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Two kinetic models for the NOy reduction in periodically operated NOy storage catalyst
are discussed — the simpler NH3-selectivity model, and the more complex NH3-dynamics
model. They differ in the approach to the formation of the NH3 as a main by-product
of the stored NOy reduction. The NHj-selectivity model assumes direct reduction of
the stored NOx to nitrogen or ammonia with empirically obtained selectivity ratio, de-
pendent on temperature and the reducing agent (CO, H, and HC). The more complex
NH3-dynamics model considers both NH3; formation and NH3 decomposition reactions
in the spatially distributed system, resulting in the evolution of moving NH3 peak on
the reduction front boundary during the NSRC regeneration. The predictions of the two
models are compared and confronted with experimental observations. For the estimation
of integral component conversion (cumulative emissions) around the mean regeneration
phase length the simpler NHs-selectivity model can be used. The more complex NHj3-
dynamics model is consistent with experimentally observed evolution of the outlet NH;
concentrations, and it is also more sensitive to operating conditions. On the other hand,
the increased model complexity results in longer computation times.

1 Introduction

Lean-burn (mainly Diesel) engines are more fuel efficient than the ones burning stoichio-
metric air-fuel mixture, but they produce also significant amount of nitrogen oxides that
cannot be removed in a conventional three-way catalyst due to the excess of oxygen in
the exhaust gas. For abatement of NOy emissions from lean-burn engines, two main cat-
alytic arrangements can be utilized: the urea-selective catalytic reduction (SCR), and the
NOx storage and reduction catalyst (NSRC). These catalysts can be used together and
combined with other converter types (mainly oxidation catalyst and particulate filter) to
improve the overall efficiency of the exhaust gas aftertreatment system (Giithenke et al.,
2007a).

The NSRC needs periodic regeneration for correct operation. Normally, the engine runs in
lean mode (with excess of oxygen), which improves the vehicle fuel economy, but hinders
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direct reduction of nitrogen oxides. In this regime, the nitrogen oxides are being stored
on the catalyst surface in the form of nitrites and nitrates (Epling et al., 2004). After few
minutes the catalyst becomes saturated and needs to be regenerated. The engine control
unit switches to rich regime (burning a mixture with excess of fuel) for a few seconds.
During this rich phase the stored NOy are desorbed and reduced by CO, H, and unburned
hydrocarbons (HC) to Nj, or up to NH3 (Koci et al., 2008). It has been experimentally
proved, that NH3 plays an important role in the regeneration process because it can fur-
ther react with the stored NOy to produce N, (Cumaratunge et al., 2007). Ammonia is
normally an undesired final product of the NOy reduction because it is irritant. However,
NHj3 can be adsorbed in an SCR converter placed downstream of the NSRC, and used for
the additional NOy reduction in the subsequent lean phase (Giithenke et al., 2007a).

In this contribution we compare two global NSRC kinetic models: (i) NH3-selectivity
model, assuming direct reduction of the stored NOy to nitrogen or ammonia with empiri-
cally obtained selectivity ratio, dependent on temperature and the reducing agent (CO, Hj
and HC), and (ii) more complex NH3-dynamics model, considering both NH3 formation
and NHj3 decomposition reactions in the spatially distributed system (Koci et al., 2008).

2 Mathematical model of catalytic monolith

Heterogeneous, spatially 1-dimensional (1D) plug-flow model of catalytic monolith chan-
nel with surface component deposition (Giithenke et al., 2007a; Koci et al., 2007) has
been used for the simulations of catalytic monolith converter. The model considers the
following balances: mass balances of individual components in the flowing gas (1), in the
washcoat pores (2) and on the catalyst surface (3), total enthalpy balance of the flowing
gas (4), the enthalpy balance of the solid phase (5), and boundary conditions (6)-(7):
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Here a is density of external surface area in monolith, ¢ molar concentration, ¢, specific
heat capacity, superscript ”’g” denotes gas phase, j is index of reaction, k index of gas
component, k. mass transfer coefficient, &y, heat transfer coefficient, L monolith length,
m index of surface-deposited component, R; reaction rate, superscript ’s” denotes solid
phase, ¢ is time, T temperature, v linear gas velocity, y mole fraction, z spatial coordinate
along monolith, AH, reaction enthalpy, € fraction of open frontal area in monolith, €°
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Table 1: Reactions on NO, storage and reduction catalyst — NH3 selectivity model.

