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Time Window

Dear Reader,

actually, the TAA offered enough for-
ward-looking topics to underline the
innovative power of the automotive
industry. But after ,,Dieselgate” at Volks-
wagen, nothing remains - unfortunately!
Instead, public perception is dominated
by a scandal which consequences will
cast a shadow not only over Volkswagen,
but rather over an entire industry.

Because it has been known for years that
the official fuel consumption and emissi-
ons indications deviate from the real-
world values and that actual NO, emissi-
ons from vehicles are many times higher
in real operation than on test benches.
The continuing high levels of NO, in
German cities resulting from these emis-
sions are nothing new either. Neverthe-
less, all parties have been haggling for
years over new testing procedures,
exceptions and the right time to intro-
duce them - as if they were at a cattle
market. Instead, it should be about

the kind of world we want to leave

to our children.

What is important now is, at long last, to
introduce a worldwide harmonised test
cycle (WLTC) with new test procedures
(WLTP) quickly, sustainably and effec-
tively to take account of Real Driving
Emissions (RDE). However, what is even
more important is that the automotive
industry uses the narrow time window
that is now available before the European
and national political decision-makers set
their own parameters, and that it goes on
the offensive in addressing the subject of
clean diesel technology. Only in this way
will it be able to show how NO, emissions
can be reduced by using innovative tech-
nology and document that it is taking the
issue of RDE seriously. ATZ and MTZ
would be happy to deal extensively with
this issue, applying the full range of
knowledge available. Until now, this has
all too often failed due to a lack of wil-
lingness in the industry to make informa-
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tion available. But it is now time to do
this, thus underlining the innovative
power and responsibility of the compa-
nies involved.

Electric mobility is now unstoppable,
and especially after this scandal it is
likely to develop more rapidly than pre-
viously forecast. The 48-V theme will
find its way, both top-down and bottom-
up, into future vehicle models - in parti-
cular as a vehicle electrical system for
hybrid vehicles. But these also require
an internal combustion engine. If we
want to prevent this engine, and espe-
cially the diesel, from being written off
as ,,dirty“ in the coming decades of
transition to the age of electrification,
immediate and proactive measures

are necessary.

The aim is therefore to use this time
window effectively and powerfully. ATZ
and MTZ will focus even more strongly
on this area, and we are looking forward
to the topics raised by the industry.

Best regards,

A

Dr. Alexander Heintzel
Editor in Chief

EDITORIAL
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Managing Diversity in the
Drivetrain of the Future

In order to fulfil future requirements, the range of technical solutions for combustion engines,
electric motors, transmissions and chassis is becoming more diverse. In future, efficient
measures towards reduced consumption will particularly emerge through developments that
optimise the interaction between individual components. For automotive suppliers like

Schaeffler, this represents a significant opportunity.
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MORE COMPLEX DRIVETRAINS

Reduction of CO, and other harmful
emissions will remain one of the domi-
nant trends in automotive development
over the coming years. The main drivers
of this trend are the increasingly strict
legal requirements — not only in Europe,
but worldwide. To achieve the ambitious
emissions targets, technical solutions are
required that increase overall efficiency.
The electrification of the drivetrain will
play a pivotal role in this regard. At the
same time, other trends like automated
driving offer additional opportunities to
reduce CO, emissions, such as through
predictive control strategies that use
route information.

Against this backdrop, the prognoses
for drivetrain technology point clearly
in one direction: The drivetrain is be-
coming more complex and increasingly
electrified, FIGURE 1. However, car buy-
ers are not fully prepared to share the
resulting additional costs, meaning all
technical solutions are under enormous
cost pressure. The following article
illustrates the opportunities and chal-
lenges facing suppliers of drivetrain
components.

APPROACHES TO INCREASE
EFFICIENCY IN THE DRIVETRAIN

The main approaches that can be
taken to optimise the energy balance,
FIGURE 2, can be roughly divided into
three categories:

- consistent reduction of losses caused
by undesirable friction and mass in
the entire drivetrain

- right-sizing with turbocharging of the
combustion engine and increasing
variability in order to achieve a very

efficient, specific fuel consumption in
a wide area of the engine map; this
also includes optimisation of the
downstream transmission, so that the
combustion engine can be run in its
optimal range

- increasing electrification of the drive-
train to use the energy that is gener-
ated by load point shifting and recu-
peration, for boosting and electric
driving.

POTENTIAL AND MEASURES
TOWARDS INCREASED EFFICIENCY

There are several fields showing poten-
tials to improve the overall efficiency of
the drivetrain. These are being discussed
below.

ENGINE

The combustion engine used in FIGURE 2
exhibits a medium effective efficiency of
26.5 % in the simulated New European
Driving Cycle (NEDC). This is a very
good value when measured against the
current state of the art. However, there is
certainly room for improvement. The lat-
est estimates from Schaeffler in coopera-
tion with TAV assume an optimisation
potential to achieve an average efficiency
of over 30 % in the NEDC.

In addition to reducing friction - for
example through highly efficient coating
processes in the valvetrain, through
switching from plain to roller bearings
or through efficient tension systems and
decoupling systems in the front end
accessory drive to reduce the required
preload force - Schaeffler is also working
on a wide range of technical solutions
aimed at achieving a variable operating
point adjustment:

Dr. Hartmut Faust

is Senior Vice President R&D

Transmission Systems at the

LuK GmbH & Co. KG in Buhl

Schaeffler Technologies AG & Co. KG (Germany).
in Herzogenaurach (Germany).

Dr. Martin Scheidt

is Senior Vice President R&D

Engine Systems Division at the
Schaeffler Technologies AG & Co. KG
in Herzogenaurach (Germany).

Dr. Manfred Kraus

is Senior Vice President R&D
Chassis Systems at the Schaeffler
Technologies AG & Co. KG in
Herzogenaurach (Germany).

Uwe Wagner

is Senior Vice President R&D
Automotive and Member of the
Management Automotive at the

MTZ 1212015 Volume 76 S)



- optimisation of thermal operating
point and enhanced warm-up through
intelligent thermal management

- optimisation of pumping losses,
charge motion and combustion
through a complete range of variable
valve control systems, from cam phas-
ers and switchable finger followers to
the fully variable valve control system
UniAir. These systems enable various
operating strategies like early or late
intake valve closing at part load and
full load (Miller cycle), cylinder deacti-
vation and internal exhaust gas recir-
culation or retention

- further optimisation of the combustion
process by variable adjustment of the
compression ratio.

The size of such technologies’ potential

has been exemplified by the simulation

work, performed in cooperation with

IAV, to optimise valve control strategies

on a charged 1.4 1 petrol engine. Through

a combination of early and late intake

valve closing, a high-grade downsizing

(Pme, max= 29 bar) with consumption

advantages of 11.7 % was achieved in

the NEDC. It was possible to enhance
consumption potential by a further

3.6 % through an intelligent partial load

strategy [1].

TORSIONAL VIBRATION DAMPING

Start-stop operation, downsizing and
turbocharging of the engine all lead

to the attainment of increasingly high
peak combustion pressures and thus
resulting also in increased rotational
irregularity. In addition, the intrinsic
damping of the transmission is perma-
nently diminished by reduced friction,
which increases sensitivity to rattling.
In recent years, that has led to the tor-
sional vibration dampers having a key
function in increasing the efficiency of
the drivetrain, as they eventually enable
the consumption potential of the engine
or transmission to be exploited without
significant loss of comfort. In the pro-
cess, the vibration isolation itself must
not be achieved through actual physical
damping and thus through the dissipa-
tion of drive energy, but rather it must
primarily be achieved through interme-
diate storage of the enormous energy
spikes in rotating masses and springs.
In the course of consumption optimi-
sation and the increasing dynamic
requirements of the turbocharged
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engines, a further increase in the iner-
tias was no option, meaning new solu-
tions were required.

Schaeffler has therefore developed
high-performance damping concepts
based on rotational speed-adaptive
damper systems in the form of centrifu-
gal pendulum-type absorbers for use in
dual-mass flywheels, clutch discs and
torque converters with exceptional

Engine I

Transmission

2030

FIGURE 1 Development
of drivetrain concepts
worldwide up to 2030
(© Schaeffler)

B Electric

damping properties. When used in
torque converters, for example, it was
possible to achieve consumption reduc-
tions of 3 % through the resulting
decrease in lock-up speed [2].

But even with dampers, there are vari-
able systems. For example, for engines
with cylinder deactivation, centrifugal
pendulum-type absorbers with different
orders are used [3]. In the case of suit-

Recovery potential |

€=y

| Traction resistance

FIGURE 2 Energy balance for a C-segment vehicle with 1.0-1 petrol engine in NEDC, acceleration resistance

shown as recuperation potential (© Schaeffler)



able hybrid systems, the vibration isola-
tion can be supported by strategies for
active damping of the e-motor, FIGURE 3.

TRANSMISSION

Although significant progress has been

made in transmissions over recent years

through the growing use of automation,
enhanced efficiency and the increase in
usable ratio spread, Schaeffler is still
working on optimising efficiency in this
area:

- reduction in bearing friction, for
example through suitable bearing con-
cepts (fixed/floating bearings instead
of preloaded bearing arrangements) or
the use of rolling bearings instead of
thrust washers on planet gears

- reduction in mounting space and
weight, for example through the use of
synchronisation units with integrated
detents (each synchronisation unit
results in an axial mounting space
reduction of approximately 10 mm as
well as a shifting travel reduction of
1.5 mm)

- development of NVH-optimised chain
variators with high efficiency and high
ratio spread for use in continuously
variable transmissions (CVT)

- reduction of the average parasitic
power of the electro-mechanical clutch
and gearshift actuation for double

clutch transmissions in the NEDC to

less than 20 W.
These actuator systems can also be used
to actuate the clutch in manual trans-
missions. As well as enhanced comfort,
these E-clutch systems enable to imple-
ment sailing strategies, which makes it
possible to save more than 5 % fuel con-
sumption, depending on the driving
cycle [4]. In conclusion, the transmission
can still be significantly improved in
terms of efficiency, weight, mounting
space, auxiliary energy requirements
and operation point optimisation
through adapted variability.

CHASSIS

Schaeffler is also working on measures
towards increasing efficiency of chassis.
Starting points exist in traction resist-
ance and electrical power consumption
for the actuating mechanism, which is
necessary for intelligent chassis:

- reduction of bearing friction by more
than 25 % through three-row ball
bearings with a driving-situation-
dependent bearing row load, as well
as reduction of the seal friction by up
to 50 % on wheel bearings through
low-friction seals

- reduction of auxiliary energy for
chassis actuation by implementing
the power-on-demand concept; this

Centrifugal pendulum-type absorber

Transmission

Dual mass
flywheel )
[ |
E-motor (.

[ oo

Vehicle

Control strategy
Clutch slip

Active damping

Power loss at wide open throttle

Power losses through active

./ damping with e-motor

w Power losses through

controlled isolation
system

Engine speed [rpm]

2400

3200

FIGURE 3 System optimisation through a combination of dual-mass flywheel, centrifugal pendulum-type
absorber, active damping through the e-motor and controlled slip in the double clutch (© Schaeffler)
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means electro-mechanical actuator
systems used as anti-roll systems can
replace the hydraulic systems cur-
rently in use.
Additional potential for chassis systems
exists in aerodynamic measures like
electro-mechanical ride height adjust-
ment. In this concept, the vehicle can be
lift up or lowered via electro-mechani-
cally actuated ball screw drives, depend-
ing on the driving condition. The reduc-
tion in aerodynamic drag enabled by this
concept results in a potential fuel saving
of 0.5 to 1.5 % in the NEDC, depending
on the vehicle.

ELECTRIFICATION

The hybridisation of drivetrains offers
considerable potential in addition to the
above measures. It is estimated that by
2030, nearly half of all vehicles world-
wide will have an electric motor as a
drive source. Approximately 9 % of all
vehicles are expected to be driven exclu-
sively by an e-motor, FIGURE 1.

One of the key criteria in hybrid con-
cepts is the arrangement of the e-motor
in the drivetrain. In this area, Schaeffler
is focusing on parallel hybrids. This
arrangement of the e-motor builds on
existing powertrain technologies. It
requires only one e-motor and covers the
widest spectrum of electrified drivetrain
concepts, from mild hybrids to range
extenders. It therefore offers a seamless
transition to purely electric vehicles.

The maximum available voltage is a
major factor when it comes to dimen-
sioning the e-drive. In the course of the
transition to the 48 V on-board net sys-
tem, opportunities exist for mild hybridi-
sation that would enable savings in fuel
consumption of between 8 % and over
15 % in the NEDC, depending on the ve-
hicle, concept and electrical power. In
addition to components for belt alterna-
tor starter systems, Schaeffler is develop-
ing concepts for high-performance 48 V
P2 hybrid modules in parallel and coax-
ial designs and even 48 V electric axle
systems, which can be expanded on a
modular basis into two-speed systems
with torque vectoring [5].

Full efficiency, and thus full consump-
tion reduction potential of well over 20 %
in the NEDC and WLTC, can only be
achieved by the hybrid systems with cor-
respondingly powerful e-motors, and
therefore with high-voltage systems. In

7
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this area too, Schaeffler provides solu-
tions for modular designs of hybrid mod-
ules and electric axle systems as well as
electric wheel hub drives built into the
wheel rims, FIGURE 4.

SYSTEMIC APPROACH

When considered in full, the above
areas of potential to increase efficiency
in the drivetrain for the individual
assembly areas are strongly dependent
on the cycle in which they are meas-
ured. In this regard, the WLTC (World-
wide Harmonised Light Duty Vehicle
Test Cycle) in particular will lead to
another significant change. In addition,
practically all of these measures display
strong interactions and multiple conflict-
ing aims with regard to comfort, effi-
ciency and harmful emissions. In deter-
mining a complete concept, the Total
Cost of Ownership (TCO), which decides
the purchase for the end customer, must
be taken into consideration - the lower
fuel costs resulting from one measure
must be weighed up against the acquisi-
tion costs.

