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Abstract: A new design of a selective catalytic reduction (SCR) mixer called tornado was developed for a heavy-duty diesel engine to solve the urea deposition problem. A combination of CFD simulation and experimental studies was used to comprehensively evaluate the performance of the tornado mixer. According to the numerical simulations, this mixer can improve the front surface flow uniformity of the SCR carrier by 6.67% and the NH3 distribution uniformity by 3.19% compared to a traditional mixer. Similarly, steady state SCR conversion efficiency test results have shown that the tornado mixer can increase the average SCR conversion efficiency by 1.73% compared to a traditional mixer. Therefore, the tornado mixer outperforms traditional mixers in terms of mixing uniformity, resistance to deposition and impact on NOX emissions. In addition, a dimensionless parameter, the “limiting deviation rate”, is proposed in the present study to improve the mixing uniformity assessment method for SCR mixers (with the explicit intent to evaluate the mixing uniformity more accurately).
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1  Introduction

Currently, SCR systems based on aqueous urea solutions (urea mass fraction of 32.5%) are widely used for NOX emission control in diesel engines [1]. It is well known that the more efficient the combustion process, the more NOX the engine will emit. The introduction of SCR technology has enabled engine manufacturers to solve the trade-off between NOX emission and combustion efficiency. SCR technology achieves NOX emission control by injecting an aqueous urea solution into the high temperature exhaust gas, causing it to evaporate and decompose to produce NH3, which reduces NOX to N2 and H2O.

However, the application of urea-SCR systems poses many challenges. Transient operating conditions, large urea injection or poor mixer construction design can cause incomplete evaporation of the aqueous urea solution, forming a “permanent” liquid film on the mixer wall or exhaust pipe wall [2–7]. The decomposition of the urea in the liquid film produces solid by-products such as Biuret, Cyanuric acid, etc., in addition to the reducing agent NH3 required for the reduction reaction [8–12]. As these solid by-products continue to accumulate, the SCR system exhaust back pressure rises and the uniformity of NH3 on the front surface of the carrier decreases, eventually leading to SCR system failure.

Studies have shown that the SCR mixer structure is one of the key factors affecting the deposit formation [13–17]. In order to solve the urea crystallisation problem that occurs during the application of SCR technology, this paper takes a heavy-duty diesel engine aftertreatment system of the sixth emission stage in China as the research object, and carries out a new structural design of its SCR mixer, using a combination of simulation and experimental studies to make a comprehensive assessment of the new mixer’s anti-deposition performance, mixing uniformity and impact on emissions.

2  Simulation Model Setup and Validation

2.1 Physical Model

The aqueous urea solution undergoes two atomisation processes during the spraying process: primary atomisation and secondary atomisation. Primary atomisation is the process whereby the aqueous urea solution is forced under high pressure through the nozzle injection holes, resulting in the droplets becoming a fine mist. During this process, the urea solution forms turbulence in the spray holes of the nozzle, which causes an initial disturbance on the spray surface as it leaves the spray holes. The interaction between the spray and the surrounding gas increases the amplitude of the disturbance until it separates from the spray surface. These separated parts can lead to so-called “secondary droplets”. The amplitude of the disturbance follows the dissipation equation derived from Taylor [18].


(ω+2νκ2)2+σκ3ρld−4ν2κ3(κ2+ων)12+(ω+iUκ)2ρgρld=0
(1)

where 
σ
is the surface tension coefficient; 
ν
is the kinematic viscosity of the liquid; 
ρl
is the density of the urea solution; 
ρg
is the exhaust gas density; i is an imaginary unit (i2 = −1); U is the initial velocity of the jet; and 
κ
is the wave number.

Assuming that the urea droplet has a diameter of 
Dd
when it leaves the nozzle’s orifice and subsequently breaks up into secondary droplets, the droplet breaks up at the rate shown in the following equation:


dDddt=−2LAτAKA
(2)

where 
Dd
is the diameter of the initial droplet; 
LA
is the atomisation length scale; 
τA
is the atomisation time scale; and 
KA
is the model constant, which takes the value 0.1 here.

Secondary atomisation of aqueous urea solutions, i.e., secondary fragmentation, is the fragmentation of liquid droplets by non-uniform surface forces. The characteristic metrics for this process are the Weber number and the Onetzog number.


