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Abstract

:

To meet more and more stringent emission standards, the combined technologies must be used to purify the emission pollutants of vehicle exhaust. Among them, the aftertreatment devices, including DOC, SCR, DPF, and so on, are the most efficient methods. However, after long-term running, the performance of the aftertreatment devices will inevitably degrade. There are several mechanisms that can be used to explain the aging phenomena. For the catalytic devices, such as DOC and SCR, thermal aging and poisoning aging are the most important reasons for their performance deterioration. As for DPF, ash clogging is a key problem for its stable working. To develop and test aftertreatment devices better and faster, the accelerated aging methods must be researched and applied. The small-sample aging method enables accelerated aging of catalyst samples at a very low cost, but its aging accuracy may not be good enough. Although the results of the whole-vehicle aging method and bench engine aging method are more in accord with the real using course, they take too much time and are too expensive to be used widely. Burner aging is a promising way to simulate the long-term running of the catalysts.
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1. Introduction


In order to develop economies and improve people’s lives, most countries established agricultural or industrial systems and the supporting transportation nets. With the functioning of the above systems, series of pollutants were emitted into atmosphere, and then caused serious air pollution [1]. All of the manmade sources of pollutants can be classified as transportation, solid waste disposal, and industrial process. Recent investigation reveals that transport activities are a major source towards emitting heavy pollutants found in the environment [2]. Take China as an example. China’s motor vehicle ownership is on the rise year by year, and according to the China Mobile Source Environmental Management Annual Report (2021), the total number of motor vehicles in China had reached 372 million by the end of 2020. The vehicle emissions of carbon monoxide (CO), hydrocarbons (HC), nitrogen oxides (NOx), and particulate matter (PM) from diesel vehicles are 1.249 million tons, 196,000 tons, 5.449 million tons, and 64,000 tons, respectively, accounting for 18.0%, 11.4%, 88.8%, and more than 99% of total vehicles emissions. In addition, the influence of off-road machinery emissions on air quality cannot be ignored. To control the mobile resources pollutions effectively, China has established a whole set of strict emission regulations. For diesel-powered vehicles and machinery, it is difficult to meet the emission standard requirements by only improving fuel, oil, and in-engine purification technology, but the high-efficiency aftertreatment devices must be relied on. The main aftertreatment technologies for diesel engines are diesel oxidation catalyst (diesel oxidation catalyst, DOC), selective catalytic reduction device (selective catalytic reduction, SCR), diesel particulate filter (diesel particulate filter, DPF), etc.



Affected by many physical and chemical factors, the performance of diesel emission aftertreatment device will inevitably gradually lose their effectiveness in the process of their use, which may also adversely impact the dynamics of the diesel engine. Therefore, the emission standards require that the aftertreatment devices must maintain sufficient purification performance within a fairly long life (or mileage), which places high demands on the durability of the aftertreatment devices. So, when we develop an aftertreatment device or test its quality, not only the fresh sample, but also the aged sample should be evaluated. Aiming to provide an easy way for the researchers to have an overall understanding of this area, this paper summarized the main aging mechanisms and durability assessment methods.




2. Overview of Diesel Engine Aftertreatment Technology


Diesel engines operate with a much higher air–fuel ratio which has the advantage of a very high thermal efficiency. So, diesel engines can provide strong power output with relatively lower fuel consumption. However, it also leads to the emission of a large number of pollutants including CO, HC, NOx, and PM. Specifically, the emissions of NOx and PM are significantly higher than those of gasoline engines. Therefore, the purification of NOx and PM from diesel engines is particularly important, and the combined application of multiple aftertreatment technologies is required to ensure emission compliance after the implementation of more stringent emission standards. This section introduces the current mainstream diesel engine aftertreatment technologies, namely DOC, DPF, and SCR.



2.1. DOC


DOC can promote the purification of CO, HC, and the soluble organic fraction (SOF) of PM [3] by catalyzing the oxidation reactions of them, and the conversion efficiency can reach roughly 80%, 80%, and 40% respectively. DOC can convert part of NO into NO2 [4], which contributes greatly to its subsequent purification. DOC were also often used in oxidating diesel to increase the exhaust temperature, so that the DPF can be regenerated successfully.



