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Abstract. The thermal transient of the after-treatment system (ATS) during the cold start
and the typical urban drive low load engine operations is a crucial point for the conversion
efficiency. In this context, the adoption of electrical heating is regarded as an effective solution
to promote the catalytic activity and the pollutants abatement. This paper focuses on the
evaluation of the radiative heat transfer affecting the operation of an electrical heated catalyst
employed to increase the abatement efficiency of a standard catalyst. The modeling methodology
relies on a CFD framework based on a Conjugate Heat Transfer (CHT) approach in OpenFOAM,
so that a detailed characterization of the thermal transient of the different components of the
exhaust line can be achieved. The electrical heating device under investigation is based on
a metallic support and it is heated by the Joule effect. The distribution of the heat and its
subsequent interaction with the gas flow significantly influence the catalyst operations. In this
context, the CFD modeling framework has been further developed so that it is possible to
accurately evaluate the radiative heat transfer in correspondence of the porous regions. The
description of such features is mandatory for an accurate prediction of the maximum electrical
heating device temperatures, resulting in a reliable estimation of the gas flow temperature and
its subsequent interaction with the catalyst. The simulation methodology has been applied at
first excluding the radiative heat transfer. Then, the developed radiation modeling is applied,
so that its influence on the ATS performance can be fully evaluated.

1. Introduction
As a response to the environmental pollution, stricter and stricter emission legislations are
pushing the automotive sector development. The definition of the future Euro 7 regulation
is expected to introduce further restrictions on the admissible pollutants emissions. While
different powertrain solutions are proposed, as the outcome of the energy transition and the
global diversification of the energy sources, the state-of-the-art internal combustion engines still
represent a valuable technology in the automotive sector. The after treatment systems (ATS) of
the internal combustion engines play a fundamental role in reducing the tailpipe emissions of the
powertrain. With regards to gasoline and Diesel engines, a catalyst is commonly one of the ATS
components, as a three way catalyst (TWC) or a Diesel oxidizer catalyst (DOC) respectively.
The effectiveness of the pollutants conversion is strictly related to the their brick temperature,
that is required to be over 500 K to ensure a sufficient catalytic activity [1]. During the cold
start of the engine, the time required to achieve such condition is significant and the cumulative



ATI Annual Congress (ATI 2022)
Journal of Physics: Conference Series 2385 (2022) 012071

IOP Publishing
doi:10.1088/1742-6596/2385/1/012071

2

emissions of the early operations of the engine typically exceed by an order of magnitude the
emissions registered after the light-off event [2]. In this context, different solutions are proposed
in order to warm up the catalyst. The most common strategies rely on the modifications of
the in-cylinder operations to exploit the higher exhaust gas energy [3, 4]. Other approaches
are based on specific catalyst heat-up technologies, characterized by the possibility of activating
such solution in advance with respect to the engine start [5]. The utilization of burner systems or
external combustors is one of those technical solutions, even though still confined at the research
stage due to technical challenges [6, 7]. In this context, another heat-up strategy is based on
the application of electrical heated catalyst [8, 9, 10].
This paper reports the adoption of a metallic electrical heated catalyst (EHC), focusing on the
importance of the radiative heat transfer occuring at the analyzed component. In particular,
the device under investigation is meant to be located upstream the conventional catalyst and it
is subjected to different pre-heating phases before the engine cold start. The heating strategy
results in the progressive increase of the temperature of the device, with a peculiar temperature
distribution related to its specific arrangement. In particular, the presence of local hot spots
could limit the average temperature of the electrical heater, leading to lower gas temperatures
and higher catalyst light-off times. The radiative heat transfer contribution is fundamental
for the evolution of the temperature distribution, especially at high temperature. In order
to evaluate and appreciate the importance of the radiative heat transfer, a CFD investigation
is carried out on a simplified exhaust system line, excluding the conventional after-treatment
components. Through a dedicated implementation, it is possible to accurately evaluate the
exchanged radiative heat power in correspondence of the porous region. The obtained results are
compared to the available experimental measurements of the analogous test bench. For each of
the different operating conditions, in terms of electrical power of the EHC, the CFD simulations
are carried out neglecting the radiation contributions. Then, the methodology including the
radiative heat transfer is employed, providing a clear source of understanding of the radiation
relevance for the EHC application.

