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example of Mercedes-Benz.
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ON BOARD

Dear Reader,

In archaic societies, as anthropologists
teach us, age is not seen as something
negative. Of course, even among primitive
peoples, a society of hunters is led by its
younger members. But in difficult situa-
tions, they also turn to their elders for ad-
vice, as these have the invaluable benefit
of greater knowledge and experience. The
distribution of roles between the publish-
er and the editor-in-chief of a specialist
magazine like ours is very similar. The
editor-in-chief bears the responsibility for
the publication - also legally - and pro-
duces it to the best of his ability together
with his team. The publisher, on the other
hand, has a supervisory role, ensuring
that the view of what is essential and im-
portant in the long term does not get lost
in everyday media business.

Against this background, I am pleased to
inform you that we have succeeded in
winning Dr. Johannes Liebl as our pub-
lisher from 1 March 2011. Together with
our second publisher, Wolfgang Sieben-
pfeiffer, my predecessor, he will watch
over the fortunes of ATZ, MTZ and their
entire media family.

Dr. Liebl is no doubt familiar to most of
you as BMW’s “energy minister”. In recent
years, he has played a key role in shaping
the brand’s progress towards efficient dy-
namics and sustainability. In addition to
energy management, his responsibilities al-
so included issues such as aerodynamics,
lightweight design, thermal management,
driving performance and CO,. MTZ readers
will also remember him as an engine de-
veloper in the 1980s and 90s, when he ini-
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tiated developments - such as the intro-
duction of Valvetronic - that are still highly
relevant today.

For all engineers involved in energy and
transport technologies, sustainability in
the sense of material cycles that are as
closed as possible is the overriding objec-
tive for the coming decades. Our aim is to
support this process with our magazines -
and I am sure that Dr. Liebl will make a
decisive contribution.

I look forward to 2011 and hope that you
will find many exciting articles in our
magazines and plenty of food for thought
at our conferences.

it

JOHANNES WINTERHAGEN, Editor-in-Chief
Wiesbaden, 20 December 2010

EDITORIAL
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EXTREME DOWNSIZING BY
THE TWO-CYLINDER GASOLINE
ENGINE FROM FIAT

The new 0.9 | gasoline turbocharged two-cylinder engine represents a milestone in engine development at Fiat

Powertrain Technologies. The so called Twinair engine is an excellent example of extreme downsizing: not only the
overall displacement but also total number of cylinders are limited. Thanks to the turbocharging and the adoption
of the Multiair technology excellent performances are reached, equalling those of 50 % larger displacement NA
engines, while improving fuel economy by at least 25 %. Emission levels meet the current Euro 5 standards while
the overall system is package-protected to reach the future Euro 6 standards. Thanks to the overall optimisations
it was possible to set new standards for small engine NVH.
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LESS CONSUMPTION AND MORE
FUN TO DRIVE DUE TO DOWNSIZING

Fiat has always been very strong in the A
and B car segment. The key to this success
is in the design and flexibility of these ve-
hicles and in the reliability, performance
and frugal fuel consumption of their en-
gines. The increasing demand of fuel con-
sumption reduction and more “fun to drive”
can be satisfied with the downsizing con-
cept as well as new more efficient engine
architecture. Fiat Powertrain Technologies
(FPT) decided to develop a new engine
family to fully comply with the upcoming
market demand [1]. This new engine fami-
ly had to cover a power range from 48 to
77 KW focusing on urban cars, mainly A
segment, with the possibility of use in B
segment for high downsizing and premium
fuel consumption. Three main configura-
tions were identified: naturally aspirated,
turbocharged (with 62.5 and 77 kW) and
a CNG turbocharged version. All of these
engines had to share the majority of the
components in order to be as industrially
efficient as possible.

ENGINE ARCHITECTURE

The optimal displacement choice was the
first step of the new engine design. Perfor-
mance and consumption simulation activ-
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ity identified a displacement around 0.9 |
as the best compromise. The second step
design was the architectural definition of
the engine (number of cylinder, bore, stroke,
etc). Fuel consumption, cost, NVH and
performance were the main drivers. Two-,
three- and four-cylinder architectures were
compared regarding thermodynamic effi-
ciency and friction. As is shown in @, the
two-cylinder configuration shows the best
thermodynamic efficiency thanks to a con-
venient cylinder displacement. Two-cyl-
inder architecture also offers longitudinal
length and weight advantages; engine
length advantage make the two-cylinder
engine more suitable for hybridization.
NVH behaviour of a two-cylinder configu-
ration could be a potential issue: the use
of a balance system for the first order free
forces is a must; the remaining 2™ order
free forces are even lower with respect to
a four-cylinder engine, @. The twin con-
figuration (0° to 360° crank design) was
preferred to the 0° to 180° crankshaft lay-
out mainly due to the equal spacing of the
combustion that generates a first order dom-
inant torque irregularity instead of the spuri-
ous half orders of the second architecture.

BASIC DESIGN

Main drivers of the basic design were fric-
tion reduction and components integration.

Four-cylinder engine displ [I] 0.8
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Optimal zone

(1] Thermodynamic efficiency versus
engine architecture
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Journal diameters and piston weight were
reduced to minimize cranktrain friction.
The piston rings tension has been signifi-
cantly reduced thanks to the adoption of
a dummy head for cylinder honing (it de-
creases the 4™ order bore deformation).
Different balancing system layouts were
designed and tested: final configuration

consisted of a balance shaft installed into
the crankcase driven by a couple of gears.
Two roller bearings where preferred to plane
supports to reduce impact on engine fric-
tion. The position of the balance shaft has
been optimized to reduce the 1% order
torque fluctuation on the crankcase. In fact,
the balance shaft generates also a sinusoi-

dal moment that has been tuned to be in
opposition to the combustion torque reac-
tion on the crankcase. The benefit is a re-
duction of vibration on the engine suspen-
sion bracket. The chain layout was opti-
mised to gain low friction and the chain
vane is closed by a frontal aluminium cover
that ensures good ventilation within the
engine. The water pump is integrated in
the front cover and directly driven by the
balance shaft with benefits on friction (no
hub load from belts). This results in the
front engine side being very compact and
a chain drive system for life that requires
no maintenance. For the engine block, cast
iron was preferred to aluminium as the best
compromise between costs, weight, robust-
ness and NVH. Integration has been a
driver for the design and all piping to oil
filter and cooler and water bypass were
integrated in the crankcase casting itself
thus reducing piping costs, and eliminat-
ing fixations and leakage danger. The CNG
version was taken into account from the
beginning of the project. This is a bi-fuel
engine (gasoline and CNG) with no per-
formance reduction passing from gasoline
to CNG fuel. The sharing of most of the
components for all the engines of course
has a positive impact on cost and invest-
ment. The drawback is that the design of
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each part (crankshaft, conrods, crankcase,
cooling system, etc) has been done taking
into account the envelope of the require-
ments of all the engines of the family.