DOC generally consists of a honeycomb carrier, washcoat material, and metal shell. Usually, cordierite ceramic honeycomb is used as the carrier, and precious metals such as platinum (Pt) and palladium (Pd) are used as the main catalyst [5,6]. However, due to the insufficient surface of the dense ceramic material honeycomb, it is not suitable for dispersing the catalyst, so it is necessary to adhere highly specific surface area materials (e.g., alumina (Al2O3)) to the ceramic material, and then load the main catalyst on the washcoat [7,8]. Currently, DOC has been widely used to treat diesel exhaust.



The improvement of DOC technology is mainly through the optimization of the catalyst structure and materials to raise the efficiency of pollutant purification and reduce the temperature required for purification. It was found that the addition of an appropriate amount of polyvinyl alcohol (PVA) to the carrier enhances the particle size effect of the catalyst, significantly increases the maximum conversion of NO, and reduces the light-off temperature of the oxidation reaction of CO, HC, and NO by about 20 °C [9]. The catalytic efficiency can also be significantly enhanced when Fe2O3 is used as the catalyst carrier [10,11].




2.2. DPF


In the past two decades, with the maturity of DPF technology, diesel PM emission pollution has been effectively controlled, and DPF has thus been proven to be the most effective technology to reduce PM emissions [12,13].



DPF has various structural forms, such as wound fiber, metal foam, wall-flow honeycomb, etc. Usually, ceramic-based materials are used as filtration materials, and current research and applications are mainly focused on wall-flow ceramic honeycomb filter bodies made of cordierite, alumina titanate, silicon carbide, mullite, etc. [14]. The filter performance of DPF depends on its geometry (diameter, length, wall thickness, pore density, etc.) on a macroscopic level, and on the material properties of the substrate (microporous porosity and pore size, etc.) on a microscopic level. The variation of filtration efficiency and pressure drop were decided mainly by the gas flow rate and the concentration of particulate matter in the incoming gas stream [15]. Recently, the application of asymmetric cell technology (ACT) on DPF has been gaining attention [16]. The technique is to enlarge the inlet port and reduce the occlusion port of the DPF to form an asymmetric through-hole cell structure. By analyzing the pressure drop and temperature field characteristics of the ACT type DPF, it is found that the ACT type DPF has obvious advantages for application at higher soot load and higher engine speed, with very low pressure drop and more uniform particle concentration deposited along the axial direction [17].



Since the continuous accumulation of PM will eventually block up the DPF, the trapped PM needs to be removed from the DPF to avoid excessive back pressure in the exhaust system, which will affect the normal operation of the diesel engine. This technique is called DPF regeneration. Regeneration technology is divided into active regeneration and passive regeneration. Active regeneration removes the carbon content from DPF by increasing the exhaust temperature at which the PM can burn up and disappear [18]. Passive regeneration is the way to achieve continuous regeneration of DPF under the conventional exhaust temperature of diesel engine by lowering the ignition temperature of PM by means of catalyst [19,20]. The catalyst can be loaded on the DPF, or added into diesel as fuel additive, etc. The combination of active regeneration and passive regeneration is a technical solution to achieve the stable operation of DPF and reduce the energy consumption of the system, which is gradually becoming the mainstream application solution [21].




2.3. SCR


SCR is a technology that uses a reducer to selectively convert exhaust NOx to N2 by a catalyst under the conditions of an oxygen-rich environment of diesel exhaust. The reducers include ammonia (NH3), hydrocarbon (HC), and hydrogen (H2). Among them, NH3 is used most widely. However, the gas NH3 has a strong irritating odor, which makes it inconvenient to be applied directly to SCR reactions, and is not easy to transport and store. Therefore, the NH3 required for the reaction is usually supplied by injecting aqueous urea fluid (DEF) into the exhaust system, with a mass fraction of 32.5% urea. After injection into the exhaust system, urea hydrolyzes and reacts with NOx in the exhaust gas according to the following reaction equation [22]:


    2     NH  2       CO + 2 NO + O   2   →      2 N   2     + 2 H   2     O + 2 CO   2   











SCR catalysts mainly include two types: vanadium-based [23] and molecular sieve [24]. Among the vanadium-based catalysts, V2O5/WO3-TiO2 base metal oxide catalysts are the most common [25]. Vanadium-based catalysts have the advantages of higher conversion efficiency, good durability, insensitivity to sulfur, and low cost [26]. However, its thermal stability is poor. Furthermore, vanadium-based catalysts are prone to volatilize and emit V2O5 toxic gas at high temperature. Molecular sieve catalysts mainly include Cu molecular sieve and Fe molecular sieve catalysts, which are thermally stable and have a wide temperature window, but they are less resistant to sulfur and more costly.