It is therefore clear that, in future,
drivetrain technologies must be evalu-
ated and defined at the drivetrain level,
and not only at engine or transmission
level. As a result, Schaeffler is increas-
ingly evaluating technologies from this
perspective. For example, when develop-
ing cylinder deactivation, the engine and
transmission are regarded as a system,

Electric
axle, 48V
Front end
auxiliary drive,
48V
Mild hybrid vehicles

(48 V)

Hybrid vehicles
(HEV, PHEV)

Electric axle,

= Hybrid module,

o 48V

§ Range extender
@ transmission
o 'y

o

E-clutch ~ Hybrid

L] Sysems module, HV

| Degree of electrificfb

Electric vehicle

(BEV)

FIGURE 4 Modular solutions and system solutions for all areas of electrification (© Schaeffler)

so that solutions can be provided for a
deactivation strategy with the corre-
sponding damping technology [3, 6]. On
hybrid or purely electric drives, trans-
mission spread design and number of
gears must be re-evaluated [7].

In addition, complete drive concepts
are also simulated for the purpose of
defining development strategies and
evaluating components and subsystems
in the drivetrain. For the drivetrain
shown in FIGURE 2, consumption was
reduced from 5.1 to 3.6 1/100 km by
combining a mild 48 V P2 hybridisation

Schaeffler

with the application of corresponding
measures to the engine, transmission
and chassis.

For the purpose of verifying the simu-
lations, different concept cars are being
constructed, FIGURE 5. These are often
focused on specific markets and regions
in their conception and design, such as
the Efficient Future Mobility China Car.
The drivetrain in this vehicle was com-
pletely converted to a 1-1 petrol engine
with a powerful Schaeffler high-voltage
hybrid module and double clutch trans-
mission with dry double clutch. This

FIGURE 5 Schaeffler concept cars
(© Schaeffler)
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Engine |

1.0 1, three-cylinder-
petrol engine
(92 kW/170 Nm)

- Six-speed double clutch transmission

with dry double clutch

| Transmission |

Hybrid module |

P2 hybrid module

mechanism

1/100 km
»~
1

Fuel consumption measurement of concept car in NEDC
Reference vehicle (manufacturer specification)

— Concept car in HEV mode

— Concept car in PHEV mode

means that in the chosen configuration,
savings in consumption of up to 65 %
can be achieved in the NEDC, with an
electric range of approximately 30 km in
plug-in mode, FIGURE 6.

SUMMARY AND OUTLOOK

In the coming years, the demand for
reduced fuel consumption and emis-
sions will be the dominant trend in
drivetrains. Targets will increasingly be
based on real driving emissions (RDE).
Approaches to technical solutions are
highly diverse and range from friction
reduction to increased variability, elec-
tro-mobility and alternative fuels.

It must also be taken into account that
when purchasing a car, customers are
primarily concerned with the life cycle
costs, and less so with environmental
aspects. Although reduced consumption
leads to lower running costs, this can
eventually be cancelled out by the higher
acquisition costs, depending on the
development of oil prices [7]. Conse-
quently, the cost factor will be a key dif-
ferentiator in the selection of technologi-
cal solutions.

Against the backdrop of these increas-
ingly stringent requirements on the one
hand, and increasing technical complex-
ity on the other, it is no longer enough
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with 41 kW/180 Nm e-motor,
dry disconnect clutch KO and
electromechanical actuating

I—25 %

-65 %

FIGURE 6 Drivetrain and
fuel consumption of the
Schaeffler China Concept
Car (© Schaeffler)

for system providers to work at only one
level above the system level of their own
products. System suppliers must increas-
ingly develop expertise on a drivetrain
level. On top of the technical demands,
methodical expansion of the develop-
ment processes will also be necessary,
for example regarding functional safety.
With the Mobility for Tomorrow strat-
egy, Schaeffler has optimally positioned
itself in recent years and will continue to
develop these skills so that these com-
plex demands can be met through exper-
tise from systems down to the last detail.
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Connected Energy
Management with a
Backend-bhased Driving
Strategy as an Example

A predictive operating strategy for the powertrain uses data about
the surrounding area to allow for proactive action instead of a purely
reactive control system. Using a 48 V mild hybrid demo vehicle as
an example, Continental shows what saving effects are possible with
Connected Energy Management (CEM) on a real route if sensed
information about the surrounding area is kept constantly up to
date by means of a backend connection.

EXTENDING THE ADVANTAGES
OF A MILD HYBRID

Current strategies to minimise energy
consumption successfully build on
numerous parameters in the vehicle
itself. To this end, the overall vehicle
and its components are systematically
further developed to ensure the greatest
possible efficiency. Electrification in
hybrid vehicles is one of these strategic
steps. This makes driving strategies such
as regenerative braking, coasting (decou-
pling and deactivating the internal com-
bustion engine), eBoost (support from
the electric motor for the internal com-
bustion engine), load point shifting, and
extended start/stop operation possible.
For example, with a mild hybrid based
on the 48 V Eco Drive [1], savings of
between 8 % (cross-country driving
only) and 21 % (in urban traffic) [2]

can be achieved, using an integration-
friendly PO architecture. This consump-
tion saving forms part of the attractive
cost-benefit ratio of the 48 V system. By
means of predictive driving strategies,
sensed information about the vehicle
environment, and an online connection
to a backend with dynamic map informa-
tion, it can be used even more efficiently.

USE OF MAP DATA

Predictive driving strategies use static
map data [3] that has already been intro-
duced in series production [4] so that
efficiency-enhancing hybrid functions
can be used even more effectively.
Restricting the efficiency of the predic-
tive strategy constitutes the individual
driving behaviour that leads to consump-
tion fluctuations of up to 25 % in con-
ventional vehicles [5]. In relevant situa-

11
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tions, comprehensive energy management
that not only activates the powertrain
components optimally but also supports
the driver in selecting an energy-opti-
mum speed trajectory by means of a

haptic pedal is therefore beneficial. Intel-

ligent energy management thus reduces

energy consumption by means of numer-

ous methods, FIGURE 1.

In an initial step, energy consumption
was reduced by 3 % during cross-coun-
try driving with the 48 V system by
using static map information. For fur-
ther, energy-based optimisation of the
speed trajectory, up-to-date, dynamic
route information is useful, particularly

Maximisation of the coasting phase
in order to avoid drag losses

FIGURE 1 Methods to increase
the CO, savings potential by
means of intelligent energy

for urban driving where conditions
change rapidly. Suitable data is provided
by means of a vehicle connection to the
backend with the dynamic electronic
horizon (eHorizon). This means that
traffic signs, dynamic speed limits,
expected traffic light phases, and current
traffic data is available. To complement
the dynamic map information, suitable
sensors scan and record the area around
the vehicle. TABLE 1 shows the relation-
ship between hybrid functionality, driv-
ing situation, and required information.
Due to the interconnectivity within the
vehicle and with the backend, Continen-
tal's cross-vehicle optimisation strategy

management (© Continental)

goes by the name of Connected Energy
Management (cEM). To develop this
energy management, the capabilities of
the three Continental divisions Chassis
& Safety, Interior, and Powertrain can be
used at Continental, FIGURE 2.

MODE OF OPERATION AND
INFLUENCE ON THE POWERTRAIN

In cEM, the expanded data basis of the
dynamic eHorizon in conjunction with
information about the surrounding area
is used to determine an energy-optimum
speed trajectory for consumption-rele-
vant driving situations. This makes it
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Driving situation s ° = c = ,2 35T o=
c ] =] = P =)
= . SE 5 0B g S 8§ E8 3=
2 b = o b w = 2= = o o ®
% E T (BL % §£  f 2 bed 5% 5 5 E
S = @ 25 3 il i o5 ©8%¢ £« ® gL
- < o wua o x o n mno WEs 0of -3 x S
Approaching traffic light, .
) Dynamic,
speed limit, ¥ = X X X X v v Y €
) in real time
slower vehicle ahead
Acceleration due to Dynamic,
higher speed limit Q - X X X v 4 in real time
Uphill ,
’ = Static
hold speed U X X X :
Downbhill, .
hold speed = v X X X v Static
Creep mode .
) v D )
(low speed zone, stop and go (Very = X X v v L ynamltf
low) in real time

in slow-moving traffic)

TABLE 1 Relationship between required information, hybrid function, and driving situation (© Continental)
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Powertrain domain

Connected powertrain
controller

Hybrid strategy

eHorizon reconstructor

Energy management

‘ Antenna

’ HMI

FIGURE 2 Interfaces of an exemplary system architecture (© Continental)

possible to extend the duration of coast-
ing, switch off the internal combustion
earlier, and to decelerate during braking
phases in such a way that the entire
deceleration energy can be used for
regenerative braking. The driver feels a
haptic signal on the active accelerator
(accelerator force feedback pedal, AFFP).
After the driver releases the accelerator,
cEM initiates the energy-optimum driv-
ing profile for the upcoming driving situ-
ation. By pressing the accelerator or
brake pedal, the driver can override the
cEM's input at any time.

To estimate the savings potential of
the cEM functions, the focus in the
examination conducted is on decelera-
tion phases that are of particular rele-
vance to hybrid vehicles. As assistance

FIGURE 3 Calculation of the fuel saving with the Regensburg City Cycle (RCC) as an example (© Continental)
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For example
ethernet

' Backend agent [
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Interior domain

For example
CAN Haptic pedal Environmental sensors
flexray

Chassis domain

functions for these phases, the advanced
driver assistance systems Smart Traffic
Light Assist, Smart Curve Speed Assist,
and Intelligent Deceleration Assist were
initially developed and implemented in
the demo vehicle.

CEM POTENTIAL ANALYSIS AND
INITIAL FINDINGS

To analyse the energy saving potential,
the additional consumption saving made
by the cEM compared with the 48-V-Eco-
Drive vehicle without cEM was to be
calculated. In both cases, the analysis
used a Golf VI 1.2 TSI with an automatic
transmission. The belt starter generator
(BSG) has a power output of between

6 kW (continuous power) and 10 kW

(temporary maximum power) [1]. The
analysis used a constant 12 V on-board
power supply load of 400 W as its basis.
To calculate the consumption saving,
a typically urban driving cycle, 12.5 km
in length, in Regensburg city (Regensburg
City Cycle, RCC) was used, FIGURE 3. This
RCC contains 4.1 km of city freeway (a
maximum of 80 km/h), 7.1 km of urban
traffic (a maximum of 50 km/h), and
1.3 km at a reduced maximum speed of
30 km/h. Within the selected driving
cycle, relevant situations were identified
in which an additional consumption
saving is possible thanks to cEM by
adjusting the speed trajectory. The indi-
vidual situations were clustered depend-
ing on the traffic sign (traffic lights or
speed limit), the speed at the start of

— Speed limit
— Vehicle speed

VAN

Speed [km/h]

Distance [km]
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(A SRR CROSS-LINKING OF THE DRIVETRAIN

Real driving

TABLE 2 Consumption saving thanks

CO, savings .
D:(;’rl]r_lﬁr?:;e Driving cylce urban (RCC)
48V Eco Drive Sl i 8.0 %
VW Golf VI 1.2 TSI
° ® -21.0 %
cEM with static eHorizon -2.8%
cEM with dynamic eHorizon -0.7 %
2.7 %
Total CO, economy -12.8 % -24.4 %

to Connected Energy Management
(© Continental)

deceleration, and the gradient. The ini-
tial value for the speed trajectory, which
is adjusted by means of cEM, was deter-
mined for each clustered situation on the
basis of 29 real RCC test drives with the
basic 48 V system. The 29 real drives
were also used to determine the
expected probability that the situation
would arise, for example the frequency
of stopping at traffic lights.

By way of example for all situations,
the effect of an anticipatory “intelligent”
control system is shown by the Smart
Traffic Light Assist while the vehicle is
approaching a red light at vehicle speed
of 50 km/h. The type and expected dura-
tion of the current traffic light's colour are
transmitted online by means of cEM.
The stopping point at the traffic lights is
necessary for an energy-optimum calcu-
lation of the speed trajectory. To estimate
the potential, this study assumes that the
distance from a possible vehicle in front
is known thanks to the evaluation of
radar information. The course of the
gray curve in the schematic diagram in
FIGURE 4 reflects the speed curve for the
48 V Eco Drive vehicle without cEM. The
average deceleration during the braking

A

phase as well as the average duration of
the coasting phase were calculated for
the situation on the basis of the 29 test
drives in fluent traffic conditions. The
yellow line shows the change in driving
strategy when cEM is used: deceleration
is limited to maximise regenerative brak-
ing energy. In addition, the haptic pedal
lengthens the coasting phase by acting
on the driver in such a way that the
internal combustion engine switches
off earlier. When the coasting phase is
extended, the fact that the driver accepts
only certain lengthening of the coasting
phase is taken into consideration. Since
the vehicle is approaching a red light in
this situation, the longer overall duration
of coasting and regenerative braking of
4 s does not lead to an increase in total
driving time. This also allows for com-
parability with the non-connective strat-
egy without cEM.