FULLY VARIABLE VALVE SYSTEM

Multiair technology appeared on the mar-
ket for the first time on the so called Fire
engine in 2009 [2]. FPT invented and pa-
tented this technology: it is a fully vari-
able control valve system that uses an elec-
tro-hydraulic actuator (so called Uniair
actuator owned by INA Schaeffler) and a
group of dedicated controls strategies to
allow improved engine efficiency [3]. A
new electronic control unit (developed by
Magneti Marelli) integrates engine and
Multiair module control. Multiair uses all
capabilities offered by the Uniair actuator
to manage the engine intake valves stroke-
by-stroke and cylinder-by-cylinder. The
main benefits arising from this full control
are fuel consumption, thanks to pumping
losses reduction, and performance thanks
to volumetric efficiency optimization. Other
benefits come from the quick response
(stroke by stroke), internal EGR manage-
ment, etc, @. For FPT it was clear from the
beginning that the new two-cylinder engine
should include Multiair technology to
maximize the fuel consumption reduction
and performance.

DEVELOPMENT TARGETS

For the first engine variant, the following
targets were defined:
: 62.5 kW power @ 5500 rpm and

155 Nm torque @ 2000 rpm

: best in class fun to drive of all 0.9 to
1.4 1 gasoline vehicles
NVH which is equivalent to best
four-cylinder in line engines
< < 100 g CO,/km on NEDC:
benchmark in the class from 0.9 to
1.4 1 gasoline vehicles
durability of 200,000 km

. 24 months development time from
project approval to engine SOP.

The main characteristics of the engine are

given in @.

PERFORMANCE AND
THROTTLE RESPONSE

To reach the required performance targets
thorough calculations were computed to
define cam timing, intake and exhaust port
geometry and the combustion chamber
layout including compression ratio. Two-
cylinder specific fluid dynamics permitted
the use of wide exhaust cams without the
torque penalisations that can occur for ex-
ample on a turbocharged four-cylinder
inline engine. The intake ports were devel-
oped to obtain a high tumble air motion
that is advantageous both for combustion
stability and to reduce exhaust gas tem-
peratures at WOT. Compression ratio was
set at 10.0. This allowed reaching the re-
quired full load performances while offer-
ing an excellent base for good part-load
fuel economy. The positive synergic effect
of the Multiair system and the turbocharger
on low end torque is shown in @. Com-
pared to an engine with fixed valve timing
the Multiair system allows almost 12 %
increase in low-end torque and turbocharg-
er speed. The optimisation of the volume-

NUMBER OF CYLINDERS 2

DISPLACEMENT n 0.875
BORE (mm) 80.5
STROKE (mm) 86
STROKE/BORE RATIO 1.07
COMPRESSION RATIO 10
BORE PITCH (mm) 88
MANI BEARING DIAM (mm) 48
CONROD BIG EYE DIAM (mm) 42
oD (o) 2
CONROD LENGTH (mm) 133.55
LAMBDA RATIO 0.322
INJECTION SYSTEM PFI
INTAKE VALVE CONTROL Multiair
CHARGING Turbo
BALANCER SHAFT Yes
15T ORDER

62.5 kW at
MAX POWER 5500 rpm
MAX TORQUE ég(SJONrr;rst
FUEL 95 RON

(4] Engine characteristics

tric efficiency by controlling the event of
intake valve closure is very important in
the low engine speed range and gives even
more benefits than on NA type engines
[4]. One of the most important issues in
order to obtain the desired performance,
especially regarding non-stationary engine
operation, was the turbo matching. The
strongly pulsating airflow of the two-cyl-
inder engine leads typically to surging pro-
blems, especially on the compressor side.
On a four-cylinder engine surging typically
occurs in a continuous way while approach-
ing the surge line on a two-cylinder engine
the surging happens discontinuously and

v
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also when the engine is operated at quite
some distance from the surge line. There-
fore, conventional compressor optimisa-
tions, done on stationary airflow benches,
do not lead to satisfactory performance on
a two-cylinder engine. As a result boost-
ing such an engine with a centrifugal type
compressor is generally considered not to
be as effective as on three- or four-cylinder
engines, which exhibit more stable air flows
[S]. Dedicated research on this subject lead
to the conclusion that a new compressor
wheel had to be developed, sacrificing

slightly the continuous flow performance
at medium airflows while strongly improv-
ing it’s capabilities in non-stationary low
flow conditions. The final effect on dynamic
engine performance is shown in ®. The
starting point for the two-cylinder was not
very promising but after the turbo optimi-
sation and fine tuning of the calibration
the dynamic performance of the two- and
four-cylinder engines were found to be
identical. The result of the performance
optimisations is shown in @. The maxi-
mum power of 62.5 KW is reached at

5500 rpm and 155 Nm (22.2 bar BMEP,
brake mean effective pressure) is deliv-
ered at 2000 rpm. The high torque at low
speeds allows excellent fun to drive on
small and mid size cars.

FUEL CONSUMPTION

To reach the best possible fuel economy
massive efforts it was dedicated to reduce
the frictional losses of the engine during
the design and development phase. In ad-
dition the Multiair system itself was criti-
cally analysed to reduce the auxiliary losses.
Compared to the first generation system,
employed on the Fire engine, roller finger
followers on the exhaust side were adopted
and a significant reduction of overall cyl-
inder head friction was obtained. Despite
the low overall displacement the FMEP
(friction mean effective pressure) values
of the cylinder head are approaching those
of best-in-class four-cylinder engines.