3. Aftertreatment Device Aging Mechanism


The cleanup of diesel exhaust by aftertreatment units relies on both chemical and physical operating principles. DOC and SCR rely on catalytic chemical reactions that remove pollutants, and passive regeneration of DPFs also requires catalysts to reduce the temperature required for PM oxidation. DPF purifies PM by physical processes such as diffusion, interception, collision, and gravitational settling.



Catalysts such as DOC and SCR are important components of diesel engine emission aftertreatment units. However, during the operation of diesel vehicles or machinery, high temperature exhaust and certain harmful chemical components can cause catalyst performance degradation. The ash in the exhaust gas covering the catalyst surface can also hinder the catalytic reaction. Ash accumulation also causes non-renewable clogging of the DPF [27]. Additionally, vibrations caused by engine operation can cause mechanical damage to the aftertreatment unit. [28] All of the above phenomena lead to the decrease in aftertreatment device purification efficiency, or produce high exhaust resistance, which affects the normal operation of the diesel engine. These kinds of phenomena can be collectively referred to as aftertreatment device aging. This section introduces the main aging mechanisms of diesel aftertreatment unit, including thermal aging, catalyst poisoning, mechanical aging, ash clogging, etc.



3.1. Thermal Aging


Thermal aging refers to the degradation of catalyst purification efficiency due to the strong thermal environment of diesel exhaust [29,30]. The main causes of thermal aging include the following: aggregation of active components due to high temperature, changes in chemical composition and phase composition of catalyst, encapsulation of active components by the carrier, loss of active components due to volatilization, etc. [31,32].



The rate of the chemical reaction mostly increases with the increase in temperature. Vant Hoff’s law suggests that the rate of the reaction increases about 2–4 times for every 10 K increase in temperature. In 1889, Arrhenius proposed an empirical formula based on a large number of experiments, namely the following:


  Exponential   equation   k = A  e    −  E a    R T      










  Logarithmic   equation   ln k = ln A −  E a  / R T  










  Differential   equation     d ln k   d T   =    E a    R  T 2     








where k is the chemical reaction rate constant, T is the thermodynamic temperature, Ea is the activation energy, R is the molar gas constant, and A is the finger front factor (frequency factor).



From the Arrhenius formula, the reaction rate constant is exponentially related to temperature, which is applicable to the primitive reaction and part of the total package reaction, and therefore can be intuitively used for the reaction of the thermal aging process.



After thermal aging, the surface adsorption capacity, surface acidic sites and cat-alytic ability of the catalyst will decrease at lower temperatures. At higher temperatures, the catalyst’s Bronsted acidic sites will be cut down [33,34]. The micropore structure is destroyed, and the specific surface area is reduced, which results in a decrease in activity [35]. For vanadium-based catalysts containing vanadium oxides, high temperatures also cause them to volatilize [36]. In addition to the loss of catalytic activity, the volatile gases are also more harmful to human health. The addition of some elements to the catalyst can enhance its heat resistance. For example, it was found that neodymium (Nd), Cerium (Ce), and Titanium (Ti) in the platinum-based catalyst can help the catalyst maintain its activity after thermal aging [37,38,39]. Aside from high temperatures, the existence of water in the exhaust is another important factor in inducing catalyst aging [40,41,42].



In addition to the aging of the catalytic purifier, a high temperature will also have an adverse impact on the DPF. In practice, the end of the DPF filter body usually deposits a large amount of PM, and the non-controlled thermal regeneration generates a high temperature, which can cause unrecoverable damage to the DPF [43,44].




3.2. Catalyst Poisoning


Catalyst poisoning is the loss of the activity of a catalyst caused by harmful substances in the exhaust gas. These sorts of substances can adsorb on the catalyst surface and block the catalyst micropores, reducing the chemisorption sites on the catalyst and changing its surface chemistry [45], or react with the active center of the catalyst to make the catalyst fail. Some hazardous substances can react with catalysts and cause agglomeration of active groups. All of these phenomena can lead to catalyst deactivation. The common harmful elements that can cause the poisoning of diesel exhaust catalysts include sulfur, phosphorus, alkali metals, and alkaline earth metals, etc. [46]. Nowadays, biodiesel is drawing more and more attention [47,48]. However, biodiesel fuel also contains some inorganic impurities such as alkali metals, phosphorus compounds, etc., and these impurities may deposit all through the whole-vehicle exhaust system during the combustion of large amounts of biodiesel [49,50]. Some inorganic elements may interact with the catalysts, thereby influencing their physicochemical properties and reactivity [51,52].