Reaction step

Reaction rate

CO+1 0, —CO,

Hy + % 0, — H,0

C3Hg+ % 02 —3 €O, +3 H,0
CO+HyO0=CO;,+H;

C3Hg+3 H,O—3 CO+6Hy
CO+NO — CO+ 1 N,

H; +NO — H,0+ ZFNZ

C3Hg+9NO —-3CO2+3 H20+%N2

NO+ § 02 =NO,

Ce203+ 1 03 — Cer04

Cez04 + CO — Cey03 4 COy

Cey04 4+ Hy — Ce03 +Hy0

Cey04+ § C3Hg — Cey03 + § CO» +  Hy0
NO; + 4 05 +BaO — Ba(NO3)

2NO+ 3 0;+Ba0O — Ba(NOs)

Ba(NO3), +5 CO — Ny + 5 CO, + BaO
Ba(NO3)2+5 Hy — Na+ 5 H,O+ BaO

Ba(NO3)2 -+ %C}HG — BaO+ % COy + % H;0 +N»
Ba(NO3), 43 CO — 2 NO+3 CO, 4 BaO
Ba(NO3); +3 Hy — 2 NO+ 3 H,O 4 BaO
a(NO3)z + 1 C3Hg — 2 NO+ CO; + H,0 + BaO
a(NOs)2 4 8CO + 3H,0 — BaO + 8CO; + 2NH3
Ba(NO3); + 8H, — BaO + SH,O + 2NHj3

(

Ba(NO3), + C3Hg — BaO + CO3 + CO +2NHj3

B
B

R1 = k1 yco yo,/G1

Ry =k yn, y0,/Gi

R3 = k3 ycyHg 0, /Gl

Ra = ks [yco yu,0 — yco, v, /K]

Rs = ks [ves s im0 = Vo Yy, / (K3 Vi0)]
Rs = ks yco /¥No/G1/Ga

R7 = k7 yn, \/7No/G1/G2

Rg = kg yc;Hg \/7N0/G1/Ga

Ry = k9 [yno ¥33 — w0, /K; 8]/ Gi

Rio =kio ‘"PcapAOzyOz (\V:)qz - \VOz)

Ri1 = k11 Weap,0, Yco Yo,

Ri2 = k12 Weap,0, YH, VO,

R13 = k13 Weap.0, YC3Hg YO,

Rig = k14 Weap N0, YNO, (Wno, — WNO, )?
Ris = kis Weap No, YN0 (WNo, — WO, )

Ri6 = ki Weap.No, ¥co Wno, /G3 /(14 5%8,)
Ri7 = k17 Weap Ny ¥, Who, /G3/Gs /(14 S\, )
Rig = kig Weap.No, Yes g Wio, /G3/(1 +S§§.1];l(’)
R19 = k19 Weap N0, Yco WNo, /G4

R0 = k20 Weap Noy Vi, WNO, /G4

R21 = ka1 Weap.No, Yoy Hg WNO, /G4

Ry = Sﬁg; Ris

Ry3 = SHNf.[ Ry7

Ryy = Sg?.[H(’ Rig

Gi = (1+Ka1yco +Ka2vesng) - (14 Ka3 Veo Vesmg) -

(1+ Ka.4y%(7)x) T

Gy =1+K,550, ; G3 = 1+ K 6¥0, ; Ga = (1+0.1K;6y0,) (1+Ka7yn0,) 5 Gs = 1+ Kagyco

porosity of washcoat, @* volume fraction of active washcoat in entire solid phase, v sto-
ichiometric coefficient, p density, y surface coverage, W’ maximum storage capacity
(mol.m 3, rel. to washcoat volume). In the equations (2), (3) and (5) the reaction rates
R; are employed in dependence on the considered reaction kinetics (cf. Tables 1 and 2).
Finite difference method of the Crank-Nicolson type with quasi-linearisation of reaction
terms and system decomposition are utilized for numerical solution of the system.

