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Ein stetig steigender Fundus an Informationen ist heute notwendig, um die immer
komplexer werdende Technik heutiger Kraftfahrzeuge zu verstehen. Funktionen,
Arbeitsweise, Komponenten und Systeme entwickeln sich rasant. In immer
schnelleren Zyklen verbreitet sich aktuelles Wissen gerade aus Konferenzen,
Tagungen und Symposien in die Fachwelt. Den raschen Zugriff auf diese
Informationen bietet diese Reihe Proceedings, die sich zur Aufgabe gestellt hat,
das zum Verstidndnis topaktueller Technik rund um das Automobil erforderliche
spezielle Wissen in der Systematik aus Konferenzen und Tagungen zusammen zu
stellen und als Buch in Springer.com wie auch elektronisch in Springer Link und
Springer Professional bereit zu stellen. Die Reihe wendet sich an Fahrzeug- und
Motoreningenieure sowie Studierende, die aktuelles Fachwissen im Zusammen-
hang mit Fragestellungen ihres Arbeitsfeldes suchen. Professoren und Dozenten
an Universitdten und Hochschulen mit Schwerpunkt Kraftfahrzeug- und Motoren-
technik finden hier die Zusammenstellung von Veranstaltungen, die sie selber nicht
besuchen konnten. Gutachtern, Forschern und Entwicklungsingenieuren in der
Automobil- und Zulieferindustrie sowie Dienstleistern konnen die Proceedings
wertvolle Antworten auf topaktuelle Fragen geben.

Today, a steadily growing store of information is called for in order to understand the
increasingly complex technologies used in modern automobiles. Functions, modes of
operation, components and systems are rapidly evolving, while at the same time the
latest expertise is disseminated directly from conferences, congresses and symposia
to the professional world in ever-faster cycles. This series of proceedings offers rapid
access to this information, gathering the specific knowledge needed to keep up with
cutting-edge advances in automotive technologies, employing the same systematic
approach used at conferences and congresses and presenting it in print (available at
Springer.com) and electronic (at Springer Link and Springer Professional) formats.
The series addresses the needs of automotive engineers, motor design engineers and
students looking for the latest expertise in connection with key questions in their
field, while professors and instructors working in the areas of automotive and motor
design engineering will also find summaries of industry events they weren’t able
to attend. The proceedings also offer valuable answers to the topical questions that
concern assessors, researchers and developmental engineers in the automotive and
supplier industry, as well as service providers.

Weitere Binde in der Reihe https://link.springer.com/bookseries/13360
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Abstract. For Euro7 real driving cycles require an increase in exhaust gas
temperature at cold start. This paper presents results on the emissions reduction
effects of using an electric heating catalyst. Different heating strategies for
diesel and gasoline engines are discussed. The application in diesel engines
requires a high heat input into the exhaust gas already at very low mass flows
in order to heat up also the downstream components of the SCR system
quickly. Measurements and simulations are used to show how the heat input is
influenced by the geometry and the heat transfer surface of the heating element
and how this is affected under different operating conditions. Measurements on
the engine test bench show the potential for emission reduction. In addition,
it is shown that a catalytic coating of the heating element results in a further
increased emission reduction. Particular emphasis is placed on robustness in
operation. The presented Lamella Heater is tolerant to fuel and AdBlue and due
to its fully insulated design insensitive to condensate and particles.

Keywords: Catalyst heating - Coldstart - Emission Reduction

1 Introduction

All scenarios for the introduction of Euro7 envisage a reduction in emission limits,
while at the same time additional limits are set for other exhaust components. The
most stringent measure is the required compliance under RDE driving conditions,
which may also include exceptional worst-case driving.

