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Abstract:
In recent years, the permissible limits of engine exhaust emissions are reduced considerably. Hence a quick
warm-up and high conversion efficiency of the catalyst system is essential to meet upcoming stringent emis-
sion regulations. In the present work, the transient thermal behavior of an oxidation catalyst is studied using a
one-dimension mathematical modeling approach with the focus on CO oxidation for dual-fuel engine applica-
tion. At first, the heat generation due to chemical reactions is considered negligible for studying the warm-up
behavior. Upon obtaining a good agreement between predicted warm-up temperature profiles with available
literature data, the effect of an electrical heater on the warm-up behavior is investigated. The model is then
extended by incorporating heat generation due to CO oxidation. A simplified reaction rate model is considered
in order to reduce the computational complexity. It is observed that the simplified model agrees well with the
experimental data for both low and high levels of CO concentration at the inlet, typical in dual-fuel technology
when an engine is operated under diesel and dual-fuel modes, respectively.
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1 Introduction

Over the last several years, automotive emission regulations have become more and more stringent due to grow-
ing concerns over air pollution and potential health hazards such as respiratory and cardiovascular diseases.
The first emission control program started in 1970 by California Air Control Board (CARB), which is considered
to be the beginning of emission control era. Compared to gasoline engines, diesel engines produce lesser carbon
monoxide (CO) and hydrocarbon (HC) emissions [1], however, nitrogen oxides (NOx) and particulate matter
(PM) are still a serious concern. NOx is formed mainly due to high in-cylinder temperature during combustion
and availability of oxygen due to overall lean mixture [2, 3]. PM is defined as any matter in the exhaust gas
of an internal combustion engine that can be trapped on a sampling medium at 325 K or less [1]. It is broadly
classified into three major categories, known as dry carbon or soot, inorganic oxides and soluble organic frac-
tions. Dry soot arises due to heterogeneous combustion, where local equivalence ratio exceeds more than two
[2]. NOx in the atmosphere reacts with hydrocarbons to form photochemical smog and acid rains. Moreover,
NOx and PM are alarming human hazards. These pollutants affect human respiratory system, damages lung
tissues and causes bronchitis, etc [4]. Also, one of the major concerns in both gasoline and diesel engines is
the cold start emissions, as this alone contributes up to about 80 % of total HC and CO emissions during the
whole transient cycle. During this cold transient cycle, in order to start and sustain the combustion, relatively
rich fuel-air mixture is supplied to the combustion chamber, which causes increase in fuel consumption and
exhaust emissions [5]. Note that the efficency of a three-way catalytic converter is also low during the cold start
due to low exhaust gas temperature and rich fuel-air ratio [6].

Though, many different approaches such as exhaust gas recirculation, in-cylinder strategies, for example,
control of injection timing and number of injections, along with optimization of combustion chamber geometry

Mayank Mittal is the corresponding author.
© 2019 Walter de Gruyter GmbH, Berlin/Boston.
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have been used to reduce the engine-out emissions, it is still difficult to meet upcoming stringent emission reg-
ulations. It is to be noted that alternative fuel technologies, for example, dual-fuel technology, in which natural
gas acts as a primary fuel and ignited by a pilot quantity of diesel [7], produces significantly lesser NOx and PM
compared to diesel only operation [8, 9]. However, during low and moderate loads, due to lower combustion
efficiency, there is a significant increase in hydrocarbons (mostly methane) and CO [10]. For instance, an en-
gine operating under dual fuel mode produces high level of CO (250 ppm to 2500 ppm) compared to CO levels
(10 ppm to 500 ppm) when operated under diesel only mode [11, 12]. Hence, an oxidation catalyst with high
conversion efficiency is essential for dual-fuel engine technology.

A diesel oxidation catalyst consists of a monolith substrate (metallic or ceramic) encased in a stainless steel
housing. The monolith substrate generally has a large number of channels to provide a large surface area to
volume ratio, and also increases the residence time of the flow [13]. A washcoat such as alumina is then applied
on the walls of the channels which acts as a support system for carrying the catalysts (for example, platinum,
palladium, etc.), and also provides an increase in the surface area for depositing the catalyst material. The per-
formance of the catalyst system, however, depends on various factors such as substrate material, channel design,
type of catalyst and its loading, and so on. Designing a catalyst system solely on the basis of experimental iter-
ations is generally not a feasible option because of time and cost restrictions. Hence, a predictive mathematical
model based on underlying physical and chemical phenomena plays a vital role to perform parametric studies
and optimise the overall system design. However, a three-dimensional modeling of the entire catalyst system
is computationally very expensive, and thus, practically impossible. Instead, a one-dimensional mathematical
modeling is a viable choice with global rate reactions that describes the phenomenon in the catalytic converter
reasonably well with low computational efforts, and provides useful information for quick design iterations.
A first step towards the simplification of modeling efforts is to reduce the three-dimensional coordinates into
two-dimensional coordinates (i. e. axial and radial). A further simplification to one-dimensional coordinate (i. e.
axial) is ensured by neglecting the effects of radial heat conduction. This allows the entire catalyst to be modeled
with only one channel by utilizing average flow parameters, neglecting channel’s mal-distribution. The effects
of surface adsorption-desorption and pore diffusion through the washcoat are often neglected, and essentially
lumped into the kinetic rate expressions of global reaction rate models [13]. As the efficiency of a catalyst sys-
tem depends upon chemical species, temperature and residence time, the entire catalyst can be modeled using
species and energy conservation equations considering two phases, i. e. bulk gas and surface. It is worth noti-
fying that the momentum equation is often neglected in the modeling efforts because the pressure throughout
the catalyst is essentially constant. The equations of species conservation keep track of species concentrations in
the bulk gas and at the surface of the channel. However, the presence of a large number of reactions still makes
the modeling efforts computationally expensive, and requires further simplification. The energy conservation
equations provide the temperature profiles for both bulk gas and surface through the catalyst.

