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Abstract: Improving the flow field uniformity of catalytic converter can promote the catalytic conversion 9 

of NO to NO2. Firstly, the physical and mathematical models of improved catalytic converter are established, 10 

and its accuracy is verified by experiments. Then, the NO catalytic performance of standard and improved 11 

catalytic converters is compared, and the influences of structural parameters on its performance are 12 

investigated. The results showed that: (1) The gas uniformity, pressure drop and NO conversion rate of the 13 

improved catalytic converter are increased by 0.0643, 6.78% and 7.0% respectively. (2) As the cell density 14 

combination is 700 cpsi/600 cpsi, NO conversion rate reaches the highest, 73.7%, and the gas uniformity is 15 

0.9821. (3) When the tapered height is 20 mm, NO conversion rate reaches the highest, 72.4%, the gas 16 

uniformity is 0.9744. (4) When the high cell density radius is 20 mm, NO conversion rate reaches the highest, 17 

72.1%, the gas uniformity is 0.9783. (5) When the tapered end face radius is 20 mm, NO conversion rate 18 

reaches the highest, 72.0%, the gas uniformity is 0.9784. The results will provide a very important reference 19 

value for improving NO catalytic and reducing vehicle emission. 20 

Keywords: Catalytic converter; NO catalysis; NO2 mass fraction; vehicle emission; Gas uniformity; 21 

Pressure drops22 
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1. Introduction 23 

Environmental pollution brings serious ecological problems (Matsuzawa et al. 2001; Baumard et al. 24 

1998), and automobile exhaust pollution is one of the sources of serious environmental pollution, so it is 25 

urgent to reduce automobile emissions (Zhang et al. 2021; Sun et al. 2021; Lichtfouse et al. 1997). Many 26 

countries have formulated strict emission standards to improve environmental quality (Qian et al. 2019a, 27 

2019b; Park et al. 2019). At present, some ways to reduce emission pollution, such as improving fuel, 28 

combustion mode and adding post-processor have been proposed (Zhong et al. 2018, 2016). Among them, 29 

catalytic converters have been proved to be an indispensable device to reduce automobile exhaust pollutants 30 

(E et al. 2020; Manojkumar et al. 2020; Subhashish et al. 2019). Previous studies have shown that catalytic 31 

converters can reduce 95% CO, HC and NOx under the condition that the operating environment meets the 32 

requirements (Santos et al. 2008; Matthew et al. 2016). However, due to the uneven flow field in the 33 

standard catalytic converter in practice, the purification of pollutants is limited (Mu et al. 2019a; Shen et al. 34 

2019). Besides, it also causes sintering of the catalyst, affecting its later use (Gao et al. 2019; Liang et al. 35 

2019). Therefore, it is necessary to further improve the uniformity of flow field in catalytic converters 36 

(Andrew et al. 2014). 37 

For catalytic converters, Hesham et al. (2018) proposed that insulating material was placed in the 38 

carrier channel to investigated the distribution of the internal flow field. They found that the gas uniformity 39 

was improved by 5%. Day et al. (2020) surveyed various catalysts in catalytic converters. They revealed 40 

that compared with noble metal catalysts, Cu was the most powerful and active catalyst for CO. Mu et al. 41 

(2019b) proposed a rationalized B-spline expansion pipe structure. The results revealed that the pressure 42 

drop was reduced by 12%, and the gas uniformity was better. Miles et al (2017) researched Alumina with 43 

3 nm cerium dioxide nanoparticles (ceria NPs). The research indicated that supported 3 nm ceria NPs were 44 

found to lower the light-off temperature for CO by 200 and 100°C compared to inactivated and activated 45 
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ceria micro-powders, respectively. Almeida et al. (2014) investigated the impact of temperature on the aging 46 

of catalytic converters, and claimed that higher temperatures would reduce the conversion efficiency and 47 

accelerate the aging of the catalytic converters. Liu et al. (2020) measured the distribution of catalytic 48 

converter particles by DMS500 and analyzed the particle characteristics. The results showed that TWC 49 

could reduce particles by 20-35% and GPF by 70-85%. Liu et al. (2021) studied the effect of exhaust gas 50 

temperature on the purification of particulate matter. The results showed that after the exhaust gas passed 51 

through the catalytic converter, the particles of 4-8 nm were reduced by 96%, while the purification effect 52 

of particles larger than 50 nm was not obvious. Ayodhya et al. (2018) studied the arrangement order of post-53 

processing equipment. The results showed that a good after-treatment setup should have its devices placed in the 54 

order: Diesel oxidation catalyst followed by Diesel particulate filter and Selective catalytic reduction. Bogarra 55 

et al. (2017) studied the catalysis of HC compounds, and found that when the temperature reached 350℃, 56 

HC compounds could effectively catalyze and effectively reduce the particles less than 20 nm. Kumar et al. 57 

(2019) carried out experiments on diesel methanol nitromethane mixture. The results showed that the best 58 

performance and emission results were observed when diesel oil was 92.5%, methanol was 5% and 59 

nitromethane was 2.5%. Zhong et al. (2021) studied the influence of NO2 / NOx ratio on diesel particulate filter. 60 

the catalytic performance of NO conversion was limited by mass transfer in Diesel oxidation catalyst catalytic 61 

coating, while it was almost non-existent in catalytic diesel particulate filter.  62 

In summary, at present, some scholars have paid attention to the flow characteristics of catalytic 63 

converters, but more attention was paid to the influence of different factors on catalytic converters. Takeru 64 

et al. (2017) found, compared with the standard carrier structure, the catalyst durability of the radial variable 65 

cell density carrier was better, and the NOx reaction temperature was reduced by 10℃. Xu et al. (2009) 66 

claimed the structure of the tapered end-face carrier was more favorable to the uniformity of exhaust. 67 

Considering the actual problems of purification effect and catalyst sintering, a more optimized catalytic 68 
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converter model must establish. 69 