3 NOx storage and reduction Kinetics

The reactions considered in the two studied kinetic models for the NOy storage and reduc-
tion catalyst — the simpler NH3-selectivity model, and the more complex NH3z-dynamics
model — are given in Tables 1 and 2, respectively. Both reaction models include oxidation
of CO, H; and unburned hydrocarbons (HC), water gas shift and steam reforming, NO
reduction, NO oxidation to NO;, oxygen storage in the form of CeO;, NOy storage in the
form of Ba(NO3),, and desorption/reduction of the stored NOy by H,, CO and HC.

The NH3 selectivity model (Table 1) assumes direct reduction of the stored NOy to ni-
trogen or ammonia with given selectivity ratio Sn;. The model developed earlier (Koci
et al., 2007) and validated by driving cycle tests (Giithenke et al., 2007b) was extended by
differentiation of the stored NOy reduction products to N and NH3. The selectivity Snm;
is defined here as the ratio of the net NH3 formation rate to the net N, formation rate, with
independent values for individual reducing agents (Hz, CO and HC). The more complex
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Table 2: Reactions on NO, storage and reduction catalyst — NH3 dynamics model.

Reaction step

Reaction rate

CO+ % 0, — COy

H, + 1 0, - H,0

C3Hg+ 2 02 — 3 CO»+3 Hy0
CO+H,0 = CO, + Hs

C3Hg+3 Hy0 —3 CO+6 H,
CO+NO — CO,+ 1 N,

H2+N0—»H20+§N2

C3Hg+9NO —3CO, +3 H0+ 3 N,

NO+ 4 0, =NO,

Cey03 + % 03 — Cey04

Cez04 4+ CO — Cey03 + CO;y

Cer04 +Hy — Cey03 + HO

Cer 04+ % C3Hg — Ce03 + % COy + % H,O
NO; + § 05 +BaO — Ba(NO;)

2NO+ 3 0, +Ba0 — Ba(NOs)

Ba(NO3)2+5 CO — Ny +5 CO; + BaO
Ba(NO3), +8 CO+3 H,0 — BaO + 8 CO, +2 NH;
Ba(NO3); +8 Hy — BaO +5 H,0 +2 NHj3
Ba(NO3)2 + %C}H() — BaO+ % COy + % H,O+Nj
Ba(NO3); +3 CO — 2 NO+3 CO; + BaO
Ba(NO3)+3 Hy — 2 NO+3 H,0 + BaO
Ba(NO3); + + C3Hg — 2 NO -+ CO, + H,0 + BaO
Ba(NOs); + ?TO NH; — BaO+3 Hy0+ § N,
2NH3+3 NO — 3N; +3 H,0
2NH; + 302 — Nz +3 H,0

2 NH3z + 3 Ce;04 — N3z +3 HoO+ 3 Cey 03

Ry = ki yco yo, /G

Ry = kaHz yOZ/Gl

R3 = k3 ycsHg Y0, /Gl

R4 = k4 [yco yi,0 —yco, vi, /K34

Rs = ks [ves Hg yi,0 = Veo b, /(K53 Vo))
Rs = ks yco /YN0 /G1/G2

R7 = k7 yn, /N0 /G1/ G2

Rg = kg ycsHg /VNO/G1/Ga

Ry = ko [vno ¥, —wNo, /KJ§1/Gr

Ry0 = k1o ‘Pcap.Ozyoz (Weoqz - WO;)

R11 = k11 Weap,0, Yco Vo,

R12 = k12 Weap,0, VH, Vo,

Ri3 = k13 Weap.0, YesHg WO,

R14 = k14 Weap NO, N0, (WNb, — WNO, )?
Ry5 = kis Weap No, N0 (WNo, — WNO,)?
Ri6 = k16 ¥ eap.NOx YCO WNO, / G3

Ri7 = k17 WeapNoy Yco Wio, /G3/Gs
Rig = kig Weap Noy Vi, WRo, /G3/Gs
Ri9 = k19 Weap NOy Y03 Hg Who, / G3

Ra0 = ka0 ¥eap.Noy YO WNO / Ga

Ra1 = ka1 Weap NOy VH, WNO, /G4

R22 = kya W eap.NOy VO3 Hg WNOy / Ga

Ry3 = ko3 W eap,NOx VNH; \VZNoX

Ro4 = ka4 yNH; /NO

Ras5 = kas YNH; VO,

Ra6 = kas YNH; Yo,

Gi = (14K 1yco +Ka2yesng) - (14 Ka3E0vem,) - (14 Kaa b ) T
Gy =1+K,550, ; G3 =14+ K60, ; G4 = (1+0.1K,6y0,) (1+ Ky 780, ) 5 Gs = 14+ Kagvco

NHj3-dynamics model (Table 2) considers in addition to NH3 formation reactions also
the NH3 decomposition reactions that result in the evolution of moving NH3 peak on the
reduction front boundary during the NSRC regeneration (Koci et al., 2008, 2009).