In the present work, a simplified one-dimensional mathematical model is developed to study the transient
thermal behavior of an oxidation catalyst. As NOx and PM can be simultaneously reduced in dual-fuel engine
application, and that the major constituent of HC is methane which has slow oxidation [14, 15] and does not
come under non-methane hydrocarbon (NMHC) regulations during on-board diagnostics (OBD) [16], the focus
is laid upon CO oxidation. During warm-up, as there is no appreciable chemical reaction that takes place at the
surface of the catalyst, the model is first considered without heat generation and validated with [17]. Later, the
model is extended to incorporate the CO oxidation with simplified reaction rate model for studying the light-
off behavior, and validated with low level of CO concentration with available experimental data from [18]. The
simplified model is also validated for the case with high level of CO concentration (typical in dual-fuel engines)
with [19, 20] for the applicability of the model over a wide range of CO concentration at the inlet of the catalyst
system.

2 Mathematical model to study the warm-up behavior of the catalytic converter

At first, the mathematical model only on the basis of energy conservation equations is considered to study the
warm-up behavior of the catalytic converter. This provides the model a greater utility by not restricting it to a
particular catalyst system for warm-up studies. Eq. (1) and (2) represent to energy conservations for bulk gas
and surface, respectively.

𝜀 𝑘𝑔 𝜕𝜕𝑥 ⎛⎜⎝𝜕𝑇𝑔𝜕𝑥 ⎞⎟⎠ − 𝐺 𝐶𝑝𝑔 𝜕𝑇𝑔𝜕𝑥 − 𝑎𝑠ℎ (𝑇𝑔 − 𝑇𝑠) = 𝜀 𝜌𝑔𝐶𝑝𝑔 𝜕𝑇𝑔𝜕𝑡 (1)
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(1 − 𝜀) 𝑘𝑠 𝜕𝜕𝑥 (𝜕𝑇𝑠𝜕𝑥 ) + 𝑎𝑠ℎ (𝑇𝑔 − 𝑇𝑠) = (1 − 𝜀) 𝜌𝑠𝐶𝑠 𝜕𝑇𝑠𝜕𝑡 (2)

where, 𝑘𝑔 [J/ (m ⋅ s ⋅ K)] and 𝑘𝑠[J/ (m ⋅ s ⋅ K)] are the thermal conductivities of bulk gas and solid, respectively.𝜀 [ - ] is the void fraction, 𝑇𝑔 [K] is the bulk gas temperature, 𝑇𝑠 [K] is the surface (or monolith) temperature,𝐶𝑝𝑔 [J/(kg ⋅ K)] is the specific heat of gas at constant pressure, 𝐶𝑠 [J/(kg ⋅ K)] is the specific heat of solid, 𝑥
[m] is the axial distance, ℎ [J/ (m2 ⋅ s ⋅ K)] is the heat transfer coefficient between gas and solid, 𝑎𝑠 [m2/m3] is
the geometric surface area per unit reactor volume, 𝜌𝑠 [kg/m3] and 𝜌𝑔 [kg/m3] are the densities of solid and
bulk gas, respectively. 𝐺 [kg/ (m2 ⋅ s)] is the rate of mass flow of gas, and 𝑡 [s] represents to the time. The first
term on the left-hand side of eq. (1) represents to the axial heat conduction in the bulk gas, the second term
represents to the enthalpy transfer due to bulk motion, and the third term describes the convective heat transfer
between bulk gas and surface. The term on the right-hand side of eq. (1) represents to energy accumulation in
the bulk gas. Similarly, the first term on the left-hand side of eq. (2) represents to the axial heat conduction
in surface, and the second term represents to the convective heat transfer between bulk gas and surface. The
term on the right-hand side of eq. (2) describes the energy storage for the surface. The accumulation and axial
heat conduction terms in the bulk gas energy equation, eq. (1), however, are neglected as they are very small
compared to other terms [17]. The absence of accumulation term also makes the catalyst modeling easier, and
thus, avoids the numerical difficulties. The axial conduction term in the surface phase energy equation [eq. (2)]
is also neglected, as it is found to be much smaller compared to convective heat transfer and storage terms of
the monolith [17]. After above assumptions, eqs. (1) and (2) can be written as;

𝜕𝑇𝑔𝜕𝑧 + 𝑎𝑠ℎ𝐿𝐺𝐶𝑝𝑔 (𝑇𝑔 − 𝑇𝑠) = 0 (3)

