.699

This work addresses a topic of the greatest importance nowadays: the search for effective emission700

control systems for ICEVs, which affects the public health worldwide, and is of interest to car701

manufacturers, policy-makers, and society at large. This review paper aims to contribute to the702

standardization of the experimental procedures, particularly at laboratory level, by setting reasoned703

test criteria and providing reference values for the main experimental parameters. On the one hand, it704

provides a reference point for checking the actual competitiveness of any upcoming DPF development.705

On the other hand, it may serve as an experimental guide for future researchers who plan to perform706

experimental campaigns over their proposed systems.707
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