The CO, saving for each situation was
calculated using a validated simulation
model, and the total CO, saving in the
RCC was calculated using the expected
frequency of occurrence. Depending on
the type of deceleration situation, fuel
savings of between 0.8 ml (stopping at

Coasting phase
1 phase

Speed [km/h]

Braking

traffic lights from 35 km/h) and 6.3 ml
(stopping at traffic lights from 70 km/h
with a gradient of between -1 % and

-2 %) were achieved in some cases. It is
assumed that, in 25 % of cases, the driv-
ing trajectory calculated by means of cEM
cannot be implemented as the traffic situ-
ation will not allow it or the area around
the vehicle has not been completely
scanned and recorded. This results in

a total CO, reduction of 4.8 g/km for the
RCC thanks to cEM. Given average con-
sumption of the conventional 48 V sys-
tem of 6.1 1/100 km, this corresponds to
a further consumption saving of 3.4 %.
Of this, 2.7 % can be attributed to the
Smart Traffic Light Assist with dynamic
map information and 0.7 % to the Intelli-
gent Deceleration Assist in the case of
static speed limits, TABLE 2.

SUMMARY AND OUTLOOK

Taking into consideration the dynamic
eHorizon data, hybrid driving strategies
can be used more effectively through
energy-efficient adjustments to the decel-
eration trajectory. While calculations on
the basis of the RCC were being made,

FIGURE 4 Adjustment
of the speed trajectory
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Distance [m]

during a deceleration
> phase (schematic)
(© Continental)



cEM revealed potential of an additional
3.4 % fuel saving compared with the
already very efficient 48 V Eco Drive demo
vehicle. Particularly through the use of
the dynamic eHorizon data, total energy
consumption was once again reduced
considerably with no change to the vehi-
cle components. Particularly in urban
traffic, dynamic and up-to-date data sup-
plied by a backend can be used for this
purpose. Connectivity can thus make a
significant contribution toward reduc-
ing CO,. These improved functions as a
result can be achieved in all hybrids,
even in vehicles with a conventional
powertrain to lengthen the overrun fuel
cut-off phases [6]. In light of the fact
that the 48 V hybrid system is becoming
very widespread, cEM offers an addi-
tional method for achieving challenging
CO, targets in a cost-effective manner.
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| Emissions Measurement
of Plug-in Hybrid Vehicles

The increasingly complex powertrains of hybrid vehicles pose new questions and

sources of error. For example, the mass transport and the emission measurement

accuracy can be affected if the vehicles use the electric motor during the driving

cycle or the engine is switched off when idling. To avoid measurement errors

Horiba has developed an alternative measurement method.
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BACKGROUND

A Plug-in Hybrid Electric Vehicle (PHEV)
uses an electric motor with an externally
chargeable battery and a fuel operated
internal combustion engine (ICE). The
described investigations shall identify
influences on standard measurement pro-
cedures and occurring deviations
between real-world and test-site opera-
tions while testing PHEV’s on a chassis

dynamometer. Challenging is the fact,
that measurement accuracy is influenced
by the continuous decreasing amount of
exhaust emissions during driving cycles,
since the high electrical range allows a
Plug-In Hybrid Electric Vehicle to drive
large parts of a cycle all electrical. Fur-
thermore the feasibility to operate the
engine at more efficient map points, to
shut the engine down while the vehicle




stops and to charge the battery during
deceleration, reduces the exhaust volume.
While testing Hybrid Electric Vehicles a
particular phenomenon occurs: the
exhaust emission mass transport from the
transfer tube to the dilution tunnel con-
tinues during ICE-off phases. This phe-
nomenon was observed with the meas-
urement results from the diluted modal
sampling system. The physical effect of
this mass transport can be based on dif-
fusion, natural convection or extraction.
These three phenomena were investigated
with the help of driving cycles and pro-
pane tracer tests. In order to reduce the
emission measurement errors while test-
ing PHEVs the measurement accuracy of
the gas analyser can be increased or an
alternative measurement procedure can
be used. This article focuses on the inves-
tigation of an alternative procedure
named “During Test Top Off” (DTTO).
DTTO results will be compared to the
conventional method regarding the New
European Driving Cycle (NEDC).

TEST EQUIPMENT

For the test all PHEVs are driven on a
four wheel drive (4WD) chassis
dynamometer. The vehicle’s tailpipe is
connected to a heated transfer tube and
the entire exhaust flow is diluted by the
constant volume sampler (CVS) system
(dilution tunnel), with critical flow ven-

turis (CFV) assuring a constant diluted
exhaust flow, FIGURE 1. A sample of
diluted exhaust is drawn into the bags for
post-test analysis. The modal sampling
lines, connected directly to the exhaust
gas analyser system, allow modal diluted
exhaust measurement during driving
cycles. For the investigation of DTTO
three two- way valves between the sam-
pling-venturis and batches are used to
switch according to ICE operation: When
the combustion engine is operating the
valves open to the bags, when the com-
bustion engine stops the valves switch to
the bypass where the sample is dis-
missed. Yet this entire system configura-
tion is the same as a conventional CVS
system. The two PHEVs used for this
study are a Diesel parallel hybrid vehicle
and an Otto range extender vehicle.

INVESTIGATION OF
MASS TRANSPORT

Mass transport of exhaust emissions
from the transfer tube into the dilution
tunnel during ICE-off can be based on
three physical processes. These are dif-
fusion, natural-convection and
extraction:

- Diffusion occurs due to the much
higher CO, and pollutant emissions
in the exhaust pipe and transfer
tube compared to concentrations
in the dilution tunnel.

- Natural convection means the differ-
ence of density which is caused by dif-
ferent temperatures and might cause
an unforced gas flow through the
transfer tube into the higher-mounted
dilution tunnel.

- Extraction describes the mass trans-
port caused by an external driving
force such as pressure differences.

FIGURE 2 points out the process of natu-

ral convection for better understanding.
There are different approaches, how

the three phenomena responsible for
the mass transport could be detected.

First there is a phenomenological based

investigation during driving cycles.

The effect of diffusion is insignificant

since despite the high CO, concentra-

tions in the transfer tube there is no
more mass transport after a certain
time following the first engine opera-
tion. The effect of natural convection
appears to be higher than the one of
diffusion due to the correlating oxy
catalyst temperature and mass trans-
port effect. With every engine operation
phase during the test the temperature
behind the oxy catalyst rises. The obvi-
ously high mass transport at the end
suggests that the mass transport is not
only influenced by natural convection
but could also be by extraction since the

CVS flow was increased during the test,

FIGURE 3. The effect of extraction seems

to be negligible since extraction hardly
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FIGURE 2 Illustration of natural convection in a transfer tube (© Horiba)
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FIGURE 3 Mass transport analysis — observed CO, characteristics (© Horiba)
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has an effect on mass transport from
the beginning of the cycle up to the CVS
flow change. Afterwards, due to higher
tunnel underpressure, the influence of
extraction on mass transport cannot be
analysed. For further investigation pro-
pane tracer tests and catalyst cooling
were performed.

INVESTIGATION OF MASS
TRANSPORT WITH PROPANE GAS

To investigate the mass transport within
the propane tracer tests the propane bot-
tle was connected to the transfer tube
close to the vehicle’s tailpipe. For all pro-
pane tests the Diesel-PHEV was placed
on the chassis dynamometer with the
transfer tube tightly connected to the
tailpipe, without engine operation. For
repeatability a small defined volume was
filled with a defined pressure of propane
and released into the transfer tube after-
wards, FIGURE 4.

The first propane test was performed
with an unheated transfer tube in order
to investigate the effect of diffusion.
When the transfer tube is disconnected
from the tailpipe at the end of the test
about 99 % propane is still left in the
transfer tube and sucked into the dilu-
tion tunnel after the disconnection. This
confirms the assumption from above: the
influence of diffusion on mass transport
is not significant.

For the second test the transfer tube
and tailpipe were heated. 1000 s after
this test started the transfer tube was
disconnected in order to detect the
remaining propane in the transfer tube
for the investigation of natural convec-
tion with the result that most of the pro-
pane (85 %) was still left in the transfer
tube, FIGURE 5.

To investigate the phenomenon
of extraction an unheated transfer
tube was used and the connection
between the propane gas bottle and
the transfer tube was opened. In the
first half of the test the Total Hydro
Carbons (THC) concentration raised
roughly and it increased rapidly short
after opening the gas bottle. About
1100 s into the driving cycle the con-
centration levelled out.

These propane tests prove that when
the transfer tube is thoroughly connected
to the tailpipe and not heated externally
or internally - with exhaust gas - there is
no significant mass transport.



FIGURE 4 Test set-up to investigate mass transport with propane gas (© Horiba)

INVESTIGATION OF
CATALYST COOLING

Catalyst cooling particularly means the
risk of catalyst temperature being cooled
below the light-off temperature during a
driving cycle, which can also be pushed
artificial by test side conditions. Cooling
can occur on basis of radiation and con-
vection on the outside of the catalyst and
from the inside due to a potential extrac-
tion of exhaust gas by the CVS underpres-

sure. If catalyst cooling during ICE-off
phases occurs, the pollutant emissions
can be increased with the next engine
start until the catalyst temperature rises
above the light-off temperature again. For
the evaluation of catalyst cooling the
measurement results from temperature
sensors or the diluted modal measure-
ment results, in particular the CO, THC
and NO, emissions have been investi-
gated with no significant results regard-
ing the three mass transport phenomena.

ALTERNATIVE MEASUREMENT
PROCEDURE DTTO

The special operation of PHEV
engines requires an alternative
approach to the investigation of

mass transport. During the measure-
ment procedure DTTO, the exhaust
gas and dilution air are only filled
into the bags while operating the
combustion engine and thus reduces
high dilution factors due to mere dilu-
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FIGURE 5 Propane test with heated transfer
tube; investigation of natural convection
(© Horiba)
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Urban exhaust gas batch

Extra-urban exhaust gas batch

DTTO Conventional DTTO Conventional

Sample probe venturi flow [I/min] 6 6 13 12

Bag filling time [s] 400 780 269 400
Fuel consumption [1/100 km] 5.9 6.1 6.3 6.1

CO, mass [g] 623 650 1178 1141
CO; [ppm] 6140 3471 16,539 10,891
CO [ppm] 13.95 10.08 0.57 0.94
THC [ppm] 1.48 1.75 0.88 0.95
NO, [ppm] 5.97 3.23 15.98 9.96

TABLE 1 Comparison of measurement data of DTTO and conventional procedure (© Horiba)

ent sampling. Considering minimum
bag sampling time for a proper analysis
volume, top-off sampling will be (re-)
started approaching the end of each
phase even without engine operation.

An Ono Sokki FT-7200 tachometer in
combination with its vibration detector
is attached on top of the engine to detect
its operation. This value is the input for
the automation system’s decision of
DTTO sampling phases. The CVS flows
are manually chosen for both phases of
the NEDC according to the expected
maximum exhaust flows before the
driving cycle. During each phase of a
NEDC the size of the exhaust gas and
dilution air sample venturis is chosen
automatically by the system at first
engine start to gain a maximised sample
volume without exceeding the maxi-
mum batch volume on worst-case (no
following engine shut-off).

When the combustion engine is not
operating, the three two-way valves
between the sample venturis and the
batches switch to bypass the batches
and the sample flows are dismissed. As
soon as combustion engine operation is
detected the valves switch again and
the batches are filled with diluted
exhaust gas and dilution air. The filling
of the batches continues for 5 s after the
ICE stops in order to sample the diluted
exhaust gas delayed by the volume of
the system piping.

If the minimum batch volume for an
accurate analysis has not been reached
close to the end of a sampling phase due
to very few ICE operations, the three
two-way valves open continuously to the
batches. This continuous batch filling
lasts until the end of the current phase.

20

Two separate, homologation compliant
NEDCs were driven with the Diesel-PHEV,
one applying DTTO and the other one
using the conventional method. In both
tests the state of charge (SOC) of the trac-
tion battery was logged during the test in
order to verify that the vehicle operates
similarly in both tests. Due to the precon-
ditioning of the vehicle before each
NEDC, the SOC of the traction battery
was reproduced also resulting in the iden-
tical engine operation. The CVS flows in
both tests and all phases were 9 m3/min.
TABLE 1 summarises the sample probe
venturi flows, bag filling time, fuel con-
sumption, CO, mass and CO,, CO, THC
and NO, concentrations for the urban
and extra-urban exhaust gas batches of
the DTTO and the conventional method.

It is clear that in the exhaust batches
the CO, concentrations are higher with
the DTTO procedure than they are with
the conventional procedure. The differ-
ence of measurement error accounts to
1.93 % and could be much higher with
less engine operation.

Besides the advantage of decreased
sensor errors analysing higher bag
concentrations, the overall emission
mass determination gains accuracy
due to lower effective CVS volume multi-
plied with sensor readings - and its
errors. This can also be interpreted as
reaching a lower effective dilution factor
without risking under-dilution during
engine operation.

SUMMARY

First, the physical process of mass trans-
port from the transfer tube into the CVS
dilution tunnel during ICE-off phases

has been researched. From the investi-
gation with driving cycles and propane
tracer tests it was derived that mass
transport based on natural convection
will occur due to high exhaust gas tem-
peratures. With rising exhaust and
transfer tube temperatures the mass
transport increases steadily.

Second, catalyst cooling, which
means the risk of high pollutant emis-
sions after long ICE-off phases, has
been investigated with the help of a
temperature sensor installed down-
stream of the oxy catalyst in the Die-
sel-PHEV. From examining pollutant
emissions after ICE-off phases in driv-
ing cycles and a calculation of the
worst case, it is clear, that catalyst cool-
ing did not occur due to heat losses nor
did it happen by CVS suction. However,
catalyst position concerning air flow
and valve-overlapping engine designs
could be influencing factors.