The main differences of the two kinetic approaches can be summarized as follows. The
NHj3-selectivity model (i) assumes that the NOy are reduced directly selectively to N; or
NHj3 depending on temperature and reducing agent (CO, Hy, HC), (ii) uses selectivity
defined by experimentally obtained table of values, (iii) is not able to describe detailed
dynamics of the ammonia formation within the rich phase as observed in experiments,
(iii) requires less computation power. The NH3z-dynamics model (i) considers ammonia
both as a product of the NOy reduction and as an active reduction agent, (iii) predicts
the ammonia formation dynamics consistently with experimental observations, and (iii)
is computationally more demanding.

4 Results

In this section we compare the simulation results of the simpler NH3-selectivity model,
and the more complex NH3-dynamics model. Simulations of NSRC operation with peri-
odic alternation of lean and rich inlet mixture switching were carried out for inlet temper-
ature in range 100-500°C, and gas hourly space velocity SV=15000-120000 h~!.

Figure 1 illustrates the total amount of NH3 produced within 10 regeneration periods,
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predicted by the two studied models. It can be clearly seen that the NH3-dynamics model
is more sensitive to operating conditions (rich phase length, and space velocity SV).

NH; cummulative emissions NH3 cummulative emissions
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Figure 1: Influence of operating conditions on the NH3 produced per 10 lean+rich peri-
ods. a) Effect of the rich phase length (T" = 300°C, SV = 30000 h=1, 200 s lean phase).
b) Effect of the flow rate (T™ = 300°C, 200 s lean / 7 s rich phase).
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Figure 2: Outlet NOy and NH3 concentration during the regeneration phase computed by
the a) NHz-dynamics model and b) NH3-selectivity model . T™ = 300°C, SV = 30000 h L
200 s lean / 7 s rich phase.
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Figure 3: Comparison of NOx and NH3 concentration profiles along the reactor 200 ms
after the start of the regeneration phase, simulated using the a) NH3-dynamics model and
b) NHx-selectivity model. T™ = 300°C, SV = 30000 h~', 200 s lean / 7 s rich phase.

Evolution of the NOy and NH3 outlet concentrations during the regeneration phase can be
seen in Figure 2. For the NHs-selectivity model, the ammonia peak appears in the same
moment as the NOy peak (Figure 2a), because ammonia is considered as a final by-product
of the stored NOy reduction and not as an reactive intermediate. In the NH3-dynamics
model, the ammonia peak appears after the NOy peak (Figure 2b), because ammonia is
considered both as a product of the stored NOy reduction, and an active reduction agent.
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This sequence of outlet peaks predicted by the NH3-dynamics model was also observed
experimentally in lab reactor (Koci et al., 2008, 2009).

Figure 3 illustrates gas concentration profiles inside the monolith reactor channel 0.2 sec-
onds after the start of the regeneration. The NH3-selectivity model predicts ammonia on
the outlet almost immediately (Figure 3b). The NH3-dynamics model considers ammo-
nia also as an active reduction agent, so that the ammonia formed in the front part of the
reactor is being used up before it can reach the channel outlet (Figure 3a). The ammonia
peak appears at the outlet when the reduction front reaches the rear part of the reactor.

5 Conclusions

The qualitative differences of two approaches to modelling the NOy reduction dynamics
in the NOy storage catalyst have been shown. For the estimation of integral component
conversion (cumulative emissions) around the mean rich phase length the simpler NH3-
selectivity model can be used. The more complex NH3-dynamics model is consistent
with experimentally observed evolution of the outlet NH3 concentrations (Koci et al.,
2008, 2009), and it is also more sensitive to operating conditions. On the other hand, the
increased model complexity results in longer computation times.
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