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Concept

« Simplified framework for simulating reaction in coated particulate filters

« Avoids discretisation in the through wall direction

« In this presentation:
- Will focus on the modelling approach, as that is what is new
* Less on model predictions, as that is more well known
- Except to demonstrate that the model gives plausible predictions

Published: T.C. Watling, Emiss. Control Sci. Technol. 9, 93-119 (2023)
Sharing link: https://rdcu.be/dcBH6
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Included Diffusion Pathways

1) Diffusion between gas in channels and adjacent walls

« Similar to flow-through monoliths

2) Diffusion between inlet and outlet channels along path of convective flow from inlet
channel to outlet channel

« Analogous to axial dispersion in a packed bed reactor

- Imagine filter wall as being like a packed bed reactor

3) Diffusion between gas passing through filter wall and catalyst phase
- Analogous to external transport in a packed bed
* Not included in most particulate filter models

- Enables a simplification in this model
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Model Structure: Soot & Ash Cakes, Filter Wall

« Filter discretised axially

 For each axial element, divide cake and

wall into layers

Soot cake, ash cake, filter wall
Can vary thickness of each layer
Wall split into two layers
« One catalysed, one inert

« In either order

« Allows through-wall position of catalyst
to be varied

« Transport by:

Convection from inlet channel to outlet

g& » Inlet Channel

Soot Cake oF
Ash Cake O,
Filter Wall: Top O3
Filter Wall: Bottom 04

<=Diffusion=p

<4=Convection

Outlet Channel »

Figure first published in [1] by Springer Nature. © T.C.
Watling, under exclusive license to Springer Nature AG 2023

- Diffusion between channels along same path

JM
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|» Inlet Channel

<

Simplifications N I .

§ 2 Ash Cake 0,

g 902 Filter Wall: Top 5,

e« Simplifi ions: O Filter Wall: Bottom | | 3,
Simplifications v Vv

Outlet Channel ||»

« Discretise filter axially

« Assume all layers are slabs/cuboids — neglect taper on soot and ash cakes
« Soot oxidation is first order in NO, and O,

- Use single, representative concentration for each species in the catalyst phase in each axial
element

- Probably, most significant approximation

« Consequences (benefits):
« Component mass balance for each layer is a second-order, linear differential equation
- These have an analytical solution for the concentration of the species through the layer

« Result in a system of linear simultaneous equations, which are easily solved (with linear
algebra)

\JM Figure first published in [1] by Springer Nature. © T.C. Watling, under exclusive license to Springer Nature AG 2023 © Johnson Matthey




Component Mass Balances for Gas in Inlet and Outlet Channel

Differential equations

« Balance equations for inlet and outlet channels:

. 1 adizﬁbixgi,j 4‘¢wcgwo,j
e () = _E 37 + pikmi,j(CgWO,j — xgi,jCTi) — Paw Inlet channel
.o _ _ 10d5Poxgo,i 4YwCowm,j  Qutlet channel
0=- M 97 + pokmo,j(cgwm,j ~ %go,j CTO) + Pgw
\ ] |\ ] | J
| | |
Convection . . Convection
Diffusion to channel wall
along channel to/from wall

d;, d, =width of inlet/outlet channel
M =molar mass of gas

Cqwo,j =concentration of gas entering wall
Cywm,j = concentration of gas leaving wall

Cri, Cro=total gas concentration in channel
kmi jr kmo j=mMass transfer coefficients

pi, Po =cChannel perimeter

Xgijr Xgo,j=Mole fraction in inlet/outlet channel

Z =axial coordinate

Pgw =density of gas in wall

b;, b, =mass flux along inlet/outlet channel
Yy, =mass flow through one wall per unit

length of filter

JM
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Component Mass Balances for Gas in Inlet and Outlet Channel
Discretised equations