Therefore, the improved catalytic converter model with tapered end face radial variable cell density 70 

carrier is established, and its accuracy is verified by experiments in this work. Then, the purification 71 

performance and flow characteristic of standard and improved catalytic converters are compared, and the 72 

effects of different structural parameters on the improved catalytic converter are analyzed. Finally, the gray 73 

correlation analysis method is used to explore the influence degree of different structural parameters. To 74 

achieve the goal of homogenizing the flow field in the catalytic converter and improving the purification 75 

performance. The research results will provide a very important reference value for improving the 76 

purification performance and service life of catalytic converters. 77 

2. Model construction and performance comparative analysis 78 

2.1. Geometric model 79 

The geometrical model of the improved catalytic converter is shown in Fig. 1, and the parameters are 80 

shown in Table 1. The exhaust flows in from the inlet pipe, and some exhaust flows to the edge of the 81 

carrier under the action of the expansion pipe and the tapered end face. In addition, the resistance of the 82 

medium carrier with high cell density is greater than that of the edge, which makes the exhaust flows to the 83 

edge with less resistance. The carriers are all porous media, the surface of which is coated with precious 84 

metal catalyst Pt, and the pollutants are catalyzed in the carrier area to achieve purification. Finally, exhaust 85 

is discharged from the outlet pipe. 86 

Table 1 Carrier structure parameters 87 

Item Values 

Tapered height (h) 10 mm 

Tapered end face diameter (d) 10 mm 
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High cell density carrier diameter (D) 30 mm 

High /Low cell density  500 cpsi/400 cpsi 

High /Low specific surface area 2995/2728 

High /Low porosity 72%/75% 

 88 

1-inlet pipe, 2-expansion pipe, 3-low cell density carrier, 4-high cell density carrier, 89 

5-liner, 6-contraction pipe, 7-outlet pipe, 8-interface of high and low cell density 90 

Fig. 1 Structure of tapered variable cell density carrier catalytic converter 91 

2.2. Mathematical model 92 

To facilitate the establishment of mathematical model, it is necessary to make reasonable assumptions 93 

to simplify the model, as follow: (a) No heat loss of steel shell and liner; (b) The exhaust is an 94 

incompressible ideal gas; (c) Only 8 kinds of exhaust components: NO, H2O, N2, O2, CO2, CO, HC and 95 

NO2; (d) All reactions occur only on the surface of the carrier (Zuo et al. 2019a). 96 

(1) Carrier pressure drop 97 

The carrier region is a fully developed laminar flow, which is simulated as a porous medium, making 98 

it an additional pressure loss term of the flow momentum equation (Su et al. 2013): 99 
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Where p is pressure, Pa; u is dynamic viscosity, Pa∙s; v is the velocity, m·s-1; ρ is gas density, kg∙m-3; F and 102 

C are viscosity and inertia loss coefficient matrices respectively; i, j are the direction of x, y, and z in the 103 

rectangular coordinate system. 104 

The total carrier pressure drop mainly includes ∆p1 caused by the friction of carrier channel and ∆p2 105 

caused by the inlet and outlet of the channel (Su et al. 2013). 106 
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Where for uncoated square channel A=28.4; dh is hydraulic diameter of carrier channel, m; L is the 109 

maximum length of carrier, m; the coefficient B is 0.5. 110 

(2) Reaction mechanism (Zuo et al. 2019b) 111 

(a) NO catalyzed reaction: 112 

2NO+O2  Catalyzer 2NO2       (4) 113 

(b) Reaction rate equation: 114 
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Where K is the reaction rate, α is the pre-factor, mol·K·(m2·s)-1; E is reaction activation energy, J·mol-1; 116 

R0 is the universal gas constant, R0=8.314 J·(mol·K) -1; T is the exhaust temperature, K. 117 

(3) Composition conservation equation (Deng et al. 2017): 118 
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Where Yβ is the mass fraction of component β, %; Sβ is the diffusion coefficient of component β, m2·s-1; Rβ 120 
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is the formation or consumption rate of component β, kmol·(m3·s) -1. 121 

Exhaust uniformity is measured by exhaust uniformity index γ (Su et al. 2013): 122 
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Where n is the number of carrier channels; vt and vm are respectively the velocity of channel t and the 124 

average velocity of the carrier; The γ value varies between 0 and 1.0, and the closer it is to 1.0, the more 125 

uniform the flow will be. 126 

No conversion rate η (Zuo et al. 2019b): 127 

in

outin

NO

NO-NO
        (8)

 

128 

Where NOin is the quality fraction of imported NO and NOout is the quality fraction of exported NO. 129 

The catalytic reaction mechanism of NO is shown in Table 2 (Deng et al. 2017). 130 

Table 2 NO-O2 reaction mechanism 131 

No. Elementary reactions Pre-exponential(s-1) Activation energy(kJ/mol) 

R1 NO+1/2O2→NO2 9e+11 110.9 

R2 NO2→NO+1/2O2 3.2e+12 162 

2.3. Simulated boundary conditions 132 

The computational fluid dynamics software Fluent is used to simulate the catalytic converter. In the 133 

flow and combustion models, the standard k-ε model and the species transport model are selected to solve 134 

the flow and chemical reaction models respectively. The second-order upwind scheme is selected to 135 

discretize each governing equation. The residual error of energy equation is 1×10-6, while the residual errors 136 

of the other equations are 1×10-3 (Cai et al. 2020). The inlet temperature is 575 K, and the inlet velocity is 137 

10.28 m·s-1, 6.12 m·s-1 and 4.93 m·s-1, respectively. Setting outlet boundary condition as pressure outlet. 138 

The composition and content of the inlet exhaust are shown in Table 3 (Deng et al. 2017). 139 
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Table 3 Inlet exhaust composition and mass fraction 140 

NO(%) O2(%) H2O(%) C3H6(%) CO(%) CO2(%) N2(%) 

