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Introduction

What is a 2-way DPF/SCR aftertreament device?

»  Multifunctional device combining DPF and SCR

a. Wall flow type DPF for soot trapping and
oxidation

b. SCR for NOx reduction

Inside of filter wall 1s
coated by SCR catalyst.




Issues

« DeNOx by SCR under wall flow type substrate
- Model development for wall flow type SCR «

« Comparison study between flow channel type and wall flow type
SCR

+ Soot Filtration — DeNOx performance <

« Soot Oxidation — DeNOx performance
= NO, as a soot oxidizer and a reactant species in SCR



Model Structure

2-way DPF/SCR

DPF(Wall Flow Type)

e—————————

—> Species Transport Reaction Kinetics

Soot Oxidation




Model Development for Wall
Flow Type SCR



Species Transport Equation(S.T.E)-

General
o _v.N,+R
ar VNIt Ry
where
Ni — ClV'I' ]i
Ji = —D;V(;

To solve this equation directly
1. needsalot of computer resources or solving time
2. 1snot an appropriate way for system simulation
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Scaling Analysis

Transport by Time Order of Value
scale (S)
Inlet channel | Convection along channel L/U,, ~1E-2
Diffusion along channel L2/D el =27
Diffusion to filter wall a/k ~1E-2
Filter wall Convection w/, | ~1E-2
Diffusion along wall thickness | w?/D,, | ~1E-3
Diffusion to catalyst surface d/k, ~1E-3
Time scale for external perturbation (Boundary |1~10
Condition variation)
Definition Value
Pe;n L- an/D ~1E+4
Pe, w-u,/D,, ~10




Scaling Analysis

Inlet channel
Catalytic filter wall
Outletchannel
Controlvolume to derive governing equation
dx
T f catalytic filter wall
Inlet char | T
A =
[ T : I
Filter wal i Coi — > L channel
Y i i , ===
> | J, v ]
2 X --!\.--4! ----------- A= S LRI NSt R
Time sc N 1( i Coti Cusi | ] dy = catalytic filter wall
Conditior ¢ 3
—p  Convective flux
----- <>  Bulk diffusive flux (by concentration gradient along y direction)
----- <>  Mass transfer from fluid to catalytic wall by diffusive flux

(by concentration difference between C,;,and C,, ;)
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Species Transport Equation (S.T.E.) -
Simplified

)4 — —V-N.+R.. Quas steady assumption at each time
ot ! vt step even in transient problem

where
In the inlet channel and outlet channel
Ni = iV yl/ (axial direction)
Ji = —D;V(,
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Final Form of S.T.E.

Gas Phase
d 4 4k,
ﬂ a(qu,i) + a (uwa,i a (Cb,i — Cur, |y=0) =0
B.C. x =0, Cb,i = Cb,i,inlet

2

9 0%Cs,
II. a(uwc,,,,,f,,.) -D, 5y =+ kyS(Cop i — Cusi) = 0

B.C. y = 0' wa)i = CWf,i|y=0 y =W

1. k,S(Cori — Cusi) = a ZRR(k)

C,r;

Adsorption phase (NH; only)
do
i RR(1) — RR(2) — 2RR(3) — 4RR(5) — 2RR(6) — 4RR(7) — 2RR(8)
= net adsorption — ammonia oxidation — SCR reaction
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Final Form of S.T.E.
= (4G + = (wCural, ., ) = 0 (__outetchammer_|

1
Cb,out - a'“_out f 4 (‘U.Wwa’i |y=w) dx

suction injection
(inlet channel) (outlet channel)

-
<

R

Schmidt & Newell, 1967
Hwang et al., 1993
Hwang et al., 1997

S| Yuan et al., 2001 ‘
Hwang et al., 1993 (curve-fit)
Authors
4
Square Channel

\

= Diffusion through boundary layer
can be ignored(wall injection)

Fully Developed Nusselt Number (Nu rd)
w

» Convective flux only = Channel
out concentration can be found by 0

. -10 -5 0 5 10 15 20 25
simple mass balance " Wall Reynolds Number (Re_)

Depsick et. al., Journal of Engineering for Gas
Turbines and Power 2008 vol.130
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Solver Development

* Total 4n+1 coupled equations and 4n+1 unknowns
of Cb.i C C C\-\‘f.i(y:O) and ©

* 2nequations of differential equations

wil? ~ws.1o

* 2nequations of algebraic equations

* One equation of differential equation (d6/dt)