Challenges arise in cold start and low-load operation. For example, a cold start
with an immediately following acceleration phase before the catalytic converter
is heated sufficiently is particularly challenging, especially since engine heating
measures have their limits during this time as long as the catalytic converter is not
yet fully at its operating temperature. In these cases, an electric heating element can
quickly heat-up and maintain the catalytic converter at its operating temperature. In
this way, emissions can be significantly reduced. Electrical heating of catalysts was
already known in earlier times [1] and is also currently being considered in many
cases [2]. Different concepts are also studied in the literature [3, 4].
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Different applications lead to diverging requirements for the heating element. An
effective design must therefore be based on the respective application.

2 Requirements for a Heating Element for Different
Applications

General requirements. A basic requirement is the rapid heating of the heating element.
For the required performance and power demand, operation at 48 V is usually mandated.
This usually requires a separate 48V ground connection separate from the vehicle
ground. The power should be continuously adjustable. In addition to a robust design,
the heating element should also be insensitive to condensate, water droplets and soot
particles. For the pre-SCR arrangement discussed later on, the heating element should
also be insensitive to exposure to AdBlue droplets and their decomposition products. The
optional catalytic coating capability shown later is also an important criterion.

Application for Diesel engines. The lower exhaust gas temperatures of diesel
engines makes longer heating operation necessary in the driving cycle. After the
immediate cold start, further auxiliary heating with medium modulated heating power
is required here in low-load phases too. Besides the required fast DOC heat up, Diesel
engines in addition require a very fast heat up of the subsequent SCR catalyst to its
operating temperature. As the heat transfer to these downstream components takes
place via the exhaust gas, thus the requirement for high heat transfer from the heater
to the exhaust gas is derived from this. This requires a large heat transfer surface and a
high heat transfer coefficient.

Application for Otto engines. In normal operation, the exhaust gas temperatures
of Otto engines are higher, so that auxiliary heating is only necessary during a short
cold-start phase. Depending on the operating strategy, the heating measure can
already be stopped after the first 30-60 s after engine start. In order to heat the TWC
to its operating temperature very quickly at the beginning of this very short period, a
very large heating power is required on the one hand, and a low heat capacity of the
heater on the other. The aim here is to bring the catalytic surface of the 3-way catalyst
(TWC) quickly up to reaction temperature. Downstream components such as the Otto
particulate filter do not require any additional heat.

A catalytic coating on the heating element itself is here of particular advantage.
It is brought up to the reaction temperature many times faster than the subsequent
catalyst. The only limitation is the limited surface area of the heating element.

Preheating prior to engine start is often regarded as an additional heating phase
during the startup process. The resulting aspects are discussed in Sect. 6.

Application for PHEV powertrains. When the combustion engine is switched on at
the end of each electrically driven phase, a small cold start results. Then a differently
pronounced auxiliary heating may be required, depending on the driving condition
and duration of the electrically driven phase. Due to the vehicle electrical system
architecture, there is often a desire for direct operation of the heater with 400 V on the
high-voltage vehicle electrical system.
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3 Lamella Heater

To meet these above mentioned requirements, the Lamella Heater described below
is developed. The Lamella Heater is designed as a separate heating element, with
an inherently stable structure independent of the downstream catalyst. The Lamella
Heater can be used with both ceramic and metallic catalysts and is usually integrated
into the catalyst housing.

3.1 Setup

The Lamella Heater consists of a metal sheathed heating conductor with fins made of
lamellas, which ensure a high heat transfer. Figure 1 shows two exemplary designs.
The core of the sheathed heating conductor is designed in its resistance for the
respective heating power. This core is encased in a mineral insulating layer, which
insulates it electrically from the metallic sheath. The metallic jacket creates a very
robust structure that electrically insulates the core heating conductor fully from the
exhaust gas and exhaust system. The thermal conductivity of the electrical insulation
layer ensures good heat transfer from the heating core to the metallic sheath.

The heating conductor is led out of the exhaust system in a metallically insulated
manner and is electrically contacted outside the exhaust system. The core heating
conductor is contacted via the two pins at the respective ends and is thus insulated
from the metallic sheath and the exhaust system. The metal-insulated cold sections
remain unheated but are just as temperature-stable as the heated section. The length
of the cold sections outside the exhaust system can be customized. For example,
the metal-insulated cold sections can be routed through a shielding plate and the
contacting with the connecting cable can then be made in the colder shielded area.