Overall, sulfur is a harmful element that has the greatest impact on exhaust catalysts, and although fuel quality standards in China have been tightened in recent years, and sulfur content limits have been greatly reduced, there is still a certain amount of sulfur in commercially available diesel fuel due to various factors such as crude oil quality and market management, and the sulfur content of some of the offending oils is even up to more than one hundred times the regulatory limit. The sulfur in lubricating oil will also be mixed into the cylinder combustion during the working process of the diesel engine. Sulfur is converted to sulfur dioxide after combustion, some of which can be converted to sulfate, which combines with active sites to reduce the pore volume and specific surface area of the catalyst. Copper or iron molecular sieve catalysts, on the other hand, can react directly with sulfate, rendering the catalyst inactive. The phosphorus content in lubricating oil, usually about 1%, is the main source of phosphorus in diesel exhaust [53], and phosphorus combustion at high temperatures forms aluminum phosphate or pyrophosphate that adhere to the exhaust catalyst surface, preventing exhaust pollutants from coming into contact with the catalyst and causing a decrease in purification efficiency [54,55]. Vanadium-based SCR catalysts have high tolerance of elements such as phosphorus and sulfur [56], but poor tolerance of alkali metals, whose toxicity is proportional to their alkalinity. Catalysts can react with alkali metals and cause agglomeration of active groups leading to catalyst deactivation [57], but by studying the toxic effects of alkali metal salts on catalysts, the development of excellent catalysts with high tolerances of alkali metals is expected [58].



So, the above two aging mechanisms explain how the exhaust condition, including physical and chemical factors, reduces the activity of aftertreatment devices by changing the constituent and construction of catalysts. To resist these kinds of aging effects, efforts should mainly be taken to improve the catalyst formula.




3.3. Mechanical Aging


Mechanical aging refers to the phenomenon that the aftertreatment device wears or breaks because of the shock and vibration. The work running of a diesel engine is a complex mechanical vibration process. There are multi-directional forces, and these forces will cause the vibration of the exhaust system through the conduction of the exhaust manifold, and then cause its fatigue damage in order to cut down the purification efficiency [59].



The leakage was found on the exhaust pipe of a low-odd light truck, then it was found in the engine rotation frequency and the inherent frequency of the exhaust system coupling, which caused the resonance leading to the cracking of the aftertreatment phenomenon [60]. In addition, the vehicle inherent frequency and wheel rotation imbalance caused by the excitation frequency close to the vehicle will cause low-frequency vibration, and long-term low-frequency vibration will cause mechanical strain on the aftertreatment device [59]. There are also studies that show that, in the process of gradually increasing the speed of the vehicle, the intensity of vibration at the location of the exhaust system will increase significantly, obviously higher than other areas of the vehicle, which result in greater vibration and eventually affect the normal work of the exhaust system [61].




3.4. Ash Clogging


Diesel exhaust ash mainly comes from fuel additives, lubricant additives, diesel engine parts wear, and exhaust system corrosion, etc. [62]. Among these, lube oil additives are the primary source [63]. The high pressure in the piston ring area of the diesel engine allows the lubricating oil to be sprayed into the cylinder in the form of atomization. During the combustion, the metal additives of oil can be converted into gas phase compounds, and then condense on the carbon particles during the engine exhaust stroke [64]. After the ash leaves the engine in the form of nanoscale particles, they reunite together and flow into the aftertreatment devices. The main part of the ash deposits in the DPF pores, and cannot be removed by conventional regeneration techniques. Usually, ash deposits in the DPF form an ash layer on the surface of the filter wall and ash plugs at the end of the DPF inlet channel, and deposition on the surface of the filter wall results in a greater increase in DPF pressure drop than deposition at the end of the inlet channel, as well as a higher buildup density.



