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Abstract: Two types of tightly coupled Selective Catalytic Reduction (SCR) mixers were designed in this study, namely Mixer 1 integrated with an SCR catalyst and Mixer 2 arranged separately. Computational Fluid Dynamics (CFD) software was utilized to model the gas flow, spraying, and pyrolysis reaction of the aqueous urea solution in the tightly coupled SCR system. The parameters of gas flow velocity uniformity and ammonia distribution uniformity were simulated and calculated for both Mixer 1 and Mixer 2 in the tightly coupled SCR system to compare their advantages and disadvantages. The simulation results indicated that Mixer 1 exhibited a gas velocity uniformity of 0.972 and an ammonia distribution uniformity of 0.817, whereas Mixer 2 demonstrated a gas velocity uniformity of 0.988 and an ammonia distribution uniformity of 0.964. Mixer 2 performed better in the simulation analysis. Furthermore, a 3D-printed prototype of Mixer 2 was manufactured and installed on an engine test bench to investigate ammonia distribution uniformity and NOX conversion efficiency. The experimental investigations yielded the following findings: 1) The ammonia distribution uniformity of Mixer 2 was measured as 0.976, which closely aligned with the simulation result of 0.964, with a deviation of 1.2% from the model calculations; 2) As exhaust temperature increased, the ammonia distribution uniformity gradually improved, while an increase in exhaust flow rate resulted in a decrease in ammonia distribution uniformity; 3) When utilizing Mixer 2, the NOX conversion efficiency reached 84.7% at an exhaust temperature of 200°C and 97.4% at 250°C. Within the exhaust temperature range of 300°C to 450°C, the NOX conversion efficiency remained above 98%. This study proposed two innovative mixer structures, conducted simulation analysis, and performed performance testing. The research outcomes indicated that the separately arranged Mixer 2 exhibited superior performance. The tightly coupled SCR system equipped with Mixer 2 achieved excellent levels of gas velocity uniformity, ammonia distribution uniformity, and NOX conversion efficiency. These findings can serve as valuable references for the design and development of ultra-low emission after-treatment systems for diesel engines in the field of diesel engine aftertreatment.
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1  Introduction

Today’s environmental problems are becoming increasingly serious, and improving air quality is a challenge for many countries, and in the context of “carbon peaking and carbon neutrality”, reducing diesel exhaust pollutant emissions is still of great importance [1,2]. Automobiles are the main component of mobile source pollutant emissions, accounting for more than 90% of NOX emissions, with diesel vehicles accounting for 88.9% of NOX emissions from automobiles [3]. To control the emissions of diesel vehicles, countries have established strict emission regulations [4], and to cope with the increasingly stringent emission regulations, diesel emission control technologies have been rapidly developed in recent years, among which SCR technology has become the preferred technological solution to reduce NOX emissions from diesel engines [5]. The mixer in the SCR system has a great influence on the evaporation, decomposition, and mixing of urea solution [6,7]. The influence is especially significant at lower exhaust temperatures. The mixer not only allows the urea spray droplets to mix more fully with the exhaust gas and improves the mixing uniformity, but also accelerates the evaporation of urea droplets, promotes the decomposition of urea, and improves the NOX conversion efficiency [8].

On 10 November 2022, the European Commission published the latest Euro 7 proposal, which proposed more stringent emission limit standards for NOX emissions from heavy-duty diesel vehicles [9], from Euro 7 onwards NOX emissions are no longer weighted for cold and hot cycles, the cold cycle emission limit is 350 mg/kWh and the hot cycle limit is 0.09 g/kWh. To meet the ultra-low emission requirements of diesel engines, the concept of an SCR dual injection system was proposed [10,11]. The SCR dual injection system has two stages of SCR, the first stage SCR is installed upstream of the Diesel Oxidation Catalyst (DOC), and the second stage SCR is installed downstream of the Diesel Particulate Filter (DPF), forming a dual injection system architecture of Close-Coupled Selective Catalytic Reduction (CCSCR)+DOC+DPF+SCR.

In order to meet the ultra-low emission NOX limits for diesel engines, the industry has conducted research work in two areas: fuel and after-treatment. In the field of fuel, Ertugrul et al. conducted engine experiments to investigate the impact of different fuel blends on nitrogen oxide (NOX) emissions. They plotted and analyzed the relevant data to understand the effects of thermal barrier coatings. Their objective was to utilize the COMSOL program for physics-based modeling of internal combustion engines in order to analyze and reduce NOX emissions [12]. Additionally, the research by Demir et al. discovered that adding urea to diesel fuel can reduce emissions of carbon dioxide and hydrocarbons, with a maximum reduction of 19% in nitrogen oxide emissions [13].