Furthermore, during driving cycles
it happens that Plug-in Hybrid Electric
Vehicles drive the majority of the cycle
pure electrical and therefore only few
combustion-engine emissions are sam-
pled in the diluted exhaust gas batches,
with the rest being only diluent sam-
pled. One investigated solution is an
alternative measurement procedure
where the dilution air and diluted
exhaust gas batches are only filled
when the combustion engine is oper-
ated. Moreover, bag volume is topped-
off approaching the end of the phase
for sufficient analysing volume but
on the same time not increasing test
length. The method increases the emis-
sion concentrations in the diluted
exhaust gas batches.
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DEVELOPMENT DEVELOPMENT METHODS

Modern Methods

for Optimising

Cylinder Distortions

Forthcoming RDE legislation
will require a greater level of

reliability in keeping emissions in
check, also beyond the present

driving cycles. As a result of
higher demands on load and
dynamics, phenomena such
as oil input into the combustion

chamber may also have a negative

impact on emission behaviour.
This will put an ever greater
focus on the piston/cylinder
system and on optimising
cylinder distortions throughout
the development process. The
following paper examines the
possibilities of using innovative
|AV tools and methods to assist
systematic steps targeted at
reducing cylinder distortion.
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ONLY SLIGHT CYLINDER
DISTORTION IN
TORQUED OPERATING STATE

Engine development activities are being
driven forward primarily by the challenge
of continuing to reduce CO, and exhaust
emissions. At the same time, the meas-
ures that are needed to do this, such as
downsizing, supercharging and mass
reduction, are exposing all engine compo-
nents to ever increasing strain. Under
these boundary conditions, the tribologi-
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cal systems of an engine are moving more
and more into the focus of attention, with
the piston/cylinder system being the most
important one. It has the greatest influ-
ence on oil consumption and blow-by
and, at approximately 30 %, accounts for
the largest share of an engine’s mechani-
cal losses. It has a major impact on fuel
consumption and exhaust gas emission.
In addition to many other factors, cylin-
der variance from the ideal shape also has
a major influence on the operation of the
piston/cylinder system. Reducing cylinder
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FIGURE 1 Analysing cylinder distortion order by means of Fourier decomposition (© IAV)

distortion is particularly promising from
the aspect of optimisation: Whereas a
compromise always needs to be found for
other influencing parameters, reducing
cylinder distortion has nothing but a posi-
tive influence on all target variables.
Apart from demands to guarantee
problem-free engine assembly, cylinder
distortion is of particular relevance to
the way the piston/cylinder system
works under real-life operating condi-
tions. Above all, this is influenced by the
torqueing between cylinder crankcase
and cylinder head and by thermal and
dynamic stress induced on the cylinder
crankcase while the engine is running.
Today, honing plates (torque plates)
are often used to set this torqued state
as early as the honing process so that
after honing the cylinder crankcase
exhibits no cylinder distortion when
it is torqued with the cylinder head in
a cold static state or, better still, in the
warm operating state. The use of honing
plates, however significantly increases
the work involved in production. In
the context of volume production, this
means that the scope for plate honing
is always limited. An innovative albeit
equally time-consuming alternative is
form honing in which geometric devia-
tions are selectively introduced into
the cylinder while honing by applying
a complex process to control the honing
tool. These deviations equate to the neg-
ative shape of the cylinder in the operat-
ing state and have the purpose of com-
pensating for the distortions that occur
during operation.
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Consequently, this makes it all the
more important to configure the cylinder
crankcase as well as adjoining compo-
nents, such as cylinder head and gasket,
in a way that, wherever possible, only
slight and non-critical cylinder distor-
tions are produced in the torqued operat-
ing state.

BASIC THEORY

In evaluating cylinder distortions, it has
generally proven worthwhile to look at
the shape of each individual contour level
of a cylinder and, by means of Fourier
decomposition, divide them up in terms
of individual distortion orders which are
each characterised by amplitude and
phase angle, FIGURE 1.

Many years of experience have shown
that the amplitude size of the 2rd to 5t
distortion order in particular has an
influence on oil consumption, blow-by,
friction and wear. Lower orders are less
relevant as their distortions can easily be
compensated for by the piston rings; in
practice, the amplitudes of higher orders
are so small that they usually have no
notable influence on the functional sys-
tem. In publications (e.g., [1]), various
reference or limit values are given for
the amplitudes of the 2" to 5t order.
These are mostly based on experience
and empirical findings obtained from
developing and analysing existing pro-
duction engines.

Apart from these empirical values,
analytical methods are also used which
make it possible to determine the con-

formability of the piston rings to the real
deviation in cylinder shape [2, 3]. These
methods also provide order-specific limit
values for each particular application case.
The limit values derived in this way
show the distortions up to which the
piston ring envisaged in each case can
conform to the deformed cylinder con-
tour without producing an excessive
leakage gap between both bodies.
Today, analysing and displaying cylin-
der distortions is virtually inconceivable
without complex software solutions. For
this purpose, IAV uses a tool called IAV
Engine::Analyzer which was developed
in-house. Its “liner distortion” module
provides functions for data processing
as well as extensive methods of analysis,
such as computing concentricity and
cylindricity deviation, Fourier order anal-
ysis or evaluating the order-specific pis-
ton-ring conformability. The user is also
provided with functions for offsetting
datasets (e.g. difference between cold and
warm, untorqued and torqued) and ana-
lysing piston ring conformability by FE
simulation. Given the many capabilities of
importing, filtering and comparing data,
the tool IAV::Analyzer can be used at
every stage of the development process
chain for analyses and comparisons.

OPTIMISING CYLINDER
DISTORTION IN THE ENGINE
DEVELOPMENT PROCESS

Today, cylinder distortion plays an impor-
tant part throughout the engine develop-
ment process, FIGURE 2, from the concept
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phase, further detailed engineering,
FEM computation, optimisation, meas-
urements in engine testing to release
for volume production and monitoring
production [4]. In developing an engine,
however, all-new designs are only

rare. Frequently, existing designs are
adapted to meet new requirements. In
the remaining individual stages of the
development process too, consideration
must always be given to the influence of
cylinder distortion.

The initial stages of development can
only be geared towards the expected
magnitude of cylinder distortion. How-
ever, once the first prototypes have been
produced, evaluation is based not only on
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the measured cylinder distortions but, in
particular, on the parameters influenced
by cylinder distortion, FIGURE 3. In most
cases, exceeding a limit value for one of
these parameters can be compensated
for with other measures, although this
often has drawbacks elsewhere. For opti-
misation to be effective, it is therefore
important to channel the findings of
engine investigations as quickly as possi-
ble into further optimising the design.
Costs and process time increase
with every development step. For this
reason, developing an engine should
always focus on the initial stages of
the process chain. Not only the compo-
nents themselves, but also the FE mod-

Combustion
Exhaust emission

Crankshaft bearing
Skirt design

Production process

FIGURE 3 Influencing
parameters and
effects of cylinder
distortion (© 1AV)

els are continually optimised by subse-
quent measurements.

DESIGN MEASURES FOR OPTIMISING
CYLINDER DISTORTIONS

Design parameters with a significant
influence on the type and magnitude of
cylinder distortion must be taken into
consideration as early as the concept
phase. In practice, the many possible
influences, FIGURE 3, make this a com-
plex task.

The main characteristic of cylinder
distortion in an engine is determined
by the material that is selected, by the
method chosen for casting the cylinder



crankcase and by the ultimate basic
design concept. For example, selecting
the high-pressure die-casting method
for reasons of economy limits choice to
an open-deck design, producing rela-
tively large cylinder distortions in the
upper region of the cylinder.

The design of the cylinder crankcase,
skirt design and, associated with this,
the choice of bearing tunnel design in
terms of individual bearing caps or bed-
plate have a major influence on an
engine block’s stiffness. Usually, these
decisions are made at the start of the
development activity and leave hardly
any room for changes later on in the pro-
cess to scheduling, production technolo-
gies and assembly technologies.

Optimisations then chiefly take place in
relation to the geometry of webs, the
water jacket or the length and connection
of the cylinder head bolts. In addition to
this, an attempt can be made to reduce
severely deformed areas by adding ribs
or modifying wall thicknesses. It must
be remembered here that the regions of
a cylinder exposed to the highest loads
need not necessarily show the greatest
deviations in geometry.

FAST SIMULATION TOOL
FOR OPTIMISING
CYLINDER DISTORTIONS

Today, optimising cylinder distortion is
hardly conceivable any more without
computations. If these are only made at
an advanced stage of the project and
necessitate additional loops, major costs
and high costs must be expected which

can put development stages at risk or
threaten volume production launches. By
assessing geometry early on, existing
potentials can be exploited better and
the development process can be speeded
up and made more cost-effective. To do
this, IAV has created a fast and straight-
forward simulation tool that is used by
the designer as early as the concept
phase. This simplified simulation has the
aim of analysing a large number of vari-
ants and of identifying parameter sets
that produce the desired result.

The key advantage lies in the speed
with which modifications can be intro-
duced into the simplified model and then
evaluated because only one software tool
is needed to cover the entire process.
The results are sufficiently accurate in
direct comparison with a complex com-
putation (provided the level of design
detailing is sufficient) and provide an
early and reliable basis for reaching
design decisions. It must be remembered
that greater convergence with real-life
component behaviour involves greater
model detailing, which automatically
lengthens computing time.

FIGURE 4 illustrates the process cycle.
The basic dimensions of the crankcase
being optimised are imported into a CAD
control model, known as the “skeleton”.
From this, an assembly, which works
fully parametrically within appropriate
process limits, automatically regenerates
a basic model - comprising cylinder
crankcase with bearing caps and bolt
connections as well as cylinder head
with gasket and bolt connections. The
dataset generated from this forms the

basic variant for FE analysis. After this
first computation run, all changes are
controlled by parameter modifications
on the skeleton. Here, variants can be
computed one after the other without
any supervision.

This way, parameter fields with a
large number of computed geometries
are produced for specific boundary con-
ditions. Result data can be imported into
IAV::Analyzer and then easily processed
and compared in a clearly structured
manner. This provides the capability of
evaluating influences on cylinder distor-
tions and carrying out optimisations.

As a further advantage, this process
can also be used for components that are
already in volume production. Owing to
the degree of data detailing with the
methods used to date, a considerable
amount of work is involved in entering
the changes into a crankcase for just a
few variants. With the approach pursued
here, it is now only necessary to finish
designing those variants with the great-
est potential for detailed analysis. The
best variants from the simplified simula-
tion can then be channeled into the full-
fledged CAD model and verified by
means of a complex FE simulation.

COMPLEX SIMULATION

OF CYLINDER DISTORTION
UNDER REAL-LIFE
OPERATING CONDITIONS

Apart from the detailed geometry, com-
plex simulation also involves taking other
input variables into account even more
accurately than with the above-mentioned

Skeleton

Basic model

Complex model

FIGURE 4 Process for
optimising cylinder
distortion (© IAV)

Max. cylinder distortion
2" order

E
Ea o
3\

Amplitude [pm]
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method. For example, these include bolt
preloads, material properties, behaviour
in the region of the cylinder head gasket,
time-related temperature fields, the
assembly process and engine “aging”. In
most cases today, complex CFD simula-
tions are carried out to take account of
heat input on the combustion chamber

side and heat transfer on the coolant side.

FIGURE 5 illustrates the impact of the load
history on bolt preload force factored in.
The factored-in reduction in bolt force is
based on experience from statistically
evaluating bolt force measurements. It is
also possible to simulate residual bolt
forces in engines with material data and
with assumptions on material settlement

and creep behaviour. FIGURE 5 shows that
distortion simulations are not only carried
out for the nominal output point but also
for other operating points. In the subse-
quent computations of blow-by and oil
consumption, this means it is not only
possible to take into account the real-life
combustion pressures and temperatures
but also the distortions occurring at a
specific operating point.

MEASUREMENT OF
CYLINDER DISTORTION DURING
FIRED ENGINE OPERATION

In most cases, only the cold static
torqueing state has been used in the past

to evaluate the design of cylinder crank-
cases. Reproducing and analysing the
influence of thermal and dynamic stress
on cylinder distortion has only been
possible with major effort and therefore
often neglected.

As a result of constantly rising demands
and better computation capabilities, cylin-
der distortions are also being computed in
a warm operating state, producing the
necessity to verify the results of this
simulation.

Using a measuring method developed
by IAV and already tried out on gasoline
and diesel engines, cylinder distortions
can be sensed in a fired combustion
engine with a high level of accuracy.

Measuring sensor
Eight eddy-current sensors

Calibration and heat resistance
to 200 °C

Sensor carrier frame
Invar steel (a=1,9 - 10° K1)

Sensors arranged around
perimeter at 45° intervals

Signal transfer
by measuring lever arm

Sensor carrier adjustment
with integrated electric motor

| p—

Measurement piston with
integrated sensor carrier
Sensor carrier between top
and bottom of piston, pivoted

Top and bottom constructed
’ from two OEM pistons

Top and bottom bolted
up with central

nut

FIGURE 6 Measurement piston for measuring cylinder distortion during fired engine operation (© 1AV)
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The contour of the cylinder liner is
measured directly from the piston. The
piston is a special measurement piston
with integrated sensor carrier frame. The
eight eddy-current sensors used for meas-
urement are staggered at 45° intervals
around the perimeter of the sensor carrier
which is positioned at the level of the sec-
ond piston ring, FIGURE 6.

The sensor carrier can be rotated by an
electric motor integrated in the measure-
ment piston and a specially developed
adjustment and positioning facility while
the engine is running. As a result, the
same points on the cylinder surface are
measured by different sensors in direct
succession. This makes it possible to deter-
mine any sensor errors in relation to each
other and allow for these in evaluation.

While the engine is running, the lifting
movement of the piston measures the
entire part of the cylinder liner relevant to
the function of the piston rings. The data
measured are transferred by cable from
the oscillating piston to the static crank-
case via a lever arm. On integrating the
measuring equipment into the engine, it
is important to make sure that the cylin-
der crankcase and all other relevant com-
ponents remain largely unchanged so as
not to influence the cylinder distortions
that occur. The data measured are evalu-
ated using a special mathematical method
[5] which has been integrated into the
IAV::Analyzer evaluation tool.