* 2n differential equations are converted to algebraic
equation by FVM(Finite Volume Method).
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SCR Reaction and its Rate Expression

14

h
Non-Linear

e
Non-Linear

Description Reaction Rate Rate Expression
ammonia adsorption RR(1) RR(1) = A Cyus(1-6)
: . E,. .
. -
ammonia desorption RR(2) RR(2) = A,exp (R = )9 h M Odel I ng Ea
; i o —E, .
ammonia oxidation RR(3) RR(3) = A exp (R = )Co_. ]
| P
RR(4) = A, e‘cp(R T)C\O" Cog "0 — Kuslnos
where
NO oxidation RR(4)
k., =4, e*<p( /Kep and
K=o (3o (R
= < E.s
Standard NH; SCR RR(5) RR(5) = ( T )C\o e
R Eis
Rapid NH; SCR RR(6) RR(6) = A exp (R = )cwc\o. )
} . ) E,
NH; SCR with NO; RR(7) RR(7) = A- e*cp(R T)c\o_-e
i ; Eio
N,O formation by SCR RR(8) RR(8) = Agexp ( 2T )C\,o -6



Activation Energy for Desorption

Dependence of activation energy on surface coverage
1. Linear form

- Ea,des(linear)

B

a,des

= Ea,desﬁ (1 o CZQ)

- Ea,des{exponential)
2. Exponential form

E e E sl exp(— ﬂ@) + F . 5o Surface coverage(0)
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Validation of Model -TPD

Initial Temp. : 200degC

Initial Temp. : 250degC

350 ¢ —— Experiment 600 350 ) 600
Experiment
300 —— Simulation{Exponential Ea model} _-==, 300 amm———
(Exp 3/ 500 —— Simulation(Exponential Ea mddel) 500
250 —— Simulation(Linear Ea madel) .~ S 250 X o e (=}
—_ 400 ®| | & —— Simulation(Linear Ea mgdel) 400 2
E --~--Temperature 3| E F 2
2200 f!' = 200 ===-Temperature -+ ‘?E'
§ 300 2| |5 300 2
M 150 I A LR e S S e g
T al |2 4
o S/ 200 €| |3 200 g
100 2 100 g
50 100 50 100
0 0 0 0
20 40 60 80 100 120 140 160 180 0 20 60 80 100 120 140 160
Time(min) Time(min)
Initial Temp. : 300degC Initial Temp. : 350degC
350 600 350 600
Experiment Experiment
300 —— Simulation(Exponential Ea model) _--"7 500 300 ——Simulation(Exponential Ea model) ~ _-== 500
P— ion(Li e o ——— Simulation(Linear Ea model -~ =}
- 250 Simulation(Linear Ea model) o A E, z 250 ; ( ) " oo B
s --=--Temperature P = ===-Temperature L T
2 200 o @| |2 200 [e=gressssesssssssoEsssssssssssss=- S = [
ER S cmm—me= =7 300 2| | 3 300 2
o 150 § @ 150 g
2 200 € |2 9 20 £
100 3 3
50 100 50 100
0 0 0 S = 0
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time(min) Time(min)
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TPD-NH; Concentration Distribution

1.20E-02
L00E02 | BB P---O---
£ t=0.2 min
S 8O00E03 |-
‘E’ t=15 min
2 6.00E03 |- .
© t=30 min
T
§ 4.00E-03 - t= 60 min
o
o
2.00E-03
0.00E+00 - - .
0 0.01 0.02 0.03 0.04 0.05 0.06
channel axial position(m)
Saturated portion of catalyst Initial temperature : 200degC
with ammonia 350 — s o 600
N2 + NH3 300 ——Simulation{Exponential Ea model}‘,----, 500
250 —— Simulation(Linear Ea madel) 1_/' g:
l l i l E ===-Temperature rai 4°°%i
2200 H
.é 300 2|
o 150 Ef
2-wa N (WL . R, | TR e — 200 §
way 100 2|
Catalyst &% - 100
Sample
0 0
0 20 40 60 80 100 120 140 160 180
Time(min)
t=0.2 min t=15min t=30 min t=60 min
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Model Validation —DeNOXx (Steady State)