The combustion system of the engine
was also subject to profound optimisation,
employing CFD techniques and using en-
gines with optical access to observe the
real combustion process. To take the maxi-
mum benefit of the Multiair system a new
combustion system was developed. Usu-
ally the early intake valve mode, due to
the reduced maximum valve lift and de-
riving in-cylinder charge motion, leads to
lower combustion efficiency, limiting so
the benefit of the pumping losses reduc-
tion [6]. Thanks to the newly developed
HTS (high tumble shrouded) combustion
system, which increases the tumble ratio
in partial valve lift conditions up to four

230 =
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times, it was possible to get excellent com-
bustion efficiency also at part load, @. A
further important advantage on a low dis-
placement engine running often at high
loads, is the possibility of controlling the
effective compression ratio using the Multi-
air system. On a turbocharged engine
above approximately 50 % of maximum
load it is necessary to delay ignition
timing with respect to the ideal (MBT, mini-
mum spark advance for best torque)
values due to knocking. The Multiair sys-
tem, when used in the late closing mode,
allows control of the effective compres-
sion ratio realising the Atkinson-Miller type
cycle. Compared to cam phasing the ad-
vantage is that the start of the intake
phase is maintained at the ideal moment.
This is reflected by the BSFC values of
375 g/kWh at the 2000 rpm - 2 bar BMEP
point and the minimum fuel consump-
tion in the map of 242 g/kWh. Both val-
ues are benchmark for (turbo)charged
engines below 1.4 1.

NVH OPTIMIZATION

The main task of the NVH engineering was
to optimize the sound radiation in terms
of level and quality. This NVH performance
has been achieved by using state of the art
CAE simulations which allowed an acous-
tical optimization of the single components
installed on the engine. Therefore, a nu-
merical FE Multibody and BEM methodol-
ogy was applied with experimental sup-
port for the target definition, in order to
predict the component normal modes that
have most effect on the sound radiation

MTZ 0212011 Volume 72
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and to give support to identify the modifi-
cation’s areas. In @ the calculated surface
velocity and the acoustic power contribu-
tion of each engine part are shown. Such
detailed analyses guided the choice of the
components suitable for the acoustic opti-
mization. In this way all the components,
responsible for the noise radiation, have
been improved, such as cylinder head cover,
chain cover and oil pan, pulley, etc.

Based on the results of the tests the
most important noise sources have been
identified both at idle and during speed
sweep wide open throttle (WOT). Parallel
to numerical simulation, an experimental
panel contribution (intensimetry tech-
nique) of the radiated noise in an anechoic
chamber has been performed. Both activi-
ties allowed detecting and optimising all
the radiation sources ensuring a good
sound level and quality. Torque fluctuation
is characterized mainly by 1% order,
instead of the typical 2" order of the four-
cylinder engine, generating a different
interaction with the transmission generat-
ing a shifting of the resonances at higher
engine speeds. The typical speed ranges,
on which gear rattle could be more criti-
cal, are then shifted at higher speeds let-
ting this phenomena coming even less rel-
evant respect to a four-cylinder engine.
Further improvements were made to the
exhaust system to control the noise level,
enhancing the engine characteristic sound.
Many tests were carried out in order to
assess the number and the volume of
silencers and the effect of resonators. The
control of the right timing of valve open-
ing and closing, trough the Multiair sys-

tem, has been the key point. The result of
the calculation and test activity has been
one big centrally mounted silencer half-
way the exhaust line and a resonator very
close to the exit of the system.

During the NVH development, the Multi-
air technology played a particular role also
in reducing the vibration of the powertrain
in idle condition; in fact, thanks to the
higher combustion stability obtained by
this technology and the balance shaft, the
powertrain vibration amplitude is very
similar to a four-cylinder engine. The result
of this activity made the Twinair a reference
for this performance in his engine class.

ENGINE INTEGRATION ON CAR

The first application of the Twinair turbo-
charged engine is on the Fiat 500. This
combination of a relatively powerful engine
in a small car allows to reach very good
in vehicle fuel economy. In the @ the CO,
values obtained on the NEDC cycle are
shown. A benchmark position is reached
with respect to gasoline engine competi-
tors while even few diesel engines can com-
pete with the CO, value of 92 g/km (95 with
the MT gearbox). To guarantee that the
Fiat 500 Twinair car owner could reach best
fuel economy also in normal driving con-
ditions the car is equipped with an “ECO/
NORMAL” button. In the “ECO” mode
torque is limited to 100 Nm and the torque
build up from 1000 to 2000 rpm is very
soft. This allows relaxed city driving as
practically the engine feels like a 1.1 1 NA
engine and no turbo lag is noticeable. In
the “NORMAL” mode max torque is (due

9
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to the gearbox) limited to 145 Nm, which
is reached at 1900 rpm. This NORMAL
mode is recommended for highway driv-
ing where a maximum speed of 173 km/h
is quickly reached and especially elasticity
and fun to drive values are excellent. As
an example, the 80 to 120 km/h accelera-
tion time in last gear takes only 12.5 s,
which is better than all its competitors up
to 1.6 1 displacement. The ECO mode allows
fuel consumption reduction of approximate-
ly 13 %. In situ tests it was found out that
the fuel economy in the ECO mode was
also much less dependent on individual
driver behaviour. The ECO mode button
will thus help all users to get the best pos-
sible fuel economy from the vehicle.

10

CONCLUSIONS

The new Twinair engine is the most ex-
treme example of downsizing of gasoline
engines today. Thanks to the low overall
displacement a high degree of downsizing is
obtained while the relative large single cyl-
inder volume allows to have excellent ther-
modynamic efficiency. Therefore in the dis-
placement class below 1.0 I the two-cylinder
engine is clearly the best choice for highest
fuel efficiency and lowest CO, emissions,
matched with an excellent fun to drive. In
the development phase the two-cylinder
typical characteristics (f. e. turbolag) were
faced as challenges and successfully trans-
formed into advantages compared to three-

cylinder power units. The Multiair technol-
ogy combined with turbocharging allowed
to get excellent fuel economy and perform-
ances and permitted to elevate the two-cyl-
inder NVH to a state of the art level. The
industrialisation phase was mastered in an
extremely short time and a new plant was
designed and realised, where World Class
Manufacturing practices are employed guar-
anteeing best in class engine quality. The
compact FPT Twinair engine, which will
cover the power range of 48 to 77 kW, ide-
ally suited also for hybridisation, is there-
fore the best possible answer to the demand
of lowest CO, emissions in small and mid-
size cars for the coming decades.
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COVER STORY DOWNSIZING

DOWNSIZING DIESEL ENGINES
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Downsizing is a trend that has already had a massive influence on spark-ignition engines. Diesel engine
developers are now also taking their first steps in this direction, but they are facing a tougher conflict

of objectives between reducing fuel consumption and emissions, which is proving to be a cost driver.
Daimler illustrates both the opportunities and the challenges of downsizing diesel engines.
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HISTORY AND REQUIREMENTS