Besides identifying and allowing for
sensor errors, the key advantages of the
new method also include compensating
for sensor failure without any notable loss
of accuracy as well as the ability to meas-

ure at intermediate positions as the sen-
sor carrier turns. These advantages make
IAV’s method far superior to other meas-
uring techniques in terms of resolution,
measuring accuracy and reproducibility.
It was possible to prove that variance
between several measurements is less
than +1 pm under identical testing con-
ditions. Measurement results are deliv-
ered in a previously unattained quality
and provide an excellent basis for validat-
ing simulation results.

FE-MODEL-BASED ANALYSIS OF
PISTON-RING CONFORMABILITY

Evaluating the ability of piston rings to
conform to a distorted liner has so far
been based primarily on equations for
approximating order-specific conforma-
bility in accordance with Goetze or
Dunaevsky. These deliver limit values for
the maximum permissible amplitudes of
individual distortion orders. In compar-
ing these approaches, major differences
are in some cases revealed in the permis-
sible limit values. These methods also
only evaluate Fourier orders on their
own. They make no allowance for any
superimposing of these orders or their
angular position. These effects, however,
are important in obtaining information
of the greatest possible accuracy on con-
formability or on critical areas, and con-
sequently also in defining specific meas-
ures for optimising cylinder distortion.
Therefore, IAV has developed a calcula-
tion method based on an FE model. Pis-
ton-ring modelling uses Bernoulli beam
elements which are pressed against the

Liner

Piston ring

| Gap

™

FIGURE 7 3-D model (© IAV)

distortion profile with a linear load. Com-
putation is done quasi-statically at contour
levels which are analysed individually.

The IAV::Analyzer tool supports multi-
ple-core processors which means it can
quickly deliver a large number of results
and parameters. The high computing
speed of each computation also permits
interactive parameter studies. The
results are presented in diagrams as well
as in a 3-D model, FIGURE 7. Computation
delivers results, such as gap width, area
and volume, bending energy as well as
the stress of the piston ring. It is also
possible to determine the contact fre-
quencies between piston ring and liner
around the circumference or the ener-
gy-related preferred position of the ring
gap at each contour level. Studies of
characteristic gap areas and gap volumes
in relation to individually analysed Fourier
amplitudes have shown that results of
IAV’s new methodology and the compu-
tations to Goetze and Dunaevsky deliver
limit values of an equal order of magni-
tude for these simple cases.

However, the new approach focuses on
analysis based on real-life deformation,
FIGURE 8, with superimposed Fourier
orders. This method is very accurate in
locating those regions of the cylinder in
which the piston ring cannot sufficiently
conform to the cylinder surface, FIGURE 9.
From this, it is possible to derive appro-
priate measures for optimising cylinder
distortions and the entire piston ring/cyl-
inder system. In further research work,
IAV will analyse the correlation of con-
formability, friction loss, blow-by as well
as oil emissions measured online and on
a cylinder-selective basis in order to
enhance the accuracy and relevance of
the new method and limit values.

SUMMARY AND OUTLOOK

This article describes the interaction of
specialists from the areas of design, sim-
ulation, measurement engineering and
mechanical testing with a view to solv-
ing a very complex task in a targeted
and fast way. A particular focus was
placed on validating the different
approaches. To this end, a unique pro-
cess was used for precision-measuring
of the cylinder shape during engine
operation. The sealing capacity of the
piston ring/cylinder contact was derived
from the real-life cylinder form and the
elastic behaviour of the rings, providing
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much more accurate information than
established approaches. This offers the
basis for a systematic optimisation of
the system. Further work serves the pur-
pose of validating and enhancing the
informative value of the new method
and deriving limit values in order to
meet defined target values for friction,
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REDUCING CO, EMISSIONS
WITH ELECTRICAL
AUXILIARY COMPONENTS

As aresult of the trend toward reducing
CO, emissions caused by traffic, it
becomes increasingly crucial to hybrid-
ise or electrify vehicle powertrains.
According to statutory requirements, a
reduction of CO, output to 95 g/km should
already be implemented by the year 2020.
This is applicable not only to Europe, as
the future targets in other regions of the
world are also below 100 g/km. In order
to reach these levels, it is necessary to
implement new drive concepts and to
continuously rethink existing concepts.
One possibility lies in the electrification
of auxiliaries in motor vehicles. By
operating on demand, this results in
consumption savings. Thanks to the
electrification of the oil, power steering,
and coolant pumps as well as the radia-
tor fan, these can be decoupled from the
engine speed. By decoupling these com-
ponents, it is possible to control their
power consumption according to their
requirements. FIGURE 1 shows the sche-
matic diagram of a coolant circuit and
its components.

For the application shown here for the
electrical main coolant pump, a concrete
benefit emerges in that the cooling per-
formance can be adapted to the operating
point by means of the volume flow at a
particular coolant temperature. FIGURE 2
(left) shows a simulation of operation in
the New European Driving Cycle (NEDC).
When the cooling requirement is low, the
coolant pump is run variably at a mini-
mal speed. Switching it off entirely and
thus saving additional drive energy
brings additional consumption savings,
especially because the engine compo-

NEDC
150
—_ Switchable mechanical coolant pump
2125 ~—— Electrical coolant pump
1}
3 100
[=%
£
3 75
£ 50
3
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% 25 __ Engine warm-up __i
|
0 & -
0 200 400 600 800
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FIGURE 2 Power requirement for a main coolant pump in the NEDC and the simulation model used (© Mahle)
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FIGURE 1 Cooling circuit with potential 12- and 48-V technologies: electrical coolant pump,
radiator fan, electric heater, and electric coolant valve (e-valve) (© Mahle)

nents heat up more quickly during
warm-up. For this simulation, only the
fuel consumption-relevant vehicle compo-
nents were represented: the combustion
engine with transmission, the driving
resistances, the cooling system at ambient
temperature, and the vehicle speed. Previ-
ous simulations show a reduction in CO,
emissions by 1.8 g/km in comparison
with a switchable mechanical coolant
pump. [1] When compared with a non-
switchable mechanical pump, this can
even result in potential fuel savings of 3
to 5 % [2]. This is dependent on the use of
intelligent thermal management functions
in the cooling circuit.

Ambient L
Coolant circuit

At high ambient temperatures or under
high loads, the cooling performance is
increased by applying the maximum
pump speed, thus ensuring maximum
protection of the engine components. By
adding a postcooling phase, this can take
place when the engine is stopped as well.
Additional electrical auxiliary pumps
used to this end are thus no longer
needed. Depending on the power density
of the combustion engine, hydraulic pump
performance of up to 1000 W may be nec-
essary. At the conventional voltage level of
12 V, this results in very high currents
that require large cable cross sections and
thus in an unfavorable package and

Vehicle

I

¥
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weight. In addition, the power electronics
quickly reach their thermal limits. The
introduction of the new 48-V level can
prevent these problems. The currents in a
48-V electrical system are lower by a fac-
tor of four at the same power level. The
recuperation of energy for hybrid applica-
tions and the integration of components
can be achieved more easily.

CHALLENGES AND
DESIGN STRATEGY

The development goal for an electrical
coolant pump is to provide hydraulic
power with the highest possible power
density. Package and weight should be
minimised and the available package
constraint is used as efficiently as possi-
ble. Due to the area of application, how-
ever, this gives rise to a conflict of inter-
ests. The coolant pump encounters fluid
temperatures of up to 130 °C. When
installed close to the engine, possibly on
the exhaust side, this component is sub-
jected to even higher ambient tempera-
tures. This means that the power loss to
be minimised cannot always be reliably
dissipated to the environment. In order to
guarantee reliable operation under all
environmental influences and full load of
the coolant pump, it is essential to know
the thermal loads on individual compo-
nents, and to adjust them precisely to the

specific area of application at hand. For a
coolant pump, one of the parameters that
determines its size is the speed at which
the maximum volume flow is reached. In
pump theory, the circumferential speed
u, of the hydraulic system at the outlet
defines the energy transferred swirl-free
to the medium for incident flow, or in this
case the specific vane work Y, [3]:

Ysch =U; © Cyp

FIGURE 3 Simulation
of the hydraulic
system (© Mahle)

It decreases as the rotational speed
increases for a constant circumferential
speed u, of the outer diameter of the
hydraulic system. This results in changes
to the power composition of the individ-
ual components. As design speed
increases, the torque required for the
hydraulic system decreases for a con-
stant level of hydraulic power output.
The electric motor can thus be smaller
or the copper losses can decrease. How-
ever, this also leads to increased para-
sitic losses in the system. Therefore,

FIGURE 4 48-V coolant pump

from Mahle with thermal
3-D simulation (© Mahle)
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there is a minimum of power loss
at a given speed that represents a
global optimum.

To achieve this optimum, analyti-
cal modules are used for the design
which simulate and combine the
physical properties of the individual
components of the coolant pump.

The models are validated with sample
experiments for their individual range
of validity. The detailed development
of the components uses simulation
software. For the hydraulic system
development, CFD (Computational
Fluid Dynamics) simulations are per-
formed, FIGURE 3. This explores vari-
ous customer requirements, such as
good partial-load behaviour, a specific
installation space situation, or produc-
tion requirements, and their effects

on operation are evaluated.

Finite element analyses (FE) can be
used to develop different concepts for
the electric motor and compare them
with each other. It is thus possible to
use ferrite magnet materials for perma-
nent rotor excitation in a brushless DC
(BLDC) motor. The advantages include
cheaper procurement and lower price
volatility. For high power densities,
however, magnets made from rare
earth elements are currently used.

The motor design must therefore be
coupled to the thermal 3-D simulation in
order to achieve low system package and
weight. The interaction of software, elec-
tronics, and motor allows various con-
trols and functions to be compared for
the corresponding application.

The use of analytical models in con-
junction with targeted application of
simulation software shortens develop-
ment times and reduces prototype and
validation costs.
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IMPLEMENTATION
OF COMPONENTS

The coolant pump design is shown

in FIGURE 4 (left). The system is divided
up in three areas: the hydraulics, the
electric motor, and the control elec-
tronics. Owing to the design speed
and the required hydraulic power, the
hydraulic system consists of an impel-
ler with three-dimensional vanes.
With an innovative and easy-to-assem-
ble bearing concept, high efficiencies
can be achieved. This is made possible
by tight sealing gaps thanks to short
tolerance chains.

The rotor is a wet running design with
no seals. The media are partitioned by a
separation can. The thermal 3-D simula-
tion, FIGURE 4 (right), sets the heat trans-
fer path for power loss from the electric
motor in the direction of the fluid in the
spiral housing. Power loss can be dissi-
pated reliably, even under extreme envi-
ronmental and operating conditions.

FIGURE 5 shows a schematic diagram
of the electronics integrated in the cool-
ant pump. The hardware architecture
includes the power semiconductors on
the 48-V side in the form of a B6 bridge,
as well as the logic for actuating the
electric motor and regulating its speed.
The 12-V electrical system is necessary
for LIN communications. The two volt-
age levels are connected to each other
via galvanic insulation in order to meet
the requirements of VDA recommenda-
tion 320. Due to high ambient tempera-
tures, all components used here must
be able to withstand temperatures of up
to 150 °C. The thermal connection of
the components with high specific
power loss presents a special challenge.
They are also coupled to the fluid via

calculated heat conduction paths in
order to ensure reliable operation over
the entire service life, even at high
ambient temperatures. With analytical
modelling and simulation, it is possible
to implement modular systems with
different vehicle system voltages, e.g.,
for the conventional 12-V electrical sys-
tem as well.

VALIDATION

Various test benches are used to test
the coolant pump under real operating
conditions. Each assembly is validated
against the simulation and design

by means of component testing. The
efficiency and influence of all main
components can thus be investigated
in a targeted manner and evaluated
individually. Testing at the systems
level validates the overall set-up and
is compared with the preceding compo-
nent tests. Potential additional losses
and deviations are thereby clearly
identified. The integration of individ-
ual components is rapidly analysed
and optimised.

It is only at the systems level that the
coolant pump can be subjected to all the
required boundary conditions simultane-
ously. Testing equipment is available in
order to produce wide temperature varia-
tions. In close cooperation with the cus-
tomer, the service life of components can
be evaluated on an endurance test bench
with realistic operating scenarios.
Mobile coolant circuits, as depicted in
FIGURE 6 (top), allow operation under vari-
ous environmental influences, such as
salt and splashing water, moist and warm
surroundings, or even high accelerations.
The EMV and noise emissions are also
evaluated in Mahle in-house labs.
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FIGURE 6 Flexible testing equipment and operating map of the electrical coolant pump (© Mahle)
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SUMMARY

On-demand operation of the Mahle
electrical coolant pump reduces the CO,
emissions of a vehicle. A high power den-
sity, and thus favorable package and
weight, conflicts with the required opera-
tion at high coolant and ambient tempera-
tures. Precise design and optimisation of
the thermal balance can, however, solve
this conflict at the best. Using analytical
models, the optimum design can be deter-
mined and investigated in simulations.
The validation tests, performed first at the
component level, are compared with the
simulation. Based on these information a
physical model is created, which helps to
understand the complete system “electri-
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cal coolant pump” accurately. Systems
tests under real operating conditions
ensure that the electrical coolant pump
completely fulfill all customer require-
ments. With the electrification of compo-
nents in and around the combustion
engine, Mahle is making a contribution
toward complying with even tighter tar-
gets for CO, reduction in the future.
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© dSpace

Rapid control prototyping systems are
established tools for developing and
optimising new combustion processes.

Using a closed loop control with the indicated
combustion chamber pressure as the input

I"'CYCIE contro' Offers value has proved to be particularly promising.