In terms of after-treatment, the primary approach employed is the use of SCR dual-injection systems to reduce nitrogen oxide emissions. Sharp et al. conducted a pilot study on a 12.4 L heavy-duty diesel engine with ultra-low emissions [14]. They proposed a configuration utilizing tightly coupled SCR, which provides valuable insights. The research findings demonstrated that compared to the traditional Euro VI technology scheme of DOC+DPF+SCR, by using an additional stage before the DOC In the FTP emission cycle, the NOX conversion efficiency reached 99.3%, and the emission was as low as 0.063 g/kWh. Zavala et al. conducted an ultra-low emission technology study on a Cummins 15 L heavy-duty diesel engine [15], and the results showed that the diesel engine ultra-low emission after-treatment system with SCR dual injection, electrically heated nozzle technology and low-temperature SCR catalyst could significantly improve the NOX conversion efficiency at low temperatures, and the FTP cycle NOX conversion efficiency reached 99.5%, and the emission is as low as 0.018 g/kWh. Liu et al. conducted a study on ultra-low emission technology on a 13 L engine [16–18], and the results showed that the after-treatment system can reach 99.3% NOX conversion efficiency by using SCR dual injection technology, and the FTP cycle cold and hot weighted emission reached 0.019 g/kWh.

The research analysis of the aforementioned literature indicates that SCR dual injection systems are the most promising aftertreatment systems for achieving ultra-low emissions in diesel engines. Among them, the tightly coupled SCR system, serving as the first-stage SCR in the SCR dual-injection system, has become a focal point in current research on diesel engine aftertreatment technologies. However, there is a lack of dedicated studies on the tightly coupled mixer in the existing research. This study effectively fills this research gap by conducting a comprehensive investigation of two different configurations of tightly coupled mixers. The findings provide valuable references for the research on tightly coupled SCR systems and the design of SCR dual injection aftertreatment systems.

2  Mixer Design

To utilize the heat of diesel exhaust gas as much as possible, the tightly coupled SCR system is arranged behind the diesel engine supercharger, which has high requirements for performance and installation arrangement [18], firstly, the ammonia distribution uniformity is more than 0.95, SCR conversion efficiency is higher than 80% at 200°C, and the mixer back pressure is less than 3 kpa, secondly, the tightly coupled SCR mixer is required to be as compact as possible in structure and easy to installation arrangement.

Based on the above requirements, two types of mixers were designed. The schematic diagram of the mixer is shown in Fig. 1. Mixer 1 consists of a nozzle mount, cyclone plate, spray droplet crushing network and outer cylinder, the back can be directly connected with the SCR catalyst; urea spray perpendicular to the direction of gas flow, exhaust gas flow through the cyclone plate will produce the effect of the cyclone, strengthen gas disturbance, conducive to the breaking of urea spray droplets, accelerate the full mixing of urea and airflow. At the same time, the spray droplet crushing network can effectively improve the secondary crushing effect of urea spray and accelerate the decomposition of urea. Mixer 2 is designed with a 90° bend angle, including the nozzle mount, turbine blade, and insulation shell, nozzle mount is arranged at a 90° bend, urea spray direction, and exhaust airflow flow direction, exhaust airflow will produce a strong cyclonic effect when flowing through the turbine blade, making the airflow in the spray area produce strong disturbance to strengthen the mixing effect of spray and exhaust. At the same time, the turbine blades increase the contact area between the urea spray and the mixer, which can accelerate the decomposition of urea, while Mixer 2 is very compact in structure and easy to install and arrange. Due to its complex structure, the fabrication of Mixer 2 samples employed a 3D printing technique, utilizing 436 stainless steel material known for its urea-resistant properties.
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Figure 1: Two types of tightly coupled SCR mixer

3  Equations and Mathematical Expressions

3.1 Velocity Uniformity Simulation Analysis

Velocity uniformity is a uniformity parameter of the exhaust gas through the catalyst cross-section, which represents the level of airflow uniformity when the exhaust gas is in contact with the catalyst. The 2 mixer structures in Fig. 1 were modeled in 3D and meshed by Hypermesh V13.0 for the numerical model, as shown in Fig. 2.
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Figure 2: Tightly coupled SCR system model and meshing

To verify the insensitivity of the computed results to the grid quantity, we selected the pressure drop across the entire fluid domain as the validation indicator. While keeping the boundary layer grid parameters unchanged, we adjusted the global base grid size to achieve grid quantities of 3, 4, and 5 million, respectively. The corresponding pressure drops were found to be 8.22, 8.48, and 8.43 kPa. These results indicate that the pressure drop is no longer sensitive to the grid quantity.