1. Model is calibrated under no soot
loading and o=0.9 condition

2. Reaction constants for adsorption
and desorption are carried over
from TPD results.

3. Reaction constants for RR(3) to
RR(8) are calibrated to match the
simulation results to experiment’s

iﬁ::i =4 Experiment
£ 160E:01 - === Simulation
£ oo NO2 concentration
oo
2 6.00E+00
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Model Validation —DeNOXx (Steady State)

2. 00E+01

1.80E+01
1.60E+01

1.40E+01
120601
1.00E+01

concantration{ppm)

S00E+00

N~ 0 W
e o e

—4=— Experiment

NO 195 ppm z
pp g 60 -8~ Simulation
5§ 50
NO, 5 ppm £ " NOx conversion
g 20
NH; 180 ppm 10
V]
S.V. 23000 (1/hr) — Sesimees
110
=4 Experiment
— Simulation gm" | — =
NOZ2 concentration ¥ %27 )
s, NH3 conversion
- E == Experiment
cg 0 === Simulation
= 60
y 50
0 200 5 400 deg) 600 200 0 200 hm;oz!‘*ﬂ 600 800
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DeNOx-Species Spatial Distribution

concentration (mol/m’®)

7.00E-03 7

6.00E-03 +

5.00E-03 —+

4.00E-03

3.00E-03

2.00E-03

1.00E-03

0.00E+00

Concentration distribution along the
channel axial position

0 0.01 0.02 0.03 0.04 0.05

D1

Voo P T =

— Concentration distribution through
o catalytic filter wall
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Vel., Flux, and Surface coverage

‘T wall flow vel
35 a O e = 1.70E-02
3+ 1.60E-02
Z 25 1.506-02 &
£ —+—channel flow E
g 27 ——wall flow 140802 &
S S
g 15 ¢ - 1.30e-02 ¢
1 1.20€-02
s —channel flow v
0 1.00E-02
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
channel axial position(m)
Velocity field
0.45
0.4 - —e—slab1
0.35 - Lt ===slab2
gE"p 03 —#—slab3
o ——slab4
2 025 e
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% 0.2
E oi1s
w
0.1
0.05 -
0 + .
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Surface Coverage
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6.00E-05
4.00E-05
2.00E-05
0.00E+00
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——convective flux

—&-total flux

convective
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channel axial position(m)

Mass flux to catalytic filter wall

Ay] | stab
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Monitoring Ammonia Balance

Manipulating the S.T.E for ammonia

: . daeo
Nip nu3 =l out,NH3 '+ J asEdV""J as - ZRR(3)dV'

Ta B! c
+ J a,(4RR(5) + 2RR(6) + 4RR(7) + 2RR(8)) dV

|
D

A: rate of ammoniadlip

B : net ammonia adsorption rate
C : rate of ammonia oxidation

D : SCR reaction rate
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Test condition—NH3 Balance

Test Condition

1. No adsorbed ammoniainitially

2. Constant rate of ammonia injection

3. Step temperature increasing at certain points

Parameter Value
Space Velocity 23000(1/hr)
NO 200 ppm
NO2 0 ppm
NH3 180 ppm

Inlet condition
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Results —NH3 Balance

Outlet concentration

Ammonia Balance

concentration{ppm)

200
180
160
140
120
100
80
60
40
20

= NH3-out(ppm) 500
e N O -0 Ut (ppM) 450
— -out(ppm - 400‘__
temperaturefdegC) I 350§o
[‘5 300-§
250 2
o
ﬁ 200 o
£
150 5
100
-: 50
1 | 1 0
50 100 150 200
time(min)

molar (flow) rate (mol/s)

1.E-08
1.E-08
1.E-08
8.E-09
6.E-09
4.E-09
2.E-09
0.E+00
-2.E-09
-4.E-09
-6.E-09

NH3-in
SCR ratd\—-——-a\v/—-
NH 3-out l \ NH3-oxidation
0 50 [ 15[ 20
Net Adsorption

time{min)

0
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Effect of Soot Deposit (Filtered
Soot) on SCR Reaction
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Review —Experiment(I)

Concentration (ppm) and Pressure (Torr)

240 [
200 |
160 |-
120 (-}
8o [

40

Cu-SCRI/DPF (100h/700°C+20h/750°C wi Air + 10% H,0) / SV ~ 23,500 h*'
10% O, / 5% H,0 / 200 ppm NO / 180 ppm NH;

—— NEEApn) 1 Aged: 1.0 g/L soot

— NH3 (ppm) i Run #1 I
= COfppm) T | =
— CO2 (ppm) : E 5 :
— Pl[inlet - outlet]
— T[average]

___________________________________

60 120 180 240 300

Time (minutes)

700

600

500

1 400
300
1 200

1 100

Average Catalyst Temperature (C)

Observation (1)

1.

