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Abstract: The presented study describes proprietary calculation methods that simulate the process of
storing nitrogen dioxide elevation in a catalytic LNT reactor. The first section’s points of reference are
the achievements of the article’s authors and the possibility of modeling NO, adsorption processes in
LNT reactors. The rest of the article presents model calculations (proposed by the authors) of the
course of the NO; storage process in LNT reactors. It considers one in its transition period, affecting
the improvement and duration of the adsorption process. The conclusion presents selected results of
simulation calculations obtained with the help of the equations” authors and an evaluation of the
results. A review of theoretical considerations is consistent with the experimental data, suggesting
that the proposed computational solution may be used in future analytical validity assessments of
LNT reactor tools under operating conditions.

Keywords: environmental protection; air pollution; catalytic converters; nitrogen oxides; simula-
tion modeling

1. Introduction

Nowadays, the reduction of toxic emissions in vehicles equipped with internal com-
bustion engines a critical problem. Particularly crucial is removing nitrogen oxide emis-
sions [1-3]. This is a problem because, simultaneously, there is a tendency to significantly
reduce fuel consumption in spark-ignition engines [4]. One solution enabling the supply of
spark-ignition engines with lean mixtures is direct fuel injection into the combustion cham-
ber. For several years, engines of this type have been produced and installed in vehicles
(particularly passenger cars). Using spark-ignition engines which burn lean mixtures [5]
has consequently necessitated the development of new catalytic reactors that reduce the
concentration of nitrogen oxides in the exhaust gas when the engine is fed with a lean
mixture. Under these conditions, due to the high oxygen content in the exhaust gas, a
three-way catalyst (TWC) reactor cannot effectively reduce nitrogen oxides [6]. One solu-
tion is using nitrogen oxide trap reactors, often called LNT (Lean NOx Trap) reactors. LNT
reactors store nitrogen oxides when the engine is fed with a lean mixture (storage period),
whereas when the engine is running on a rich blend (short reduction period) accumulated
in the NOx reactor, they are released and reduced [7-9]. In this way, cyclic changes in
the combustible mixture from rich to lean effectively mitigate the NOx concentration of
engines equipped with this type of reactor [9,10].

The NOx storage phenomenon in LNT reactors is one of the layers of active connections
capable of storing NO; on its surface [10]. It is assumed that nitric oxide is oxidized to
NO, after the catalyst in LNT reactors, so this toxic compound represents the total level
of nitrogen concentration in the reactor. Figure 1 presents the NO, storage process in an
example reactor with a barium oxide layer base.
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Figure 1. Diagram of the nitrogen oxide storage process in an LNT reactor.

The process of storing nitrogen oxides in a reactor occurs in two stages. First, nitrogen

oxides are oxidized via platinum to NO, as per the following reaction [10]:

2NO + Oy — 2NO,

)

In the second stage, nitrogen dioxide reacts with barium oxide, as a result of which

thermally stable barium nitrate (Ba(NO3);) is obtained, as follows [10]:
2NO, + %Oz + MO — M(NO:;)Z

where M represents elements of an alkali metal group.

()

Research on the phenomena of nitrogen oxide storage has shown that alkali metal
oxides are the best compounds to use as storage media in catalytic reactors. Figure 2
presents changes in NOx adsorption efficiency on selected alkali metals depending on the

temperature of the catalytic process [11,12].

100
o--"" Q\\ 5A/tr A
/ AN Pl N
80 PN % Ny
—_ A== FS S M
= e > n X = += Mg
— ,s ~ .
> . SEOONON \ —a— K
I o N "
: [ NN \ —-
< s oo N —8—Ca
° 4 e N \
s 4 / N % p — % =Na
o SoN
%) / SN o
o NN © Ba
© / \ G)\ N\
x / A e
3 20 ~ N - =% - Sr
= E? ~ RSN
4 g\m \%~‘~
0 =
200 300 400 500
Catalytic reactor work temperature [°C]

Figure 2. Nitrogen oxide adsorption efficiency for selected alkali metals [12].