2. Methodology
The simulation methodology applied in this research relies on a Conjugate Heat Transfer
(CHT) multi-region modeling approach, implemented on the basis of the open-source CFD code
OpenFOAM. It consists of a further development of an established set of libraries dedicated to
the complex analysis of ATS, exploiting overlapping domains and proper coupling models to
describe the interaction between the engine gases and the different after-treatment components,
namely the porous substrates and the particulate filters [11, 12]. In particular, the geometrical
details of the components channels are not represented within the simulation framework: the
catalytic substrates or filters are modelled by means of a porous media approach. The general
schematization of an ATS component, according to the appointed methodology, is presented
in Figure 1(a). It is possible to appreciate the presence of a substrate region, overlapped to
the fluid domain, and the external metallic walls of the line. Figure 1(b) presents a similar
schematization for an ATS line equipped with an EHC. From the simulation methodology point
of view, both the EHC and the substrate domains are modelled by means of the porous media
approach.
The interaction between the fluid domain and the standard solid domains, such as the exhaust
system metallic walls or insulation layers, is handled through the typical conjugate heat transfer
approach implemented within OpenFOAM. As the main outcome of the presented work, the
coupling methodology for the porous ATS components is extended in order to effectively include
the radiative heat transfer in correspondence of such domains.
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(a) Simple ATS configuration (b) Simple ATS configuration with EHC

Figure 1: Implemented after-treatment system CFD modeling

2.1. Radiation modeling
A comprehensive thermal description of the system can be achieved through the CFD code. The
simulation framework allows to tackle all the different heat transfer phenomena, including the
radiative heat transfer, according to different modeling approaches. Electromagnetic radiation
processes are associated to energy fluxes and, in a conjugate heat transfer analysis, play a
fundamental role in the evolution of the thermal transient of the simulated domains. The
governing equation for the radiation processes is the radiative transfer equation (RTE), that
describes the variation of the spectral thermal radiation intensity in a certain position r⃗ for a
given direction s⃗. Its complete formulation results in a first order integro-differential equation
that depends on three spatial coordinates, two local direction coordinates, time and wavelength
[13, 14]. Time dependence is often neglected, assuming local thermodynamic equilibrium (LTE).
The resulting equation (1) for iλ, that is the spectral intensity, as a function of the wavelength
λ, the considered direction s⃗ and solid angle ω, is:

diλ
ds⃗

= aλiλb − (aλ + σsλ)iλ +
σsλ
4π

∫ 4π

ωi=0
iλ(s⃗, ωi)Φ(λ, ω, ωi)dωi (1)

where aλ is the absorption coefficient, σsλ the scattering coefficient, Φ the phase function
of scattering and iλb the spectral density of the radiation of the medium. The associated
complexity is significant; several models have been proposed to provide simplified pratical
modeling approaches [13, 15, 16]. OpenFOAM provides different radiation models as well, so
that the computational framework can be adapted to the case under investigation according to
different assumptions.
As a preliminar development of the simulation methodology, the authors selected the P1
radiation model. It constitutes the simplest case of the P-N approach, that relies on the
expansion of the radiation spectral intensity in a series of orthogonal harmonics [13]. Then,
the series can be truncated after a finite number of terms N. In case of isotropic scattering,
the RTE results in a second order partial differential equation (2) for G, the spectral incident
radiation at the position r⃗, defined as in equation (3).

∇⃗ · (Γλ∇⃗Gλ)− aλGλ + aλ4πiλb = 0 (2)

where Γλ = 1/3Kλ and Kλ is the spectral extinction coefficient, defined as aλ + σsλ.