Ever since Mercedes-Benz launched the
world’s first passenger car diesel engine in
1936, this engine concept has always
been recognized for its low consumption
due to outstanding efficiency. On top of
this, the recent introduction of common-
rail direct injection technology in 1997
and optimized turbocharging systems
have improved performance and comfort
to such an extent that diesel technology
can now be successfully implemented in
everything from Smart to S-Class vehicles
and SUVs. Last century’s relatively loud,
sluggish and sometimes polluting but eco-
nomical diesel engines have been trans-
formed into this century’s sporty, quiet,
clean and even more economical engines.
As a result, the share of diesel engines
on the European market for new vehicles
has risen to more than 50 % - and more
than 55 % for Mercedes-Benz passenger
cars. This increase in the popularity of
diesel engines has made an important
contribution to the reduction of CO, emis-
sions from passenger cars in Europe.
Against a background of discussions
concerning CO,, the anticipated depletion
of crude oil reserves and the expected
tightening of CO, legislation worldwide,
fuel consumption is becoming an increas-
ingly important factor in the design of
new engines. The use of innovative tech-
nology means that conventional combus-
tion engines still offer noteworthy fuel-
saving potential. State-of-the-art direct

injection technology ([1]) and downsizing
([2]), for example, have already led to a
dramatic increase in the fuel economy of
gasoline engines.

Despite the good economy today, Diesel
engines are also subject to similar require-
ments to further reduce fuel consumption.
In [3], the process and premises for imple-
menting downspeeding and downsizing
approaches were described in the context
of innovative diesel engine concepts.

POTENTIALS OF DOWNSIZING

The benefit of downsizing may be classified
into a thermodynamic and a mechanical
part. From the thermodynamical point of
view the operational range of the combus-
tion engine will be moved to higher loads
and so to better specific consumption val-
ues by the reduction of the displacement.

For mechanics the positive aspect for
fuel consumption results from the lower
friction of the piston unit (if no jump of
cylinder occurs) respectively of the
smaller number of cylinders. In addition
for the downsized engine it will be possi-
ble to optimize especially at a given basic
engine the cranktrain by a load level con-
cept at lower ratings. The downsizing of
diesel engines further allows a lower
weight assembly by smaller dimensions
as well as to provide as an enabler for
advanced car measures like for example
the use of hybrid technology.

The new four-cylinder concept outlined
in [3] was implemented shortly afterward

3.0
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in the new four-cylinder engine with the
internal designation OM 651 ([4]). In the
E-Class, this engine has enabled downsiz-
ing with a jump of cylinder number by
replacing the V6 engine of equivalent per-
formance. Instead of a displacement of 3 1
only 2,2 | were necessary for the same
performance thanks mainly to the two-
stage turbocharger. This made it possible
to utilize considerable potential for reduc-
ing consumption by shifting the operating
point at equivalent performance levels. @
shows the benefits of this combination of
downsizing and downspeeding with a

14 % reduction of fuel consumption.

CHALLENGES FOR DOWNSIZING
OF DIESEL ENGINES

Unlike in gasoline engines, the control of
air/fuel ratio also cancels out any im-
provement in the engine process through
dethrottling. This means that diesel
engines generally offer less downsizing
potential than gasoline engines.

In a vehicle of the lower middle-class,
compliant with emissions level Euro 5,
with a constant rated power of 120 kW
and a variation in engine displacement up
to -16 %, fuel savings of around 4 % can
be achieved, @. Despite equivalent power
it has to be considered that the engine with
the smaller displacement will show some
handicaps especially with starting and
accelerating from low speed that have to
be counteracted by appropriate measures.

Even today, compromises for the maxi-
mum potential fuel economy of diesel
engines were made as this would affect
compliance with emissions targets, particu-
larly for NO,. When the displacement is
reduced, this conflict of objectives becomes
even more evident because the charger size
is primarily dependent on the required
rated power. This means that with a
smaller displacement, it becomes more
difficult to obtain the high charge pressure
necessary in the partial load range for
achieving the required EGR rate.

Diesel engines can only achieve compli-
ance with the more stringent emissions
requirements of Euro 6 through the use of
additional technology. Alongside in-
engine improvements, the Bluetec pack-
ages at Mercedes-Benz encompass meas-
ures such as improved EGR systems, tur-
bocharger technology as well as NO_
storage catalysts or SCR exhaust gas after-
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(2} Consumption potential through downsizing using the example of a four-cylinder engine with 120 kW
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treatment systems. In conjunction with
downsizing measures, this requires appre-
ciable extra outlay. Depending on the
technology used, consumption potential
can be further changed, @.

If the displacement is reduced in a vehi-
cle that weighs less (1250 kg) and has a
rated power of 70 kW, the same basic
characteristics can be observed at Euro 5
level. Given that three-cylinder engines
are possible in this performance class, the
fuel consumption can be potentially im-
proved by up to 9 %, @, although it should
be pointed out that even in this vehicle
class, a multi-channel EGR system or an
active denox measure is required in three-
cylinder engines to ensure compliance
with Euro 5. The comfort and NVH char-

acteristics of the three-cylinder engine
may cause further problems. In addition
such three-cylinders are normally derived
from existing four-cylinder basic engines
by significant modifications and so the cost
position of such three-cylinder engines
may be poor.

If compliance with Euro 6 limits is re-
quired, the reachable fuel efficiency may
be reduced dependent from the sophisti-
cated emission control technology, ®.

CHARGING

Since it is more difficult with smaller dis-
placements and with a constant perfor-

mance and vehicle weight to ensure com-
pliance with requirements regarding NO_
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(4] Impact of the turbocharger unit on fuel consumption potential as part of downsizing

emissions, turbocharger technology plays
an increasingly important role. @ shows
the impact of three different VNT chargers
and two two-stage turbocharger units on
fuel consumption with a decrease in dis-
placement. Starting point is an engine
with an one-stage VNT charger in Euro 5.
The emission category of the downsized
charging variants is again Euro 6. It is
clear that the potential of the downsizing
is highly dependent on the grade of the
turbocharger units. Hereby the influence
of possible exhaust gas aftertreatment
technologies to reach Euro 6 is not con-
sidered. @ shows the different starting
behavior for these five turbochargers. It
can be seen, that best driving perfor-

mance (here: starting behavior) not nec-
essary means poor fuel efficiency.