0.08 1.4 12.31 0.08 0.35 26.75 59.03 

2.4. Grid independence analysis 141 

To determine the appropriate mesh number, the impact of different mesh number models on the 142 

simulation results should be study. Three mesh models with different grids numbers are established, 143 

respectively 670,293, 425,223 and 215,212, as shown in Fig. 2. For the convenience of analysis, the total 144 

axis length of the catalytic converter is defined as Z, and the distance from a point on the axis to the inlet is 145 

defined as z, then the dimensionless distance expressed as z/Z. The radius of the carrier is R, and the distance 146 

from a point to the central axis is r, then the radius dimensionless distance is expressed as r/R. 147 

215,212425,223670,293

148 

Fig. 2 Three different mesh models 149 

The simulation results are shown in Fig. 3. The pressure and velocity distribution trends in the three 150 
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different mesh models are all the same, and the values differ little, all less than 5%. Considering the 151 

calculation time and the accuracy of numerical results (Zhao et al. 2019; Tang et al. 2019), the model with 152 

425,223 grids is adopted. 153 
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(b) Radial distribution of velocity 157 

Fig. 3 Grid independence verification 158 
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2.5. Experimental verification 159 

To further verify the accuracy of the improved model, a bench test is conducted, as shown in Fig. 4. 160 

The operating parameters of the gasoline engine in the experiment are shown in Table 4. The experimental 161 

ambient temperature is 288~293 K and the ambient pressure is 101.23 kPa. 162 

Table. 4 Operation parameters of gasoline engine 163 

Cases Speed(r·min-1) Torque(Nm) Power(kW) Fuel consumption(kg·h-1) Excess air Ratio 

1 2500 41.5 10.85 3.08 1.0086 

2 2500 30.4 7.95 2.52 1.0075 

3 2500 19.7 5.16 2.15 1.0213 

4 2500 15.6 4.09 1.89 1.0326 

5 2500 10.2 2.68 1.63 1.0711 

Fig. 4 Schematic of the experimental apparatus 164 

Fig. 5 shows the comparison between experimental values and simulated values under different 165 

working conditions. It can be found that the measured results of NO and pressure drop are in good 166 

agreement with the simulated results, and the maximum relative errors are both less than 5%. Factors 167 

contributing to the error include: (1) The simulation model assumes that the flow in each group of exhaust 168 

Gasoline engine

Electric

dynamometer

Flowmeter

Valve 1

Valve 2

Valve 3 Valve 4

Gas analyzer

Differential pressure

sensor

Computer

Data acquisition card

 catalytic converter
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ducts is uniform, while the actual flow in each group of exhaust ducts is not completely uniform; (2) 169 

Experimental measurement error. Therefore, all the cases are considered as good calibration and provide a 170 

basis for further research. 171 

4.2 4.1
3.9

4.2
3.9

1 2 3 4 5
0

1000

2000

3000

4000

N
O

 m
as

s 
fr

ac
ti

o
n

/p
p

m

case

  Measurement value  Simulation value

-2

0

2

4

  Error

E
rr

o
r/

%

 172 

(a) NO mass fraction and error 173 
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(b) Pressure drop and error 175 

Fig. 5 Catalytic converter outlet NO mass fraction and pressure drop 176 

 177 
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2.6. Performance comparative analysis 178 

To demonstrate the flow characteristics and purification performance of the improved catalytic 179 

converter, the gas uniformity, carrier pressure drop and NO conversion rate of the standard and improved 180 

catalytic converters are compared. The carrier cell density of the standard catalytic converter is 400 cpsi, 181 

and other geometrical parameters are the same. 182 

As can be found from Fig. 6(a), the γ and carrier pressure drop of the improved catalytic converter are 183 

higher than those of the standard catalytic converter. Under the exhaust inlet velocity of 10.28 m·s-1, the γ 184 

of the improved and standard catalytic converters are 0.9703 and 0.9060, and the pressure drop is 177 Pa 185 

and 189 Pa respectively. The γ and p increased by 0.0643 and 6.78% respectively. Fig. 6(b) exhibits the 186 

radial distribution of the velocities. Obviously, the velocities of the standard catalytic converter decrease 187 

and change greatly along radius. The velocities of improved catalytic converter have a trend of decreasing 188 

gradually at first then increasing and finally decreasing along radius, and change small. This phenomenon 189 

is explained as follows. For standard catalytic converters, the exhaust mainly concentrates in the carrier 190 

middle and flows less to the edge under the influence of inertia. For improved catalytic converters, the 191 

resistance of the high cell density carrier is greater than that of the low cell density carrier, and the tapered 192 

end face acts as a guide to the exhaust, making more exhaust flow to the edge with less resistance. Therefore, 193 

the γ of improved catalytic converters is higher. As the resistance of the high cell density carrier is large and 194 

the carrier has a tapered end face, which increases the resistance and leads to the increase of the carrier 195 

pressure drop of the improved catalytic converter, but the increase is small. 196 
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(a) Carrier pressure drop and gas uniformity under three cases 198 
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(b) Radial distribution of velocities at the carrier outlet 200 

Fig. 6 Comparison of gas uniformity and carrier pressure drop 201 

According to Fig. 7(a), the NO conversion rates of the improved catalytic converter are all higher than 202 

that of the standard catalytic converter. Under the exhaust inlet velocity of 10.28 m·s-1, the NO conversion 203 

rate of the improved catalytic converters is 73.1%; compared with the traditional catalytic converter, which 204 

increases by 7.0%. Fig. 7(b) shows the radial distribution of NO2 mass fraction under the exhaust inlet 205 
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velocity of 10.28 m·s-1. As can be found that the NO2 mass fraction of the standard catalytic converter 206 

increases gradually along radius, and the distribution is uneven. While the NO2 mass fraction of the 207 

improved catalytic converter tends to decrease first and then increase, and the distribution is more uniform. 208 