To achieve the high heat transfer, the lamella fins are brazed to the sheath
heating conductor with a high temperature brazing material at more than 1150 °C.
The Lamella Heater is temperature resistant up to 1000 °C. Heating of the heating
conductor occurs only in the finned area. The unfinned ends and the feedthrough
are designed as cold parts. The finning consists of a continuous lamellar strip so that
the respective fins have a rectangular surface. The resulting connection of adjacent
fins allows a high stability of the fins and a fixed fin spacing to be achieved. The
mechanical bearing is provided by a support structure and is connected to the housing
shell.

The lamella fins can optionally be catalytically coated. In this case, direct heating
of the catalytically active layer thereon can be achieved. This coating on the heater
itself reaches the light-off temperature much faster than the downstream catalyst.

3.2 Characteristics

Due to its electrically fully insulated design, the Lamella Heater is completely
insensitive to condensate, water droplets, and soot particles. This also allows it to be
used in a pre-SCR position discussed later, where it can be exposed to AdBlue spray.
The fully electrically insulated design also avoids the occurrence of leakage currents.
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In addition, the fully insulated design also allows an optional high-voltage version
(e.g. 400 V) for direct operation on the high-voltage vehicle electrical system.

a) Model 3 b) Model 5a

Fig. 1. Structure of the Lamella Heater in two exemplary versions. a) model 3 (left picture) b)
model 5a (right picture)

Figure 1 shows two exemplary designs of the Lamella Heater used in the tests
described below. Model 3 shows a round design for direct insertion into the catalyst
housing. Model 5a shows a design with a larger surface area and larger free cross-
section for welding into the catalyst housing. Table 1 shows some characteristics
of the two setups. Model 3 is designed for a maximum heat output of 4.5 kW or
optionally 6 kW. Model 5a is designed for a maximum heating capacity of 6.5 kW,
each at 48 V. The heat transfer surface in model 5a was increased to 0.29 m?> by
changing the fin geometry and number of fins. In another model 5c, not shown here,
the heat transfer surface was further increased to 0.32 m?. It will be shown later that
the larger heat-transferring surface area of model 5a and 5c further increases the heat
output that can be transferred to the exhaust gas at low mass flows.

Table 1. Characteristics of the two example setups used in the experiments shown later on.

Model 3 Model 5a
Heating power 45kWor6kW @48V [6.5kW @ 48V
Length 32 mm 26 mm
Open frontal area 78% 94%
Geometric surface of lamella fins |0.21 m? 0.29 m?
Optional catalytically coatable Yes, optional Yes, optional
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4 Heat Transfer and Heating Power

4.1 Simulation Model for Heat Transfer

A 1D simulation model was developed in Matlab for the design of the Lamella Heater.
The model allows the simulation of the internal heating behavior of the heating
element, the heat transport inside the heating conductor, the heat conduction into the
fins and the heat transfer to the exhaust gas. This makes it possible to simulate and
optimize both the internal structure of the heating element and the geometric design
of the fins in terms of their effect on the heating of the exhaust gas and the surface.
The calculation of heat conduction and heat transfer at the fins is based on [5]. The
calculation of heat transfer coefficients is based on [6]. The structure of the model is
described elsewhere due to space constraints [7].

Figure 2 shows an example of calculated temperatures of the heating element, fin
surface and exhaust gas in comparison with values measured in the experiment. In
this example, a WLTC cycle was simulated for a diesel engine with a heating element
power input of up to 4 kW corresponding to the comparable experiment. The heating
power was modulated by a controller to achieve a target exhaust gas temperature of
250 °C downstream of the heating element.

700

000 5 —— Sim. Heating
— wire surface
QO 500 4
- Exp. Fin
o surface
5 400 -
© —— Sim. Fin
o - Surf
8 300 urface
S ——Sim. Gas
£ 200

100 Exp. Gas

0 +
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time [s]

Fig. 2. Surface and gas temperatures at the heating element under WLTC conditions for a
Diesel engine (Simulations and Experiments).