CUBIC CAPACITY

In more general terms, an improvement of
the consumption can be reached by rais-
ing the load to more fuel-efficient charac-
teristic map ranges, if starting with a rela-
tively high cubic capacity, the engine dis-
placement is reduced. This is possible up
to the point at which any further reduc-
tion in displacement leads to a deteriora-
tion in fuel economy due to the in-engine
measures required for ensuring compli-
ance with NO_limits. This impact will be
superimposed by the necessary measures
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t=2563% L=343s

Z-stage 1 ~ “
0.00 m 0,00 m 0.00m
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(5) Impact of the turbocharger unit on the starting behaviour: acceleration from stand still
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of exhaust gas aftertreatment dependent
from the emission target.

Key factors influencing the potential for
downsizing are therefore the engine- and
exhaust-gas-related measures required for
achieving the NO_ emissions targets, the
desired driving performance in connec-
tion with the vehicle weight as well as
any compromise in terms of comfort and
NVH characteristics at a jump of cylinder
number. The success of such a concept
can be seen at the example of the smart
cdi. With a three-cylinder diesel engine
3,31/100 km and a CO,-emission of 86 g/
km CO, is reached.

CONCLUSION

In addition to the technical dependencies
outlined here, economic questions can
also influence decisions regarding suitable
engine sizes. This includes the question to
the range of additional technologies to meet
the emission limits as well as to guarantee
an appropriate NVH behaviour. Moreover
massive downsizing may cause the gener-
ation of completely new engines resp. en-
gine-families combined with high capital
costs. To sum up it can be stated that the
downsizing of the diesel engine as well
will become more important in the future.
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EXHAUST-GAS AFTERTREATMENT

CONCEPTS FOR MEETING FUTURE
EMISSION REQUIREMENTS

REQUIREMENTS FROM
FUTURE TESTS

Ever since emission limits were intro-
duced for combustion engines [1, 2], they
have been continually tightened. In respect
of exhaust-gas aftertreatment (EAT) mean-
while introduced in commercial-vehicle die-
sel engines, this means that alongside the
diesel oxidation catalyst (DOC) it will also
be necessary to use a diesel particulate fil-
ter (DPF) and a denoxing system - in com-
mercial vehicles currently an SCR system
with Adblue as reducing agent. In addition
to defining mass-related emission limit
values, a number-based limitation on par-

16

ticulate emissions is also being planned
for future European on-highway legislation.
Over and above to the limit values them-
selves, the boundary conditions under
which they must be met are changing too:
In the on-highway segment, the World-
Harmonized Stationary Cycle (WHSC) and
World-Harmonized Transient Cycle (WHTC)
will replace the ESC and ETC (European)
in use to date once Euro VI is introduced.
The off-road equivalents are the NRSC and
NRTC (Non-Road), making it necessary for
the first time to conduct a transient test in
this segment when 97/68/EC, Stage III B,
is introduced [3, 4]. Other conditions must
also be met. Alongside satisfying the NTE

values, these also include meeting the limit
values in actual operation by conducting
vehicle measurements [5].

Not only presenting the NO, and PM limit
values for on-highway and off-road appli-
cations (P > 130 kW), @ also shows the
load points used in the engine map for real-
izing the various cycles. It becomes clear
that the WHTC poses a major challenge for
EAT as a result of low mean load, and
associated low exhaust-gas temperatures,
as well as a high overrun component in
the driving profile. With a cold-started cycle
making up a percentage of emission assess-
ment beside the familiar warm-engine tran-
sient test cycles, the significance of the
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Proceeding from a modern two-stage supercharged commercial-

vehicle engine employing measures inside the engine to satisfy

the NO_limit values for Euro V and EEV as well as a partial-flow

particulate filter system for meeting the particulate limit values

prescribed under Euro V and EEV, the |AV investigated potential

approaches to complying with future emission standards in the

on-road and off-road segments.

EAT system’s light-off behavior will grow
considerably.

TEST ENVIRONMENT

@ shows a schematic diagram of the test-
bench set-up employed. The heavy-duty
engine (six-cylinder, 13 1 category) current-
ly certified under Euro V/EEV has a two-
stage supercharging system with intermedi-
ate cooling and cooled high-pressure EGR.
This was run in its production state on a
highly dynamic engine test bench with ap-
propriate automation system. As the objec-
tive of this study did not center on meet-
ing the next-higher emission stages, the

MTZ 0212011 Volume 72

engine’s production-based calibration was
not adjusted during these investigations.
The exhaust-gas aftertreatment system pro-
vided was made up of a hot-end DOC and
changeable canning as the basis for quickly
changing individual components. The com-
ponents listed in the table were installed to
suit the focus of the particular test series. A
Denoxtronic I (Bosch) was used for opera-
tion with Adblue. In addition to applying
the usual standard measurement technol-
ogy, the pollutant components were ana-
lyzed by means of two FTIR systems for
assessing NO, conversion, an MSS (Micro
Soot Sensor), an EEPS 3090 from TSI, and
an APC (AVL Particle Counter) to deter-
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mine carbon concentration, particle-size
distribution and particle number. Test-bench
internal CAN communication formed the
basis for metering the reducing agent and
for providing control in the trailing-throt-
tle state.

PARTICULATE EMISSIONS

The particulate-reducing capacity was
evaluated in the different emission cycles
using a VERT-certified DPF in addition to
the reference PM Metalit available in the
changeable canning. This provides the capa-
bility of performing a fundamental com-
parison of both filter techniques in rela-
tion to both particulate mass and particle
number.

© shows the particulate reduction from
both filter systems. The particulate reduc-
tion achieved (in relation to the untreated
level downstream of the DOC) must be
understood as a mean value from all six
test cycles (WH-TC/SC, E-TC/SC- and
NR-TC/SC). Comparing results from the
various test cycles revealed that only
marginal differences can be identified in
specific particulate reduction capacity.
The PM Metalit attained moderate degrees
of filtration of 84 % in relation to particle

18

HO, [gkWh)
© Emission limit values, load-point spread in test cycles, overrun phases

number, and 67 % in relation to particu-
late mass. The levels of carbon concentra-
tion downstream of the VERT-certified
DPF were measured at approximately 1 %
of untreated emissions both in relation to
particle number and also in relation to
particulate mass. Fluctuations in the level
of DPF efficiency accounted for less than
one percent of the starting value. No
active regeneration of the filter was initi-
ated during the measurements.