Fluent was used to calculate the airflow velocity uniformity at the front face of the tightly coupled SCR catalyst, and the results are shown in Fig. 3. The comparison shows that the airflow velocity uniformity at the front face of the SCR catalyst in the tightly coupled aftertreatment system with Mixer 1 is 0.972, whereas it is 0.988 in the tightly coupled aftertreatment system with Mixer 2. It can be observed that Mixer 2 exhibits better airflow velocity uniformity.
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Figure 3: Airflow velocity uniformity (The units in the figure are m/s)

After the urea spray is sprayed into the mixer, it is fully mixed with the exhaust gas in the pipeline and pyrolyzed to NH3 under the effect of the mixer, and the mixed gas with NH3 flows to the front face of the catalyst, where NH3 reacts with NOX in the exhaust gas to form N2 and H2O, so the uniformity of ammonia distribution on the front face of the catalyst is of vital importance for the catalytic reaction of the catalyst.

The SCR after-treatment system uses a Bosch non-gas-assisted urea injection system, Table 1 shows the relevant parameters of the urea nozzle, and the CFD simulation uses a discrete phase model (DPM) to simulate the spray motion [18], which is established according to the Euler-Lagrange method and treats the fluid as a continuous medium to solve the N-S equation; the spray droplets are treated as a discrete medium that can exchange mass, momentum, and energy with the fluid by tracing the trajectory of a large number of particles to solve.
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The simulation was carried out for the common operating conditions of a 10 L engine, with the exhaust mass flow rate set to 900 kg/h, the inlet exhaust temperature set to 450°C, and the urea injection volume of 245 mg/s, corresponding to an engine operating condition of 1500 rpm and 1200 Nm of torque. The simulation process was carried out by first calculating the steady-state internal flow field until the flow field was fully converged, and then adding urea injection to calculate the development of urea spray and ammonia distribution in a transient solution.

Fig. 4 shows the results of comparing the uniformity of ammonia distribution on the front face of the SCR catalyst-equipped with 2 mixers. From the figure, it can be seen that the ammonia distribution uniformity coefficient of the after-treatment system with Mixer 1 installed is lower at 0.817, while the ammonia distribution uniformity coefficient of the after-treatment system with Mixer 2 is 0.964, and the simulation result of Mixer 2 is more excellent.
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Figure 4: Distribution uniformity simulation analysis result of two mixers (The number shown in the figure is the mass fraction)

3.2 Urea Spray Trajectory

The urea spray trajectory refers to the movement trajectory of urea droplet particles after being sprayed from the nozzle, which is affected by the engine exhaust gas flow, mixer structure, and the performance of the urea nozzle itself, and can reflect the heat evaporation of urea droplet particles, which further reflects the concentration distribution of ammonia gas. As shown in Fig. 5, it can be seen from the spray trajectory that the spray trajectory of Mixer 1 is more concentrated, and after passing through the droplet breaking network most of the spray is sprayed to the bottom wall and bounced back, and the distribution of urea on the front surface of SCR catalyst is not uniform enough, while the spray trajectory of mixer 2 accelerates the rotation under the action of turbo mixer, and the distribution on the front surface of SCR catalyst is more uniform.
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Figure 5: Urea spray trajectory of 2 mixers (The units in the figure are mm)

