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The Structural Analysis of Three-Way Catalyst Substrate
using Coupled Thermal-Fluid-Structural Analysis
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Abstract This study evaluates the thermal structural safety of the three-way catalyst(TWC) substrate for domestic
passenger cars. Thermal-fluid boundary conditions on the TWC substrate were determined by D-optimal DOE. The
thermal stresses on the TWC substrate were calculated by the temperature distribution obtained from the CFD results.
The safety factors of the TWC substrate were determined by statistical strength and stress distributions and estimated
to be 0.275. The thermal stresses for TWC substrate exceeded the strength of the material. Therefore, it is necessary
to redesign the TWC substrate because it has much shorter service life than design life.
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16.5

Wind speed (mv/s)
10.3

Structure of three-way catalytic converter

Engine speed (rpm)
4000, 5000

1000, 2000, 3000

Table 2. Indoor vehicle test conditions
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Table 3. Vehicle driving test conditions

Vehl'cle N ' Temp| Humidity l?nvmg Driving
driving Driving section (C) %) distance | speed
test ° (km) | (km/hr)
National Road No. 7| 21 65 12 80
1
100
Donghae Expressway| 21 65 53 180
2 National Road No. 7| 21 65 57 60~80

| Exhaustgas 1 =
. direction Three-way catalyst
 wewm converter

T Data acquisition
N =

4 Thernﬁocouple:
T/C 9-channel locations

o
Exhaust pipe

Fig. 2. Temperature measurement in TWC substrate
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(b) apparatus
Fig. 3. Pressure drop test equipment
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Table 4. Mechanical properties of TWC substrate

Longitudinal elastic modulus Shear elastic modulus Poisson's ratio
E (GPa) G (GPa) v
Radial Tangential Axial Radial Tangential Axial
E;_ E‘9 E; G; Gb Gz V.’l:y Vyz v zx
2.5 2.5 43 0.6 0.6 1.4 0.22 0.3 0.3
Table 5. Physical properties of TWC substrate [OUSYS
Direction
Radial Axial
Properties
Density p (kg/m’) 513 513
Coefficient of thermal . e
. . 610 610
expansion « (1/C)
Thermal condﬂuctlwty k 03 05
(W/mT)
Specific heat C (J/kgC) 1047.2 1047.2
Table 6. Physical properties of ideal air (2) Mesh
/NYSYS
Molar Dynamic Specific Thermal
mass viscosity heat conductivity
(kg/kmol) (kg/ms) (J/kgK) (W/mK)
28.96 1.831x107° 1004.4 0.026

0

Fig. 4. Coordinate system of TWC substrate

A

(b) Boundary conditions

Fig. 5. Thermal flow boundary conditions for three-way
catalytic converter
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B
Table 7. Temperature measurement results in TWC substrate
. Wind Temperature 9005:000
Engine Front Rear . W e ka1)
speed difference . /I )
o (m/s) 7 ® L AT (K) e e, -~
0 539 552 13 . . .
1000 3 489 229 60 Fig. 6. Convective heat transfer coefficient on TWC converter
10.3 473 414 -39
16.5 477 441 -36 Fig. 62 2% 37] #53% A&y gy &
’ I n wol g A Hrﬂiyloﬂw AREAEAEE
2000 103 620 633 13 Ehdl Aolt) Af-EslAol AR Ao RS
163 25 oot 6 = Fig 64 B FAADATE] 175%2 A8kl
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10.3 704 696 -8 skt WPEWEW\EH% AAGTE H Ui gde
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0 P pyes 3 AG222W/m’K 2] 25%91 5.55W/m’K=, HAoitHFad
4000 5 812 801 il GAFE o FEAGAST 222W/mKe 175%2)
10.3 795 770 25 , oy
16.5 796 784 12 38.85W/mK.= 3eiT).
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5 930 909 21 _
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Table 8. Physical properties of each component in
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CFD model
Components
Air Catalyst
Properties
Molar Mass (kg/Kmol) 28.96 -
Density (kg/m’) 1.185 513
Specific heat Capacity (J/kgK) 1,004.4 1,047.2
Dynamic Viscosity (kg/ms) 1.831x10-5 -
Thermal Conductivity (W/mK) 0.0261 0.4
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Table 9. Heat generation rate for thermal flow parameter
identification
. Heat generation rate (W/ms)
Experiment number
Front Rear
1 0 0
2 250,000 0
3 0 250,000
4 250,000 250,000
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Table 10. Ranges of response variables

Resp ouse Low value High value
variables
Tf (K) 373 1,300
Ve (m/s) 5 52.5
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Table 11. Thermal stress at indoor vehicle test

Es;ir;e Tr o, o o,
(rpm) ) (kPa) (kPa) (kPa)
552 6.41 10.85 12.05
1000 429 334 8.87 1175
414 1.86 577 7.88
441 3.04 821 10.23
682 41.98 117.45 149.38
610 54.36 13821 160.22
2000
633 32.26 132.16 126.96
601 11.68 30.34 18.35
746 88.98 273.55 377.89
3000 694 128.99 343.76 467.30
696 201.01 302.04 330.37
686 52.76 189.10 269.92
837 118.69 292.99 377.83
801 243.01 539.08 71431
4000
770 286.20 609.56 814.94
784 329.59 593.50 761.99
935 331.05 691.79 954.74
5000 909 456.62 805.31 1,090.00
387 38337 693.66 879.20
882 259.08 578.67 790.42
1200
1100 k1079 — T

1013 T

S e

Temperature T (K)
2
g

100 -

1 ! ! ! ! 1

o] 1000 2000 3000 4000 5000 6000

Time t (sec)

Fig. 7. Temperature-time curve on vehicle drive test
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Table 12. Safety factors at stress components

Strength Stress

Item

Safety

Variance factor

Mean | Variance | Mean

“w, o, I o

(kPa') (kP;)z (kPa)

iy e

Direction (kPé)Z

Radial 132 729 271 73,441 0.5

Tangential 132 729 495 245,025 0.27

Axial 313 4,096 720 518,400 0.43
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