Gλ(r⃗) =

∫ 4π

ωi=0
iλ(r⃗, s⃗)dωi (3)

If gray media with constant absorption and extinction coefficients are considered, the RTE is
further simplified in a non-linear modified Helmholtz equation (4):

∂2G

∂xj∂xj
− 3aKG+ 3aK · 4σT 4 = 0 (4)
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where σ is the Stefan-Boltzmann constant. For diffusive gray surfaces, Marshak boundary
condition is employed, evaluating the net radiative heat flux qw with respect to the walls radiative
properties and thermodynamic conditions (5):

qw = −Γ
∂G

∂n

∣∣∣
w
=

ϵw
2(2− ϵw)

· (4σT 4
w −Gw) (5)

where ϵw is the wall emissivity. The applicability of the model is related to optical thick media,
for which radiation travels a short distance before being absorbed or scattered, with isotropic
scattering. If the underling assumptions are not realistic, the model is expected to overestimate
the resulting radiation heat fluxes from localized heat sources.

2.2. Radiative heat transfer coupling methodology
The previously referenced CHT simulation methodology is extended to account for the radiative
emission from the substrates included in the ATS. As described in the introductory part
of Section 2, the ATS substrates are represented according to the porous media approach,
through computational domains overlapped to the fluid region. Given the applied simulation
methodology, the physical interaction between the overlapping regions is described by means of
source terms. Accordingly, the novel radiative heat transfer coupling methodology is obtained
through the addition of a proper radiative source term at the interface between the component
and the fluid flow. In this way, the contribution associated to the porous domains emissivity
can be added to the fluid incident radiation equation; the ATS component radiative emission
can propagate within the fluid domain and consistently contribute to the radiative heat transfer.
The radiation source term in correspondence of the fluid - porous region interfaces is computed
as follow:

Sg = CfA · 4ϵeb (6)

where Sg represents the source term, A the porous region boundary area, ϵ the component
surface emissivity and eb its black body emission, equal to σT 4. Cf is a corrective factor,
used to increase the area of the considered porous domain boundary. As a matter of fact, the
fraction of radiative energy leaving the ATS component is supposed to be associated to the
fluid - component interfaces only. In the inner portion of the ATS element the radiative rays
are physically intercepted and multiply reflected by the component itself. However, a small
contribution related to the immediate portion of the component near the boundaries could
propagate outside. As a function of the ATS element shape and peculiar geometry, it is possible
to take into account this additional radiative energy contribution through the corrective factor.
Furthermore, as a consequence of the multiple reflections occurring inside the ATS component,
the portions of the line upstream and downstream a typical porous domain can be considered
independent and decoupled in terms of radiative effects. Most of the radiation rays are
intercepted by the ATS component and can not propagate through it. In order to reproduce
such behaviour within the simulation framework, the modeling methodology is further extended:
a limiting function is formulated and can be applied. If the limit is active, the absorption
coefficient of the fluid is artificially increased in the cells corresponding to the internal region
of the porous domain, leading to a considerable decrease of the extinction coefficient Γ. This
modification affects the resolution of the RTE: it allows to obtain a significant decrease of the
incident radiation in correspondence of the inner porous region and to decouple the radiative
heat transfer phenomena occurring in the porous domain upstream - downstream portions of
the ATS line.
A proper boundary condition is implemented, so that the radiative energy content associated
to the ATS component radiative emission is taken into account and its effect on the component
temperature can be evaluated. In particular, according to equation (5), the corresponding heat
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flux is imposed to the porous region boundaries. However, a consistent evaluation of the related
incident radiation is required: the fluid G field is computed, than the values in correspondence
of the porous domain boundaries are used for the heat flux computation. The obtained G values
are affected by the introduction of the coupling source term, that must be subtracted to the
boundaries G evaluation not to overestimate the corresponding incident radiation. The final
expression of the estimated radiative heat flux is shown in equation (7).

qw =
ϵw

2(2− ϵw)
· (Cf · 4eb − (Gw − Sg)) (7)

The described radiative coupling methodology is general and can be applied to all kind of ATS
components modelled as porous media.