𝜕𝑇𝑠𝜕𝑡 = 𝑎𝑠ℎ(1 − 𝜀) 𝜌𝑠𝐶𝑠 (𝑇𝑔 − 𝑇𝑠) (4)

where, Δ𝑧 = Δ𝑥/𝐿, i. e. normalized axial distance. In many converter designs, space velocity (𝜎, [hr - 1]) is one
of the important factors for consideration. In a heterogeneous fixed-bed catalyst, the residence time is defined in
terms of volumetric flow and volume of the catalyst [1]. Space velocity, eq. (5), is calculated usually on the basis
of outside physical dimensions. The volumetric gas flow rate is generally considered at standard temperature
and pressure (STP).

space velcoity (𝜎) =
volume flow rate of feed at STP
physical volume of the catalyst (5)

Therefore, eq. (3) can also be re-written as;

𝜕𝑇𝑔𝜕𝑧 + ⎛⎜⎝ 𝑎𝑠ℎ𝐺𝐶𝑝𝑔 ⎞⎟⎠ ( 𝐺𝜎𝜌𝑆𝑇𝑃 ) (𝑇𝑔 − 𝑇𝑠) = 0 (6)

here, space velocity and bulk gas density (𝜌𝑆𝑇𝑃 [𝑘𝑔/𝑚3]) are calculated at the STP condition. The local heat
transfer coefficient (ℎ) and specific heat of gas (𝐶𝑝𝑔) are considered from Vardi and Biller [17]. The average bed
temperature of the solid is:

𝑇𝑎𝑣(𝑡) = ∫1
0 𝑇𝑠 (𝑡, 𝑧)𝑑𝑧∫1

0 𝑑𝑧 = ∫1
0 𝑇𝑠(𝑡, 𝑧)𝑑𝑧 (7)

The surface phase energy equation [eq. (4)] is discretized using the forward difference method, while the energy
equation for the bulk gas [eq. (6)] is discretized using the backward difference method. Note that the central
difference method is not used due to restrictions imposed on both time step and axial interval. Therefore,

𝑇𝑛+1𝑠,𝑖 = (1 − ℎ𝑎𝑠(1 − 𝜀)𝜌𝑠𝐶𝑠Δ𝑡) 𝑇𝑛𝑠,𝑖 + ( ℎ𝑎𝑠(1 − 𝜀)𝜌𝑠𝐶𝑠Δ𝑡) 𝑇𝑛𝑔,𝑖 (8)
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𝑇𝑛+1𝑔,𝑖 = 𝑇𝑛+1𝑔,𝑖−1 + ( ℎ𝑎𝑠Δ𝑧𝐶𝑝𝑔 𝜎 𝜌𝑆𝑇𝑃 ) 𝑇𝑛+1𝑠,𝑖
1+ ( ℎ𝑎𝑠Δ𝑧𝐶𝑝𝑔 𝜎 𝜌𝑆𝑇𝑃 ) (9)

where, 𝑛 + 1 represents to the temperature at time 𝑡 + Δ𝑡, and 𝑖 represents to the axial node of the converter.
Here, the time step restriction is:

Δ𝑡 ≤ (1 − 𝜀) 𝜌𝑠𝐶𝑠𝑎𝑠ℎ (10)

The warm-up model is validated for the converter of length 0.42 m (1.38 ft) with mass flow rate of 1.36 kg/m2.s
(1000 lb./sq.ft.hr), and geometric surface area of 984.25 m2/m3 (300 sq.ft/cu.ft). A detailed information of var-
ious converter parameters are provided in Table 1.

Table 1: Parameters for validating the warm-up behavior of the catalytic converter [17].

Symbol Parameter Quantity

σ space velocity 10,000 hr−1

L length of monolith 0.42 m (1.38 ft)
Pr Prandtl number 0.73
Ψ shape factor for catalyst particles 0.91
G mass flow rate of gas 1.36 kg/(m2·s) (1000 lb/(ft2·hr))
as geometric surface area per unit

reactor volume
984.25 m2/m3 (300 ft2/ft3)

Ts0 initial temperature of solid 299.8 K (80°F)
Tg0 inlet steady-state temperature of

bulk gas
899.8 K (1160°F)

(1–ε)ρs effective solid density 830 kg/m3

Figure 1 shows the comparison of average bed temperature with available data from [17]. Transient temperature
profiles for both bulk gas and solid are also plotted approximately for every 0.76 minute (see Figure 2). Note
that the maximum reachable temperature in the above case is 899.8 K (or 1160 °F), which is mainly due to the
absence of the source term. As expected, simulated temperature profiles of both bulk gas and solid are close to
each other [17]. This is mainly due to small size of the catalyst pellets used, and availability of large surface area,
approximately 984.25 m2/m3 (300 sq.ft/cu.ft), hence a small resistance for the heat transfer between the bulk
gas and the solid. This type of analysis is particularly useful to estimate the transient temperature distribution
during warm-up and for the preliminary design of converter without depending upon a particular catalyst
system.

Figure 1: Comparison of average bed temperature of the solid between present model literature data.
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Figure 2: Comparison between computed bulk gas and solid temperature profiles.

Effect of external heater during the warm-up period of the converter:
During the warm-up period, as there is no appreciable heat generation, an external electrical heater can be

employed, thus improving the transient thermal behavior of the converter. Hence a supplementary resistive
heat source term (𝑃/𝑉𝑥) is introduced in the energy equation of the solid phase [eq. (10)], where 𝑃 [W] is the
power supply, and 𝑉𝑥 [m3] is the volume of the monolith selected for the heating purpose.