This phenomenon is attributed to the following reasons. The contact probability and contact time of NO 209 

with catalyst decrease with the increase of velocity, resulting in the lower NO2 mass fraction. The velocity 210 

of standard catalytic converter decreases along the radial direction and changes greatly, which leads to the 211 

gradual increase of NO2 mass fraction and the difference is large. However, the improved catalytic converter 212 

has lower velocity and larger specific surface area, which makes NO catalysis more sufficient, leading to a 213 

higher NO2 mass fraction and more uniform distribution. Therefore, the NO conversion rate of the improved 214 

catalytic converter is higher. 215 

In summary, the improved catalytic converter can effectively improve the flow characteristics and 216 

purification performance, the increase of pressure drop is not large, so it is an ideal catalytic converter. 217 

0

20

40

60

80

100

(b)

Exhaust velocities /ms-1 
4.936.1210.28

 (a) standard 
 (b) improved

N
O

 c
o

n
v

en
si

o
n

 e
ff

ic
ie

n
cy

 /
%

0.02 0.08
NO [%]10.28

ms-1

(a)

 218 

(a) NO conversion rates under three cases 219 



15 

 

0.0 0.2 0.4 0.6 0.8 1.0
0.081

0.084

0.087

0.090

0.093

0.096

(b)

N
O

2
 m

as
s 

fr
ac

ti
o
n
/%

Radial dimensionless distance from centerline r/R

 (a) standard 
 (b) improved

0.09

(a) (b)(a)

0.07
NO2 [%]

 220 

(b) Radial distribution of NO2 mass fraction at exit 221 

Fig. 7 Comparison of NO conversion rate and NO2 mass fraction 222 

3. Results and discussion 223 

To design a more ideal tapered variable cell density carrier catalytic converter, the effect of structural 224 

parameters on its performance must be discussed. Compared with the standard carrier structure, the 225 

improved catalytic converter is mainly changed in the carrier inlet end face and the carrier density. Therefore, 226 

this work focuses on exploring the influence rules of cell density combination, tapered height, high cell 227 

density radius and tapered end face radius. 228 

3.1. Influence of cell density combination 229 

Keeping the other structure of the improved catalytic converter unchanged, the catalytic converters 230 

with different cell density combinations are simulated under three working conditions. The parameters of 231 

cell density combination are shown in Table 5. 232 

Table 5 Cell density combination parameters 233 

Cases High/Low cell density(cpsi) High/Low porosity(%) High/Low specific surface area 
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1 300/200  78/82 2411/2021 

2 400/200 85/82 2728/2021 

3 400/300  85/78 2728/2411 

4 500/300  72/78 2995/2411 

5 500/400 72/75 2995/2728 

6 600/400  70/75 3236/2728 

7 600/500 70/72 2728/2411 

8 700/500  67.7/72 3429/2995 

9 700/600 67.7/70 3429/3236 

Fig. 8(a) shows the influence of different cell density combinations on the carrier outlet velocity under 234 

the exhaust inlet velocity of 10.28 m·s-1. As can be found, with the increase of radius, the velocities decrease 235 

gradually at first, then increases rapidly near the cell density interface, and then decreases again. The major 236 

reason is that most of the exhaust flows along the axial direction and less along the radial direction due to 237 

the influence of inertia, resulting in the velocity decreases along the radius. However, the carrier resistance 238 

suddenly decreases at the cell density interface, resulting in the velocity increase rapidly. It can also be 239 

found that when the high and low cell densities are different, the larger the cell density combination, the 240 

smaller the velocity variation near the cell density interface. 500 cpsi/400 cpsi is higher than 400 cpsi/200 241 

cpsi, but the velocity variation of 500 cpsi/400 cpsi is smaller than that of 400 cpsi/200 cpsi. Besides, when 242 

the low cell density is the same, the velocity variation enhances with the high cell density increases. Under 243 

the low cell density is 400 cpsi, the high cell density increases from 500 cpsi to 600 cpsi, the velocity 244 

variation greatly. The reason is that as the cell density combination is large, the resistances of high and low 245 

cell density are both high, which makes the relative resistance difference smaller, resulting in a small 246 

velocity variation. When the low cell density is the same, the larger the high cell density, the greater the 247 
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resistance difference, which leads to the bigger velocity variation. 248 

It can be found from Fig. 8(b) that with the increase of cell density combination, γ shows a cyclic 249 

change of decreasing first and then increasing. When the high and low cell densities are different, γ increases 250 

gradually with the increase of cell density combination. The cell density of 700 cpsi/600 cpsi is the highest, 251 

and its γ reaches the highest, which is 0.9821 at the exhaust inlet velocity of 10.28 m∙s-1. The main reason 252 

is that the higher the carrier cell density, the greater the resistance of carrier, which makes more exhaust 253 

flow to the edge and distributes more evenly. However, when the low cell density of cell density 254 

combination is the same, the smaller the high cell density, the better the gas uniformity. When the low cell 255 

density is 500 cpsi, γ decreases from 0.9710 to 0.9377 when the high cell density increases from 600 cpsi 256 

to 700 cpsi. This is because when the low cell density is the same, the higher the high cell density, the greater 257 

the resistance difference, which leads to the great variation of velocity at the cell density interface and 258 

reduces the uniformity. 259 
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(b) Carrier pressure drop and gas uniformity 263 

Fig. 8 Gas uniformity and carrier pressure drop 264 

It is clear from Fig. 8(b) that the larger the cell density combination, the greater the carrier pressure 265 

drop. When the cell density is 700 cpsi/600 cpsi, the carrier pressure drop reached the maximum value of 266 

232 Pa. The reason is that the higher the cell density, the greater the resistance along the path, so that the 267 

carrier pressure drop increases. 268 

Fig. 9(a) shows the influence of different cell density combinations on NO conversion rate under three 269 

cases. It can be found that with the increase of cell density combination, NO conversion rate shows a cyclic 270 

change of decreasing first and then increasing. When the high and low cell densities of cell density 271 

combination are different, NO conversion rate increases with the cell density combination enhance. When 272 

the cell density increases from 400 cpsi/200 cpsi to 700 cpsi/600 cpsi, NO conversion rate increases from 273 