Analyzing the data shown in Figure 2, it can be observed that all alkali metals show
an increase in the efficiency of nitrogen oxide adsorption with a rise in the temperature of
the catalytic process to a specific maximum temperature. Each compound’s adsorption
efficiency gradually decreases after exceeding its maximum NOx adsorption temperature.
Moreover, it can be observed that different alkali metals obtain different maximum values of
nitrogen oxides adsorption at different catalytic conversion temperatures. These properties
of nitrogen oxide storage media allow new LNT reactors to achieve highly efficient NOx

conversion at selected reactor operating temperatures.
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2. Mathematical Model of the NO, Storage Process

Before developing a mathematical model of the nitrogen oxides storage process in an
LNT reactor, the following assumptions were made:

e Nitrogen oxides will be stored only on the surface of the storage substrate, and will
not penetrate the internal structure of this substrate. It was assumed that nitrogen
compounds would be stored only on the surface of the storage medium in the ad-
sorption process, and that there would be no process of penetration into the internal
structure of this medium as an absorbed compound.

e  The storage process will depend only on the temperature of the catalytic process, the
concentration of the stored compound, and the availability of the storage medium for
newly inflowing nitrogen oxides.

e  When the storage process begins, the entire storage area will be available for newly
inflowing nitrogen oxides.

e  For the developed model to be fully functional, it must allow modification of all
parameters responsible for the storage of nitrogen oxides.

e  Only the adsorption of nitrogen dioxide on the storage medium in the form of barium
carbonate (BaCOj3) according to the following reaction will be responsible for the
storage process:

BaCOj3 + 2NO; + %OZ — Ba(N03)2 + CO, 3)

Barium carbonate was chosen as the storage medium because barium compounds are
used as the NO, storage compound in most real LNT reactors, [10,12].

For Equation (3), the rate of nitrogen dioxide storage reaction on barium carbonate,
according to the general notation of the rate of chemical reactions, was represented by the
following equation:

r = k-(SN02)2 (4)

where k represents the reaction constant (1 /s) and syop represents the mass concentration
of nitrogen dioxide at the reactor inlet (g /m?).

It is known that in the reactors of nitrogen oxide traps, as the duration of the storage
process decreases, the amount of storage space capable of binding the newly incoming
nitrogen oxides decreases. Therefore, the rate of storage reaction decreases as the reactor
storage capacity decreases. For this reason, an additional parameter was introduced into
Equation (4) called the reactor storage capacity loss factor Y. This parameter varies from 0
for a storage surface fully available for incoming nitrogen oxides to a value of 1 for the case
where the storage surface is completely bound in the form of nitrates and is unable to store
any more nitrogen oxides. With this assumption, Equation (4) took the following form:

r= k~(sNOZ)2-(1—‘P) (5)

As mentioned above, the NO; storage reaction rate depends on the degree of filling of
the reactor with nitrogen oxides previously bound in it, which increases with the duration
of this process. This rate is, therefore, dependent on the instantaneous state of the reactor’s
storage surface. In this case, the general formula of the presented reaction mechanism
describing the state of the storage surface of an LNT reactor was defined as follows:

ot; (U-Pmag) =1 fori=1... tmax ©
i

oY

ﬁ'(G‘Pmag) = Km'SNOZ'(1 - 1.IJ) )

where Ky, represents the storage reaction constant (1/s), Pmag represents the coefficient
describing the amount of the total surface of channels available in the reactor per its volume
(m?/m?), o represents the coefficient describing the maximum possible degree of coverage
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of the reactor surface with nitrogen oxides (g/ m?), and (0-Pmag) represents the total NO,
storage capacity in the reactor (g/m3).

After ordering and solving Equation (7), the final formula was obtained, which shows
the dependence of the change in the coefficient of the loss of the reactor storage capacity
on the duration of the storage process, the total storage capacity of the reactor, and the
concentration of nitrogen oxides supplied to its inlet:

(—Km-sNO2 -t
Y= —e TPmago

)11 ®)

In Equation (8), the t-factor represents the duration of the storage process in seconds.
During the process, the remaining parameters influencing the value of coefficient ¥ are
constant; therefore, in the above equation, the coefficient value for the loss of reactor storage
capacity is only a function of time.