The upper line shows the temperature at the surface of the sheath heating
conductor. The two middle lines show the temperature of the fin surface. The fin
temperatures show a somewhat smoother curve in the measured values; this follows
from the thermal inertia of the thermocouple used in the experiment. Furthermore,
the measured temperatures are somewhat higher. The reason for this is that the
thermocouple is located closer to the base of the fin, while the simulated curve shows
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the average fin temperature. The two lower lines show the gas temperature behind
the Lamella Heater. Remarkable is the very good agreement between simulated and
measured gas temperature, the lines are practically on top of each other. Due to the
thermal inertia of the thermocouple used in the experiment the measured temperatures
do not exactly follow the high dynamic as the simulated ones do.

The values show that in this drive cycle the required heat conductor sheath
temperatures are in the range around 600 °C. This is far from the maximum
permissible temperature of 1000 °C; which provides a large thermal robustness
against overtemperatures and allows here a simpler control without continuous
thermal monitoring of the heating element.

4.2 Heating Power — Operating Map

For heating the exhaust gas during cold startup, it is crucial that a highest possible
heating power can be introduced into the exhaust gas even at the low mass fluxes in
the cold start phase. This requires a large heat transfer surface and high heat transfer
coefficients. Figure 3 shows the heat output that can be permanently introduced into
the exhaust gas under steady-state conditions as a function of the exhaust gas mass flow
for the two versions of the Lamella Heater shown in Fig. 1. Model 3 is available as a
4.5 kW or optionally as a 6 kW version. In this version, the heating capacity of 6 kW
can be permanently introduced from an exhaust gas mass flow of 70 kg/h and above.

7
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Fig. 3. Heating power depending on the exhaust mass flux (for steady conditions)

The Model 5a version of the Lamella Heater has a significantly larger heat-
transferring surface and, due to the further optimized fin design, also a higher heat
transfer. Therefore, with this design, a heating capacity of 6.5 kW can be permanently
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introduced into the exhaust gas even at small exhaust gas mass flows of 50 kg/h. Even
at a very low mass flow of 30 kg/h, a power of 5 kW can be permanently applied
without overheating the heater. Another model 5c¢ design with a yet further improved
heat transfer surface compared to model 5a achieves a yet higher power at very low
mass fluxes.

This power limitation applies to stationary continuous operation and is mapped via
a temperature-dependent characteristic diagram. During the initial heat-up phase, the
heaters can each be operated at their full power, i.e. 6.5 kW in the case of model 5a.

5 Application Example Diesel Engines

This section describes the use of the Lamella Heater for emission reduction in the
case of a diesel engine. In this example, the Model 3 described above was used in the
version with the smaller nominal power of 4.5 kW.

5.1 Setup on the Test Bench

These tests were carried out on the engine test bench using a 2 L diesel engine. For
these tests, a WLTC cycle was run on the dynamic engine test bench. A series exhaust
system was used for the setup. The Lamella Heater was installed in front of the DOC.
The diameter of the heater was matched to the diameter of the DOC. The DOC was
moved back by the length of the heater. Temperatures were measured before and after
the heater at several locations to eliminate inhomogeneities. Additional temperatures
were recorded in and after the DOC, and before and after the SDPF. Further
measurement points were recorded along the entire exhaust system.

The exhaust gas composition was measured with a 2-line FTIR. The first line
recorded the raw emissions in the cone after the turbocharger before the heater. The
second line recorded the emissions downstream of the DOC. Due to space constraints
in the exhaust system, the sampling probe of the second line was inserted through the
nozzle of the SCR injector. Therefore, AdBlue dosing was not possible in this test.