66.6% to 73.7% under the exhaust inlet velocity of 10.28 m∙s-1. The reason is that the greater the cell density 274 

combination, the larger the specific surface area of the carrier and the smaller the velocity, which increases 275 

the contact probability and time between NO and catalyst, leads to NO conversion rate increase. However, 276 



19 

 

when the low cell density of cell density combination is the same, NO conversion rate decreases with the 277 

high cell density increases. Under the low density is the same as 200 cpsi, when the high cell density 278 

increased from 300 cpsi to 400 cpsi, NO conversion rate fell to 66.9% from 66.6%. This is because when 279 

the low cell density is the same, increasing the high cell density will cause more exhaust to flow through 280 

the low cell density region, which leads to the limitation of NO catalysis in the low cell density region, thus 281 

reducing NO conversion rate. 282 

Fig. 9(b) exhibits the impact of different cell density combinations on the NO2 mass fraction at the 283 

outlet at the exhaust inlet velocity of 10.28 m∙s-1. It can be found that when the high and low cell densities 284 

are different, the larger the cell density combination, the higher the NO2 mass fraction. The NO2 mass 285 

fraction of 600 cpsi/400 cpsi is higher than that of 400 cpsi/200 cpsi. The reason is that the larger the cell 286 

density combination, the larger the specific surface area and the lower the velocity, which makes the NO 287 

catalysis more sufficient and the NO2 mass fraction higher.  288 
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(a) NO conversion rate 290 
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(b) Distribution of NO2 mass fraction at export 292 

Fig. 9 NO conversion rate and NO2 mass fraction 293 

It can also be found from Fig. 9(b) that when the low cell density is the same, the lower the high cell 294 

density, the higher the NO2 mass fraction in the low cell density region. Under the condition of the same 295 

low cell density of 200 cpsi, the NO2 mass fraction of 300 cpsi/200 cpsi is higher than that of 400 cpsi/200 296 

cpsi in low cell density region. This is because when the low cell density is the same, the higher the high 297 

cell density, the higher the velocity in the low cell density area, which leads to insufficient NO catalysis and 298 

thus lowers the NO2 mass fraction. Therefore, it is beneficial to improve the performance of catalytic 299 

converters by appropriately increasing the cell density combination and decreasing the high cell density. 300 

3.2. Influence of tapered height 301 

Fig. 10(a) shows the influence of different tapered heights on the radial distribution of the velocity at 302 

the carrier outlet when the exhaust inlet velocity of 10.28 m·s-1. As can be found, when the tapered height 303 

is lower than 20 mm, the velocity exhibits a trend of gradually decreasing first, then increasing near the cell 304 

density interface, and then decreasing gradually. However, when the tapered height is greater than 25 mm, 305 

the velocity increase gradually. The main reason is that when the tapered height is lower than 20 mm, the 306 
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velocity decreases gradually along the radial due to the influence of inertia, and the carrier resistance 307 

decreases suddenly at the cell density interface, leading to its increase rapidly. The conductivity increases 308 

with the tapered height enhances, and when the tapered height is higher than 25 mm, more exhaust is 309 

diverted to the edge of the carrier, resulting in a gradual increase in velocity. 310 

Fig. 10(b) shows the influence of tapered height on gas uniformity and pressure drop under three cases. 311 

It can be found that γ increases gradually with the tapered height enhance under the exhaust inlet velocity 312 

of 10.28 m·s-1. γ increases from 0.9544 to 0.9774 when the tapered height enhances from 5 mm to 25 mm. 313 

The main reason is that when the exhaust inlet velocity is 10.28 m·s-1, the higher the tapered height, the 314 

greater the flow conductivity, so that more exhaust is diverted to the low cell density region, which improves 315 

the velocity in the low cell density region and the gas uniformity. However, when the exhaust inlet velocity 316 

is 6.12 m·s-1 and 4.93 m·s-1, γ decreases with the increase of tapered height. The main reason is that the 317 

kinetic energy of exhaust is small, and it is easy to change the flow direction due to the guide surface, which 318 

makes the velocity in the low cell density region too high, leads to the decrease of gas uniformity. 319 
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(a) Radial distribution of velocity at carrier exit 321 
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(b) Gas uniformity and carrier pressure drop 323 

Fig. 10 Gas uniformity and carrier pressure drop 324 

From Fig. 10(b), It can be found that the carrier pressure drop increases with the increase of tapered 325 

height. The carrier pressure drop increases from 179 Pa to 212 Pa when the tapered height enhances from 326 

5 mm to 25 mm at the exhaust inlet velocity of 10.28 m·s-1. This is because the higher the tapered height, 327 

the larger the total carrier length, which increases the flow resistance. 328 

Fig. 11(a) exhibits the influence of tapered height on NO conversion rate under three cases. As can be 329 

found, NO conversion rate shows a trend of gradually increasing and then decreasing with the increase of 330 

the tapered height at the exhaust inlet velocity of 10.28 m·s-1. As the tapered height increases from 5 mm to 331 

25 mm, NO conversion rate increases from 71.4% to 72.4% and then decreases to 72.0%, and reaches the 332 

maximum at 20 mm. The chief reason is that when the tapered height increases, the total reaction surface 333 

area of the support increases and the velocity decreases, which makes the contact probability and time 334 

between NO and catalyst increase, and leads to the NO conversion rate increases. However, when the 335 

tapered height is greater than 20 mm, more exhaust is diverted to the low cell density area, and the velocity 336 

is high, which restricts the NO catalytic activity and decreases the NO conversion rate. It can also be found 337 
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from Fig. 11(a) that the tapered height has little impact on the NO conversion rate when the exhaust inlet 338 

velocity is 6.12 m·s-1 and 4.93 m·s-1. This is because when the exhaust velocity is low, the contact 339 

probability and contact time between NO and catalyst are sufficient, and NO catalysis is mainly affected by 340 

temperature, which makes the change of tapered height have little impact on NO conversion rate. 341 
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(b) Radial distribution of NO2 mass fraction at carrier outlet  345 