(1 − 𝜀) 𝜌𝑠𝐶𝑠 𝜕𝑇𝑠𝜕𝑡 = (1 − 𝜀) 𝑘𝑠 𝜕𝜕𝑥 (𝜕𝑇𝑠𝜕𝑥 ) + 𝑎𝑠ℎ (𝑇𝑔 − 𝑇𝑠) + 𝑃𝑉𝑥 (11)

Note that 0 ≤ 𝑉𝑥 ≤ 𝑉𝑚, where 𝑉𝑚 [m3] is the total volume of the converter (monolith), provides a uniform
heating for the heated zone and zero heating for the non-heated zone. This gives the flexibility to the user
utilizing an external heater for a given converter volume. However, in the present work, the external heater is
applied to the whole converter volume to evaluate its influence during the warm-up condition.

The discretized version of the surface energy equation, eq. (11), with the source term is following,

𝑇𝑛+1𝑠,𝑖 = (1 − ℎ𝑎𝑠(1 − 𝜀) 𝜌𝑠𝐶𝑠Δ𝑡) 𝑇𝑛𝑠,𝑖 + ( ℎ𝑎𝑠(1 − 𝜀) 𝜌𝑠𝐶𝑠Δ𝑡) 𝑇𝑛𝑔,𝑖 + ( Δ𝑡(1 − 𝜀) 𝜌𝑠𝐶𝑠 ) 𝑃𝑉𝑥 (12)

To show the effect of an external heater, a resistive electrical heater with maximum power rating of 1150 W
[21] is considered, and its influence on transient temperature behavior is analyzed. It is evident that transient
temperature profiles and average bed temperature are improved (Figure 3), i. e. relatively faster warm-up is
achieved compared to the case without an external heater. At the end of 7.6 minutes, the average bed temper-
ature with heater is 920.9 K (1198 °F) compared to the maximum attainable temperature of 899.8 K (1160 °F) in
the previous case (without heater). Note that these transient temperature profiles can be further improved by
increasing the power rating of the heater, however, this depends on the availability of the heater and overall
cost-effectiveness of the project.

Figure 3: Comparison of solid temperature profiles without and with an external heater for constant temperature feed: (a)
warm-up temperature, and (b) average temperature.
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3 Mathematical model incorporating species conservation equations for CO
oxidation

As exothermic chemical reaction happens at the surface of the catalyst, a source term is included in the energy
conservation equation of the solid:

(1 − 𝜀) 𝑘𝑠 𝜕𝜕𝑥 (𝜕𝑇𝑠𝜕𝑥 ) + 𝑎𝑠ℎ (𝑇𝑔 − 𝑇𝑠) + 𝑎(𝑥)𝐻𝐶𝑂𝑅𝐶𝑂 = (1 − 𝜀) 𝜌𝑠𝐶𝑠 𝜕𝑇𝑠𝜕𝑡 (13)

where, 𝐻𝐶𝑂 [J/mol] is the heat of reaction of CO oxidation, 𝑅𝐶𝑂 [mol/ (m2 ⋅ s)] is the specific reaction rate of
CO, and 𝑎𝑥 [m2/m3] is the catalytic surface area per unit reactor volume.

Upon comparing eqs. (2) and (13), it can be seen that there is an additional term present in eq. (13), which
represents to the source term incorporating the heat generation due to CO oxidation. In the absence of this
term, the maximum attainable temperature of the catalyst system is lesser or equal to the exhaust gas inlet
temperature.

The bulk gas energy equation as reported in Section 2 is:

𝐺𝐶𝑝𝑔 𝜕𝑇𝑔𝜕𝑥 + 𝑎𝑠ℎ (𝑇𝑔 − 𝑇𝑠) = 0 (14)

The bulk gas species equation is following [22]:

𝜀𝜕 ̄𝑐𝑔,𝑗𝜕𝑡 = −𝑣𝜕 ̄𝑐𝑔,𝑗𝜕𝑥 − 𝑘𝑚,𝑗𝑎𝑠 ( ̄𝑐𝑔,𝑗 − ̄𝑐𝑠,𝑗) (15)

Where, ̄𝑐𝑔,𝑗 [mol/m3] and ̄𝑐𝑠,𝑗 [mol/m3] are concentrations of species 𝑗 in bulk gas and surface phase, respec-
tively. 𝑘𝑚,𝑗 [m/s] is the diffusion mass transfer coefficient for species 𝑗, where 𝑗 includes CO, O2, and CO2. 𝑎𝑠[m2/m3] is the geometric surface area per unit reactor volume, and 𝑣 [m/s] is the bulk gas velocity. In eq.
(15), the term on the left-hand side describes the storage of species in the bulk gas, whereas the first term on
the right-hand side describes the propagation of species in the bulk gas through the channel, and the second
term describes the mass transfer of species from the bulk gas to the surface due to concentration difference. The
species conservation equation for the surface is following:

𝜕 ̄𝑐𝑠,𝑗𝜕𝑡 = 𝑘𝑚,𝑗𝑎𝑠
1 − 𝜀 ( ̄𝑐𝑔,𝑗 − ̄𝑐𝑠,𝑗) − 𝑎(𝑥)𝑅𝑗

1 − 𝜀 (16)

where, the term on the left-hand side represents to the storage of the species at the surface, the first term on the
right-hand side describes the mass transfer of species between the surface and bulk gas, and the second term
represents to the reaction at the surface. 𝑅𝑗 [𝑚𝑜𝑙/ (𝑚2 ⋅ 𝑠)] is specific reaction rate of species 𝑗. The heat transfer
coefficient ℎ in eqs. (13) and (14) and the mass transfer coefficient 𝑘𝑚,𝑗 in eqs. (15) and (16) are defined based on
[22],

ℎ = 𝑁𝑢∞𝑘𝑔
2𝑅ℎ (17)

𝑘𝑚,𝑗 = 𝑆ℎ∞𝐷𝑗,𝑁2

2𝑅ℎ (18)

where, 𝑅ℎ [𝑚] is the hydraulic radius of the channel, 𝑁𝑢∞ [−] and 𝑆ℎ∞ [−] are limiting Nusselt number and
Sherwood number, respectively. In a fully developed flow, Nusselt and Sherwood numbers approach a limiting
value and becomes independent of axial direction. The values of both Nusselt and Sherwood numbers are
obtained from fully developed laminar flow with constant wall heat flux as reported in Shah and London [23].𝐷𝑗,𝑁2

[cm2/s] is the diffusivity of species 𝑗, and it is estimated by using the Slattery-Bird formula [24],

𝐷𝑗,𝑁2
= (𝑝𝑐,𝑗𝑝𝑐,𝑁2

) 1
3 (𝑇𝑐,𝑗𝑇𝑐,𝑁2

) 5
12 ⎛⎜⎝ 1𝑀𝑗 + 1𝑀𝑁2

⎞⎟⎠
1
2 × 2.745 × 10−4 × ⎛⎜⎜⎜⎝

𝑇𝑠√𝑇𝑐,𝑗𝑇𝑐,𝑁2

⎞⎟⎟⎟⎠
1.823

(19)
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where, 𝑝𝑐,𝑗 [𝑎𝑡𝑚] and 𝑝𝑐,𝑁2
[𝑎𝑡𝑚] are the critical pressures of species 𝑗 and nitrogen, respectively. 𝑇𝑐,𝑗 [𝐾] is the

critical temperature of species 𝑗, and 𝑇𝑐,𝑁2
[𝐾] is the critical temperature of nitrogen. Similarly, 𝑀𝑗 [𝑘𝑔/𝑚𝑜𝑙] and𝑀𝑁2

[𝑘𝑔/𝑚𝑜𝑙] are the molecular weights of species j and nitrogen, respectively.
The reaction rate in eq. (16) is related to species j, where j = CO, O2 and CO2. In 1973, Voltz et al. [25] intro-

duced a reaction model for the CO reaction in a gaseous blend of CO, C3H6, O2, NO, CO2 and N2, by utilizing a
multi-gas test bench with inhibition effects due to CO, C3H6, and NO. The following reaction mechanism was
proposed:

𝑅𝐶𝑂 = 𝑘𝐶𝑂𝑐𝐶𝑂𝑐𝑂2𝐺1
(20)

𝑅𝐶3𝐻6
= 𝑘𝐶3𝐻6

𝑐𝐶3𝐻6
𝑐𝑂2𝐺1

(21)

where, 𝑘𝐶𝑂 [𝑚𝑜𝑙/ (𝑚2 ⋅ 𝑠)] and 𝑘𝐶3𝐻6
[𝑚𝑜𝑙/ (𝑚2 ⋅ 𝑠)] are defined as intrinsic rate constants for CO and C3H6

oxidation reactions based on catalyst volume. 𝐺1 [−] is a resistance term for the inhibition effects of CO, C3H6
and NO. The expression for 𝐺1 is:

𝐺1 = (1 + 𝐾1𝑐𝐶𝑂 + 𝐾2𝑐𝐶3𝐻6
)2 (1 + 𝐾3𝑐2𝐶𝑂𝑐2𝐶3𝐻6

) (1 + 𝐾4𝑐0.7𝑁𝑂) (22)

where, 𝐾1 [−] and𝐾2 [−] are defined as adsorption constants for CO and C3H6, respectively, 𝐾3 [−] is the ad-
sorption constant for combined effect of CO and C3H6, and 𝐾4 [−] is the adsorption constant for NO. 𝑐𝑂2

, 𝑐𝐶3𝐻6
,𝑐𝐶𝑂 and 𝑐𝑁𝑂 are surface species mole fractions of O2, C3H6, CO and NO, respectively. It is to be noted that(1 + 𝐾1𝑐𝐶𝑂 + 𝐾2𝑐𝐶3𝐻6

)2 in 𝐺1 accounts for the inhibition effect due to CO and C3H6 [25], and (1 + 𝐾3𝑐2𝐶𝑂𝑐2𝐶3𝐻6
)

is required to fit the experimental data at higher concentrations of CO and C3H6. Furthermore, (1 + 𝐾4𝑐0.7𝑁𝑂) is
the adsorption term for NO, which is one of the inhibiting species in the oxidation of CO and C3H6. Following
this, Becker and Wei [26] proposed a model based on Voltz et al. [25] by considering adsorption of CO on Pt
catalyst,