The direct analysis of the thermodynamic

ngh POtentIaI for New state makes it possible to use fast closed

combustion concepts loops within a running combustion cycle.
This enabled the Institute for Combustion

Engines of RWTH Aachen University

to develop and successfully implement an

in-cycle control for stabilising the gasoline

controlled autoignition.

36



AUTHORS

Dipl.-Ing. Bastian Lehrheuer

is Research Associate at the
Institute for Combustion Engines
of the RWTH Aachen University
(Germany).

BASICS AND SYSTEM SETUP

Gasoline controlled autoignition (GCAI)
offers a great potential for reducing

CO, emissions, comparable to current
lean-burn stratified engines [1, 2]. The
low-temperature combustion of the GCAI
process requires nearly no exhaust gas
aftertreatment because almost no nitro-
gen oxide is emitted [3]. Factors hinder-
ing the broad application of this combus-
tion process include a limited stable
operating area, high sensitivity towards
changing conditions, and the resulting
need for fast closed loop control algo-
rithms [4, 5]. The most promising

Maximilian Wick, M. Sc.
is Research Associate for
Mechatronic Systems for
Combustion Engines at the
RWTH Aachen University

A

(Germany).

approaches are based on the implemen-
tation of cycle-based controllers using
FPGAs (Field Programmable Gate Arrays)
for indication analysis and low-latency
controllers [6].

A broadly practiced method for initiat-
ing and controlling gasoline autoignition
is internal exhaust gas recirculation
(EGR), which is possible through a vari-
able valvetrain. The Institute for Com-
bustion Engines of RWTH Aachen Uni-
versity uses a research engine with an
electromechanical valvetrain (EMVT) for
this purpose, FIGURE 1 (left). It is a direct-
injection single-cylinder engine with
an outward-opening piezoelectrically

Dipl.-Ing. Jesse Lakemeier

is Application Engineer for
Rapid Control Prototyping at the
dSpace GmbH in Paderborn
(Germany).

Prof. Dr. Jakob Andert
is Junior Professor for Mechatronic
Systems for Combustion Engines at

the RWTH Aachen University
(Germany).

actuated hollow cone nozzle in a cen-
tral position. Because the valvetrain is
mechanically decoupled from the crank
drive, the valve might hit the piston.

To avoid this, the piston has valve pockets
to ensure completely unhindered valve
movement. Still, the engine achieves a
compression ratio of ¢ = 12.

The engine is fueled with conventional
RON95-E10 fuel and is used in a condi-
tioned environment on the thermody-
namics test bench. For example, in the
experiments described in this article, an
intake manifold temperature of T,;, =
50 °C and an engine temperature (oil
and coolant) of Ty = Teporame = 90 °C are

DS1552 multi-I/O module

In-cycle control (underlying controllers)

"Fast" 1/0:
ignition,
injection
Electromechanical !
valvetrain (EMVT) - Crank,
cam, cylinder
pressure
"Slow" 110
[ e.g.: lambda ]
Four valves f 1 8
= =4
- e
e T (=]
Outward-opening hollow Standard /0 3
=

cone piezo injector

N

DS1514 FPGA board

FPGA
4 | Dataexchange between CPU und FPGA

| Controller 1: Controller 2: Contraller
Time-triggered process Event-triggered process Angle synchronous process
_le,g. 20 ps-periodic task) t_eg. combustion) [E._E. 0.1 period)

.

Time-triggered, event-triggered or combined

i‘_j_nunlnn.

DS1401 base board and
DS1513 1/0 board
Superi mposed controllers MicroAutoBox DS1401/1513/1514
Controller 1: Controller 2: Controller
Timer task 1 (e.g. 1 ms Timer task 2 (e.g. 10 ms Angle synchronous task
periodic task) periodic task) (e.g. 90° period)

FIGURE 1 Single-cylinder research engine with electromechanical valvetrain (left) and development ECU MicroAutoBox Il with Kintex-7 FPGA (right) (© dSpace)
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FIGURE 3 Consecutive combustion cycles of GCAI operation via CCR at n = 1500 rpm
and imep = 4 bar: intermediate compression (left) and combustion (right) (© dSpace)
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set. The engine has piezoelectric and
piezoresistive quartz pressure transduc-
ers in the combustion chamber and on
the intake and output sides, respectively.
In addition to the well-established

evaluation of the pressure signals via a
CAS indication system (Combustion
Analyzer System), the pressure signals
are also passed to the I/0 of a develop-
ment ECU (dSpace MicroAutoBox II),
where they are evaluated in real time by
a user-programmable Kintex-7 FPGA
from Xilinx. For this purpose, dSpace’s
new so-called Advanced Engine Control
Solution [7] is used. The solution consists
of an open library for model-based FPGA
design in Simulink, based on System
Generator from Xilinx (XSG). As one of
its features, this library contains
real-time-capable cylinder pressure indi-
cation. This indication provides the
parameters required by a controller in
one cycle. The fast actuators (EMVT, fuel
injection) are also controlled via compo-
nents of the Advanced Engine Control
Solution inside the FPGA, which lets
developers intervene in the closed loop
control in a few nanoseconds. This con-
trol intervention can occur within one
combustion cycle and is a correction var-
iable in the slow, global, closed loop con-
trol, FIGURE 2.

COMBUSTION CHARACTERISTICS

In the experiments described here, the
amount of residual gas needed for auto-
ignition is controlled by combustion



chamber recirculation (CCR). In CCR, the
outlet valve is closed early to keep the
residual gas of the previous cycle in the
combustion chamber. The gas is then
compressed until the top dead centre of
the gas exchange is reached.

For lower loads, a higher amount of
residual gas is needed to compensate the
low exhaust gas enthalpy. On the one
hand, this increases efficiency by 30 %
compared to conventionally throttled,
spark ignition operation. On the other
hand, it can decrease stability. As [1]
shows, the operating range for low loads
can be expanded by means of multiple
injections and additional spark ignition.
The high exhaust gas recirculation rates
lead to a strong connection between con-
secutive cycles, which in turn causes
high fluctuation in the state of combus-
tion and thus stability [4, 8].

For high engine loads, the steep pres-
sure increase in particular is the limiting
variable. The high exhaust gas enthalpy
and the high combustion chamber tem-
perature are beneficial for autoignition.
To counter these effects, the combustion
duration has to be increased by means of
charge dilution (forced induction/exter-
nal EGR) or decreasing the actual com-
pression ratio via late intake valve tim-
ings. During this process, the centre of
combustion is also delayed, which in
turn has a negative effect on stability.

FIGURE 3 shows the pressure curve of

200 consecutive combustion cycles at a
rotational speed of 1500 rpm and a load
of indicated mean effective pressure imep

= 4 bar. The high standard deviation

of Gipep = 0.142 bar also becomes clear

when looking at the high fluctuation
of the cylinder pressure traces during

combustion, FIGURE 3 (right). A recurring
sequence of combustions, as illustrated
in FIGURE 3 for the cycles 103 and follow-

ing, is responsible for this instability.

A regular combustion of good efficiency
(cycle 103) is followed by an exception-
ally bad, incomplete combustion (cycle

104). From the low cylinder pressure
during the intermediate compression,

FIGURE 3 (middle left), a low enthalpy of

the residual gas can be derived, which
causes adverse autoignition conditions
and thus an incomplete combustion,

FIGURE 3 (middle right). The ignitable mix-
ture in the exhaust gas that results from
incomplete combustion is beneficial for
autoignition in the following cycle, which

causes a significant amount of heat to

be released in the intermediate compres-
sion, and a particularly early combustion
follows, FIGURE 3 (bottom right). The pres-
sure oscillates near the top dead centre,
which is similar to knocking. The rela-

tions shown in the figure are typical
for GCAI and lead to characteristic
sequences of high standard deviations

of the indicated mean effective pressure
imep and the centre of combustion o,
An in-cycle control seeks to predict and
actively stabilise these sequences.

IN-CYCLE CONTROL

A first control strategy can be derived
from the sequence of consecutive cycles
shown above. This strategy is based on
the observation that a low pressure level
during intermediate compression results
in a particularly late, incomplete com-
bustion, and vice versa. The entire
sequence can be avoided by preventing
the first incomplete combustion.

The control variable is the crankshaft
angle at which the intake valve closes
(IVC). If this event is delayed, the actual
compression ratio is reduced, and the con-
ditions for autoignition and thus the com-
bustion takes place later. If this event
occurs earlier, autoignition is supported
and combustion also takes place earlier. If
the dSpace Advanced Engine Control
Solution’s real-time analysis of the cylin-
der pressure finds a low peak pressure at
the top dead centre of the gas exchange
during the intermediate compression, IVC
is brought forward in the same cycle to
prevent a late centre of combustion.

FIGURE 4 shows the result of the
described in-cycle control for 1000 con-
secutive combustion cycles, where the

5.0
|

4.5 | - - Control inactive:
E 0, =0-142 bar
by
E Control active:

O, e = 0088 bar
§ Control inactive:
H o, =4473°CA
b=y 50
o
L=t
o Control active:
uﬁ o, =2688°CA
50
g 580
= 570 FIGURE 4 Load imep, centre
s n =1500 pm 1000 conseauties cycies
= 560 imep = 4.0t : . .
g imep = 4.0 bar without and with active
&£ 550 £=12 in-cycle control in the FPGA
) of the MicroAutoBox Il
2 540 (© dSpace)
0 100 200 300 400 500 600 700 800 900 1000
Cycle [-]
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control is activated after approximately
500 cycles. It can be seen that the par-
ticularly high load deviations can be
prevented by means of active control,
which decreases the standard deviation
of the indicated mean pressure pro-
nouncedly from ., = 0.142 to 0.088 bar,
FIGURE 4 (top). The centre of combustion
also clearly improves; particularly
early and late positions can be avoided,
FIGURE 4 (bottom).

SUMMARY AND OUTLOOK

It has been shown that FPGA-based
real-time cylinder pressure analysis
enables in-cycle control interventions,
making it possible to avoid critical
sequences in stationary GCAI operation.
Combustion stability was significantly
increased. By using the correlation
between intermediate compression

and subsequent combustion, it was
possible to implement an in-cycle con-
trol and demonstrate it on the single-
cylinder research engine. This high-
lights the potential of fast control inter-
ventions. The in-cycle control inside
the FPGA was implemented using

the Advanced Engine Control Solution
from dSpace and the System Generator
from Xilinx.

40

It is furthermore intended to optimise
the prediction of the combustion pro-
cess via real-time cylinder pressure
analysis within a cycle. The growing
number of characteristic combustion
variables and their correlation detected
when analysing the individual cycles in
detail, instead of using mean values,
require new methods for efficiently ana-
lysing large amounts of data. The large
and powerful Kintex-7 FPGA from Xil-
inx of MicroAutoBox II provides the per-
fect conditions for realising even com-
putation-intensive control algorithms
with minimal latencies. But further con-
trol variables for in-cycle control inter-
vention have to be identified. This is
why the Institute for Combustion
Engines of RWTH Aachen University
is researching multiple-injection strate-
gies and water injection.
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A New Global Algebraic NO, Emissions
Formation Model for Natural Gas Engines

Engineers from Ricardo developed a new global NO, emissions formation
model. It is formulated by a single analytically derived algebraic equation,
applicable to both stoichiometric and lean burn natural gas combustion

systems for use in 1-D and 3-D simulation codes as well as for direct post-

processing of engine test data.
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FIGURE 1 Comparison between
measured and calculated NO, emissions
of the stationary engine at the two
ignition timing sweeps of the high and
low lambda values (© Ricardo) 0
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CHALLENGING LIMIT VALUES
FOR NOy

NO, emissions compliance is a bound-
ary condition for almost all engine
developments and has a direct relation-
ship to engine design and operating
parameters that engineers are required
to optimise in order to achieve perfor-
mance and fuel efficiency targets. For
this reason, it is especially important
for any simulation code to incorporate a
generic and fully predictive NO, forma-
tion model that is capable not only to
capture the effect of engine operating
and design parameters, but also to pro-
vide in a reliable way quantitatively
accurate results.

The main weakness of the commonly
used NO, emissions models, which are
historically based on the extended Zeldo-
vich mechanism as proposed by Lavoie
et al. [1], is their inability to predict NO,
emissions under very lean, high pressure
and low to moderate temperature condi-
tions (case of highly boosted, lean burn
large gas engines). This is due to the fact
that not all possible chemical pathways
for NO, formation are taken into account
[2] and also because of the large uncer-
tainties of the rate constants of the
relevant reactions [3]. Furthermore,
these models are usually first calibrated
against measured NO, data and then

Ignition timing sweep - high lambda

2 3 4 5

used to predict NO, emissions at other
operating points. However, such a proce-
dure limits the applicability of the mod-
els in a narrow range around the point
of calibration, making their use uncer-
tain at a wide range of operating para-
meters. If higher accuracy is needed,
detailed chemical reaction schemes can
be used [4]. However, their use in reac-
tive 3-D CFD codes results in unaccept-
able computational costs [5], while, in
1-D codes, the increased complexity and
the requirement for experienced users
with programming skills render this
approach unattractive.

In the present article, a newly devel-
oped, simple and quick to implement
and run, global algebraic NO, emissions
model, applicable to both stoichiometric
and lean burn combustion systems, is
briefly described. The model takes into
account both the thermal and the N,0O
pathway mechanisms, which are consid-
ered to be the most relevant ones espe-
cially under the lean burn combustion
conditions of large high-boost turbo-
charged gas engines, and is applicable
to all such engines without need for tun-
ing of model constants. The developed
model practically consists of a single
algebraic expression which is the analyt-
ical solution of a set of differential equa-
tions that describe the temporal evolu-
tion of NO concentration.