Fig. 11 NO conversion rate and NO2 mass fraction 346 
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Fig. 11(b) shows the influence of different tapered heights on the radial distribution of NO2 mass 347 

fraction at the outlet at the exhaust inlet velocity of 10.28 m·s-1. It can be found that when the tapered heights 348 

are less than 15 mm, the NO2 mass fraction decreases and then increases along the radial direction of the 349 

outlet. However, when the tapered heights are higher than 20 mm, the NO2 mass fraction decreases, then 350 

increases and finally decreases. The reason is that when the tapered height is less than 15 mm, the velocity 351 

increases rapidly near the cell density interface and then decreases gradually, which makes the contact 352 

probability and contact time between NO and catalyst decrease gradually and then increase gradually, 353 

resulting in the NO2 mass fraction decreasing first and then increasing gradually. However, as the tapered 354 

height is higher than 20 mm, more exhaust is guided to the edge, which leads to the limitation of NO 355 

catalysis in the edge area and the lower NO2 mass fraction. 356 

3.3. Influence of high cell density radius 357 

Fig. 12(a) shows the influence of high cell density radius on the radial distribution of carrier outlet 358 

velocity at the exhaust inlet velocity of 10.28 m·s-1. As shown in Fig. 12(a), the exhaust velocity shows a 359 

trend of first gradually decreasing, then increasing and finally decreasing along the radius. The reason is the 360 

same as the explanation of Fig. 8(a). It can be found that the velocity at the edge increases as the high cell 361 

density radius increases. The maximum velocity at the edge increases from 2.1 m·s-1 to 2.4 m·s-1 as the high 362 

cell density radius enhances from 15 mm to 35 mm. This is because the larger the high cell density radius, 363 

the more exhaust flows to the low cell density area with less resistance, and the velocity increases. Therefore, 364 

the velocity at the edge should be appropriately reduced as the high cell density radius is 25 mm 365 

Fig. 12(b) shows the influence of high cell density radius on gas uniformity and carrier pressure drop 366 

under three cases. It can be found that γ increases at first and then decreases with the increase of high cell 367 

density radius at the exhaust inlet velocity of 10.28 m·s-1. As the high cell density radius enhances from 5 368 

mm to 35 mm, γ increases from 0.9442 to 0.9783 and then decreases to 0.9720, and reaches the maximum 369 
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at 25 mm. The reason is that when the high cell density radius area is small, the velocity of the low cell 370 

density area changes greatly. On the contrary, the velocity changes greatly in the region with high cell 371 

density, thus reducing the flow field uniformity. It can also be found that the closer the high cell density 372 

radius is to 25 mm, the lower the γ under the exhaust inlet velocity of 6.12 m·s-1 and 4.93 m·s-1. The reason 373 

is that the kinetic energy of exhaust is small and the velocity is easily disturbed. When the high cell density 374 

radius is 25 mm, the change of velocity caused by the change of cell density has a large influence range, 375 

thus reducing the uniformity. 376 

It can also be found from Fig. 12(b) that the carrier pressure drop increases with the high cell density 377 

radius enhance. The carrier pressure drop increases from 182 Pa to 198 Pa as the high cell density radius 378 

increases from 5 mm to 25 mm under the exhaust inlet velocity of 10.28 m·s-1. This is because the larger 379 

the high cell density radius, the greater the resistance of the carrier along the path, which increases the 380 

pressure drop. 381 
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(a) Radial distribution of velocity at carrier exit 383 
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(b) Gas uniformity and carrier pressure drop 385 

Fig. 12 Gas uniformity and carrier pressure drop 386 

The influence of high cell density radius on NO conversion rate under three cases is shown in Fig. 387 

13(a). As can be found, NO conversion rate increases first and then decreases with the high cell density 388 

radius increase. NO conversion rate increases from 71.4% to 72.1% and then decreases to 71.5% as the 389 

high cell density radius enhances from 5 mm to 35 mm at the inlet velocity of 10.28 m·s-1, and reaches the 390 

maximum value at 20 mm. This issue is explained as follows. When the high cell density radius is small, 391 

the velocity is large in the region of high cell density and near the cell density interface, which restricts NO 392 

catalysis in this region. However, when the high cell density radius is larger, the velocity is larger in the area 393 

of low cell density, which leads to insufficient NO catalysis in this area, thus reducing the NO conversion 394 

rate. The velocity is more uniform when the high cell density radius is 20 mm, and the overall catalysis of 395 

NO is more sufficient. 396 

Fig. 13(b) shows the influence of different high cell density radius on the radial distribution of NO2 at 397 

the outlet under the exhaust inlet velocity of 10.28 m·s-1. It is obvious that when the high cell density radius 398 
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is less than 10 mm, the NO2 mass fraction exhibits a trend of gradually decreasing and then increasing, 399 

which is small in the area of dimensionless radius from 0 to 0.65. However, when the high cell density 400 

radius is greater than 30 mm, the NO2 mass fraction shows a trend of gradually increasing and then 401 

decreasing, and it is small in the area of dimensionless radius from 0.65 to 1. This phenomenon is explained 402 

for the following reasons. When the high cell density radius is small, the velocity is large in the region of 403 

high cell density and the cell density interface, which makes the NO2 mass fraction small in the region of 404 

dimensionless radius from 0 to 0.65. However, when the high cell density radius is larger, the velocity is 405 

larger in the region of low cell density, resulting in a lower NO2 mass fraction in the region from 0.65 to 1. 406 