We=ρg|Vs|2Dpσ
(3)


Oh=μlρlDpσ
(4)

The various broken flow regimes of droplets are classified according to the amplitude of surface tension and viscous drag [19], as shown in Tab. 1.
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The governing equations of fluid flow can be written as: Continuity equation:


∂∂t∫ρdV+∮ρv·da=∮SudV
(5)

where, t is time, V is volume, a is the area vector, ρ is the density, v is the velocity, 
Su
is a user-specified source term. This equation represents the increase in mass per unit time in a fluid micro-element equal to the net mass flowing into that micro-element during the same time interval.

Momentum equation:


∂∂t∫ρvdV+∮ρv⊗v·da=−∮pI·da+∮T·da+∫fbdV+∫sudV
(6)

where, 
p
is pressure, T is the viscous stress tensor, 
fb
is the resultant of body forces, 
su
is a user-specified source term. This equation represents the rate of change of the momentum of a fluid in a micro-element with respect to time as equal to the sum of the various external forces acting on the micro-element.

Energy equation:


∂∂t∫ρEdV+∮ρHv·da=−∮q·da+∮T·da+∫fbdV+∫SudV
(7)

where, E is the total energy, H is the total enthalpy, q is the heat flux. This equation represents the rate of increase of energy in the micro-element equal to the net heat flux into the micro-element plus the work done on the micro-element by the bulk and surface forces.

2.2 Model Setup

The aftertreatment system of a heavy-duty diesel engine is used as the object of study (shown in Fig. 1), and the pre-processing software Hypermesh 14.0 is used for fluid domain extraction, geometric cleaning and surface meshing.
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Figure 1: Aftertreatment system and SCR mixer for a heavy duty diesel engine

The 3D fluid simulation software STAR-CCM+14.02 was used for surface mesh reconstruction, volume meshing and numerical calculation. Surface Remesher was chosen for the surface reconstruction, Polyhedral mesher for the volume mesh, Prism Layer Mesher for the boundary layer mesh, Extruder for the carrier mesh, and a mesh base size of 6 mm. the volume mesh is shown in Fig. 2.
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Figure 2: Volume mesh for the aftertreatment system

The transfer equation is solved by the PISO method through the second order accuracy finite volume method [20,21]. A Rosin-Rammler distribution with a distribution factor of 5.3 was used for the droplet size. Due to the low urea injection velocity (only 32 m/s), the droplet interactions are not considered in this paper and only the droplet secondary breakup is considered, which is simulated using the TAV (Talor Analogy Breakup) model. The turbulence is simulated by the RNG k-ε RANS model. The outcomes of liquid droplets impacting the wall boundary or fluid film are predicted by the Bai-Gosman model.

Lagrangian Multiphase model was selected for aqueous urea solution injection, and Bai-Gosman Wall Impingement model and Reitz-Diwakar Droplet Breakup model were selected for Droplet Wall Impingement and breakage. Parameters of urea nozzle are shown in the Tab. 2.
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Confirmation of operating points for simulation calculations: As urea-SCR aftertreatment is more likely to form deposits at lower exhaust flow rates and temperatures, a low load operating point with lower exhaust flow rates and temperatures (exhaust flow rate of 950 kg/h, exhaust temperature of 240°C and urea injection rate of 700 mg/s) was selected for the assessment of the risk of urea deposit formation. The rated operating point of the engine (exhaust flow rate of 1735 kg/h and exhaust temperature of 555°C) was selected for the back pressure calculation of the aftertreatment system.

2.3 Model Validation

Tab. 3 shows the comparison of the pressure loss of the post-treatment system at different operating points with a base grid size of 4 mm (minimum grid size of 1 mm) and 6 mm (minimum grid size of 1.5 mm), respectively. As can be seen from the table, the pressure loss of the aftertreatment system is basically the same for both mesh sizes, indicating that the model basically eliminates the influence of the mesh size on the simulation results, i.e., it proves the irrelevance of the mesh.
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Fig. 3a shows the urea deposition on the wall of the mixer calculated at a low load operating point with low exhaust flow and temperature, and Fig. 3b shows the deposition on the mixer under the engine bench urea deposit cycle. As can be seen from the graphs, the more concentrated areas of urea deposition obtained from the simulation match the actual urea deposition areas in the test, indicating that the model is highly accurate in assessing the risk of urea deposition.
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Figure 3: Validation of simulation results (a) Simulation result (b) Test result

3  Mixer Design for the Aftertreatment of a Heavy-Duty Diesel Engine

Equations and mathematical expressions must be inserted into the main text. Two different types of styles can be used for equations and mathematical expressions. They are: in-line style, and display style.

3.1 Traditional Mixer

The overall arrangement of the traditional mixer on the post-treatment assembly is shown in Fig. 1. The mixer consists mainly of a swirl tube, baffle plate and fan blades, where the blades of the swirl tube and the fan blades are in opposite directions.