4  Equations and Mathematical Expressions

4.1 Experimental Setup

The CFD method was used to analyze the airflow velocity uniformity, ammonia distribution uniformity, and urea spray trajectory on the front surface of the SCR catalyst of two different tightly coupled SCR mixers of the after-treatment system. The simulation results showed that the performance of Mixer 2 was superior, and the performance test study of Mixer 2 was conducted using an engine bench test. The test platform included the engine, SCR after-treatment system, dynamometer and control system, engine fuel supply, and fuel consumption measurement system, multi-component emission analyzer, and ammonia distribution uniformity test analyzer. Table 2 shows the basic parameters of the engine, Table 3 shows the test instruments and meters, and Fig. 6 shows the engine bench arrangement and ammonia distribution uniformity test setup. The experiment employed a commercial urea aqueous solution, conforming to the national standard “GB 29518-2013 Diesel Engine Nitrogen Oxide Reductant Urea Aqueous Solution (AUS32).” The concentration of urea in the solution was 32.5%. The urea aqueous solution readily decomposes into NH3 when heated, serving as a reducing agent for the chemical reaction with NOX in the exhaust. The exhaust flow rate was determined by calculating the intake flow rate and fuel consumption. The intake flow rate was measured using an intake flow meter installed in the intake duct of the test bench, while fuel consumption was measured using a fuel consumption meter. A Sensata company PT200 specification temperature sensor was utilized for measuring exhaust temperature, with a range of −40°C to 800°C. The urea injection system employed the Bosch company’s DeNOX2.2 urea injection system. Detailed information regarding these sensors and the urea injection system can be found in Table 3.
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Figure 6: Bench arrangement and ammonia distribution uniformity testing device

4.2 Test Method

4.2.1 Ammonia Distribution Uniformity Test

The real ammonia uniformity data can be obtained by testing the ammonia concentration distribution on the front face of the SCR. The ammonia distribution uniformity was measured using the special equipment in Fig. 6. The test was conducted by adjusting the engine exhaust flow and exhaust temperature to stabilize the operating conditions at each operating point given in Table 4, and the urea injection volume was determined according to the NOX emission level at each operating condition, and urea injection was conducted according to ANR = 0.7. The ammonia distribution uniformity test needs to cut the end face of the after-treatment system, the FTIR measurement probe penetrates deep into the end face set position to measure the concentration of NH3 in the airflow during the test and then moves to the next position point test after completing the test at one position point until the data test is completed for all 25 position points.
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4.2.2 Ammonia Distribution Uniformity Test

The most important role of the tightly coupled SCR mixer is to ensure the NOX conversion efficiency of the system, the test condition points are shown in Table 5.

[image: images]

Control the engine speed and torque to make the temperature and exhaust flow rate upstream of SCR reach the set value, record the NOX concentration value upstream of SCR after the working condition is stabilized, set the ammonia to nitrogen ratio to 1.2, record the NOX concentration at this working condition point after the SCR catalyst is stabilized, each working condition point before starting the test by running at the high-temperature working condition point and stop injecting urea until the NOX concentration before and after the SCR catalyst is stable and essentially the same.

5  Test Results and Analysis

5.1 Ammonia Distribution Uniformity Analysis

The uniformity index γ was defined by Weltens et al. [18]:

γ=12n∑i=1n(ci−c¯)2c¯(1)

In this formula: n is the number of measurement points of the cross-section; i is the NH3 concentration of the measurement point; c is the average NH3 concentration on the whole cross-section. γ is larger and closer to 1, which means it the more uniform on the selected cross-section. The results of the uniformity index of ammonia distribution on the front surface of the SCR catalyst obtained from the test under different working conditions are shown in the figure below. It can be seen from the figure that the uniformity index of ammonia distribution at 900 kg/h, 450°C is 0.976, which is close to the result of 0.964 calculated by simulation, and the deviation between the test and simulation is 1.2%. Considering the limited number of test spots, the accuracy of a simulation model is high. In addition to verifying the calculation accuracy of the simulation model, the effects of exhaust flow rate and exhaust temperature on the uniformity of ammonia distribution were also studied separately, as shown in Fig. 7, and the results showed that: in the range of 300°C–450°C, the uniformity of ammonia distribution gradually increased with the increase of exhaust temperature, and the increase rate was faster in the range of 300°C–400°C. When the temperature exceeded 400°C, the uniformity of ammonia distribution increased slowly and the change was smaller. When the temperature exceeds 400°C, the uniformity of ammonia distribution increases slowly and the change is small; under the condition that the exhaust temperature is 300°C, the uniformity of ammonia distribution decreases gradually with the increase of exhaust flow. The ammonia distribution uniformity test results show that the ammonia distribution uniformity index is different under different exhaust temperatures and exhaust flow conditions, and the ammonia distribution uniformity index is influenced by the exhaust temperature and exhaust flow.
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Figure 7: Variation of ammonia distribution uniformity with exhaust temperature and exhaust flow rate