The radial distribution of NO2 mass fraction is higher, and more uniform when the high cell density radius 407 

is 20 mm, and the NO conversion rate is higher. Therefore, the high cell density radius of 20 mm is selected, the NO 408 

conversion rate is the highest, the gas uniformity is higher. 409 
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(b) Radial distribution of NO2 mass fraction at the outlet  413 

Fig. 13 NO conversion rate and NO2 mass fraction 414 

3.4. Influence of tapered end face radius 415 

Fig. 14(a) shows the influence of different tapered end face radius on the radial distribution of the 416 

velocity at carrier outlet under the exhaust inlet velocity of 10.28 m·s-1. It is obvious that, when the tapered 417 

end face radius is greater than 30 mm, the velocity in the low cell density area decreases first and then 418 

increases, and the change is large. However, when the tapered end face radius is less than 10 mm, the 419 

velocity decreases and the change is larger, which is smaller at the edge. This phenomenon is mainly caused 420 

by the following reasons. The larger the tapered end face radius, the closer the conduction position of the 421 

tapered to the edge and the greater the conduction capacity. When the tapered end face radius is 30 mm (the 422 

dimensionless radius is 0.6), the conductivity of the tapered surface is strong, which makes the velocity of 423 

the area after the dimensionless radius 0.6 increase rapidly and the change gradient is large. When the 424 

tapered end face radius is 10 mm (the dimensionless radius is 0.2), the conductivity of the tapered surface 425 

is weak, so that the velocity decreases gradually after the dimensionless radius is 0.2, and it is low at the 426 
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edge. When the tapered end face radius is 25 mm, the diversion intensity is moderate and the velocity 427 

distribution is uniform. 428 

The influence of tapered end face radius on gas uniformity and carrier pressure drop under three cases 429 

is shown in Fig. 14(b). It is obvious that γ increases first and then decreases with the tapered end face radius 430 

increases. When the exhaust inlet velocity is 10.28 m·s-1, γ increased from 0.9500 to 0.9784 and then 431 

decreased to 0.9651 as the tapered end face radius increased from 5 mm to 35 mm, and reached the 432 

maximum at 25 mm. The main reason is illustrated by Fig. 14(a): When the tapered end face radius is large, 433 

the velocity increases first and then decreases in the low cell density region, which changes greatly; When 434 

the tapered end face radius is small, the velocity at the edge is small, thus affecting the gas uniformity. The 435 

velocity distribution is more uniform when the tapered end face radius is about 25 mm. As can be found 436 

from Fig. 14(b), the carrier pressure drop gradually increases with the tapered end face radius increases, 437 

but the influence is small. The carrier pressure drop increases from 186 Pa to 189 Pa when the tapered end 438 

face radius increases from 5 mm to 35 mm. The main reason is that increasing the tapered end face radius 439 

will increase a small part of the carrier, but the flow through the area with high cell density and the area 440 

with low cell density is basically unchanged, leading to the resistance being basically unchanged. 441 
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(a) Radial distribution of velocity at carrier exit 443 
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(b) Gas uniformity and carrier pressure drop 445 

Fig. 14 Gas uniformity and carrier pressure drop 446 

The effect of different tapered end face radius on NO conversion rate is shown in Fig. 15 (a). It can be 447 

found, NO conversion rate first increases and then decreases with the tapered end face radius increases. NO 448 

conversion rate increases from 71.2% to 72.0%, and then decreases to 71.3% as the conical end radius 449 

increases from 5 mm to 35 mm under the exhaust inlet velocity of 10.28 m·s-1, and reaches the maximum 450 

value at 20 mm. The main reason is that when the tapered end face radius is larger, the edge velocity is 451 

larger, which makes NO cannot be effectively catalyzed, resulting in a lower NO conversion rate. When the 452 

radius of the tapered end face radius is small, the velocity is larger in the area around the dimensionless 453 

radius of 0.4, which makes NO catalysis insufficient. The velocity distribution is more uniform and NO 454 

catalysis is more sufficient when the tapered end face radius is 20 mm. Under the condition of inlet velocity 455 

of 6.12 m·s-1 and 4.93 m·s-1, the tapered end face radius has little effect on NO conversion. The reason is 456 

the same to the explanation of Fig. 11(a). 457 

 458 
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Fig. 15(b) shows the influence of different tapered end face radius on the radial distribution of NO2 459 

mass fraction at the outlet under the exhaust inlet velocity is 10.28 m·s-1. When the tapered end face radius 460 

is less than 10 mm, the NO2 mass fraction decreases first and then increases along the radius, and it is lower 461 

in the area near the dimensionless radius of 0.4. When the tapered end face radius is larger than 30 mm, it 462 

decreases first, then increases and finally decreases, and it is relatively low in the area of the dimensionless 463 

radius from 0.7 to 1. This is because when the tapered end face radius is small, the velocity is larger in the 464 

dimensionless region around 0.4, and when the tapered end face radius is large, the velocity is larger in the 465 

dimensionless 0.7 to 1 region, which leads to the restriction of NO catalysis and the low NO2 mass fraction. 466 

The velocity distribution is more uniform when the tapered end face radius is 20 mm, so that the radial 467 

distribution of NO2 mass fraction is more uniform. Therefore, when the tapered end face radius is 20 mm, 468 

the velocity is more uniform and the NO conversion rate is higher. 469 
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(b) Radial distribution of NO2 mass fraction at outlet  473 

Fig. 15 NO conversion rate and NO2 mass fraction 474 

4. Gray correlation analysis 475 

4.1. Experimental design and calculation 476 

The influence degree of the above structural parameters on the catalytic converter performance is 477 

further investigated by using grey relational analysis method. According to the grey relational analysis 478 

(Zhang et al. 2017; Wang et al. 2020) low cell density (x1), high cell density (x2), high/low cell density ratio 479 