As the engine used did not undergo any
cycle-specific emission calibration, no be-
nefit is gained from carrying out a direct
comparison between the particle number
achieved and the particulate limit value
proposed by the legislator. Generally speak-
ing, it is possible to formulate the follow-
ing statement on all of the cycles under
test: In its dimension and configuration
used in the program, the particulate filter
system (PM Metalit, generation two) was
not able to meet the particle number limit
demanded in future for Euro VI. The par-
ticle number downstream of the PM Met-
alit is still well above the limit value in
specific cycles. The particle number meas-
ured downstream of the DPF remains below
the limit value if a filter cake is formed
through operation or conditioning. As a

=

&= Charge air
= COOlET

PM1 | P Metalit wath

hydrolytic coating
H ] PhE | P Metalit with

hydnolytic coating

Rl SCR with HT-
coatung

R2 | SCR with LT-
coating

@ Schematic test set-up with measurement system used and changeable canning

result of phases of active regeneration and
aging effects, the distance from the limit
value can be very small or lost completely
for the wallflow DPF too. This is where
the dynamic WHTC in particular, with its
lower particle-number limit values, presents
a major challenge for calibrating the engine’s
untreated emissions.

@ shows the levels of filter efficiency
in relation to particle-size distribution. It
is clear to see that the optimum level of
efficiency can be achieved in the range

B Relerence
Particle number
Particle mass

100 —
t . (o]
% 50 | E‘;
§ 26 ;
& |
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(3] Particulate-reducing capacity of the different filter
systems
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between 50 to 200 nm. It also shows the
change in particle-size distribution in
response to adjusting calibration in vari-
ous ways (varying rail pressure and start
of injection). It can be seen that calibra-
tion measures are unable to influence
particle-size distribution in untreated
emissions to such an extent that would
move it into the optimum range of filter
efficiency [6]. This also makes it possible
to explain why varying the injection
parameter results in a more or less pro-
portional change in particulate mass and
particle number.

NO, EMISSIONS

Active exhaust-emission denoxing
appears unavoidable for the forthcoming

emission stages. This is why SCR systems

have become established and proven
their worth in the commercial-vehicle
segment over the last decade. The aque-
ous urea solution used in this context as
an additive is finding acceptance above
all in the field of on-highway use. In the

MTZ 0212011 Volume 72

off-highway domain as well as in niches
of the on-highway segment, alternative
processes for generating the reducing

agent, e. g. based on solids, are conceiva-
ble in future.

The level of SCR efficiency is largely
governed by nitrogen-oxide composition
(NO, NO,), operating temperature, the
reducing agent (NH,) and space velocity
in the catalyst. As stated above, low aver-
age loads and proportional assessment
based on cycles started with a cold
engine represent a major challenge to
EAT in relation of working temperature.
This applies in particular to the SCR
system. To complicate matters further,
engines delivering a high specific power
output use a multiple-stage supercharging
group which, in turn, reduces exhaust-
gas temperature upstream of the EAT
system. If the temperature in the compo-
nents of the SCR system drops below the
critical operating temperature, their effi-
ciency falls too. @ presents the different
levels of SCR efficiency ascertained in the
investigations carried out for the various
test cycles. The efficiency differences are
plain to see between ETC and WHTC.
The main reason for this lies in signifi-
cantly lower exhaust-gas temperatures
and long overrun phases in the WHTC.
Resulting from the absence of overrun
phases and a high basic level of request-
ed load, the amplitudes in SCR efficiency
are much lower during the NRTC than
they are in the WHTC or ETC.

Without appropriate exhaust-gas tempera-
ture management, long overrun phases at
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i E’_ ment of aging in SCR catalysts. The reaction
! i E: model of the conditioned SCR catalyst was
i e = adapted here on the basis of measurements
£ on the synthetic-gas test bench. A model of

Z " 0 a catalyst having undergone moderate hyd-
rothermal aging was derived from this on
the basis of empirical values from the first
e | model. @ shows the comparison between
data measured and results computed for
the catalyst conditioned in the NRTC. Alt-
hough the model shows variations from
the actual results measured over the tran-
sient cycle, the cumulated NO, emissions
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moderate aging can lead to significant de-
terioration in reducing nitrogen oxide. Aging
of SCR catalysts can vary widely depend-
ing on type and version. In addition to
this, oxidation catalyst aging will also have
a strong influence on nitrogen-oxide re-
duction in the SCR system so that these
effects must be closely monitored and com-
pensated for at the configuration stage or
by calibration measures.

SUMMARY AND OUTLOOK

The levels of efficiency provided by the
exhaust-gas aftertreatment systems under
study largely depend on engine operating
behavior. Performance of the SCR in par-
ticular is extensively governed by exhaust-
gas temperature. This being so, exhaust-
gas temperature management would appear
to be a major challenge in calibrating future
on-highway engines. Modified testing con-
ditions and the requisite verification of the
actual engine performance in the various
applications will add further stringency to
future emission limits. In addition to con-
ventional cold-running and warm-up strat-
egies, supplementary measures must be
implemented in order, for example, to pre-
vent the EAT system from cooling down.
Proceeding from consumption-optimized
operation at higher untreated NO, emis-
sion levels in long-distance driving (NO,-
bsfc trade-off), a significantly lower level
of NO, must be achieved inside the engine
for the cold WHTC so as to take account
of inactive EAT during the warm-up phase.
@ presents the potential strategies for
the off and on-road sector. In meeting the
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Stage IV/Tier4 limit values, there is not
absolute need to achieve the necessary re-
duction in particulate emissions by means
of a closed DPF. In addition to using
closed filter systems, operating without
DPF is even conceivable since the legisla-
tor has so far not made any provision for
limiting the particle number, and the par-
ticulate mass limit value is easy to meet
using engine-based means or with the PM
Metalit filter. Local requirements, how-
ever, do exist (e. g., construction site vehi-
cles in Switzerland) that demand the use
of a particulate filter. Provided it is possi-
ble to dispense with a particulate filter,
the possibility of an upstream configura-
tion produces advantages for aftertreating
NO, emissions which will be necessary
anyway. For this concept, downstream fil-
ter systems with burner then lend them-
selves to regional special-purpose applica-
tions as a way of satisfying additional
requirements. Compared with a Euro V
configuration with engine-internal NO,
reduction, engine hardware or engine cali-
bration only requires minor modifications
in the off-road- segment - the optimum
must be found between consumption and
possible NO, conversion.