In the developed model, which describes the momentary state of filling the reactor’s
storage surface with nitrogen oxides, there is no link between the NOx storage process and
the temperature at which this process occurs. As shown in Figure 2, the temperature of the
catalytic process affects the course of the efficiency of nitrogen oxides adsorption on the
storage medium. To consider a reactor’s operating temperature in the model calculations,
the Ky, parameter (storage reaction constant) was modelled based on the Arrhenius equa-
tion [13], which describes the dependence of the chemical reaction rate on the temperature
of its occurrence. As a result, the constant reaction Ky, takes the following form:

-Ty )

T
Ko = [l T 1)

— kp-e + Wy 9)
where k; and k; represent calibration coefficients (1/s), T1, and T; represent activation and
deactivation temperatures for the storage of nitrogen oxides (K), respectively, Tr represents
the reactor’s operating temperature (K), and wy is a correction factor.

The coefficient w) allows the introduction of a correction related to the external
conditions of the reactor’s operation. It is determined experimentally for each specific
reactor model. It assumes the value of 0 for normal conditions.

The values of the k; and k; constants were determined experimentally by comparing
computational data regarding the concentration of nitrogen oxides downstream of the
reactor with experimental data.

The mathematical model of the loss of storage capacity presented in this paper is
the authors” model; it may, at a later stage (after its calibration and verification based
on empirical research), be used to calculate instantaneous values of the concentration of
nitrogen oxides at a reactor outlet. It is based on generally accepted mathematical and
physical dependencies, particularly the Arrhenius equation. Still, the solution proposed by
the authors of this paper allows us to relate most of the factors influencing the course of
the NO; storage process in an LNT reactor using simple mathematical equations. Using
these mathematical equations, simulation calculations of the NO; storage process can be
carried out for selected temperatures of the catalytic process, nitrogen oxide concentrations
at a reactor’s inlet, and various total NO; storage capacities. Additionally, the change in
a reactor’s storage efficiency as a function of its operating temperature can be shaped by
modifying the Km coefficient. To date, there are no similar solutions in scientific studies
that use several mathematical equations to calculate the NO, storage capacity of an LNT
reactor while taking into account so many influencing factors.

3. Simulation Calculations of the Nitrogen Oxide Storage Process

To perform simulation calculations of the NO, storage process in the reactor it was
necessary to determine the activation and deactivation temperatures of the NO, storage
process (T1 and T, respectively). As previously mentioned, in LNT reactors NO;, the
stored compound, is formed due to NO oxidation via a catalyst (one of the reactor’s
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active layers). Research has shown that the oxidation process of NO to NO; via platinum
begins at temperatures of approximately 200 °C [14], which in the case of simulation
calculations corresponds to the temperature of T;. NO, formation in a reactor disappears
at approximately 350 °C, corresponding to temperature T, [15]. The second important
parameter necessary to perform the calculations was the total storage capacity of a reactor
(0-Pmag), which was determined based on estimates of the theoretical maximum storage
capacity of an LNT reactor and the results of physicochemical studies of the active surface
of an actual reactor. These calculations indicated that a reactor with a 1 dm3 volume
contains 30 g/dm?3 of storage compounds, which could possibly accumulate approximately
0.38 g/dm3 of NO,. However, a reactor containing 15 g/dm? of storage compound can
accumulate approximately 0.19 g/dm? of NO, [16].

Taking into account the calculations presented earlier, simulations were carried out for
two reactor storage volumes and two NO; concentrations at their inlet, according to the
following values:

e Reactor A, with a NO, storage capacity of 380 g/m3, which corresponds to a reactor
containing 30 g/dm? of storage compound, and a simulated NO, concentration at its
inlet of 800 ppm;

e Reactor B, with a NO, storage capacity of 190 g/m?3, which corresponds to a reactor
containing 15 g/dm3 of storage compound, and a simulated NO, concentration at its
inlet of 800 ppm;

e  Reactor C, with a NO, storage capacity of 380 g/m3, which corresponds to a reactor
containing 30 g/dm? of storage compound, and a NO, concentration at its inlet of
400 ppm;

e Reactor D, with a NO, storage capacity of 190 g/m3, which corresponds to a reactor
containing 15 g/dm? of storage compound, and a NO, concentration at its inlet of
400 ppm.