Analyzed by X-ray diffraction (XRD), the main components of the ash were CaSO4, Zn2Mg (PO4)2, Zn3 (PO4)2, MgO and MgSO4 sulphates, phosphates and oxides of calcium, magnesium, and zinc [65,66]. The accumulation of ash is proportional to the consumption of lubricating oil. The more the lubricating oil is consumed, the greater the accumulation of ash, and then the greater the exhaust back pressure of the diesel engine, which in turn leads to higher fuel consumption and lowers power of the diesel engine, eventually causing the diesel engine to shut down.



Although DPF can effectively reduce particulate emissions and convert most PM into CO2 through regeneration, studies have shown that ash cannot be burned and will remain in the DPF. A large amount of ash deposits at the end of the DPF orifice, forming an ash plug, which reduces the DPF filtration area and causes engine back pressure to rise [67]. At the same time, ash will also have an adverse impact on the normal regeneration of DPF by chancing the pressure drop characteristics of the DPF, leading to passive regeneration errors and increasing the active regeneration frequency and regeneration temperature [68].



Both mechanical aging and ash clogging affect the purifying caused by macroscopical phenomena. These kinds of aging can be overcome by improving the aftertreatment devices manufacturing technologies, engine technologies, and fuel quality.





4. Durability Assessment Method


Because the pollutant emission limits of emission standards are tightened step by step, diesel-powered vehicles and off-road machinery need to adopt DOC + DPF + SCR or similar comprehensive purification technology routes to meet the requirements of the standards. At the same time, with the continuous improvement of durability requirements, the accurate durability assessment method of the aftertreatment device becomes more and more important. For heavy-duty diesel vehicles, the national VI standard durability test requires that the aftertreatment device must be run with the vehicle up to at least 100,000 km, or be run on the bench for more than thousands of hours, which requires a lot of manpower, financial, and material resources. Therefore, the rapid assessment method for the durability of the aftertreatment device has been a hot spot.



4.1. Small Sample Aging Method


Small sample aging is mainly a thermal aging method for catalysts, in which small-sized catalyst samples in the reactor are fed with diesel exhaust or simulated exhaust gas, and heated in a controlled manner to achieve rapid aging [69, 70, 71]. Figure 1 shows the structure of a small-sample rapid aging system [72]. The system consists of a gas distribution unit, a tubular heating furnace, a water injection device, an aging reactor, a gas analyzer, and a main control computer. The system can regulate the gas flow rate, composition, catalyst temperature, and water vapor concentration to simulate different aging scenarios, and control the aging rate of catalyst samples by increasing the heating temperature and water vapor content. Di Wang et al. used such an aging system to rapidly age vanadium-based SCR catalysts at 600 °C for 50 h. The active temperature range of the aged catalyst changed from 200–530 °C to 210–480 °C, which means a reduction of about 18%, and is equivalent to thousands of hours of aging under actual exhaust conditions.



Deepak Kunwar et al. [73] used a similar method to rapidly age DOC catalysts at 800 °C for 50 h, and achieved aging results similar to those of a vehicle running for 150,000 km under real conditions.



Schmieg et al. [74] conducted aging tests on small samples of catalysts at different levels by simulating gas distribution, and found that 800 °C for 16 h is approximately equivalent to the aging effect of 135,000 miles.



The small-sample aging method enables the accelerated aging of catalyst samples at a very low cost, providing a viable operational solution for the rapid screening of catalyst formulations or mass characterization of samples for durability advantages and disadvantages. However, due to the large size difference between the small sample and the real product, as well as the relatively static test conditions, the aging test results may differ significantly from the actual application of the catalyst product, which needs to be determined by subsequent tests.




4.2. Whole-Vehicle Experimental Aging Method


The whole vehicle test is to run vehicles equipped with aftertreatment devices on the road, or chassis dynamometer to achieve the exhaust aftertreatment device performance deterioration [75]. The vehicle should be run according to national standards. There are several kinds of running procedures described in the standards, and the test vehicle should be run according to these procedure at a minimum mileage. During the test, exhaust pollutants were tested periodically to judge whether the aftertreatment devices retained enough purification performance.



Yunhua Zhang et al. [76] conducted emission analyses of a bus lasting one year, and found that the activity of DOC decreased significantly, with a 46.2% decrease in CO purification and a 33.8% decrease in HC purification. Characterization tests showed the decreases attributed to the thermal aging of DOC, i.e., sintering of the carrier coating and reduction in the specific surface area of the catalyst. The NOx and PM purification ratio were almost unchanged during aging, reflecting the good durability of the CCRT (catalyzed continuously regenerating trap) for PM and NOx purification in the exhaust system. Figure 2 [76] shows the structure of the whole-vehicle experimental aging method.