Greater efforts, in contrast, are required
for Euro VI: From today’s perspective, the
closed particulate filter will be imperative,
giving rise to the described problems par-
ticularly in the low-load operating condi-
tions (distribution traffic, etc.). This is where
different solutions must be provided for
different application cases to achieving the
best possible compromise. The close cor-
relation between exhaust-gas temperature

and SCR performance has already been
described. The WHTC represents a particu-
lar challenge in this context. Based on
measures for managing exhaust-gas tem-
perature, SCR efficiency levels of at least
85 % should be the development target.
Lower levels of efficiency would result in
higher untreated particulate emissions
(PM/NO, trade-off) which, in turn, demands
the need for frequent filter regeneration.
This is counter-productive, especially in
the light of fuel consumption.

As a result of cost pressure simultaneous-
ly rising on the operator side, it will be
necessary in future to assess the merits of
each vehicle concept on a case-to-case
basis and decide which combination is ulti-
mately the most favorable overall system
for the consumer. Whereas optimizing wind
resistance provides a major cost-reducing
potential in long-distance traffic, these ef-
fects are extremely minor, for example, in
urban distribution traffic. Consequently,
greater importance will again be attached
to the potential savings on the powertrain
side. Legislation therefore continues to make
powertrain development an exciting sub-
ject in the commercial-vehicle segment too.

REFERENCES

[11 http://eur-lex.europa.eu/LexUriServ/LexUriServ.
do?uri=0J:L:2004:225:0003:0107:EN:PDF

[2] http://www.epa.gov/otag/highway-diesel/
regs/2007-heavy-duty-highway.htm

[3] http://eur-lex.europa.eu/LexUriServ/LexUriServ.
do?uri=0J:L:2010:086:0029:0047:DE:PDF

[4] http://www.epa.gov/nonroad-diesel/regulations.htm
[51 http://ies.jrc.ec.europa.eu/eu-pems/links.html
[6] Raatz, T.: Untersuchungen zur homogenen
Dieselverbrennung (Investigations into Homogeneous
Diesel Combustion); Dissertation, Braunschweig
University of Technology, 2002

21

personal buildup for Force Motors Ltd.



INDUSTRY CATALYSTS

AUTHORS

DIPL.-ING. WOLFGANG MAUS

is Chairman of the Board of
Management at the Emitec GmbH
in Lohmar (Germany).

ANCILLARY CONDITIONS

Euro 6 legislation for passenger cars and
Euro VI legislation for commercial vehi-
cles for the first time also limit particle
numbers in addition to gaseous emissions
and particle mass. The main focus lies on
the reduction of nanoparticles, which are
considered harmful to health.

Particle number limits for commercial
vehicles and for passenger cars with pet-
rol engines are currently being discussed.
The original approach to limiting particle
numbers required the number limit to cor-
relate with the mass limit and also to be
determined by best available technology.

However, this poses the question as to
which of today’s particulate filter technol-
ogies represent the best available technol-
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ogy and whether it also represents the
best technology to meet the requirements
for particle number reduction.

The EU PMP project (Particle Measure-
ment Programme, [1]) created a database
for passenger cars and commercial vehicle
engines. However, measurements and com-
parisons of particle mass and particle number
did not distinguish between raw emissions
and tailpipe emissions. In particular, the
correlation of tailpipe emissions did not
take account of the different filter rates
during number and mass measurements.

For example, a mass limit of 10 mg/kWh
relating to the raw emissions from a typical
commercial vehicle diesel engine corresponds
to a number limit of approximately 1 x 103
particles per kWh [1]. By contrast, the heavy-
duty limit of 6 x 10" particles/kWh under

DIPL.-ING. JAN HODGSON
is Head of Research at the Emitec
GmbH in Lohmar (Germany).

DIPL.-ING. CHRISTIAN VORSMANN
is Staff Member Research at the
Emitec GmbH in Lohmar (Germany).

discussion would correspond to a raw emis-
sion mass limit of less than 1 mg/kWh. As
a result, particle number legislation stipu-
lates a ten times more stringent mass limit.
Hastily introduced particle number limits
will impede or even prevent further engine
developments that could give European en-
gine manufacturers a competitive edge over
the rest of the world. These innovative en-
gines are able to keep within the mass limit
but still require a particulate filter to comply
with the number limit, which increases fuel
consumption and hence CO, emissions
(because of greater pressure loss and the
necessary active regeneration measures).
The aim must therefore be to comply
with future limits with a minimum of
pressure loss and without active regenera-
tion measures. It goes without saying that
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ELECTROSTATIC PARTICULATE FILTER
FOR NANOPARTICLE REDUCTION

Future emission legislation for passenger cars (petrol and diesel) and heavy-duty vehicles will also require a

reduction in particle numbers in addition to a reduction in particle mass. Conventional filters that combine

current levels of porosity with new, low soot-emitting engines are unable to filter nanoparticles with sufficient

effectiveness because of the lack of a soot filter cake. The necessary reduction in pore size would lead to greater

pressure loss. The Electrostatic Particulate Filter PM-Metalit Advanced by Emitec represents a new generation

of particulate filters for the automotive industry.

the potential costs of exhaust gas aftertreat-
ment have to be substantially reduced at
the same time.

FILTER TECHNOLOGIES

Particulate filters for automotive applica-
tions are subject to very high technical
requirements because of high tempera-
tures, rapid temperature changes and
mechanical stress. The separation rate
for particles in the 10 to 500 nm range
should be significantly above 90 % with
minimum pressure loss. @ shows the
separation rate of technical filter systems
as a function of particle diameter.

OPERATING PRINCIPLES OF PAR-
TICULATE FILTERS (DEPTH FILTERS)

For small particle diameters the separation
of particles is based on a combination of
inertial separation (impaction), intercep-
tion from a limiting particle path (inter-
ception) and separation as a result of
Brownian particle motion (diffusion). @
shows the effective range of the filter mecha-
nisms in relation to particle diameter.

The probability of a particle being sepa-
rated depends on the filter structure, the

MTZ 0212011 Volume 72

pore size of the internal surface, the flow
speed and the filter depth.