3. Case study
The CFD investigation is carried out on a simplified exhaust line. Such configuration is employed
to perform a detailed thermal assessment and validation of the thermal transient of the EHC
and of the simplified exhaust system, excluding all the additional complexity associated to the
presence of the after-treatment components, as a TWC or particulate filters. The geometry
consists of the primary exhaust manifolds, the EHC and the final portion of the line. The
experimental test bench is instrumented with K-type thermocouples to measure the temperature
of the flow inside the line, while two internal thermocouples are employed to determine the
temperature of the EHC in correspondence of its central point and of its periphery. The axial
coordinate at which the EHC measurement points are reffered to corresponds to half of the EHC
length. A schematization of the considered geometry is presented in Figure 2, highlighting the
position of the K-type thermocouples, referred to as T1, T2 and T3, and the location of the two
EHC measurement points.

Figure 2: Case study geometry schematization

Three experimental tests are carried out on the considered geometry. The details of the different
operating conditions are presented in table 1. Each experimental test is associated with a
different electrical power and a different time range for which the power is supplied to the EHC.
A generic test can be divided in three main phases:

• EHC on, no air flow inside the line

• EHC on, air flow inside the line

• EHC off, no air flow inside the line

According to the multi-region framework, the considered computational domains are related
to the fluid, the EHC and the thermocouples regions. In particular, the addition of the mea-
surement devices dedicated to characterize the fluid temperature provides a direct source of
comparison between the experimental data and the simulated results [7].
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Table 1: Experimental conditions, overview

Test 1 2 3

Electrical power [kW] 2.0 4.0 8.6
EHC on, zero flow [s] 102.0 17.0 9.5
EHC on, flow [s] 0.0 44.0 44.0
EHC off, zero flow [s] 90.0 26.5 34.0
Total test duration [s] 192.0 87.5 87.5
Air mass flow rate [kg/h] 0.0 45.0 45.0

The computational mesh is generated through snappyHexMesh, that is one of the automatic
mesh generators provided by OpenFOAM. The fluid domain consists of 4.8 · 106 cells, while
the EHC and thermocouples regions of 5.1 · 105 and 2.9 · 104 cells respectively. A visualization
of the obtained computational domain is presented in Figure 3; in order to better appreciate
the location of the components of interest, as the EHC and the K-thermocouples, the exhaust
manifolds are excluded from the visualization. Two sections of the domains are presented,
providing some details regarding the generated computational grid.

Figure 3: Case study computational domain

The time varying experimental conditions, in terms of fluid mass flow rate, fluid temperature
and EHC voltage are imposed as boundary conditions. In this context, the implemented
computational framework allows to directly compute the electrical power of the EHC, given
the voltage boundary conditions and the material conductivity, by solving the differential
formulation of the Joule heating effect. Regarding the thermal description of the walls, an
OpenFOAM boundary condition is considered, taking into account the external convective heat
transfer and the heat conduction through a given thickness of material characterized by a given
thermal conductivity. The employed turbulence model is the standard k−ω SST with automatic
wall treatment.
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4. Results and discussion
The results of two different simulations are presented for each operating condition. At first, the
standard CHT simulation methodology is applied; then, the simulation is replicated adopting the
proposed radiation modeling. The comparison with the experimental data allows to appreciate
the effects of the novel radiative coupling methodology. The results are presented in a non-
dimensional form, analyzing each temperature profile through a temperature ratio, defined as
follow:

Tratio,i =
Ti − Tmin

Tmax − Tmin
(8)

where Ti is the temperature of the i thermocouple, Tmax and Tmin the chosen reference maximum
and minimum temperatures.
The thermal validation of the system is carried out comparing both the temperature profiles of
the three K-type thermocouples (T1, T2 and T3) and the profiles associated to the EHC internal
points (center and periphery). Referring to the implemented radiation modeling described in
Section 2.2 and to Equation (6), a corrective factor Cf equal to 1.25 is considered for all the
experimental conditions. As example, the spatial distributions of the EHC voltage and electrical
power are presented in Figure 4. Figure 5 shows a similar visualization of the fluid domain
velocity and temperature distributions. The visualizations are proposed through a section of
the overall computational domain after the first 20 seconds of the second experimental test.