Dominik Rose [77] conducted a set of durability tests on aftertreatment devices by running cars. The mixed driving cycle used in this research is described in Table 1. After a long period of aging course, they found that the PM purifying performances of the DPFs changed just a little. That means the DPFs made of aluminum titanate have pretty good durability. Additionally, an ideal way to develop a running cycle is by uniting several running conditions.



There are a few vehicle-aging cycles normalized by emissions standards [78]. Among them, the AMA and SRC are the most important ones used in the aftertreatment devices aging research works. Every AMA cycle includes 11 running cycles, and the distance of each running cycle is 6 km. The highest speed of each running cycle is listed in Table 2.



Figure 3 shows the standard road cycle operating conditions used for the emission durability assessment of light-duty vehicles, as specified in GB18352-2016.



A P walker used another aging cycle, CEC L-52-T-97 [80], which comprises a 400 h total cycle made up of four sequences of a 100 h cycle. The 100 h cycle is itself split into two sections of 50 h each, comprising a transient phase followed by a steady state phase. In Homayoun’s research [81], they compared the catalysts aged by SRC cycle with samples aged by the small-sample aging method and the engine bench aging method, finding the reactivities of the former samples were a little lower the others. Here, the SRC cycle acts as a reference to judge the other methods.



The whole-vehicle test aging method is closest to the actual aging condition in the process of vehicle running, and the test results are the most reliable. However, this method requires the running of the vehicle for more than 100,000 km on the road or bench, occupying a lot of test equipment or sites, consuming a lot of fuel and accessories, lasting a long time, and requiring a lot of experimental personnel. The comprehensive cost is much higher than other aging methods. So, it should not be used far and wide, but to operate only in some situations with high accuracy demands and very sufficient test conditions.




4.3. Engine Bench Test Aging Method


Engine bench aging is also a common method to evaluate the durability of diesel exhaust aftertreatment devices. The test system consists of a diesel engine, engine dynamometer, and emission testing instrument units, etc. The performance of the emission aftertreatment device gradually decreases during the operation of the diesel engine, which is subjected to a durability test. Figure 4 [82] shows the typical test system composition of engine machine bench aging.



The operating conditions of diesel engines are the key to determining the aftertreatment of this method. According to the requirements of GB17691-2018 standard, the durability test method can be adjusted based on the ratio of typical in-use vehicle fuel consumption and aging cycle fuel consumption to achieve fast aging, but the fuel consumption of the aging cycle cannot exceed 30% of typical in-use vehicle fuel consumption. An engine bench test cycle provided in standard GB20890-2007 described a running cycle, and an engine should be run in accordance with the cycle for 5 h to correspond to similar aftertreatment device aging degrees caused by 800 km of vehicle running. So, the cycle greatly reduces the test time and cost. Table 3 shows the specific operation steps of this operation cycle.



Pi-qiang Tan et al. [83]. investigated the durability of the aftertreatment devices equipped on a heavy-duty diesel engine using mixed fuels by engine bench test. The aftertreatment unit consisted of DOC and SCR, and the whole engine durability test was operated according to GB20890-2007 standard. After 100 cycles of aging, the overall purification performance of the SCR decreased by about 7.5%, and this purification efficiency decreased with increasing engine speed.



Qiao et al. [84] used the engine bench to age two SCR catalysts. The engine exhaust temperature, NH3/NOx ratio, and running time were 550 °C, 0.8, and 200 h respectively. It can be seen from the results that these aging conditions equal the aging effect of 200,000 kilometer’s worth of real road running.



The engine bench test aging method is widely used for the performance evaluation and analysis of various aftertreatment devices because of its advantages in accurate process control, intuitive data for easy analysis, and relatively low cost. Additionally, this kind of method can reduce the deviations of aging results derived from the changes of the test conditions in the long-term road-running aging test. The disadvantage is that the engine operating conditions are formed by summarizing the key parameters of diesel engines in the process of diesel vehicles road driving or the operation of non-road machinery, as well as the type of vehicles or non-road machinery selected. The operation process and calculation methods may cause errors in the formed diesel engine operating conditions, thus leading to the existence of a certain deviation between the test aging results of exhaust aftertreatment devices and the actual aging effects in the process of vehicle driving or machinery operation.