- Balance equations for inlet and outlet channels: [ —index of axial element
. 0= _ 10d}ixgi; S (R “PwCawoj | Xgijk & Xgojx =Vvalues at nodes
M 0z Piftmi,j\"gwo,j = *gi,j~Ti Pgw kmi ik & Cqwo jx=Vvalues in element centre
0o _10%bo%ee; | (c B Cro) + 4PuwCowm; | OZ =length of axial element
- M 0z Po mo,j\~“gwm,j xgo,j To Pgw
. These discretise to: Use average of concgntratlon at nodes
before & after kt" axial element
« Inlet channel: ¢
Aip-1Pik—1%gijk-1 AirPikXgijk [%gi j k=1CTik—11%gi j kCTik] 4w kCgwo,jk
° O — l 1%L — agij _ l lM gij + plkml’],k (ngo’]’k _ gij l - gij L )6Z _ ngvf": ] 6Z
« Outlet channel (except first element):
dgbok-1%Xgojk-1 A6 DokXgo,jk [%go,j,k=1CTok-1+%Xgo,jkCTo,k] 4w kCqgwm,jk
c 0=—"2 Mg(” — = OM g2J +Pokmo,j,k (ngm,j,k — = 2 > g2.0% "2 )5Z+ ngi;:m’ oz

« QOutlet channel (first element):

dtz) ¢0,1xgo,j,1
O = — M + pokmo,j,l(cgwm,j,l - xgo’j’lCTo,l)(S‘Z + pgw1
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Component Mass Balances Through Wall
General form

« In general, component mass balance for layer of wall has form:

) _ azcgw,j,k . Pw k anW,j,k
_ eT.j kol dy? Pgwk 0y

Diffusion Convection

- D.r; is effective diffusion coefficient for through-wall diffusion (subscripted T=through-wall)

+ source/sink terms = 0

- This for diffusion along same path as convective flow through-wall

- Provided equation linear, this has solution of the form:
Cow,jk = Ajie" Y + Bj,k,leﬁf""ly + other terms

« Create two arbitrary constants (4 & B) per layer, per species, per axial element

Cyw,jxk=Concentration in gas passing through wall j=index for species

g9
y =through-wall distance k=index for axial element
$wr =mass flux through wall |I=index for layer
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Component Mass Balances Through Wall
Soot oxidation: Oxidants (NO, & O,)

Soot oxidises according to:

1 SX02 15K,
® WC-I_NOZ_)Z SCO CO + SCO C02+N0

NO2 “9NO2 “9NO2

2 2589 2(1-s§9)
C+0,->—3C0+—"—2%CO0
s O T 0 s Ot T ¢

Component mass balance for NO, in soot cake given by:

D 0°CgwNozk _ Pwik OCqwNO2k
eTNO2 k1™ 5,2 oo 0y

— knozkCowno2,k=0

This has solution:

C

n n
gwik = Ajae @t + Bjy 1ePikr

2 2 2 2
Pw.k/Pgwk— \/ Pw, i/ Pgw ik T4DeT jk,1Kjk bw.k/Pgwkt \/ Sw, i/ PgwkT4DeT jk,1Kjk

/i _
, jlkll -

. " —
© where: aj}, =

2DeT,j,k,l 2DeT,j,k,l

Similar equations apply for O,

J M © Johnson Matthey 10



Component Mass Balances Through Wall
Soot oxidation: Products of soot oxidation (CO & NO)

« Soot oxidised by NO, according to:

1 SKO2 1-SK%2
NO2 NO2 NO2

« Component mass balance for NO in soot cake given by:

Do ot 0°CgwnNok  Ywik 9CqwNok
eI ay2 Pgwk 0¥

+ knoz2kCgwnozx = 0

- Term for NO formation depends on solution for NO, concentration through soot cake

« Solution for NO concentration:

n
a
ANO2.k 1€ NO2,k1Y

BN y
+ BNoz ke NOZKA

!
— y
* Cownok = Anok + Byoj1ePNokY + kyoy i | = B Ipos BT D
No2,k1¥Ywk /Pgwk—PN0O2k1YeT,NO k1

n2
ANO2 k1 Pwk/Pgwk—NO2 k1DeT,NO k1

« A similar approach can be used for CO

J M © Johnson Matthey 11



Component Mass Balances Through Wall
Inert layer / a reactant that does not react in layer

« If component does not react in layer, component mass balance is:

. D . azcgw']'k _ ¢W,k anW,j,k — O
eT, .kt dy? Pgw,k dy

 This has solution:

_ By
Cow,jk = Ajki + Bjrie 7t

¢w,k

Pgw,kDeT,j k1

o Where ﬁ]{,k,l =

J M © Johnson Matthey 12



Component Mass Balances Through Wall
Catalysed layer: Simple (& unlikely) case of first-order, unimolecular kinetics

For first-order, unimolecular kinetics, rate of formation given by:

o =R = Sk, ik (Cowjk = Ceji) = ke Ce e
« First term is diffusion to catalyst phase from through-wall flow
- Second term is rate of reaction in catalyst phase

 Rearranging: oD
oD ki~ =volumetric rate constant
Swk o ks C . , A
- —RUoD Mk oIk kmw,j x =Mass transfer coefficient
J kamw,j,k‘*'kj’k (vol) _ .
R;, =~ =rate per unit volume of catalyst phase
. Component mass balance: Sw =external surface area per unit volume
P ' for catalyst phase
D 62ng,j,k _ ¢w,k anW,j,k _ SkaW:j:kk](',l;COl)CgW:f:k _ 0
Tl gy Pgwk 0V Swhmuw,j i+ oY
« This has solution of the form:

[} . o .
1)) 1AM ] ]; )
J M © Johnson Matthey 13



Component Mass Balances Through Wall
Catalysed layer: Real kinetics

« Make simplifying approximation of single concentration for each species in each element
« Component mass balance:

0°Caw,jk _ Pwi 9Cqw,jk
* Dor ; Io)m R IR 4 Sk ik (Coie — Caw in) =0
eT)]lkll ayz ng,k ay w mW,],k( C;];k gW;];k)

« Use mass transfer term for diffusion of reactant/product to catalyst

- Have used single, representative concentration for catalyst phase, C. ;.

- Result is linear, second-order differential equation

« Solution for concentration through layer is:

gw,jk = Aj e e + Bj,k,leﬁ]'k'ly + Ce ik

J M © Johnson Matthey 14



Continuity Between Layers

« Between layers convective and diffusive fluxes continuous:

ng,j,klybl_l = ng,j,klyl,l

anW,_],k |

Der jri-1—=5,

yil-1 0y yn

« Similarly, for interface between inlet channel and soot cake:
« Concentration/convection continuity included in inlet channel component mass balance

anW,],k
ay y:O

|%gijk-1CTik—1+%gijkCTik]
k —C ; = —D_r;
mi,j,k 2 gwo,j,k | — eT,j,k,1

« Similar equations apply for outlet channel

J M © Johnson Matthey 15



Putting it All Together: Solution of Equations

« Have set of linear simultaneous equations
« If have m layers, for each species and each axial element have:
* Unknowns:
« Concentration in inlet and outlet channels 2
« Two arbitrary constants per layer 2m
* Equations:
- Component mass balance for inlet and outlet channel 2
« Continuity of diffusive flux between each channel and wall 2
« Continuity of concentration and diffusive flux between layers 2(m-1)

« Total: 2m+2 unknowns & equations - therefore can solve

- Write equations in matrix form (6H =) and solve for the unknowns (H = ¢™1))

J M © Johnson Matthey 16



Solution of Simultaneous Equations
Solve for each species in each axial element

Write system of simultaneous equations as GH = J; solve for unknowns in H

G =

di2,k¢i,k/M + Pikmi,j,kCTi,k5Z/2 —(Pikmi,j,k - 4¢w,k/ﬂgw,k)5z _(pikmi,j,k - 4¢w,k/ﬂgw,k)5z

Femi j kCrix/2
0
0
0
= 0
0
0
0
0
xg L,j,k

JM

Ajra
Bj k1
Aj k2
Bj k.2
Ajr3
B k3
Ajka
Bjra
Xgo,j,k

- eXP(“ffk,151)

" "
=Dt j 1 %1 €XP(] e 181)