The heating power of the Lamella Heater is provided via a control unit. In this
test, heating starts after the engine is started. The output of the Lamella Heater is
controlled via the control unit. The controlled variable is the target temperature
250 °C behind the DOC. To minimize the reaction time due to the heat capacity of
the DOC, the control is performed as feedforward control of the enthalpy difference
between the temperature before the heater and the target temperature, considering the
current mass flow. The measured temperature downstream of the DOC is fed into the
subordinated balancing controller.

5.2 Effect on the Temperature Behavior

The tests are carried out without any engine-based heating measures in order to
evaluate the potential of the heater alone. Figure 4a shows the resulting heating power
in the WLTC cycle. Figure 4b shows the exhaust gas temperatures before the heater
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(blue line) and the temperature after the Lamella Heater (green line). Until the target
temperature is reached, the control utilizes the full 4.5 kW heater power. When the
target temperature of 250 °C after DOC is reached, the temperature control applies
and modulates the heating power depending on the exhaust gas mass flow and exhaust
gas temperature. Since no engine-based heating measures were used in the test shown
here, additional heating via the heater is necessary in almost the entire cycle. Only in
the final phase at high speeds the inlet temperature is sufficiently high and the heater
is switched off. Figure 4b illustrates the increase in exhaust gas temperature by the
heater in the cycle.

Figure 4c shows the temperature at the surface of the heater. Due to the high
heat transfer at the large fin surface, the heating power is already introduced into the
exhaust gas at moderate temperatures of the heater surface in the range of 500 °C.
This means that there is a high degree of safety against overtemperatures and thus
there is potential for easy control. Another advantage is that the heater reaches these
moderate temperatures quickly.
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Fig. 4. Effects of the Lamella Heater on Exhaust Temperature in the WLTC Cycle for a 2 L
Diesel engine. 4a) Applied heating power (top); 4b) Exhaust temperature rise by the Lamella
heater (center); 4c) Heater surface temperature (bottom).
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5.3 Effect on Emission Reduction

By raising the exhaust gas temperatures through the heater, emissions can be significantly
reduced in the cold start and low-load range. Figure 5 shows the emission values after the
DOC for NMHC. Shown are the cumulative NMHC emissions over the driving distance
of the WLTC. The upper blue line shows the emissions for the case without Lamella
Heater. Due to the low exhaust gas temperatures, only a moderate conversion occurs.
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Fig. 5. Cumulative NMHC Emissions along the driving distance in the WLTC with and
without Lamella Heater.
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Fig. 6. Cumulative CO Emissions along the driving distance in the WLTC with and without
Lamella Heater.
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The reduced emissions due to auxiliary heating with the Lamella Heater are
shown in the red line and illustrate the great potential. Supplementary exhaust gas
heating with the Lamella Heater can reduce NMHC emissions by almost 80%
compared to the unheated case.

The effect on CO emissions is shown in Fig. 6. The cumulative CO emissions
over the driving distance of the WLTC are shown. Again, the blue curve shows the
emissions after DOC for the case without a heater. The large potential due to auxiliary
heating with the Lamella Heater becomes obvious. By heating with the Lamella
Heater, CO emissions can be reduced by more than 90% compared to the unheated
case.

The increase in exhaust gas temperatures by the Lamella Heater also offers great
potential for reducing NO,_ emissions of diesel engines. Figure 7 shows the exhaust
gas temperatures downstream of the DOC, so immediately upstream of the AdBlue
dosing point, during the WLTC cycle in the test described above. The blue line shows
the temperatures without heater. The upper red line shows the temperature at this
same point for the case with the Lamella Heater.

The temperature of 200 °C required for activation of the SCR system is reached
much earlier with the heater. Without heating, the 200 °C at this point will only be
reached after 1580 s. Heating with the Lamella Heater reduces this time to activation
of the SCR system to 59 s.
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Fig. 7. Effects of Lamella Heater on the time needed to reach the SCR activation temperature.