4.4. Burner Experimental Aging Method


Although the cost is reduced compared to the whole-vehicle test aging method, the engine bench aging test also needs a lot of test equipment and consumes a large amount of fuel; thus, engine bench aging is also comparatively costly. For these kinds of reasons, Southwest Research Institute has developed a Fuel Oil Catalyst Aging System (FOCAS) that simulates engine aging conditions. The fuel consumption of this system is very low, so it can reduce the test cost greatly. At the same time, the burner aging method can be used for aging all types of common aftertreatment devices.



Webb C et al. [85]. verified the reliability of the burner aging method. The burner system used in the test consists of a fan, oil supply system, combustion chamber, vortex mixing section, and high-flow dilution system, as shown in Figure 5. The system can control the gas temperature and gas flow accurately to create an aging environment. The system was used to age the diesel exhaust aftertreatment unit for 100 h and the results were compared with the engine bench aging test, which proved that the burner aging system can achieve the aging of the aftertreatment system using lower fuel consumption.



Sonntag F et al. [86] used burners for fast-loading ash tests at a low cost and achieved better results. The burner system can be parametrically controlled and has a high degree of flexibility.



The burner aging method provides a way to generate high temperature exhaust aging conditions at low oil consumption and independently control exhaust flow, temperature, and component concentration, as well as to inject oil to produce large amounts of ash for rapid aging of DPF. However, on earth the combustions of combustor and diesel engine are far more different, so there must be some differences between the exhaust conditions of the two devices. Additionally, the differences may induce the deviations of aging results to some extent. So, before being chosen as an accurate evaluating method, more efforts should be invested to improve it.




4.5. Accelerated Ash Plugging Aging Method


Unlike SCR and DOC, which achieve pollution purification through catalytic reactions, DPF achieves PM purification through physical processes such as collision and interception. The ash deposited in the DPF during the purification process cannot be regenerated and removed. So, the accumulated ash is an important reason for the degradation of the DPF performance. Therefore, the aging process of DPF can be simulated by using a specific method to realize the accumulation of a large amount of ash within DPF in a short period.



By analyzing the various ways in which the lubricant enters the combustion chamber and the subsequent combustion process, three methods of rapid-aging evaluation of ash plugging were derived as follows: blending the lubricant into the fuel, increasing the diesel engine load, and spraying the lubricant mist into the intake manifold to achieve an increased lubricant-consumption rate. Maintaining the diesel engine operating under high load conditions affects the experimental accuracy by excessive diesel engine losses, and the method of blending lubricating oil into the fuel is simple to operate and has more application examples. Figure 6 [87] shows the lubricating oil injection system. The lubricating oil is atomized through the heating system, and there is a measuring device in the lubricating oil tank, which can monitor the consumption of lubricating oil in real time. the atomized lubricating oil is sprayed into the intake manifold through the injector, and then into the combuster, to achieve the aging effect of the rapid accumulation of ash.



Youngquist et al. [88] added lubricating oil to diesel. When the consumption of lubricating oil was about 50 times that of normal lubricating oil, the 60 h experiment simulated the normal oil consumption during about 140,000 km of vehicle running, greatly reducing the time and cost required for DPF durability assessment. Sappok Alexander G et al. [87] also used the method of mixing lubricating oil in diesel to rapidly age the DPF, and quickly loaded two DPFs to 40 (g/L) within 10 h, realizing equivalent aging of 482,000 km of vehicle running.



All those studies show that the method of mixing lubricating oil in diesel can easily and quickly realize the large amount of ash deposition in DPF, which simulates its performance aging. So, this method is cheap and easy to operate. However, in order to accurately control the amount of lubricating oil added in diesel, it is necessary to accurately measure the consumption rate of lubricating oil in an actual vehicle or machinery operation as the basis for calculation.



Some studies also show that the physical properties of the ash deposited by the above three acceleration methods are different from those deposited during actual vehicle driving or non-road machinery operation, so the impact on DPF performance is also slightly different. In the follow-up study, additional tests are needed to determine the extent and reason for the difference, so as to improve the accuracy of durability simulation assessment.





5. Conclusions


Diesel exhaust pollutants are complex and require multiple types of aftertreatment technology such as DOC, DPF, and SCR to work together to achieve good purifying results. As far as the aftertreatment device aging mechanism and their durability assessment method, there are several conclusions that can be drawn from the materials above.