Fig. 3b shows the urea deposition of a traditional mixer under the engine bench urea deposition cycle. As can be seen from the photograph, heavy urea deposits appear on the surface of the fan blades. After the engine exhaust gas enters the mixer, part of the airflow rotates downwards under the action of the swirl plate and part of the airflow flows straight downwards through the channel between the swirl plates. Due to the low engine exhaust gas flow and temperature at the low load operating point, the urea deposited on the fan blades cannot be stripped and evaporated and decomposed in time, and urea deposits are eventually formed.

3.2 Tornado Mixer

A new tornado mixer has been designed to solve the urea deposition problem. The mixer mainly consists of a porous swirl tube, a bottom plate and a porous plate, where the swirl tube is partially open. The main function of the cyclone tube is to rotate the exhaust gas at high speed, stripping the urea droplets deposited on the wall of the mixer and wrapping them to rotate and evaporate, ultimately reducing the risk of urea deposition. The main function of the bottom plate is to force the gas stream to rotate around the tube axis. The purpose of the perforated bottom plate is to allow a small portion of the gas stream to flow straight out, reducing the exhaust back pressure. The role of the porous plate is to increase the velocity and NH3 distribution uniformity on the front surface of the SCR carrier. The overall layout of the Tornado mixer in the aftertreatment package structure is shown in Fig. 4.
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Figure 4: Overall layout of the tornado mixer

4  Simulation and Analysis of Results

To verify the mixing uniformity, resistance to urea deposition and flow performance of the Tornado mixer, CFD simulations were carried out for an aftertreatment system fitted with a traditional mixer (hereinafter referred to as the “traditional structure”) and for an aftertreatment system fitted with a Tornado mixer (hereinafter referred to as the “Tornado structure”).

In order to assess the mixing uniformity of the tornado mixer more accurately, a dimensionless parameter, the “limiting deviation rate”, is proposed, as shown in Eqs. (8) and (9). The limiting deviation rate is divided into the flow distribution limiting deviation rate and the NH3 distribution limiting deviation rate. The flow distribution limiting deviation rate is the deviation rate of the maximum value of velocity from the mean value and the deviation rate of the minimum value of velocity from the mean value for all mesh cells of a certain section; the NH3 distribution limiting deviation rate is the deviation rate of the maximum value of NH3 concentration from the mean value and the deviation rate of the minimum value of NH3 concentration from the mean value for all mesh cells of a certain section.


XMax=Max−AveAve
(8)


XMin=Ave−MinAve
(9)

For the flow distribution, the limiting deviation rate of the flow distribution is defined as,


XU_Max=UMax−UAveUAve
(10)


XU_Min=UAve−UMinUAve
(11)

where, 
UMax
, 
UAve
and 
UMin
are the maximum, average and minimum values of velocity for all mesh cells on a section, respectively.

For the NH3 distribution, the limiting deviation rate of the NH3 distribution is defined as,


XN_Max=NMax−NAveNAve
(12)


XN_Min=NAve−NMinNAve
(13)

where, 
NMax
, 
UAve
and 
NMin
are the maximum, average and minimum values of NH3 concentration for all mesh cells in a given cross-section, respectively.

4.1 Uniformity Analysis

4.1.1 Flow Uniformity

Flow uniformity is evaluated by the velocity distribution uniformity index, which is defined as [22].


Uflow=1−12∑i=1n|wi−wmean|AiAwmean
(14)

where, 
wi
is the gas velocity on each mesh element on a certain section; 
wmean
is the average velocity of the gas on the certain section; A is the area of the section; 
Ai
is the area of a grid element on the section.

The velocity uniformity on the front face of the SCR carrier was evaluated, and the axial component of the velocity on the front face of the SCR carrier was selected.

The simulation results of the flow uniformity are shown in Fig. 5. The flow uniformity index at the front face of the SCR carrier for the traditional structure and the Tornado structure are 0.90 and 0.96, respectively. The flow uniformity on the front surface of the SCR carrier for the Tornado structure is 6.67% higher than that of the traditional structure.
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Figure 5: Flow distribution on the front surface of the SCR carrier (a) Traditional structure (b) Tornado structure

The flow distribution limiting deviation rate on the front surface of SCR carriers of the traditional and tornado structures are shown in Tab. 4. As can be seen from the table, the flow distribution limiting deviation rate on the front face of the SCR carrier with the Tornado structure are lower than that of the traditional structure.
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4.1.2 NH3 Distribution Uniformity

NH3 distribution uniformity is evaluated by the NH3 distribution uniformity index, which is defined as [22].