𝑅𝐶𝑂 = 𝑘𝐶𝑂𝑐𝐶𝑂𝑐𝑂2(1 + 𝐾1𝑐𝐶𝑂)2 (23)

However, in their analysis, the gaseous constituents at the inlet were only CO and O2, which is far from any real
case scenario. Oh and Cavendish [22] improved the reaction model proposed by Voltz et al. [25] and extended
to two other species, namely CH4 and H2. The reaction model proposed by the authors for CO is:

𝑅𝐶𝑂 = 𝑘𝐶𝑂𝑐𝐶𝑂𝑐𝑂2𝐺2
(24)

𝐺2 = 𝑇𝑠(1 + 𝐾1𝑐𝐶𝑂 + 𝐾2𝑐𝐶3𝐻6
)2 (1 + 𝐾3𝑐2𝐶𝑂𝑐2𝐶3𝐻6

) (1 + 𝐾4𝑐0.7𝑁𝑂) (25)

The difference between Voltz et al. [25] and Oh and Cavendish [22] models are that the latter contained an extra
term, “solid temperature” in its reaction inhibition mechanism. The addition of surface temperature 𝑇𝑠 [𝐾] in
the inhibition term can be explained in terms of surface coverage of CO. In 2003, Bourane and Binachi [27]
observed that CO coverage on the active catalytic sites is nearly constant until 600 K, and decreases linearly
with the increase in temperature. Prior to that, Rinnemo et al. [28] determined that the activation energy for CO
oxidation increases with the decrease in CO coverage sites, which in turn makes oxidation process slow.

As modeling in catalytic converter is not an easy task and the reaction rate model poses a major challenge
[29], in the present work, a simplified model is used based on Wei and Baker [20] and Oh and Cavendish [22]. In
the model, solid temperature [𝑇𝑠] and inhibition effect due to CO are considered, and the inhibition parameters
are not changed.

The global oxidation reaction happens over Pt-Al2O3 catalyst system is,

𝐶𝑂 + 1
2

𝑂2 = 𝐶𝑂2 (26)
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𝑅𝐶𝑂 = 𝑘𝐶𝑂𝑐𝐶𝑂𝑐𝑂2𝐺𝐶𝑂 (27)

𝐺𝐶𝑂 = 𝑇𝑠(1 + 𝐾𝐶𝑂𝑐𝐶𝑂)2 (28)

where, 𝑅𝐶𝑂 [𝑚𝑜𝑙/ (𝑚2 ⋅ 𝑠)] is the specific reaction rate for CO, 𝑐𝐶𝑂 [−] and 𝑐𝑂2
[−] are the mole fractions of CO

and O2 at the surface, 𝐺𝐶𝑂 [𝐾] is the inhibition activity due to CO, 𝐾𝐶𝑂 [−] is the adsorption constant due to
CO, 𝑘𝐶𝑂 [𝑚𝑜𝑙 ⋅ 𝐾/ (𝑚2 ⋅ 𝑠)] is the rate constant for CO reaction, and 𝑇𝑠 [𝐾] is the surface temperature.

The adsorption term in the inhibition is usually system insensitive, therefore, the values for activation energy
and pre-exponential factor are taken as provided in [22, 25].

𝐾𝐶𝑂 = 65.5 exp (961𝑇𝑠 ) (29)

𝐺𝐶𝑂 = 𝑇𝑠(1 + 65.5 exp (961𝑇𝑠 ) 𝑐𝐶𝑂)2
(30)

𝑘𝐶𝑂 = 𝐴 exp ( −𝐸𝑎𝑅𝑢𝑇𝑠 ) (31)

Note that 𝐴 [𝑚𝑜𝑙/ (𝑚2 ⋅ 𝑠)] is the pre-exponential parameter and 𝐸𝑎 [𝐽/𝑚𝑜𝑙] is the activation energy, which are
calibrated based on available experimental data. 𝑅𝑢 [𝐽/ (𝑚𝑜𝑙 ⋅ 𝐾)] is the universal gas constant. Based on the
stoichiometric reaction, the reaction rates for O2 and CO2 in eq. (26) are,

𝑅𝑂2
= 0.5𝑅𝐶𝑂 (32)

𝑅𝐶𝑂2
= −𝑅𝐶𝑂 (33)

In the catalyst model, a number of boundary conditions are needed to solve the model, which are following,

𝑇𝑠 (𝑥, 0) = 𝑇𝑠0(𝑥) (34)

𝑇𝑔(0, 𝑡) = 𝑇𝑖𝑛𝑔 (35)

𝑐𝑔,𝑗(0, 𝑡) = 𝑐𝑖𝑛𝑔,𝑗 (36)

𝑐𝑠,𝑗(0, 𝑡) = 𝑐𝑖𝑛𝑔,𝑗 (37)

𝜕𝑇𝑠𝜕𝑥 |(0,𝑡) = 𝜕𝑇𝑠𝜕𝑡 |(𝐿,𝑡) = 0 (38)

The discretization of surface phase energy equation, eq. (13), is based on the forward-time central-space (FTCS)
method [30],

(1 − 𝜀) 𝜌𝑠𝐶𝑠 𝑇𝑛+1𝑠,𝑖 − 𝑇𝑛𝑠,𝑖
Δ𝑡 = ((1 − 𝜀) 𝑘𝑠 𝑇𝑛𝑠,𝑖+1 − 2𝑇𝑛𝑠,𝑖 + 𝑇𝑛𝑠,𝑖−1

Δ𝑥2 + 𝑎𝑠ℎ (𝑇𝑛𝑔,𝑖 − 𝑇𝑛𝑠,𝑖) + 𝑎(𝑥)𝐻𝐶𝑂𝑅𝐶𝑂) (39)

The bulk gas energy and species equations, eqs. (14) and (15), are discretized by using the first-order differ-
ence method in order to ensure the accuracy and consistency for convergence of the solution along with fast
computational speed.

