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measurement cell

Scanning mirror

Diode laser Diode laser

(473nm) (671nm)

Color camera

Fig. 2-3 Experimental set up for PIV method to measure gas velocity distribution
in measurement cell
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Wall of measurement cell

— e

Laser

' Gas flow

Fig. 2-4 Image of particles in measurement cell

Position of catalyst layer

X [mm]

O- 0.3- 0|6 !0

Velocity [m/s]

9

Fig. 2-5 Visualized velocity distribution in measurement cell.
X means distance from right side wall in Fig. 2-4
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Position of catalyst layer

X (mm)

Fig. 2-6 Calculated velocity distribution in measurement cell.
X means distance from right side wall in Fig. 6-4
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Fig. 3-1(a) The Wicke-Kallenbach-type counter-current diffusion cell:
(1) volume reducer, (2) metal O-ring, (3) SUS section to fix to metal
mesh, and (4) simulated washcoat layer.

Fig. 3-1(b) Photograph of the diffusion cell
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Fig. 3-2 (1) Metal mesh with SUS section, and (2) simulated washcoat layer.
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Fig. 3-3 Experimental setup:
(1, 2) feed gases; (3, 4) mass flow controller; (5) diffusion cell; (6)
tubular furnace; (7) digital difference manometer; (8, 9) pressure
control valves; (10, 11) TCD; (12, 13) soap film meter.
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Fig. 3-4 Cross-sectional micrograph of the simulated washcoat layer:
(1) sample holder; (2) layer of ZrO2; (3) wire of the metal mesh.

Fig. 3-5 SEM image of simulated washcoat layer.
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Fig. 3-6 Pore size distribution for the simulated washcoat layer.
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Fig. 3-7 Linear rate dependence of the effective diffusion coefficient of N.

38



0.12

0.10

0.08

2

4
Dy [X10 m/s]

0.06

0.04

0.02

0.00

oN,
- C3H6
o
u
o
u
|
500
T [K]

1000

Fig.3-8 Temperature dependence of the effective diffusion coefficient of N2

and CsHe.

7.0

6.0

In D

5.0

5.5

6

.0
In T

7.0

Fig. 3-9 Relationship between logarithm of temperature and logarithm of the

effective diffusion coefficient of N» and CzHs.

39



Table 3-1 Comparison of the order of temperature

theoretical value of Experimental | Theoretical value of
Knudsen Diffusion value Bulk diffusion
N, 0.5 1.4 1.7
C;H, 0.5 1.6 1.8
0.16 [
€ -
§ 0.12 y =5.3727 x + 0.0197
5
Q
v~ 0.08 [ oN,
WC;H,
\ \ |
0.04
0.00 0.01 0.02 0.03

(1-ay) K/D; [1/nm]

Fig. 3-10 Plot of (1-aiy)K; /Dijb VS. K; /De;.
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Fig.3-11 Relationship between the proportion of Knudsen transport and r/Aa.
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Fig. 3-12 Relationship between the contribution of Knudsen diffusion coefficients
and ratio of mean transport pore radius and mean free path.
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Table 5-1 Properties of washcoat layer and materials

Material of washcoat

Salrgple ;?r?glﬂ?]? SSAD Particle
(g/L) Component (m2/g) (psrlﬁ)e
' A ' 200 Zr0, © 100 4 '
B 200 VA(O P 24 2
C 300 Zr0, 5 2
D 100 Al,O3 200 8

1) specific surface area

Closed with epoxy resin

/
__—
/

/
/

Fig. 5-1(a) Perspective view of the seven channels comprising the permeation
cell
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Flow controller

Digital flow meter

—

Permeation cell

He Cylinder

Pressure difference meter

Fig. 5-1(b) Simple diagram of experimental set up

5.0kV 12.1mm x2 00k PDESE(CF)

5 OKVE.9mm x2.00k PDBSE(CP)

Fig. 5-2 SEM images of cross sectional views of washcoat layers
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Fig. 5-3 Pore size distribution for washcoat layers calculated by image analysis

2 Monolith D
©
c ]
2 Monolith C
> -
< .
. Monolith B
i Monolith A
0.001 0.01 0.1 1 10 100

Pore diameter, d, (um)

Fig. 5-4 Pore size distribution for substrate and monoliths measured by mercury
porosimetry
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Table 5—2 Properties of washcoat layers determined by mercury porosimetry

Porosity (%) Pore size (um)