\

0

o © © © o

0 0 0 0 0 0 0
—kmijx + DeT,j,k,lE}tk,l 0 0 0 0 0 0 0
— exp(B]x161) 1 1 0 0 0 0 0
~Derj 1Bk €P(Bjieads) 0 Der jk2Bjk,2 0 0 0 0 0
0 -1 —exp(B}x262) 1 1 0 0 0
0 0 —Der, 2B} k2 exP(B]202) Der j ke 3% 1,3 Der j k3B, 0 0 0
0 0 0 —exp(aj,kv363) —exp(ﬁj,k,363) 1 1 0
0 0 0 —Der jk,3%,k,3 eXP(aj,k,353) —Der,j k3B k3 eXP(ﬁj,k,353) Der j k4% k.4 DerjkaBjka 0
0 0 0 0 0 —(Pokmo,j,k + 4¢w,k/ﬂgw,k) eXP(‘lj,k,454) 5z —(p, Kmo,jk + 4¢w,k/ﬁgw,k) eXD(Bj,k,454) 8z 2o /M + Pokimo j i Cro82/y
0 0 0 0 0 —~(Kmo j i + Der,j e k,a) €xP(t 1,464) —~(Kmo,j i + Der,jjeaBjk.s) €xp(Bjx,as) kmo,jkCrox/Y

\

/(diz,k—l(pi,k—l/M —

ki, jie(T1 — %gi jk—1Crik—1/2) — Der,jr1D1
T,
Derjr1D>
L¢3
0
Cc3 _ Cc4
0

Pikmi jkCrif-162/2)%gi i -1+ (Dikmijre — 4w ic/Pgwi)T162

(dgqbo,k—l/M - pokmo,j,kCTo,k—ldz/y)xgo,j,k—l + (pokmo,j,k + 4l‘bw,k/pgw,k)ccwlé\z

kmo,j,k(Cs4 - xgo,j,k—lcTo,k—l/y)

© Johnson Matthey

\

)



Catalyst Phase Component Mass Balance

« Including diffusion between through-wall flow and catalyst phase enables calculation
of rates of reaction to be separated from rest of mass balances — a key simplification

« For an element of volume in catalyst phase, component mass balance:

aCe i ; ;
o EC#J"‘ = Skaw,j,k(ng,j,k — Cc,j,k) + R]%OD f.=fraction of wall that is catalyst
— — . —— (wol) _ i
Accumulation Diffusion to catalyst phase  Rate Rj, ~=volumetric rate

. : R;, =rate per unit mass catalyst
\I/crfce)?er?‘itlietrhls over volume of catalyst phase & scale for e, =porosity of catalyst phase

epp =open frontal area
5. =thickness of catalyst layer

8¢ —
¢ (1 - EPF)chcT - 2deellS ka] kf ( aw,j,k — Cc,j,k)dy + SaR
- Have representative concentration in catalyst phase, C.;,; evaluate rate (R;;) at this

- Exact if C.;,—0 (case if diffusion to catalyst limiting), otherwise an approximation

- Substitute solution for C,,, ; , and evaluate integral:

Cejk Ajkc c
° (1 - EPF)chcT 2deellS ka] k ( e (eajkc6c _ 1) + ]k (eﬁ]kcsc _ 1)) +S R]k

© Johnson Matthey 18
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Simulation Conditions and Parameters

Simulations run for:
¢« 118.4%x152.4mm (4.66x6in), 300/8 symmetric filter

« Wall has porosity 50%, mean pore diameter 16um

Three locations for catalyst phase:

-  Throughout whole thickness of filter wall, top half of wall, bottom half of wall

Mass transfer coeffh for diffusion between inlet channel & wall increases with wall flow

e Sh; =Shy + 0.60Pey, — 0.143Rey, (Bissett, Kostoglou, Konstandopoulos, Chem. Eng. Sci. 84, 255-265 (2012))

- Otherwise, inlet channel concentration increases along channel at high flow

Surface area per unit volume for diffusion to catalyst, S,,, assumed to be equated to
surface area of pores in the wall divided by wall volume of wall

« Assumes all pores are lined by catalyst

\J M © Johnson Matthey 20
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Predicted Axial Profiles for n-C,,H,, Oxidation

100

o0
o

(o))
o

n-C,,H,, Concentration / ppm

Figures first published in [1] by Springer Nature. © T.C. Watling, under exclusive license to Springer Nature AG 2023
- 1L s - e il  ETL
a) T,,=155°C = [ b) T,,=200°C

o
o

- 80
c
9
[

5 60
[}
o
c

S 40
—1Inlet channel S
—Outlet channel T

| Catalyst [ Q 20
- -Filter wall exit 100 ppm n-CyoH,,, 12% O, <

—————q — o +——"——r———— —
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Relative Axial Coordinate Relative Axial Coordinate