(x3), tapered height (x4), high cell density carrier radius (x5) and tapered end face radius (x6) are taken as the 480 

influencing factors eigenvectors. Carrier pressure drop (y1), gas uniformity (y2) and NO conversion rate (y3) 481 

are taken as reference feature vectors. Under the condition of exhaust inlet temperature of 575 K and 482 

velocity of 10.28 m·s-1, 10 representative experimental models are studied. And the gas uniformity, no 483 

conversion and pressure drop are analyzed. The simulation conditions and results are shown in Table 6. 484 

Table 6 Simulation conditions and results 485 

Cases x1(cpsi) x2(cpsi) x3 x4(mm) x5(mm) x6(mm) y1 y2(Pa) y3(%) 
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1 600 700 1.333 24 5.0 7.0 0.9794 227 82.97 

2 600 700 1.333 22 7.5 9.5 0.9815 225 74.69 

3 500 600 1.200 20 10.0 12.0 0.9440 219 73.03 

4 500 600 1.200 18 12.5 16.0 0.9720 213 73.29 

5 400 600 1.500 16 15.0 20.0 0.9707 185 72.07 

6 400 600 1.500 14 17.5 22.5 0.9687 182 71.95 

7 400 600 1.250 12 20.0 25.0 0.9843 180 71.93 

8 400 500 1.250 10 22.5 27.5 0.9826 180 71.87 

9 300 500 1.667 8 25.0 30.0 0.9659 158 69.69 

10 300 500 1.667 6 27.5 32.5 0.9463 157 69.43 

4.2. Simulation results and analysis 486 

The influence degree of influencing factors on catalytic converter performance is expressed by the R 487 

value, and the greater R is, the greater the influence is (Zuo et al. 2016; Kadier et al. 2015) According to 488 

Fig. 16, the influence degree of each influencing factor on each reference index is as follows. For carrier 489 

pressure drop: low cell density > high cell density > high/low cell density ratio > tapered height > tapered 490 

end face radius > high cell density carrier radius. For gas uniformity: low cell density > high cell density > 491 

high/low cell density ratio > high cell density carrier radius> tapered end face radius > tapered height. For 492 

NO conversion rate: low cell density > high cell density > tapered height> high cell density carrier radius > 493 

high /low cell density ratio > tapered end face radius. The low cell density is a key factor affecting the 494 

improved catalytic converter. This issue is explained as follows. The low cell density determines the 495 

resistance in the edge area, which affects the flow degree of the exhaust to the edge, thus affecting the gas 496 

uniformity. In addition, because most of the exhaust flows through the low cell density area, the resistance 497 

in the low cell density area directly affects the pressure drop of the overall carrier. Meanwhile, the low cell 498 
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density area becomes the main site for NO catalyzing and directly affects the overall NO conversion rate. 499 

The research results provide a theoretical basis for structural optimization and system matching of catalytic 500 

converters. 501 
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Fig. 16 Influence correlation degree 503 

5. Conclusion 504 

By establishing a new catalytic converter model, the uniformity of internal flow field is improved, to 505 

achieve the purpose of improving NO catalysis. In addition, the optimum structural parameters are 506 

determined by quantitative analysis of NO conversion rate and NO2 mass fraction at the outlet of the carrier, 507 

to further optimize the model. The specific results are as follows: 508 

(1) Compared with the standard catalytic converter, the gas uniformity, NO conversion rate and carrier 509 

pressure drop of the improved catalytic converter increased by 0.0643, 7.0% and 6.78%, respectively. It 510 

improves NO catalytic and reduces vehicle emission. 511 

(2) When the high and low cell densities are different, the performance is better when the cell density 512 

combination is larger. When the low cell density is the same, the smaller the high cell density, the better the 513 

performance. When the cell density combination is 700 cpsi/600 cpsi, its performance is better; the gas 514 
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uniformity and NO conversion rate reach the highest, which are 0.9821 and 73.7%, and the carrier pressure 515 

drop is 232 Pa. 516 

(3) When the tapered height increases from 5 mm to 25 mm, the catalytic converter performance increases 517 

first and then decreases under the exhaust inlet velocity of 10.28 m·s-1. Its performance is better when the 518 

tapered height is 20 mm; the NO conversion rate reaches the highest, 72.4%, the gas uniformity and carrier 519 

pressure drop are 0.9774 and 212 Pa, respectively. 520 

(4) With the increase of high cell density radius, the performance of catalytic converter increases first and 521 

then decreases under the exhaust inlet velocity of 10.28 m·s-1. Its performance is better when the radius of 522 

high cell density radius is 20 mm; the NO conversion rate reaches the highest, 72.1%, the gas uniformity 523 

and carrier pressure drop are 0.9783 and 198 Pa, respectively. 524 

(5) With the increase of tapered end face radius, the performance of improved catalytic converter increases 525 

first and then decreases under the exhaust inlet velocity of 10.28 m·s-1. Its performance is better when the 526 

radius of tapered end face radius is 20 mm; the NO conversion rate reaches the highest, 72.0%, the gas 527 

uniformity and carrier pressure drop are 0.9784 and 189 Pa, respectively. 528 

(6) Grey correlation analysis results show that low cell density is the key factor affecting the improved 529 

catalytic converter. 530 
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Figures

Figure 1

Structure of tapered variable cell density carrier catalytic converter



Figure 2

Three different mesh models



Figure 3

Grid independence veri�cation



Figure 4

Schematic of the experimental apparatus



Figure 5

Catalytic converter outlet NO mass fraction and pressure drop



Figure 6

Comparison of gas uniformity and carrier pressure drop
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Comparison of NO conversion rate and NO2 mass fraction
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Gas uniformity and carrier pressure drop
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NO conversion rate and NO2 mass fraction
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Gas uniformity and carrier pressure drop
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NO conversion rate and NO2 mass fraction
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Gas uniformity and carrier pressure drop
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NO conversion rate and NO2 mass fraction
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Gas uniformity and carrier pressure drop
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NO conversion rate and NO2 mass fraction
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