Monolith :
Primary pore Secondary pore Total Primary pore Secondary pore

A 29 53 83 0.014 0.228 4

B 25 42 67 0.030 0.155 3.78
C 13 55 68 0.009 0.312 3.15
D 42 45 87 0.010 1.420 4.14

Ty o
RPN .. |

Fig. 5-5 Sliced images of washcoat layers obtained from X-ray CT
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18 um

Fig. 5-6 3D structure for washcoat layer of monolith A obtained from X-ray CT

100%

--A &«B &C —D

80%

60%

40%

normalized porosity (%)

20% f

0%

0.1 1 10
Pore size (Um)

Fig. 5-7 Pore size distribution for washcoat layers obtained from X-ray CT
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Washcoat layer of monolith C Washcoat layer of monolith D
Fig. 5-8 Visualized percolation paths of washcoat layers obtained from X-ray CT

1x10" - A
1x10"°

1x10°

1x10° |

Path density (number/m?2)

1x10 -

1x10° . . . . .

0.0 0.6 1.2 1.8 2.4 3.0
Path size (um)

Fig. 5-9 Path distribution for washcoat layers obtained from X-ray CT
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0 ) '
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Tortuosity factor (-)

Fig. 5-10 Tortuosity distribution for washcoat layers obtained from X-ray CT

1x10™ [

1x10™ F

Effective permeation coefficient (m?2)

1x10"° l -

substrate A B C D

Fig. 5-11 Experimentally measured effective permeability of washcoat layers
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Experimentally mesured effective permeation coefficients (m?)

Fig. 5-12 Comparing effective permeation coefficient calculated with CFD and
experimentally measured value
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obtained from X-ray CT or mercury
porosimetry
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>
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9

Porosity of secandary pore (%)
obtained from SEM

Fig. 5-13 Comparison of porosity between SEM, X-ray CT and mercury porosimetry
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Peak value (um) of pore size
distribution obtained from mercury

porosimetry or X-ray CT
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Average pore size (um)
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Fig. 5-14 Comparison of pore sizes between SEM, X-ray CT and mercury porosimetry
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Fig. 5-15 Image of pore morphology
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Fig. 5-16 Comparison between experimentally measured effective permeability
and values calculated with Kozeny-Carman equation
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Fig. 5-17 Comparison between experimentally measured effective permeability
and values calculated with new model
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Table 6-1 List of virtual structures

Sample ID Diameter of virtual Binder Porosity
particle (um) (vol%) (%)
1 2 0 20
2 2 30
3 4 0 20
4 4 0 30
5 6 0 20
6 6 0 30
7 2 10 20
8 4 10 20
9 6 10 20
10 2 10 30
11 4 10 30
12 6 10 30
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Fig. 6-2 Cross sectional image of ID11
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Fig. 6-3 Comparing porosities of X-ray CT and SEM
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Substrate

Washcoat layer

Distribution of gas velocity L>
2= Measure with PIV method ——mmm>
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----l +
. Washcoat layer
Gas transportin washcoat layer Micro strcuture in washcoatlayer
E3Z 4= Measure with W-K cell BEE B

E5= Measure with Permeation cell
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Analyze with X-ray CT

Secondary
particle

Linkage micro structureand gas transport
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Fig. 7-1 General representation of this research
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Fig. 7-2 Visualized velocity distribution in measurement cell.
X means distance from left side wall in Fig. 6-4
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Fig. 7-3 Temperature dependence of the effective diffusion coefficient of N,
and CsHe.
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Fig. 7-4 Plot of (1-aiyi)K; /D" vs. K'/Detj.as result of using experimentally
measured effective diffusion coefficients D¢y in Mean Transport Pore
Model.
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Fig. 7-5 Relationship between the contribution of Knudsen diffusion coefficients
and ratio of mean trans port pore radius and mean free path.
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Fig. 7-6 Influence of temperature and molecular weight on effective gas
diffusion coefficients
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Fig. 7-7 Influence of ratio of molecular weight on mean transport pore
radius of effective diffusion coefficients were used for calculation.
Dotted line means value calculated based on 9 types of effective
diffusion coefficients.
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Fig. 7-8 Comparing new method (o) with conventional method for
estimating values of mean transport pore radius.
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Fig. 7-9 SEM images of cross sectional views of washcoat layers

104



Washcoat layer of monolith C Washcoat layer of monolith D

Fig. 7-10 Visualized percolation paths of washcoat layers
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Fig. 7-11 Comparison between experimentally measured effective permeability
and values calculated with new model
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Fig. 7-12 Comparing effective permeation coefficient calculated with CFD and
values calculated with Eq(1)
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