𝐺𝐶𝑝𝑔 𝑇𝑛+1𝑔,𝑖 − 𝑇𝑛+1𝑔,𝑖−1

Δ𝑥 + 𝑎𝑠ℎ𝜀 (𝑇𝑛+1𝑔,𝑖 − 𝑇𝑛+1𝑠,𝑖 ) = 0 (40)
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𝑣 ̄𝑐𝑛+1𝑔,𝑗,𝑖 − ̄𝑐𝑛+1𝑔,𝑗,𝑖−1

Δ𝑥 − 𝑘𝑛+1𝑚,𝑗 𝑎𝑠𝜀 ( ̄𝑐𝑛+1𝑔,𝑗,𝑖 − ̄𝑐𝑛+1𝑠,𝑗,𝑖 ) = 0 (41)

The surface phase species equation, eq. (16), is discretized implicitly in order to avoid the stiffness due to kinetic
expression of the reaction term.

̄𝑐𝑛+1𝑠,𝑗,𝑖 − ̄𝑐𝑛𝑠,𝑗,𝑖
Δ𝑡 = 𝑘𝑛+1𝑚,𝑗 𝑎𝑠

1 − 𝜀 ( ̄𝑐𝑛+1𝑔,𝑗,𝑖 − ̄𝑐𝑛+1𝑠,𝑗,𝑖 ) − 𝑎(𝑥)𝑅𝑛+1𝑗
1 − 𝜀 (42)

The time step used is;

Δ𝑡 ≤ 2𝜌𝑠𝐶𝑠
4𝑘𝑠
Δ𝑥2 + ℎ𝑎𝑠

1−𝜀 (43)

Note that the above time step is much more restricted than that of the time step reported in eq. (10), where the
model is considered without chemical reaction.

3.1 Validation of the mathematical model for low CO concentration at the inlet

After validating the mathematical model for warm-up behavior and examining the influence of external heater
on transient thermal response of the converter, the model is extended to incorporate the heat generation due
to CO oxidation. Both high and low levels of CO concentration at the inlet are considered, and results are
compared with available experimental data for low CO concentration from Pandya et al. [18] and for high CO
concentration from Missy et al. [19] to ensure that the model works over a wide range of CO concentration at the
inlet. It is worth notifying that the validation efforts in the present work incorporated the inlet concentrations (or
mass fractions) of CO, O2, and CO2 as reported in the literature. The concentrations of other species, however,
are ignored, and were replaced with nitrogen. The parameters of the three-way catalytic converter of 400 cells
per square inch (CPSI) with wall thickness of 6.5 mil (1 mil = 25 µm) are provided in Table 2.

Table 2: Parameters for predicting light-off temperature for low concentration of CO at the inlet [18].

Symbol Definition Quantity

Ts0 Initial surface temperature 373 K𝑇𝑖𝑛𝑔 Inlet bulk gas temperature 350 K - 560 K
L Length of the monolith 76.2 mm
D Diameter of the monolith 25.4 mm
σ Space velocity 50,000 h−1

ρs Solid density 410 kg/m3

ks Thermal conductivity of solid 0.4 W/m/k
Cs Specific heat capacity of solid 1130 kJ/kg/K

Exhaust gas specie [in ppm or % (v/v))] CO = 100 ppm); O2 = 6 %; CO2= 10 %, N2 = balance

Both in Pandya et al. [18] and Missy et al. [19], experimental light-off curves were obtained by imposing the
temperature ramps at the inlet of the oxidation catalysts. The experimental procedures were similar to Voltz
et al. [25] utilizing synthetic gas test bench, and consisted of three major parts: the gas mixing unit, the gas pre-
heater and reactor, and the gas analysers [18, 31]. The desired concentrations of different gaseous species were
obtained by blending pure CO, C3H6, NO, H2, CO2 and N2. The reactor was modeled using one-dimensional
mathematical modeling approach, and was based on heterogeneous catalyst reactions in a single channel. While
developing the kinetic model, Pandya et al. [18] considered the oxidation reactions of CO, C3H6, H2 and NO,
and reduction of NO by C3H6.