Figure 8 illustrates the potential that results from this for the reduction of NO_
emissions. The blue line shows the cumulative raw NO, emissions measured in the
WLTC during this test until the temperature of 200 °C is reached. This occurs in the
unheated case after the 1580 s determined from Fig. 7. Assuming that the SCR system
is activated after this time and assuming a NO,_ conversion of 95% with the SCR
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system after its activation, the emissions will then only increase in accordance with
this conversion. This is shown in the continuation of the blue line after this point in
time. This results in a calculated value for the cumulative NO, emissions at the end of
the cycle.

The red line shows the comparable calculation for the case with the Lamella
Heater. No NO, conversion takes place until the temperature of 200 °C is reached.
In this case, the temperature of 200 °C is reached after 59 s, as already determined
from Fig. 7. Assuming the same conversion of 95% with the SCR system after its
activation, the further course of the cumulative NO_ emissions is then calculated in
the same way resulting in the red line. The comparison of the two values at the end
of the cycle shows a potential for reducing the cumulative NO, emissions by 91% by
heating the exhaust gas with the Lamella Heater.
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Fig. 8. Potential for NO, emission reduction by earlier activation of the SCR system in case of
the Lamella Heater.

5.4 Effect of a Catalytic Coating on Emission Behavior in the WLTC
Cycle

For further emission reduction, the Lamella Heater can optionally be catalytically
coated. Figure 9 shows the test model 3 sample used here with a DOC coating. For the
installation on the test rig, the test setup was provided with a flange.

The same WLTC tests were carried out with the coated test sample. The results
are also included in Figs. 5 to 7 and compared to the uncoated case. The green line
in Fig. 6 shows the cumulative CO emissions for the case with catalytic coating
compared with the case of the uncoated heater. The comparison shows that the
coating can lower the CO emissions even further. The curve of the cumulative NMHC
emissions in the WLTC cycle is included in Fig. 5. Here, too, the DOC coating of the
Lamella Heater results in a further reduction of the cumulative NMHC emissions.
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Fig. 9. Lamella Heater model 3 with a catalytic DOC coating.

Figure 10 shows a comparison of the emission values achieved in the different
cases for CO and NMHC. The blue columns show the emission values without
Lamella Heater, the red columns show the emission values with uncoated Lamella
Heater and the green columns show the emission values with the DOC-coated
Lamella Heater. The uncoated heater can reduce the cumulative CO emissions in
the WLTC cycle by 90% compared to the unheated case. By using a catalytic coated
Lamella Heater, CO emissions can be reduced by an additional 32%. The cumulative
NMHC emissions in the WLTC cycle are already reduced by 78% by the uncoated
heater. The DOC coating of the heater also results in a reduction of cumulative
NMHC emissions by a further 16%.

The coated active surface is decisive for the catalytic effect. A larger surface area,
such as in model 5a of the Lamella Heater, can therefore further increase the emission
reduction by the catalytic coating. Furthermore, the DOC coating of the heater also
leads to a beneficial NO,/NO, ratio in a shorter time.
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Fig. 10. Emission reduction by Lamella Heater without and with catalytic coating.

6 Application Example Otto Engine

In this section, the application of the Lamella Heater for emission reduction in case
of Otto engines is considered. In this example, the model 5a of the Lamella Heater
described at the beginning was used in the version with the nominal power of 6.5 kW.
The Lamella Heater was initially uncoated in this series of tests in order to first
investigate the effect of the heating-only measure on emission reduction. The effects
of an optional catalytic TWC coating are then shown in Sect. 6.3.

6.1 Setup on the Test Bench

These tests were carried out on the engine test bench using a 1.5 L Otto engine. The
effect of emission reduction in the WLTC cycle is shown in the following section.
The Lamella Heater is installed directly in front of the three-way catalytic converter
(TWC). The diameter of the heater is matched to the diameter of the TWC and the
TWC was moved backward by the length of the heater. Temperatures were measured
before and after the heater at several locations to eliminate inhomogeneities.
Additional measurement points were recorded along the entire exhaust system.

A 2-line FTIR was used to measure the exhaust gas composition. The first line
recorded the raw emissions in the cone before the heater. The second line recorded the
emissions after the TWC.