Regeneration starts at lower
temperature comparing non
catalyzed DPF

Soot oxidation rate decreases
as temperature increases from
400 to 500 degC

Conclusion(l)
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1.

Catalytic oxidation at the
temperature of 200 to 400

degC - soot inside the filter
wall

Thermal oxidation(above 400
deg) - soot on the filter wall




Review — Experiment(II)

Observation (11)

1. Deterioration of NOx reduction

300 °C performance
200 °C  _ e 400 °C 1) Only occurs at 200 and 300
i == i 500.°C | degC
, 2) Can berecovered if soot is
burned out.

solid line =Run#1

dashed line = Run #2

: o]
g00°C Conclusion (I1)

Aged: 1.0 g/L soot loading

. | _ | 1. At 400 degC or above, thereisno
(b) soot inside the filter wall because
of catalytic oxidation of soot.

2. Soot deposit inside the filter wall
disrupts mass transfer from fluid
side to catalytic Site. - reason for
poor NOx conversion efficiency

57 at 200 and 300 degC when soot

exists




Model for soot deposit effect on SCR

|dea of Thiele Modulus and Effectiveness Factor can be
extended to soot |oading case

substrate  washcoat sootdeposit

Inlet channel

I ® Catalytic filter wall

Qutletchannel

Controlvolume to d&jve governing equation

actual reactionrate inside the washcoat

= ideal reactionrate
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Diffusion-Reaction Equation for soot
deposited case

For catalyst washcoat

- 3%C .
0=E¢=<38, E—‘b C=0

atE=0, Z—%:o at £ =1, C=1

For soot deposit layer

8, <E<S ¥C_
W - a2 azz_
— — a = — —
=1 5 G

Thiele Modulus
Def’f’,w



Solution & Effectiveness Factor

Solution
_ sinh (&, %)
oE) = sinh (®.,)

for 0 < E< 8§,

= _ 8c(Ciwe— )z | GOz — Cuabyy =
A= G tw) T G by T OWSES
Deosrs
where G = s = Sw) Dotrs Cive

,/ ofEwk tanh(<bw)+(5 —
Effectiveness Factor

a Dofr,s( JDewkytanh(®,,) )

rl s
* kyBw\(8;— 8, ) Dogwky tanh(®,, ) + D gy

lim \# DemwkvtM(d’w) _ tanl'l(d)w) . ka g = ,rlskv
5a 0w % KyBu ~ e, e PP,
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Implementation of Effectiveness Factor

Comparison of clean and soot deposit case: Simulation

ST srssossonssso S R A e ST
180 | | 450

160 i 400
140 } 350
120 =& == NH3-out(soot) - 300
100
80
I R L B
40 e

=== NO-out(soot) - 250

- 200
—t 150
-+ 100
I

- 50

concentration{ppm)
temperature(degC)

0 50 100 150 200
time(min)
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Simulation and Experimental Results

0.9 -
)
g 0.8 -
Q
p
[
@ 0.7 -
c
Re
(%]
Eg, 06 + . —®—=clean(exp.)
§ - == =500t deposited(exp.)
6 0.5 - A clean(sim.)
= A soot deposited(sim.)
0-4 [ | | | | 1
0 100 200 300 400 500 600 700
temperature{degC)
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Concentration of soot deposit inside
the filter wall

450 -
350 temperature /

300 -

250 - — / -

concentration{mol/mA3) or
temperature{degC)

200
150 -
- Soot_deposit
o concentration(mol/m”3)
0
0 50 100 150 200

time{min)

Concentration of soot deposit : only inside the filter wall
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Conclusion

| ntroduction of model development for wall flow type SCR

Model was validated over TPD, steady NOXx reduction test
case.

Theresultsareinvestigated in space and they givesthe insight
for the utilization of catalyst.

Ammonia balance monitor - can be applied to control model

Soot deposit insidethefilter wall - Resistanceto mass
transfer for catalytic reaction > Decreasing overall SCR
performance

Extended Thiele modulus and effectiveness factor - For effect
of soot loading on SCR performance
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