=B~ Measurements

- Calculations

Ignition timing sweep — low lambda

6 7 8 9 10

Measuring point [-]
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No. Reaction

A n E Re

Extended Zeldovich mechanism

1 N, +0 - NO+N 1.80x10 0O 319008 [31
2 N+0,—>NO+0O 1.80x10%° 1 38909 [31
3 N+ OH —- NO + H 7.10x101 O 3741 [31
N,0 pathway mechanism

4 N,O+0 —= N, + 0, 1.40x102 0O 45230 (6]
5 N,O + O — 2NO 2.90x10% 0 96870 (6]
6 N,O + H — N, + OH 3.87x10* 0O 79000 (6]
7 N,O + OH — N, + HO, 2.00x1012 0 88120 (6]
82 N,O (+M) = N, + O (+M) ko 6.37x10“ 0 237000 [6]

K.. 7.91x10%° 0O 234410 (6]

a Third body, pressure-dependent reaction. Third body efficiencies are equal to 1 for all species of the
mixture. The rate constant at any pressure is given (by the Lindemann form) as a combination of the

rate constants at the low- and high-pressure limits.

TABLE 1 Extended Zeldovich mechanism and N,O pathway mechanism; rate constants are written
as ATrexp(-E/R,,T); units are: mol, cm3, s, K, J (© Ricardo)

The validity of this NO, emissions
model is then demonstrated by com-
parison against experimental data of
both a stationary gas engine and a truck
engine, both CNG fuelled and operating
under lean burn conditions. Its predic-
tive capability against basic operating
parameters, such as lambda value, igni-
tion timing and engine speed, is tested
and proven satisfactory. The value of the
model as a promising alternative tool for
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300

200 Engine speed sweep

100

44

modelling NO, emissions is then high-
lighted by comparing its characteristics
to those of the extended Zeldovich mech-
anism and detailed chemical kinetics
approaches.

BRIEF DESCRIPTION OF GLOBAL
ALGEBRAIC NOy EMISSIONS MODEL

In this section the model for the calcula-
tion of the kinetically controlled NO con-

=i Measurements
=#= Calculations

3 4

Measuring point [-]

centration in the postflame gases of the
combustion chamber, as determined by
the simultaneous effect of the thermal
and the N,O pathway mechanisms, is
briefly presented. Basic feature of this
new model is the derivation of a global
analytical solution for the temporal
development of NO concentration, start-
ing from subsets of detailed chemical
kinetic schemes for the description of the
two mechanisms.

Regarding thermal NO, which is domi-
nant under high temperature and close
to stoichiometric conditions, the well-
established extended Zeldovich mecha-
nism is adopted. At the same time, NO
production via the N,O route, which
becomes significant at low combustion
temperatures, high pressures and for
very lean mixtures, is modelled using a
relevant subset of elementary reactions
taken from the detailed kinetic mecha-
nism GRI-Mech 3.0 [6], which concerns
methane combustion with NO, formation
reactions also included. The relevant
chemical reactions of the two mecha-
nisms, along with their associated rate
constants, are given in TABLE 1.

Assuming steady-state approximations
for N and N,O due to their very low con-
centrations in the burned gas mixture
and after extensive mathematical mani-
pulations, the following single global
algebraic expression is analytically
derived, which describes the temporal

FIGURE 2 Comparison between measured
and calculated NO, emissions of the
truck engine at various engine speeds
(© Ricardo)



evolution of the NO concentration
towards its equilibrium value, including
the simultaneous contributions of the
thermal and N,0 pathway mechanisms:

t-t,=B-In(1 + a) -
A-In(l-a) + (A-B) -
In(D-a+1)

Eq. 1

Where t-t, is the time elapsed from the
initiation of the combustion event and a
can be interpreted as the NO progress
variable, defined as the ratio of the instan-
taneous NO concentration to its equilib-
rium value:

NO
Eq. 2 o= [[NO]]e

During the combustion event, the value
of a gets from 0 to 1. At any time t this
practically indicates the percentage of
the equilibrium NO that has been formed
so far. For example, a solution of Eq. 1
with a = 0.3 means that 30 % of the
theoretically maximum (equilibrium)
NO has been created. Recognising that
the maximum concentration NO can
reach during a combustion event is its
equilibrium value (at least in a lambda
range between 1 and 2,3) and taking

All possible
pathways
1.0

Easiness of 0.
interpretation of results

No need
for tuning

Low computational
costs

MNo need for
chemical kinetics
experience

FIGURE 3 Comparison of different NO, emissions modelling approaches (© Ricardo)
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also into consideration that practically
equilibrium can never be fully reached
due to the limited combustion duration,
during a cycle simulation Eq. 1 needs
to be iteratively solved for within an
equilibrium calculation scheme on a
time (or equivalently crank angle) basis
in order for the engine-out NO, emissions
to be calculated.

At this point, it is worth mentioning
that the mathematical expression of
Eq. 1 itself is of great interest, since it
includes parameters directly related to the
description of the physics that govern the
formation of NO, through the involved
mechanisms. This is accomplished
through the introduction of the character-
istic timescales of the thermal and N,0
pathway mechanisms in the expressions
of the variables A and B, which have
dimensions of time and are defined as:

K

Eq. 5 D=—"—
(T /i) +1

In the expressions of A, B and D all
involved variables are dependent on the
corresponding equilibrium state and they
are defined as:

Eq. 3 A=[—1 4+ L !

& ORI
and

Eq. 4 B=|[-——1 1)

4 o -8 W

respectively, as well as in the variable D,
which is a nondimensional parameter
given as:

= Equation (1)
= Detailed chemistry
Zeldovich

Range of validity

Mo. assumptions
(e.g. SSA)

Mo need for stiff
ODE solver

n = INOL
TNO 4R,
) 1 + A [NO].

Eq. 6 ’
. R
K= R, +R

R

A= >

R, + Rg + R, + Rg

where R; (i = 1 to 8) the equilibrium rates
of the 8 reactions of TABLE 1.

It is noted that, in the present study,
the burned gas mixture is composed of
27 combustion products (species) and
its equilibrium composition and adiaba-
tic flame temperature are calculated
based on the composition, initial tem-
perature and pressure of the unburned
gas mixture. Therefore, through the
direct use of Eq. 1, the effect of
residence time, the remaining variable
affecting NO production, is explicitly
accounted for.

VALIDATION OF GLOBAL
ALGEBRAIC NOy EMISSIONS MODEL

The global algebraic NO, emissions model
was validated against experimental NO,
emissions data of two lean burn, CNG
fuelled turbocharged gas engines. The
first engine was for stationary applica-
tions and run under steady-state, full-
load conditions. Comparison between
calculated and measured data was per-
formed at two sets of ignition timing
sweeps of different lambda values within
the high efficiency and low NO, emis-
sions range of the engine. The second
engine was a truck engine running at
various speeds under full-load condi-
tions at a constant lambda value.

For the calculation of the engine-out
NO, emissions a simplified computa-
tional method, based on a multi-zone
approach, was also developed. This
method is considered as postprocessing
of engine test data and uses as input the
measured indicated data, lambda and
mass flows of air and fuel. A heat release
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DEVELOPMENT CALCULATION AND SIMULATION

analysis is performed on the measured
pressure trace, resulting in an estimation
of the unburned gas temperature and
mass fraction burned during combustion.
FIGURE 1 presents the comparison
between the measured and calculated
NO, emissions of the stationary engine
for the ignition timing sweeps at the
high and low lambda values. It can be
observed that the current NO, model
shows generally a good matching with
the measured data, with a maximum
deviation of about 20 ppm at the low
lambda set. The accuracy of the model in
terms of capturing the effect of lambda
can be considered even higher, if the
mean measured and calculated NO,
emissions of the various ignition timings
for each set of lambda value are com-
pared. At the same time, it can be seen

Notation

Preexponential factor

NO progress variable
Activation energy (J/mol)
Reaction rate constant
Temperature exponent
Equilibrium rate (mol/cm3-s)
Universal gas constant (8.3143 J/mol-K)
Temperature (K)

Time (s)

Nondimensional parameter
Nondimensional parameter
Characteristic timescale related
to thermal NO (s)

Tt Characteristic timescale related
to N,O pathway NO (s)

3

> x T4 /WS XYM

th
TNO

Subscripts
e Equilibrium

Abbreviations
ODE Ordinary Differential Equation
SSA Steady-state Approximation
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that the experimental trend of NO, emis-
sions variation with ignition timing is
also adequately followed by the model.

The ability of the model in capturing
the effect of engine speed variation can
be assessed in FIGURE 2, where the com-
parison between the measured and
calculated NO, emissions of the truck
engine is shown. Apart from following
the trend of NO, emissions variation
with engine speed, the model also
presents good quantitative agreement
with the measured NO, emissions,
with a maximum deviation of less than
100 ppm at the low engine speed limit.

Overall, the response of the model to
all basic operating parameters, such as
air/fuel ratio, ignition timing and engine
speed, can be considered satisfactory.
Thus, the model could be successfully
implemented in both 1-D and 3-D CFD
codes, presenting the benefits over its
commonly used counterparts of taking
into consideration both thermal and N,0O
pathway NO, production, absence of any
calibration constants, as well as speed
of calculation due to the use of a single
algebraic expression, Eq. 1.

CONCLUSION

In this paper, a newly developed global
algebraic NO, emissions formation model
for stoichiometric and lean burn com-
bustion systems is briefly described,
which presents the clear advantages over
its commonly used counterparts of tak-
ing into account both the thermal and
N,O pathway mechanisms, use of well-
validated rate constants, no need for
calibration and low computational
costs. In FIGURE 3 comparison of the new
algebraic model against the extended

Zeldovich mechanism and detailed
chemical kinetics shows the pros and
cons of this approach. It is evident that
Eq. 1 represents a good compromise
between accuracy, computational cost
and easiness to implement and use.

The model is then validated on two
lean burn turbocharged gas engines for
stationary and truck applications, pre-
senting good match with experimental
data for variations of lambda, ignition
timing and engine speed.

The model is well suited for 1-D, 3-D
CFD simulation codes and for direct
postprocessing of engine test data as
well. It is expected to significantly
reduce computational costs, rendering
the solution of 3-D turbulent reactive
flows accomplishable by avoiding the
need for detailed kinetic schemes of NO,
chemistry and numerical solution of
additional differential equations.
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Quick Ashing of Particulate Filters

The literature discloses numerous methods for quick ashing of particulate
filters. However, it is largely unknown if a combination of these methods is
possible and which one is the method of ashing at normal use of particulate
filters most likely. As well as the influencing factors are not fully understood
at the ash formation, a particulate filter in a defined cycle was ashed of the
Institute for Internal Combustion Engine at the TU Braunschweig under a
FVV project of several operating points.
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1 MOTIVATION

During the lifetime of the filter it accumulates ash. This ash is the
inorganic rest of trapped particulate mass which is not regenera-
tive. Depending on the trapping position the ash results in an
increased back pressure of the filter. With the use of quick ashing
methods a faster generation of ash is possible. Besides, cost sav-
ings are attainable by reducing the test bench time and lower fuel
consumption. For this the same or at least similar ash qualities
are required. Beside the check of the design concerning ash dep-
osition and ash migration the check of new technologies is feasi-
ble with a loadable quick ashing method in the context of the par-
ticle filter to lower costs.

2 EXPERIMENTAL SETUP

The test engine is a four-cylinder diesel engine with a displace-
ment of 2.0 | and a maximum power of 103 kW. The engine is
equipped with a common rail injection system, turbocharger with
variable turbine geometry and with closed loop high pressure
exhaust recirculation. The standard EGR-system is mechanically
closed. FIGURE 1 shows the general test bench setup. The start of
the engine is done with suitable heating actions. Therefore it is
ensured that the engine is only started with operating
temperature.

Components used for these experiments are taken from pas-
senger cars. The Diameter of all substrates is 5.66". The length
of the DOC is 3" and it is coated with platinum and palladium in
an proportion of 2:1 with an over all precious metal content of
90 g/ft3. The Ingth of the DPF is nearly 6" and it is coated with
the same platinum to palladium proportion like the DOC but the
precious metal content is only 25 g/ft3. The substrate of the DPF
is silicon carbide with a cell density of 350 cpsi and an asymmet-
ric cell technology. To avoid a potential lost of ash a second DPF
is inserted downstream of the first one. This backup DPF has the
same geometry like the first DPF and shall trap the ash which
passes the main DPF.

The ashing cycle fulfils the requirements for continuously regen-
eration. According to literature [1], there is a high NO,/soot-ratio
and an exhaust temperature between 300 and 450 °C are neces-
sary. To reach these conditions an ashing cycle similar to the Euro-
pean Stationary Cycle (ESC) has been selected. Deviating from
this certifying cycle for heavy duty vehicles the full load operating
points and the idle operating point will not be considered. Under
idle condition the oil consumption and thereby the ash production
rate is very low. At full load conditions the exhaust temperature is
so high that an active regeneration could be started. This results
in an ash transport within the DPF channels and a deterioration
of the catalytic coating. The oil consumption is measured with the
drop-off-method.

MTZ 1212015 Volume 76

3 TEST PREPARATION

3.1 INCREASEMENT OF SULPHATED ASH CONTENT

A kind of oil with a low ash content, a so-called low-saps oil with
an ash content of 0.9 % is used for the reference run. Next to this
normal oil, commercial oil with an increased sulphated ash con-
tent of 1.7 % is taken. The third one is a special oil with an extra
high ash content of 2.8 %.

3.2 BURNER GENERATED ASH DOSAGE

There are several investigations described in literature, which use
an oil burner to generate ash [2]. In contrast to literature the
burner exhaust is mixed with the engine exhaust and then streams
to the DPF in this investigation. The burner system is a commer-
cial one, which is designated for firing in one-family-houses and
small industrial establishments. The maximum firing power of the
burner system is 50 kW.