Simulation calculations of changes in NO, concentration at the reactors’ outlets were
carried out for the cases mentioned above. The instantaneous values of NO, conversion in
these reactors were determined for selected operating temperatures from 150 = 600 °C in
increments of 50 °C. Figures 3-5 compare the results of simulation calculations of changes
in NO; concentration and the obtained conversion values of this compound during the
storage process for reactor operating temperatures of 200, 350, and 600 °C, respectively.
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Figure 3. Changes in NO, concentration and its conversion during the storage process in A, B, C,
and D reactors at the operating temperature of 200 °C.
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Figure 4. Changes in NO; concentration and its conversion during the storage process in A, B, C,
and D reactors at the operating temperature of 350 °C.
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Figure 5. Changes in NO, concentration and its conversion during the storage process in A, B, C,
and D reactors at the operating temperature of 600 °C.

Analogous calculations of the instantaneous values of NO; concentration and its
conversion for the four test cases were performed for the remaining temperature values
(150 <+ 600 °C). Based on these calculation results, the importance of the average NO, con-
version levels in the reactor during 120 s of the storage process was determined. Estimates
were made at 120 s because under real operating conditions (actual reactors mounted in
the exhaust system of the vehicle) LNT reactors are filled with NO; (end of storage period),
after approximately 120 s of engine operation on a lean mixture (NO, storage). The results
obtained during these calculations are shown in Figure 6.
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Figure 6. Changes in the average NO, conversion as a function of the operating temperature of

reactors A, B, C, and D for the storage process of 120 s.

Given analysis of the results presented in Figure 6, it can be concluded that the

proposed mathematical model of the NO; storage process is consistent with the theoretical
basis of the operation of LNT reactors. For clarification:

Based on the calculation results obtained for reactor A, reducing the total storage ca-
pacity of the reactor by half (reactor B) significantly reduced its ability to convert NO,,
Reducing the amount of NO, flowing into the reactor by half while maintaining its
original storage capacity (reactor C) significantly improved the conversion properties
of this toxic compound with regard to the base reactor (reactor A).

The calculations also showed that the NO; storage capacity of the reactor with twice
the capacity (reactor D) was identical to the concentration of nitrogen oxides at its
inlet; i.e., twice as low as for the reactor with double the storage capacity but twofold
the concentration of NO; at its inlet (reactor A).

4. Conclusions

Based on the results of simulation calculations for the modeled operating conditions

of the reactor, the following conclusions can be made:

The mathematical model of the NO, storage process developed and proposed by this
paper’s authors is innovative. It considers the impact of a reactor’s storage capacity,
the NO, concentration at its inlet, and its operating temperature on changes in the
instant NO, concentration at its outlet.

This paper’s content is essential because it relates directly to NO, storage reactors
operating with a lean mixture in the engine. This is crucial because lean mixtures
currently power most modern internal combustion engines. Additionally, one of the
main problems is the reduction of nitrogen oxides in lean exhaust gases.

The results presented herein were developed based on the authors” knowledge regard-
ing the NO, storage capacity of alkaline earth metal oxides and research data on the
influence of external factors (such as temperature or the active surface of the reactor) on
the course of the NO; storage process in LNT reactors. The results appeared consistent
with data presented in the relevant literature [7,8,10,17,18].

The simulation calculations presented in this paper are innovative. They are based
on the theoretical calculation model previously proposed by the authors, and the
maximum storage capacity of an LNT reactor, based on actual physicochemical studies
of its active surface.

It can initially be stated that the developed mathematical model of the storage pro-
cess allows accurate reproduction of the substantial loss of NO, storage capacity
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in LNT reactors. In the future, it can be used to simulate calculations allowing a
preliminary estimation of the storage process of this type of reactor under various
operating conditions.

e  Research identifying the value of the Km coefficient as a parameter responsible for
changes in the reactor storage efficiency as a function of its operating temperature will
allow it to be used as a parameter that determines the type of storage substrate used
in a reactor (e.g., Ca, Na, Cs, Ba, Mg, etc.).

e  To verify the proposed model of NO, storage in an LNT reactor thoroughly, results of
simulation calculations should be compared with experimental results carried out on
real LNT reactors.

e  Ultimately, identification and calibration of the developed model will create the possi-
bility of obtaining a tool that initially assesses the NO, storage process in LNT reactors
under various operating conditions without conducting costly and long-term exper-
imental studies. This tool will allow initial rejection of unfavorable solutions. As a
result, it will reduce the costs and time associated with research regarding solutions
that do not bring prospects in a later actual application.

e  Further work on this model should focus on an extended study of the influence of
external factors (ambient temperature and pressure) on the operation of the catalytic
converter, taking into account other elements of alkali metal group.
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