(a) Voltage distribution (b) Electrical power distribution

Figure 4: EHC fields visualization

(a) Velocity distribution (b) Temperature distribution

Figure 5: Fluid fields visualization
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4.1. Experimental test 1: 2.0 kW
The first experimental test is conducted in order to characterize the thermal transient of the
line when no air flow is circulating. The extended time period for which the electrical energy is
supplied to the component allows to highlight the importance of introducing a detailed radiation
modeling for the porous domain. As shown in Figure 6, the description of the radiative heat
transfer when no air flow is circulating inside the line is fundamental for a consistent simulation
of the thermal transient of the EHC. The standard CHT methodology can represent the thermal
interaction occurring between the air inside the line and the substrate through natural convection
and conduction only. However, such contributions does not provide an accurate characterization
of the temperatures of the EHC: the standard simulation shows a quasi-constant increase of both
the EHC measurement points, leading to a significant overestimation of the temperatures. The
maximum simulated temperature is about twice the maximum experimental value for both the
EHC internal points. However, a maximum Tratio equal to 1.2 is chosen for Figure 6, so that
the comparison with the experimental data can be effectively appreciated.

Figure 6: EHC Temperature profiles, 2 kW

The novel radiation coupling methodology allows to consistently reproduce the experimental
EHC thermal transient. In this context, the description of the EHC radiative emission is funda-
mental for the simulation of the thermal transient of the component. The simulated maximum
temperature of the central probe is consistent with the experimental value, while the peripheri-
cal point is affected by a slight overestimation.
Figure 7 presents the comparison related to the the K-type thermocouples. Both the standard
and the radiation simulations are affected by an overestimation of the T1 and T2 temperature
profiles. However, some improvements can be noted according to the radiation modeling. The
temperature overestimation is significantly reduced for most of the considered time range.
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Figure 7: Thermocouples Temperature profiles, 2 kW

The T3 thermocouple simulated profile provides a direct proof of the P1 radiation model
limitations. The simplified exhaust line geometry is such that the EHC emitted radiative rays
can not interact with the T3 thermocouple; as a consequence, the experimental profile shows
a time - constant temperature. However, the applied simulation methodology describes the
radiation propagation through the incident radiation diffusion equation. According to such
modeling, the EHC radiative emission propagates till the T3 thermocouple, that consequently
shows a considerable temperature increase.
In case of a real EHC application in a typical ATS, the limit function described in section 2.2
could make up for the observed P1 limitation. In particular, the limit would be applied to
the traditional substrate, located downstream the EHC, and it could effectively decouple the
radiation propagation in the substrate upstream - downstream portions of the after-treatment
line.

4.2. Experimental test 2: 4.0 kW
The second test is characterized by an intermediate level of electrical power. During the test
second phase, the air flow rate interacts for a significant time interval with the component.
A coherent description of the EHC thermal transient is obtained for both the simulation
methodologies, as presented in Figure 8. The EHC test second phase (17.0 - 44.0 seconds)
is featured by an overall cooling, as a consequence of the thermal interaction between the cold
air flow and the hot component. However, the proposed radiation modeling allows to reduce
the overestimation affecting the standard simulation and to obtain a better match with the
experimental data. The EHC temperatures are such that the radiative heat transfer contribution
is significant for the component thermal transient. Such improvements can be noted analyzing
the temperature peak at the end of the first test phase and the overall temperature trend of the
second phase.
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Figure 8: EHC Temperature profiles, 4 kW

As for the EHC thermal transient, the description of the radiative heat exchange phenomena
allows to improve the K-type thermocouple results obtained by means of the computational
framework. Figure 9 shows the T1, T2 and T3 temperature profiles. As previously described,
the EHC thermal transient obtained through the standard simulation is affected by an
overestimation with respect to the experimental data. Such overestimation is responsible for
the higher temperatures of the T2 and T3 thermocouples: their thermal evolution is strictly
dependent on the air flow convective heat transfer, while the air temperature is significantly
affected by the EHC temperature field. For this reason, the improved description of the EHC
temperatures results in an improved characterization of the T2 and T3 thermal transient. The
radiation modeling leads also to improvements on the T1 temperature profile.