« Change in concentration across wall due to reaction; this increases with temperature

« Concentration decreases along inlet channel due to diffusion of C,,H,, from channel to wall

« Concentration in outlet channel result of mixing of gas passing along channel and gas flowing in

from wall, plus diffusion

JM

Mass flow 0.015 kg s—1, catalyst throughout wall
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Predicted Axial Profiles for CO Oxidation

CO Concentration / ppm

JM

b AN\ —140.0°C| -y N .

105.0°C
----------- 120.0°C [N\
—123.5°C
—128.0°C

—145.0°C

0.2 0.4 0.6 0.8 1.0
Relative Axial Coordinate

Inlet channel: Solid line

Outlet channel: Darker line, long dashes
Catalyst phase: Darker, solid line

Filter wall exit: Black line, short dashes

0.015 kg s~1, catalyst throughout wall

Very different behaviour from n-C;3H-,

Strongly self-inhibited reaction exhibits
multiple state states

Sharp change from kinetic control to
transported limited regime

« Concentration in catalyst phase plumets to
practically zero at this transition

In kinetic control region:

« Curve is concave: reaction becomes faster
CO concentration falls due to self-inhibition

- See decrease in concentration across wall

Figure first published in [1] by Springer Nature. © T.C. Watling,
under exclusive license to Springer Nature AG 2023
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Soot Oxidation: "NO-Only” Feed

Model prediction

0.10

o
o
3]

Soot Removed /g L™

0.00 &L

0.06 1
0.04 1

0.02 §

« No NO, in feed, so reliant on NO,

a) 400 ppm NO, 12% O, | mTop half generated on catalyst for soot oxidation
@ Throughout |__]

B Bottom half

« Soot oxidation favoured by:

----------------------------------------------------------------- * Low mass flow
- Lower flow for NO, to diffuse against

- Increases residence time in catalyst and
soot cake

« Proximity of catalyst to soot cake

0.003 0.015 0.030 0.060 « Top half > throughout > bottom half

Mass Flow / kg s « Means shorter diffusion distance

300°C inlet temperature
Initial soot loading 6 g L1
Simulate for 2000 s

JM

Figure first published in [1] by Springer Nature. © T.C. Watling, under exclusive license to Springer Nature AG 2023 © Johnson Matthey 25




Soot Oxidation: NO+NO, Feed

Model prediction

0.28

0.24 §

Soot Removed /g L™

0.04 1

0.00 4

0.20
0.16
0.12 f

0.08 f

B Top half

OuPF

B Throughout | |
@ Bottom half | |

0.003 0.015 0.030 0.060
Mass Flow / kg s

300°C inlet temperature
Initial soot loading 6 g L1
Simulate for 2000 s

JM

Faster soot oxidation when NO, fed

Mass flow trend reversed compared to
NO-only feed

- Increasing mass flow increases supply of
oxidant to soot

« More important effect than reduction in
contact time

Catalyst coating still has advantage over
uPF

- This decreases with increasing mass flow

Soot oxidation increases with proximity
of catalyst to soot cake

« But smaller effect than NO-only case

Figure first published in [1] by Springer Nature. © T.C. Watling, under exclusive license to Springer Nature AG 2023 © Johnson Matthey 26
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Summary 1

« Simplified framework for modelling coated particulate filters
« Avoids the need to discretise in through-wall direction

« By making approximations/assumptions obtain set of linear simultaneous equations for each
species in each axial element

+ Key assumptions:

- Assume all wall & cake layers are slabs/cuboids — neglect taper on soot and ash cakes

« Single concentration for each species in each axial element

\J M © Johnson Matthey
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Summary 2: How Successful is Modelling Approach?

- Good:
- Plausible predictions
« Predict differences with through-wall catalyst location

- Approximation of single concentration for each species in an axial element helped by the fact
that reaction is spread along the length of the filter

« However, inevitably a model is always a simplification
« Distribution of reaction (& concentrations) through wall is approximated

J M © Johnson Matthey 29
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