Yellow burner are burning the fuel with a bright yellow diffusion
flame and normally they emit soot. Blue burners are a further
development in the burning technology. Since they burn with a
premixed flame the colour of the flame is transparent to slight blue.
The exhaust of blue burners is nearly without soot [3].

FIGURE 2 shows the setup used in these investigations. The oil
mass flow is controlled with a mass flow controller, which works
according to the Coriolis principle. The ash particle size of the
engine is measured with the following set-up: a sample of the
engine exhaust is enriched with oxygen and sent through an oven
at a temperature of 1000 °C. Ash is the only component of parti-
cle size measurement at this temperature.

®  Mass flow
® Temperature
O Pressure
= ® Lzmoda
o
=5 ® [xhzust sampling

poc |

cDPF

FIGURE 1 Experimental setup and measurement positions of the engine test
bench (© TU Braunschweig)
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An atomiser close to FIGURE 3 is used, because it has a high degree
of freedom regarding the size of the generated oil droplets. Next to
the air-to-oil-mass-flow-ratio a number of other parameters have
influence on the droplet size like the distance | and z as well as the
angle B. Thus a variation of the inner diameter of the oil-pipe in a
range from 0.6 to 1.2 mm at a constant external diameter of 1.6 mm
was done. Apart from that the other boundary conditions are taken
constant. The more the inner diameter increases, the more the mid-
dle diameter of the ash rises. An inner diameter of 0.8 mm turned
out to be the most similar to the engine-driven ash emissions. The
air-pipe has an external diameter of 6 mm and an internal diameter
of 4 mm. The distance | is 10 mm and the dimension z is O mm. An
angle of slope B of O° is chosen to simplify the assembly.

3.3 OIL INJECTION INTO INLET MANIFOLD
Common-rail-components, which are set in standard factory model
passenger cars, are used for the injection of oil. The high pressure
pump is electrically operated and the suction valve is taken in a
constant position. An external pressure sensor registers the pres-
sure in the rail. With the help of a pressure control valve a controller
adjusts the rail pressure at a constant value of 300 bar. Due to the
definite higher viscosity of lubricating oil compared to diesel the
injectors are wrapped with a heating string and heated to a temper-
ature of 110 °C. One injector for each cylinder is used for the injec-
tion of oil. This ensures a good uniformity of the oil going into the
cylinders. Single-hole-nozzles are mounted to ensure injection of
minimal amounts of oil. With these nozzles the injection time is in
normal ranges. The injected spray direction is aligned towards the
filling channel.

Temperature measuring
station
FIGURE 2 Setup burner system
(© TU Braunschweig)

3.4 FUEL DOPING

The dosage of oil is carried out with the mass flow controller
described above. Oil mass flow is adjusted in each operating point
to the double of the normal engine oil consumption. The oil is
mixed with the fuel upstream the engine. This results to a mass
ratio of 0.5 % of oil in fuel.

4 EXPERIMENTAL RESULTS

Within this report a small selection of analyses and evaluations
only can be shown. So the most important and most characteris-
tic parameters of the ashing process are presented including
reached time-lapse factor, difference pressure and ash morphol-
ogy. For further information see the final report of this project [54].

TABLE 1 shows an overview of the realised quick ashing runs. After
having reached an ash mass of 74.4 g in the reference run, it was
the goal of further runs to generate this amount of ash. The oil dos-
age means additional oil whether via oil injection into inlet mani-
fold, burner system or fuel doping. Target value of the additional
oil dosage is the double volume of engine oil consumption. For each
ashing run a new DPF is used. To avoid cross influences of differ-
ences in production all DPFs are from the same batch. The backup
DPF is uncoated and no ash has been ever found on it.

The time-elapsing factors of increased sulphated ash content in
the oil does not correlate completely with the increased sulphated
ash content, because the ash capture ratio is lower compared to
reference. The burner generated ash with blue burner in ashing run
number 4 shows deposits in the burning chamber. That is the rea-
son for the lower ash capture ratio compared to the yellow burner.

No. Description Duration Ash mass [g] Qil consumption engine Additional oil Sulphated ash Time acceleration
: g [h] 2 kgl [kg] content in oil [%] factor [-]

1 Reference 300 74.4 9.11 - 0.9 1

o Doubling sulphated 150 68.3 4.94 - 1.7 1.83
ash content

3 Triplication sulphated 102 71.9 308 B 238 284
ash content

4 Blue burner 54 57.8 1.69 3.49 1.7 4.32

5  Yellow burner 55 69.7 1.62 3.72 1.7 5.11

g Ol injection inlet 88 68.4 1.7 3.98 1.7 3.13
manifold

7 Fuel doping 36 52.1 1.11 2.02 1.7 5.84

TABLE 1 Overview of ashing runs (© TU Braunschweig)
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Air

FIGURE 3 Atomiser (own
illustration on basis of [3])
(© TU Braunschweig)

By using oil injection into inlet manifold the normal engine oil con-
sumption is reduced respectively and additional oil is found in the
sump. That is a reason for the low time-lapsing factor.

FIGURE 4 shows the difference pressure corrected for same ash
mass after external thermal regeneration in an oven. The differ-
ence pressure is measured under standard temperature and pres-
sure conditions at a mass flow of 400 kg/h. Due to the regenera-
tion the soot is completely burnt and therefore only the differential
pressure of the ash is measured. Since all filters come from the
same production batch, the differential pressures of the empty
filters differ very little. The differences of the ashed filters lead
back to the properties of the embedded ashes. A higher differen-
tial pressure at the same ash loading of two filters shows a lower
ash permeability.

The difference pressure will be interpolated at lower ash mass
loads. Basis for the evaluation is the reference, because the ash
mass of all other processes was corrected to this ash mass. The
difference pressure of the increased sulphated ash content oil
(1.7 %) is with 75.4 mbar tightly higher than the reference with
72.1 mbar. Further increase of sulphated ash content (2.8 %) leads
to a decrease of 7.2 % of difference pressure compared to reference.
The ashing run number 5 (yellow burner) results in a 14 mbar
decreased difference pressure, which means 18.1 % lower pressure.
This is due to a different ash permeability. A decreased difference
pressure of 10.7 % is the result of the injection of oil into the inlet
manifold. This ashing process shows the lowest differences to the
reference aside from the increased sulphated ash oil ashing runs.

Dosing the fuel in the ashing run number 7 results in a significant
increase of difference pressure. Due to the low ash permeability
there is only an ash mass of 52.1 g on the filter. This high differ-
ence pressure led to an abort (prematured discontinuation) of the
ashing run. So the gap of ash mass between reference run and fuel
doping is quite high. This results in a wide extrapolation of the dif-
ference pressure in combination with a high calculation error. Under
consideration of the maximum calculation error the extrapolated
difference pressure is still higher than for the reference.

The ash layer characteristic along the filter channels is analysed
with automated picture methology. For this, one unit-brick is divided
in length direction into four parts. From the three sites of fracture
pictures are taken with a microscope. The results are presented in
FIGURE 5. The maximum of the Y-axis has been scaled to represent
the half height of the inlet channel and to show the filter in full
length. Ash layer thickness is linearly increasing with filter length
at the reference in the investigated area. The ash generated from
the oil with increased sulphated ash content (1.7 %) showed a sim-
ilar behaviour. At the first measurement position and in the middle
of the filter the ash layer thickness is a little smaller the reference.
The ashing run with high sulphated ash content in the oil (2.8 %)
shows a similar behaviour to reference and also the oil with 1.7 %

90

20

Difference pressure [mbar]
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(0.9 %) Ash ol (2.8 %)
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FIGURE 4 Difference
pressure corrected for
same ash mass

(© TU Braunschweig)
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of sulphate ash content. In the inlet area and in the middle the ash
layer thickness is a little bit smaller than by the use of the oil with
1.7 % sulphate ash content. The application of the blue burner
shows a course parallel to the reference of the ash layer. The ash
layer thickness is clearly lower and the whole ash mass is lower too.
The run with the yellow burner led to a raised ash aggregation at
the channel end. Among other things this leads back to the fact,
that the exhaust of the yellow burner is thinned with air to ensure
an exhaust temperature lower than 480 °C. Due to the increased
exhaust mass flow the axial flow velocity in the filter increases. So
more particles are transported to the end of the chanel.

The ashing run with oil injection into inlet manifold leads to an ash
deposition which rises not so strongly as the reference at the channel
end. The explanation for the lower level is an 8 % lower ash mass on
the whole filter. If the oil is introduced with the fuel in the cylinder,
the ash deposits in the input area differently compared to the other

140 FIGURE 5 Ash layer thickness
in the inlet channel of the filter
(© TU Braunschweig)

ashing runs. The ash does not lie completely close on the wall. Instead
of this, a gap appears between the ash layer and the filter wall.

FIGURE 6 shows SEM images from the middle of the filter at an
80-times magnification. The ash of the reference (a) and of the
higher sulphated ash oil with 1.7 % (b) show high comparable ash
morphology. The ash of the further increased sulphated ash oil
with 2.8 % (c) shows increased diameter of the agglomerates as
well as clear spaces. Burner generated ashes (d, e) are in this
zoom-position optical similar to the reference and the increased
ash content (1.7 %). The ash generated with oil injection into inlet
manifold (f) shows a similar morphology to high sulphated ash
content oil (2.8 %) (c). Fuel doping (g) results in a completely dif-
ferent ash structure. There is an unstructured layer of about
100 pm on the channel wall which show layer-like structure.

The structure of the ashes is clearly better visible in FIGURE 7 with
700-times enlargement. The higher ash content oils (1.7 % and

FIGURE 6 SEM images of ash layer in the
middle of the filter at a magnification of
80 (a: reference (0.9 %); b: 1.7 % ash oil;
¢ c: high ash oil (2.8 %); d: blue burner;

e: yellow burner; f: oil injection into inlet
manifold; g fuel doping)

(© TU Braunschweig)
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FIGURE 7 SEM images (arrows point on
layer-like structure) of ash layer in the
middle of the filter at a magnification of
700 (a: reference (0.9 %); b: 1.7 % ash oil;
c: high ash oil (2.8%); d: blue burner;

e: yellow burner; f: oil injection into inlet
manifold; g: fuel doping)

(© TU Braunschweig)




Double sulphate

Triplicate Qil injection

sulphate ash Yellow burner into inlet Fuel doping
ash content .
content manifold
Criteria Weighting coefficient [%] Grading
Ash morphology and 40 171 149 109 156 86
characteristics
Economic parameters 30 36 77 127 101 144
Process parameters 25 87 86 93 73 85
Further_system 5 125 14 18 9 15
properties
Final score 306.5 326 347 339 330

TABLE 2 Evaluation matrix (© TU Braunschweig)

2.8%) (b and c) show layer-like structures which grow up to a cer-
tain length and then break. In FIGURE 7 these layer structures are
marked with arrows. This structure also exists with the oil injection
into inlet manifold (f). Fuel doping (g) make this layer structure to
develop especially strongly. The cross section surface of the single
accumulations is clearly stronger developed in comparison to the
other ashes. The burner-generated ash and the reference show this
layer build up only in a low amount. The ashes from both oils with
increased sulphated ash content and the burner-generated ash show
at this enlargement a good correspondence to the reference.

5 EVALUATION OF RESULTS

The evaluation is divided into the following four main categories:
ash morphology and characteristics (40 %)

economic parameters (30 %)

process parameters (25 %)

— further system properties (5 %).

The main categories are subdivided into single evaluation criteria.
Hence the first main category ash morphology and characteristics
is subdivided into the single criteria difference pressure, ash pack-
aging density, ash layer characteristic within the channel length,
optical similarity, influence on conversion efficiency, ash particle
size distribution und chemical composition.

Evaluation is done on a scale from O points (criterion not or very
bad fulfilled) to 5 points (complete or best fulfilled). Each single
criterion is evaluated for all ashing runs. The grading is multiplied
with a weighting coefficient. The product is the individual score.
All scores are condensed in an evaluation matrix. The ashing pro-
cess with highest score is most suitable for ashing of particulate
filters. From burner-generated ashing processes only the yellow
burner is taken into account, because this showed throughout bet-
ter results. Taking all parameters into consideration the ashing
process with burner-generated ash shows the best properties. This
is demonstrated with the high number of 347 evaluation points,
TABLE 2. With exception of fuel doped ash also the other processes
are appropriate to generate ash.

6 SUMMARY AND OUTLOOK

Within this project different promising methods for the quick ashing
of particulate filters are investigated under carefully controlled lab-
oratory conditions. The processes are further developed and applied
on one test bench. Thereby, generated ash is analysed in detail and

MTZ 1212015 Volume 76

compared to a reference run. The doubling of the sulphate ash con-
tent produces very similar results to the reference. A further increase
on three times sulphated ash content does not produce these une-
quivocal results. Anyway this shows without any additional efforts
a good possibility to generate the triple amount of ash per time unity.
The parallel application of an oil burner produces good results if the
ash particle reaches the filter together with the soot. Ash can be
generated with relatively low operating costs with the help of the
burner. The effort for the construction and the parameterisation of
the system is high. The very high flexibility is a further advantage.
If the oil is injected into the inlet manifold the normal oil consump-
tion of the engine can simply be increased. The ash generated with
this process shows differences to the reference in a row of evalua-
tion criteria. Doping the fuel with oil is a very simple method to gen-
erate high amounts of ash in a short time. The ash morphology is
not comparable to the reference and other ashing processes.

The results presented here are developed within the project
quick ashing, which was supported by the Research Association
for Combustion Engines e. V. This project is a precursor project
for a interdisciplinary project with five research centres involved.
In the main project investigations are planned which deal around
ash behaviour in the filter. Aim of the precursor project is to have
an appropriate process for the quick generation of ash.
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