Uvapor=1−12∑i=1n|mi−mmean|AiAmmean
(15)

where, 
mi
is the mass fraction of NH3 on each mesh element on a certain section; 
mmean
is the average mass fraction of NH3 on the certain section; A is the area of the section; 
Ai
is the area of a grid element on the section.

The simulation results of NH3 distribution uniformity are shown in Fig. 6. The NH3 distribution uniformity indexes on the front surface of the SCR carrier for the traditional structure and the tornado structure are 0.94 and 0.97, respectively, and the NH3 distribution uniformity on the front surface of the SCR carrier for the tornado structure is 3.19% higher than that of the traditional structure.
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Figure 6: NH3 distribution on the front surface of the SCR carrier (a) Traditional structure (b) Tornado structure

The limiting deviation rates of the NH3 concentration distribution on the front surface of the SCR carriers of the traditional and tornado structures are shown in Tab. 5. As can be seen from the table, the limiting deviation rate of NH3 distribution on the front surface of the SCR carrier of the Tornado structure is lower than that of the traditional structure.
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4.2 Risk Assessment of Urea Deposition

The risk of urea deposition can be assessed by the amount of urea deposited on the wall of the mixer. Fig. 7 shows the distribution of urea deposition on the wall of the traditional mixer and the tornado mixer. As can be seen from the graph, the amount of urea deposited on the wall of the tornado mixer is significantly lower compared to the traditional mixer. The main reason for this is that when the engine exhaust gas flows through the Tornado mixer, it rotates at high speed under the action of the porous swirl tube and bottom plate, wrapping and rotating the urea droplets sprayed in above the mixer and flowing downwards, prompting them to evaporate and decompose quickly. At the same time, the high velocity of the flow allows the urea droplets deposited on the walls of the mixer to be stripped away and then evaporated and decomposed, ultimately effectively reducing the risk of urea deposits.
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Figure 7: Distribution of urea deposits on the wall of the mixer (a) Traditional structure (b) Tornado structure

4.3 Back Pressure Analysis

The pressure field distributions for the traditional and tornado structures at the rated operating condition are shown in Fig. 8. The total system back pressures for the traditional and tornado structures at the rated operating condition are 32.9 kPa and 34.2 kPa. The tornado structure has a higher system back pressure than the traditional structure by approximately 1.3 kPa, but still meets the engineering limits (<35 kPa).

[image: images]

Figure 8: Comparison of back pressure between the two structures (a) Traditional structure (b) Tornado structure

5  Test Study and Discussion of Results

To verify the effect of the Tornado mixer on NOX emissions, steady-state SCR conversion efficiency tests and hot-state WHTC emission test tests were conducted on the traditional and Tornado structures. The engine used for the test was a 12L diesel engine. The test equipment, instruments and meters used are shown in Tab. 6 and were all tested and qualified.
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5.1 Steady-State SCR Conversion Efficiency Test

The exhaust line is connected to the aftertreatment (SCR mixer is a traditional mixer), the diesel engine is run at rated speed and the temperature upstream of the SCR is controlled to 300°C by controlling the load. Once the operating conditions have stabilised, measurement of raw NOX and NOX downstream of the SCR (measured by the gas emission equipment 7500DEGR) begins. The urea injection volume is controlled manually at Ammonia Nitrogen Ratio (ANR) ratios of 0.7, 1.0, 1.1 and 1.2, with each ANR waiting at least 2 min for the SCR downstream NOX to stabilise before switching to the next ANR. After the test stop and replace the aftertreatment (SCR mixer is a tornado mixer) and repeat the above steps.

To ensure the validity of the steady-state SCR conversion efficiency test comparison between the Tornado mixer and the traditional mixer, the consistency of the engine raw emissions (NOX emissions upstream of DOC) between the two tests was first verified. Fig. 9 shows a comparison of the engine raw emissions from the two tests, from which it can be seen that the engine raw emissions from the two tests are basically the same, indicating that the comparison test is valid.