6.2 Effects of Heating Strategy on Emission Reduction

The power output of the Lamella Heater is regulated via a control unit. The develop-
ment of an Eberspidcher control unit for modulated switching of high currents is
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presented elsewhere. Experiments with different heating strategies are presented
below. At first heating starts with engine start and as a secondary option a preheating
is conducted before the engine start.

Heating from engine start. In the series of tests shown first, heating started at the
same time when the engine was started. In order to heat up the catalyst as quickly
as possible, heating is carried out from the engine start with a maximum heating
power of 6.5 kW. The maximum heating power is applied until the temperature after
the TWC exceeds a specified target temperature, e.g. 400 °C, for the first time. If a
higher target temperature is selected, the heating measure can then be terminated in
most applications. If a challenging driving cycle requires it, the heater can optionally
also be operated further to ensure that the target temperature is maintained even under
conditions such as a long downhill phase.

The effect of the Lamella Heater on the NMHC emissions in the WLTC cycle
is shown in Fig. 11. The diagram shows the cumulative NMHC emissions after the
TWC. The blue line shows the case without Lamella Heater. The curve shows the
dominating influence of the cold start emissions especially on the first kilometers of
the driving distance. After that, the cumulative emissions only increase slowly. The
engine used here exhibits comparatively low exhaust gas temperatures. In conjunction
with the catalyst size used, this results in a further slow increase in cumulative
emissions after the cold start. This could be reduced by an adapted engine calibration.

The red line shows the case when heating with the Lamella Heater from engine
start. The Lamella Heater is operated here for 60 s with a heating power of 6 kW.
Afterwards the Lamella Heater was heated for 90 s with a reduced output of 3 kW.
As a result of the heating, the reduction in emissions is already apparent immediately
after the engine is started. After the first kilometer, emissions are reduced by 56%.
In the further course, there is no more heating; therefore the emissions diagram runs
parallel to the case without heater.

Preheating without mass flow before engine start. To further accelerate the heating
of the catalyst, electrical preheating before engine start is often considered. This is
also often considered in conjunction with a carrier airflow from a secondary air
blower. This influence will be considered in the next section.

First, the preheating before the engine start without mass flow is considered in this
test. Different preheating times were investigated. Preheating times of 15 and 30 s are
shown below. The effect on NMHC emissions is also shown in Figs. 11 and 12.
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Fig. 11. Effects of heating strategy on NMHC emissions at a 1.5 L Otto-Engine.

The green line in Fig. 11 shows a preheating time of 15 s without air flow. This
reduces emissions after the first kilometer by a further 45% compared to the case
with heating starting from engine start. A further extended preheating period of 30 s
without flow is shown by the orange line. This results in a further emission reduction
after the first kilometer by another 23%.

A decisive factor for emission reduction in gasoline engines is the rapid heating
of the catalyst during cold start within the first 60 s after engine start. Therefore, the
influence of different heating strategies on the cumulative NMHC emissions over the
first kilometer of the WLTC driving distance is shown in Fig. 12.

Preheating with mass flow before engine start. Electric preheating before engine
start is also frequently considered in conjunction with a carrier air flow. To gene-
rate the carrier air flow before engine start, either a secondary air blower is required
or air via an electric turbocharger has to be used. In addition to the additional energy
expenditure, the additional components in the case of the secondary air blower must
also be considered. Therefore, the aim should be to be able to perform preheating
without carrier air flow, while maintaining the same efficiency. This possibility is also
determined by the geometry and heat capacity of the heater. Studies on preheating with
carrier air flow have been carried out for different mass flows and preheating durations.
In the following, preheating with a carrier air flow of 45 kg/h is compared to preheating
without air flow. Figure 12 shows the effect on NMHC emissions in the WLTC. Again,
the blue line shows the unheated case. The red line shows the start of heating at engine
start. The green line shows a preheating period of 15 s without air flow. The purple line
shows a preheating duration of 15 s with a carrier air flow of 45 kg/h. The comparison
shows lower emissions for preheating without carrier air flow.