	
The working principles and structures of various aftertreatment devices are different, and their performance degradation principles can be roughly divided into thermal aging, catalyst poisoning, mechanical aging, ash clogging, etc.



	
As to thermal aging and catalyst poisoning, they mainly reduce the activity of aftertreatment devices by changing the constituent and construction of catalysts. To resist these kinds of agings, efforts should mainly be taken to improve the catalyst formula.



	
With regard to mechanical aging and ash clogging, they affect the purifying cause by macroscopical phenomena. These kinds of aging can be overcome by improving the aftertreatment devices manufacturing technologies, engine technologies, and fuel quality.



	
To accurately evaluate the durability of the aftertreatment device, the common methods include small sample aging, vehicle test aging, engine bench test aging, burner test aging, etc.



	
The speed of small-sample aging is fastest and the cost is lowest, which is suitable for screening a large number of samples in the process of technology development. However, the aging test results may differ significantly from the actual aftertreatment catalyst.



	
The results of the whole vehicle test method are most close to the reality, but it takes too much time and is too expensive. It is only applicable to the experimental finalization, but cannot be used widely.



	
Compared with the vehicle test method, the engine bench test has reduced the cost in all aspects, and has been stipulated by the national standard as the durability assessment method of aftertreatment devices.



	
The burner aging method provides a low-cost way to evaluate the durability of the aftertreatment device. However, before being chosen as an accurate evaluating method, more efforts should be invested in improving it.
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Figure 1. Catalyst small sample aging test device [72]. 
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Figure 2. Whole-vehicle experimental aging test device [76]. 
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Figure 3. Standard Road Cycle (SRC) [79]. 
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Figure 4. Diesel engine bench test system [82]. 
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Figure 5. Schematic diagram of the burner system [85]. 
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Figure 6. Lubricating oil injection experimental system [87]. 
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Table 1. Statistical data from the driving cycles (mean values) [77].
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Parameter

	
Cycle




	
City

	
Highway

	
Mixed






	
Velocity km/h

	
20–28

	
90–100

	
50–60




	
Engine Speed/min−1

	
1200–1450

	
1900–2100

	
1500–1700




	
Load factor/%

	
13–16

	
30–35

	
20–25




	
Idling Time/%

	
22–25

	
5–7

	
7–10




	
Overrun/%

	
10–13

	
15–18

	
15–18
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Table 2. The highest speed of each running cycle [78].
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	Cycle Number
	Highest Speed (km/h)





	1
	64



	2
	48



	3
	64



	4
	64



	5
	56



	6
	48



	7
	56



	8
	72



	9
	56



	10
	89



	11
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Table 3. Engine bench durability operation test cycle.






Table 3. Engine bench durability operation test cycle.





	Work Condition Serial Number
	Engine Speed (r/min)
	Engine Load (%)
	Running Time (s)





	1
	Idling Speed
	0
	120



	2
	Maximum torque speed
	10
	600



	3
	Maximum torque speed
	100
	1200



	4
	Idling Speed
	0
	120



	5
	Rated speed
	25
	600



	6
	Rated speed
	50
	600



	7
	Rated speed
	75
	600



	8
	Rated speed
	100
	1200



	9
	1/2 (maximum torque speed + rated speed)
	25
	600



	10
	1/2 (maximum torque speed + rated speed)
	50
	600



	11
	1/2 (maximum torque speed + rated speed)
	75
	600



	12
	1/2 (maximum torque speed + rated speed)
	100
	1200



	13
	Maximum torque speed
	25
	600



	14
	Maximum torque speed
	50
	600



	15
	Maximum torque speed
	75
	600



	16
	Maximum torque speed
	100
	1200



	17
	Idling Speed
	0
	120



	18
	1/2 (maximum torque speed + rated speed)
	25
	600



	19
	1/2 (maximum torque speed + rated speed)
	50
	600



	20
	1/2 (maximum torque speed + rated speed)
	75
	600



	21
	1/2 (maximum torque speed + rated speed)
	100
	1200



	22
	Rated speed
	25
	600



	23
	Rated speed
	50
	600



	24
	Rated speed
	75
	600



	25
	Rated speed
	100
	1200



	26
	Idling Speed
	0
	120



	27
	Stop
	0
	750







The time spent in one cycle is 5 h.
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