[image: images]

Figure 9: Comparison of NOX raw emissions from steady-state SCR conversion efficiency tests

Tab. 7 and Fig. 10 show the SCR efficiency test results for the Tornado structure and the traditional structure at a steady state point (speed of 1400 r/min, torque of 850 N-m and temperature of 320°C upstream of the SCR) at ANRs of 0.7, 1.0, 1.1 and 1.2 respectively. The Tornado structure has a higher SCR conversion efficiency than the traditional structure at all ANRs, especially at ANR = 1.0, where the average conversion efficiency of the Tornado structure is 1.73% higher than that of the traditional structure. When the engine exhaust gas flows through the tornado mixer, it rotates at high speed under the action of the tornado mixer, wrapping the urea droplets and making them fully evaporated and decomposed, producing more NH3 under the same urea injection volume compared to the traditional mixer; in addition, the porous plate at the bottom of the tornado mixer significantly improves the uniformity of NH3 distribution on the front surface of the SCR carrier, so that the SCR catalyst is efficiently utilised. The Tornado structure has a higher SCR conversion efficiency compared to the traditional structure.
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Figure 10: Comparison of steady-state SCR conversion efficiency

5.2 WHTC Emission Test

To ensure the validity of the comparison between the WHTC emission test tests for the Tornado structure and the traditional structure, the consistency of the engine raw emissions (NOX emissions upstream of the DOC) for the two tests was first verified. Fig. 11 shows the comparison of the engine raw emissions between the two tests. As can be seen from the figure, the engine raw emissions of the two tests are basically the same, indicating that the comparison test is valid. The reason why there is no test data in the first 300 s in the figure is that the engine has just started, the exhaust temperature is low, and the dew point of the nitrogen and oxygen sensor is not released.

[image: images]

Figure 11: Comparison of NOX raw emissions from WHTC test cycles

Fig. 12 shows a comparison of the volumetric concentrations of NOX emissions downstream of the SCR under the WHTC emission test cycle for the Tornado structure and the traditional structure. It can be seen from the graph that the SCR downstream NOX emissions are lower for the Tornado structure than for the traditional structure.
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Figure 12: Comparison of NOX emissions downstream of WHTC test cycle SCR

6  Conclusions

Aiming at the problem of SCR mixer deposition, this study proposes a tornado mixer with extremely high resistance to deposition, which has been evaluated in a combination of simulations and tests, with the following results:

(1) CFD simulation results show that the newly designed Tornado mixer has strong anti-urea deposition performance. The strong disturbance effect effectively promotes the evaporation and decomposition of urea, which can avoid urea deposition under low load operating conditions of diesel engines.

(2) CFD simulation results show that the tornado mixer has strong mixing uniformity, compared with the traditional mixer, it can improve the flow uniformity of SCR carrier front surface by 6.67% and NH3 distribution uniformity by 3.19%.

(3) The results of the steady-state SCR efficiency test and the WHTC emission test show that the Tornado mixer can significantly improve the SCR conversion efficiency and reduce NOX emissions. The average SCR conversion efficiency of the tornado structure is 1.73% higher than that of the traditional structure, and NOX emissions are significantly reduced.

In addition, a method for assessing mixing uniformity, the limiting deviation rate, has been proposed to improve the method for assessing mixing uniformity.
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Table 3: Pressure loss at different operating points for different mesh sizes

Operating points Exhaust flow rate (kg/h) Exhaust temperature (°C) Pressure loss (kPa)
4 mm 6 mm
OP1 1728 555 32.872 32.884
OP2 1535 450 24.335 24.341
OP3 1348 380 17.828 17.831
OP4 1035 351 12.235 12.236

OP5 965 340 11.594 11.590
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Table 4: Limiting deviation rate of the tlow distribution

Unmax Uave Ubin Xy Max XU Min

Traditional structure 9.589 5.236 1.886 45.4% 62.5%
Tornado structure 6.456 4978 3.201 29.7% 35.7%
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Table 7: Average NOx conversion efficiency of the two mixers

ANR Traditional structure Tornado structure Increase
0.7 0.673 0.682 1.34%
1.0 0.923 0.939 1.73%
1.1 0.970 0.978 0.82%

1.2 0.992 0.995 0.30%
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Table 1: Classification of droplet breaking tiow
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Table 6: Equipment, instruments and meters tfor testing

Serial number Model number Name

Manufacturers
1 7500DEGR Gas emission equipment HORIBA
2 4390G004 AVLA439 AVL
3 SPC472 Particle emission equipment AVL
4 LDS6 NH; Leak measurement analysers —
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Table 2: Parameters of urea mjector

Items

Parameters

Injector type
Particle diameter
Species mass fraction

Velocity Magnitude
Bore diameter

Solid Cone Injector
Rosin-Rammler

N2H4COO325
H,0:0.675

32 m/s
130 um
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Table S: Limiting deviation rate ot the NHj distribution

Niutax Nve Nutin XN _Max XN _Min

Traditional structure 4.98e-5 3.05e-5 1.20e-5 63.3% 60.7%
Tornado structure 4.12e-5 3.22e-5 1.86¢e-5 28% 42.2%
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