5.2 Analysis of Tightly Coupled SCR Conversion Efficiency

The copper-based catalyst was selected for the tightly coupled SCR system, catalyst specifications are shown in Table 6. The steady-state NOX conversion efficiency of the tightly coupled SCR system was tested on the engine bench, and the results are shown in Fig. 8, which shows that the NOX conversion efficiency of the after-treatment system reached 84.7% at 200°C, and 250°C reached 94.7%, the conversion efficiency of the catalyst at high temperature did not drop, the highest temperature tested was 520°C, the NOX conversion efficiency was 98.8%, which proved that the performance of the mixer and the tightly coupled SCR system was excellent and reached the design index of the system.
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Figure 8: Steady-state NOX conversion efficiency of tightly coupled SCR systems

6  Conclusion

The implementation of Euro 7 and other stringent emission regulations has significantly stimulated the research and development of closely-coupled Selective Catalytic Reduction (SCR) technology. This study is dedicated to examining the design and performance of closely-coupled SCR mixers. The key findings are as follows:

1.    Independently arranged mixers exhibit superior performance compared to mixers integrated with SCR catalysts. Two distinct configurations of closely-coupled SCR mixers were devised, and simulation results indicate that independently arranged mixers achieved a velocity uniformity of 0.988 and an ammonia distribution uniformity of 0.964. Rigorous bench testing substantiated the model’s calculations with a deviation of merely 1.2% from the experimental results. In contrast, mixers integrated with SCR catalysts attained a velocity uniformity of 0.972 and an ammonia distribution uniformity of 0.964. The independently arranged mixers demonstrated exceptional performance.

2.    As the exhaust temperature rises, the uniformity of ammonia distribution gradually improves, while an increase in exhaust flow rate leads to a gradual reduction in ammonia distribution uniformity. The bench testing results highlight that in addition to mixer structure, exhaust temperature, and flow rate are critical factors influencing ammonia distribution uniformity. Within the exhaust temperature range of 300°C–450°C, a higher temperature corresponds to an incremental enhancement in ammonia distribution uniformity. Similarly, within the exhaust flow rate range of 600–1200 kg/h, an elevated flow rate correlates with a progressive decrease in ammonia distribution uniformity.

3.    Benefiting from the outstanding performance of Mixer 2, the closely-coupled SCR system achieved remarkably high NOX conversion efficiency during the test bench experiments. The test bench results reveal that, at an exhaust temperature of 200°C, the steady-state NOX conversion efficiency reached 84.7%. Furthermore, at an exhaust temperature of 250°C, the NOX conversion efficiency soared to 97.4%.

Numerous avenues for further research exist within the realm of closely-coupled SCR systems for achieving ultra-low diesel emissions. This study has merely explored a fraction of the possibilities, and future work will delve into aspects such as the durability of closely-coupled SCR systems and the characteristics associated with N2O generation.
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Table 1: Urea nozzle and spray parameter

Parameter Valve
Nozzle number 3
Nozzle diameter/mm 0.19
Spray pressure/MPa 0.9
Spray visible cone angle/(°) 9
Initial droplet velocity/m-s™' 32
Average particles diameter/um 78






OEBPS/Images/table-3.png
Table 3: Test instruments and meters

Device Model number
Dynamometer SCHORCH LN7400L
Fuel thermostat AVL753C

Fuel consumption measurement system AVL735S

Engine measurement and control systems AVL PUMA

Dual direct gas analyzer HORIBA MEXA-ONE
Multi-component emission analyzer AVL SESAM 160
Intake flow meter AVL FSA150

Exhaust temperature sensor Sensata PT200

Urea injection system Bosch DeNO2.2
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Table 6: Urea nozzle and spray parameter

Catalyst Diameter/mm Length/mm

SCR 304.8 101.6
ASC 304.8 50.8
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(b) Tightly coupled SCR system — Mixer 2
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Table 4: Ammonia distribution uniformity test conditions

Exhaust gas flow/(kg/h) Exhaust gas temperature/°C
300 300
900 300
900 400
900 450

1200 300
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Table 2: Engine and after-treatment basic parameter

Parameter Valve
Engine displacement/L 10
Power/kW 294
Calibration speed/r.min"" 1900
Emission phase China VI b

Catalyst size/mm Tightly coupled SCR: 304.8 x 101.6
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Table 5: NOy conversion efficiency test conditions

Exhaust gas flow/(kg/h) Exhaust gas temperature/°C
900 180
900 200
900 250
900 300
900 350
900 400
900 450

900 520
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