Figure 9: Thermocouples Temperature profiles, 4 kW
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4.3. Experimental test 3: 8.6 kW
The third experimental test is composed of a short first phase, where 8.6 kW are supplied to the
EHC at zero flow condition. In the second phase the air flow rate interacts with the EHC for
a significant amount of time. Similarly to what can be observed for the results of the 4.0 kW
experimental conditions, the outcome of the test second phase (9.5 - 44.0 seconds) is an overall
cooling of the EHC. As presented in Figure 10, the standard simulation is not able to represent
such thermal behaviour: the temperature of the central probe increases for the whole duration of
the considered test phase, causing a significant overestimation of the EHC temperature values.
Instead the implemented radiation modeling allows to correctly describe the thermal transient
of the component, providing a good match with the experimental data.

Figure 10: EHC Temperature profiles, 8.6 kW

During the first phase of the test, the simulated profiles of the T1, T2 and T3 thermocouples
show similar trends for both the standard and the radiation simulations. However, once the air
flow rate is activated, some differences can be noted, as depicted in Figure 11.
In particular, during the test second phase, the experimental profile of the T1 thermocouple is
characterized by a slow increase of its temperature. The observed behaviour is the outcome of
the superimposition of two different phenomena: the thermocouple cooling, due to its interaction
with the cold air flow, and its heating, due to the propagation of the EHC radiative rays and the
consequent radiative heat transfer. As previously stated, the standard simulation methodology
describes the thermal transient of the considered component through convection and conduction
only. As a consequence, a rapid decrease of the device temperature is obtained (9.5 - 25.0
seconds). The implemented radiation modeling, and in particular the addition of the incident
radiation source term in the fluid RTE, provides the description of the EHC radiative rays
propagation to the T1 thermocouple, resulting in a more coherent representation of its thermal
transient.
The T2 and T3 temperature profiles are strictly dependent on the convective heat transfer
caused by the air flow and the measurement devices interaction. The standard simulation
methodology provides an overestimation of the EHC temperature field; the resulting higher
air flow temperatures are responsible for the observed T2 and T3 thermocouples thermal
behaviour. This effect can be noted analyzing both the slope of the thermocouples temperature
profile and their absolute values. As previously described, the radiative coupling methodology
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provides a more accurate description of the EHC temperature field. According to the radiation
simulation, as a consequence, the T2 and T3 temperature profiles are in good agreement with
the experimental data.

Figure 11: Thermocouples Temperature profiles, 8.6 kW

5. Conclusions
A CFD CHT multi-region modeling approach has been extended so that the computational
methodology can account for the radiative heat transfer phenomena taking place in
correspondence of porous ATS components.
The implemented model allows to describe the component emitted radiative rays propagation,
so that their interaction with the solid regions of the computational domain can be taken into
account. In addition, an accurate description of the radiative heat flux at the fluid - ATS element
interface is provided, as well as its effect on the component temperature field.
The proposed radiative coupling methodology has been applied for the estimation of the thermal
transient of a simplified ATS, equipped with an EHC, for three different operating conditions. As
a result, the radiative coupled simulations provided a rather satisfactory match with the available
experimental data. The comparison between the standard and the extended methodology allows
to appreciate how the description of the radiative heat transfer phenomena was required for an
accurate characterization of the exhaust line thermal behaviour.
However, the employed base radiation model (P1) is intrinsically associated to some limitations.
As a further development, the implemented radiative coupling procedure could be extended
with the adoption of more complex radiation models, such as the finite volume discrete ordinate
methods (fvDOM).
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