Figure 4 provides the comparison of CO conversion curves obtained using present model with both exper-
imental and numerical results of Pandya et al. [18] for the low level of CO concentration (i. e. 100 ppm) at the
inlet. It is worth notifying that experiments performed by Pandya et al. [18] utilized a synthetic gas test bench,
and simulated the real exhaust gas scenario incorporating multi-species, i. e. CO, C3H6, NO, and H2. Also, the
model reported by Pandya et al [18] considered a set of multi-species global reaction rates for CO, C3H6, NO,
and H2, and included the inhibition effect due to CO as well as due to C3H6 and NO. Hence the model ac-
counted eight coupled mass transfer equations (for CO, C3H6, NO, O2) and four coupled reaction rates (CO,
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C3H6, NO, O2) along with two energy conservation equations (for bulk gas and solid) which is computation-
ally difficult and expensive, and highly unstable. Moreover, as the reactions are sensitive to temperature and
composition [32], this makes the model more complicated. It is reported that authors had 17 adjustable pa-
rameters for the global kinetic model [18]. However, the use of simplified reaction rate model, in the present
work, helps in reducing the computational complexity as the focus is laid on CO conversion. Also, it can be
seen (Figure 4) that the simplified model compares well with the CO conversion reported by Pandya et al. [18].
The adjustable parameters in the present simplified model, however, are only two, i. e. activation energy and
Arrhenius coefficient.

Figure 4: A comparison of CO conversion for low level of CO concentration at the inlet.

3.2 Validation of the mathematical model for high CO concentration at the inlet

Diesel engines operating under dual-fuel mode contains a high level of CO concentration in the exhaust [12].
To ensure a wide range of operation based on CO concentration at the inlet of the converter, the model is also
validated with Missy et al. [19] having a high level of CO concentration at the inlet. Missy et al. [19] used a 400
CPSI ceramic converter with wall thickness of 6.5 mil, length of 0.1524 m and diameter of 0.1016 m. The mass
flow rate of 95.2 kg/h was applied, and the temperature was increased slowly by 14.5 K/min from 380 K to
560 K. The conversion was assumed to be non-adiabatic, and modeling was carried out for a single channel.

Table 3 provides the parameters of the three-way catalytic converter of 400 CPSI and wall-thickness of 6.5 mil
used for the modeling efforts.

Table 3: Parameters for predicting light-off temperature for high concentration of CO at the inlet [19].

Symbol Definition Quantity

Ts0 Initial surface temperature 373 K𝑇𝑖𝑛𝑔 Inlet bulk gas temperature 380 K - 560 K
L Length of the monolith 152.4 mm
D Diameter of the monolith 101.6 mm
G mass flow rate of gas 95.2 kg/h
ρs Solid density 410 kg/m3

ks Thermal conductivity of solid 0.4 W/m/k
Cs Specific heat capacity of solid 1130 kJ/kg/K

Exhaust gas specie (in mass fraction): CO = 0.00509 (4542.3 ppm); O2 = 0.01 (10.2 %); CO2 = 0.208, N2 = balance

Figure 5 compares the conversion of CO utilizing the present model with available experimental data incor-
porating 4542 ppm of CO level at the inlet and the model data from [19]. As shown in Figure 5, the out of the
present model compares well with the experimental data up to about 70 % of conversion, with relatively faster
prediction beyond that compared to both experimental data and [19]. This is expected as the actual CO reaction
is relatively slower due to the presence of propylene (C3H6) which has an inhibition effect on CO conversion
rate [25], not considered in the present simplified model. As light-off temperature is defined based on 50 % con-
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version of a gaseous species, this model is very useful for CO conversion through oxidation catalyst, particularly
for dual-fuel engine operation with much less computational cost

Figure 5: A comparison of CO conversion for high level of CO concentration at the inlet.

4 Conclusions

Over the past decades, the automotive emission norms have become more and more stringent to control the air
pollution. Moreover, due to increase in fuel price along with ever growing demand for energy, the dual-fuel
technology is becoming more popular. One of the promising candidates for dual-fuel technology is natural
gas, owing to its low C/H ratio, and ability to reduce NOx and PM simultaneously. However, during low
and medium loads, CO and HC emissions are very high due to lower in-cylinder temperature and incomplete
combustion. As most of the HC emission is methane under dual-fuel operating mode, the focus is laid upon
CO oxidation. For this purpose, a simplified one-dimensional mathematical model is proposed based on un-
derlying physical and chemical phenomena in a catalytic converter. At first, the model is developed without
considering the heat generation due to chemical reactions, and is validated with Vardi and Biller [17] for the
prediction of transient temperature profiles and average bed temperature of the converter for warm-up studies.
In this stage, only energy conservation equations for both bulk gas and solid are utilized. This is particularly
helpful for the analysis of converter producing little to no heat, for example, during the cold start of the engine.
The average bed temperature of the converter is helpful for comparing different catalyst systems. During the
cold start, as the exhaust gas temperature is lower than the light-off temperature of the converter, the warm-up
behavior was improved by adding an external heater to the required volume as a source term.

After successful validation, the model is extended to incorporate the effect of chemical reaction due to CO
oxidation with simplified reaction model. The inhibition effect due to CO is only considered, and correspond-
ing species conversion equations are used. The reaction model is calibrated based on experimental data, and
validation was performed for both high and low levels of CO concentration at the inlet with available exper-
imental data. The model is particularly useful to study the conversion of CO through the oxidation catalyst
for dual-fuel engine application, with high level of CO concentration under dual-fuel mode and low level of
CO concentration under diesel only mode. The simplified reaction model reduced the computational complex-
ity and difficulty associated with determining various parameters for exact mechanisms of CO reaction. Such
analysis is particularly helpful for examining the light-off temperature with limited computational resources
without depending upon other gaseous species. The model can also be extended by adding the oxidation reac-
tion for C3H6 for studying the inhibition effect of C3H6 on CO conversion.
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