Deposited particles agglomerate on the
surface of the filter and form a filter cake.
This filter cake increases the internal sur-
face and thus improves the separation
rate. Pressure loss rises simultaneously.
As soot deposits grow the depth filter
becomes a surface filter with increasing

efficiency. Partial-flow filters take this fact
into consideration by directing only a part
of the flow through the filter medium but
repeating this process several times.

ELECTRIC FILTERS

Electric filters or electrostatic separators
are systems that separate particles from
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gases on the basis of the electrostatic

principle. Coulomb’s law states that

charges repel or attract each other. Sepa-
ration in electric filters can be divided

into five stages [4]:

. Generation of electric charges: Electric
charges are generated by the applica-
tion of a high voltage to two objects.
The charges move along the lines of
force of the electrical field created by
the voltage.

: Charging of particles: A particle cross-
ing this electrical field is charged by
deposits of negative charges. Depend-
ing on their size particles are charged
by field or diffusion charging.

: Transport of charged particles to the
precipitation electrode: Stokes” law
states that charged particles travel to
the precipitation electrode where they
adhere and discharge their energy.

: Particle adhesion to the collecting elec-
trode: After the particles have discharged
their energy they adhere because of
the adhesive forces acting between the
particles themselves and between the
particles and the filter wall. Particles
are considered to have been separated
when the adhesive forces are stronger
than the flow forces.

: Particle removal: Industrial electric fil-
ters are usually cleaned by brushing
the particles from the collecting elec-
trode. The removed particles fall into a
bunker from where they can be dis-
posed of. However, in automotive
applications electric filters will have to
be regenerated continuously.
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100

@ Filter efficiency of
a depth filter as a
function of particle
diameter and filter
mechanisms [3]
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ELECTRIC FILTERS FOR
AUTOMOTIVE APPLICATIONS

Electric filter processes had already been
used for the primary separation of soot
particles in automotive applications in
the past.

Soot deflectors separate particles in an
electrostatic agglomerator where the par-
ticles agglomerate and are removed again
by gas-dynamic forces after reaching a
critical size. Due to their inertia the
agglomerated particles can be separated
into a clean and a particle-rich partial
flow. The particle-rich flow can subse-
quently be filtered by a particulate filter

1,E+06

1,E+05

1,E+D4

Saturation elementary charge (-]
in
&
]

1,E402
1,E401
1.E+00 -
0,001 0,01 0.1 1 10 100
Particle diameter |ym|
sesll=lOK ==U=20K = -U=30K

© Correlation between electric charge and particle diameter for different voltages

24

in the conventional manner and regener-
ated discontinuously.

However, electric filters for mobile appli-
cations should operate on the basis of con-
tinuous regeneration. In diesel engines soot
can be regenerated using the NO, contain-
ed in the exhaust gas. Large surfaces that
guarantee interaction between the NO, and
the particles are required to ensure that the
reaction continues to the point of comple-
tion, particularly at low temperatures. This
means that it is necessary to distribute the
particles across the largest possible separa-
tion surface. In petrol engines, which have
a higher temperature profile, the particles
are additionally oxidised using the residual
oxygen in the exhaust gas.

CALCULATION OF ELECTROSTATIC
SOOT PARTICLE SEPARATION

An electric field is generated by the
application of a high voltage to two
objects [5, 6]. This consists of an active
and a passive field. Electrons are
released in the active field.

In the passive field particles are charged
by negative ions. This process is based on
two mechanisms. The first mechanism is
field charging where the particles are
charged by ions that move in the direction
of the electric field. The maximum charge
of the particles depends on the electric
field strength. In diffusion charging parti-
cles are charged by random collisions
with thermally moved charge carriers.
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established on the basis of the elementary
charge. @ shows how the charge depends
o on electric field strength and particle
= diameter.
0,6 A charged particle is subject to an elec-
trostatic force and an opposing resisting
E 04 force in the surrounding fluid. A speed
ﬁ component is added as soon as the elec-
8 0.2 tric force is greater than the resisting
force. The migration speed acting on a
o charged particle and the resulting effec-
0001 0.01 o1 1 Lo o tiveness of the separation can be calcu-

Particle diameter [ym] lated on the basis of this correlation. @
shows the separation effectiveness in
relation to particle diameter and electric
field strength in turbulent gas flow.

O Separation effectiveness in relation to particle diameter and electric field strength in turbulent flow The electric field strength and the par-
ticle diameter can be seen to have a great
effect on the saturation charge and the
separation probability. The aim of the
development of the PM-Metalit Advanced
was to improve the low level of effective-
ness in the 0.05 to 5 pm range.

I e Ul = 10 kY w— L = 20 k¥ = - U=30kY I

PM-METALIT-ADVANCED

There have been several attempts at
developing electric filters, electrostatic

O PM-Metalit Advanced consisting of a current distribution substrate with soldered electrodes and a deposi- agglornerators and soot deflectors with
tion substrate cyclone separators over the past 25 years.
However, due to the small amount of
NO, in relation to soot these systems were
unable to passively regenerate the soot

The electric field strength for a wire/ sideration the two charging mechanisms and could only collect it.
cylinder electric filter can be calculated on  the saturation charge of a particle can be Problems caused by high voltage gener-
the basis of the voltage and the distance determined by Cochet’s equation while ation and the electric feedthrough can
between the electrodes. Taking into con- the number of charge carriers can be now be prevented by dynamically control-

led high voltage supplies. Modern diesel
engines emit less soot so that the electric
feedthrough is far less likely to become
soiled, thus reducing the likelihood of
short circuits.

As described the aim must be to oxidise
the filtered soot by passive regeneration
alone. This requires the soot to be distri-
buted across a large surface to facilitate a
reaction with the NO, contained in the
exhaust gas.

Metal honeycombs have been used in
catalytic converters of cars and two-
wheelers for a long time and combine the
advantages of mechanical/thermal dura-
bility, low pressure loss, large surfaces
and electrical conductivity.

To this end, a metal honeycomb was

o developed that also functioned as a pre-
O Test setup: Deposition substrate . .
in four discs with upstream single rod cipitation electrode. The design was based
electrode GE 3 GE 4 on the PM-Metalit partial-flow deep-bed

Catalyst-disc

Electrode
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filter and was particularly effective at pre-
venting deposited soot from being blown
out during dynamic operations. The blades
installed in the channels disrupt laminar
flow and improve electrostatic separation.
The PM-Metalit has already been put into
large-scale production and proven itself in
commercial vehicles and non-road appli-
cations for many years. For maximum
effectiveness the electric field has to be
built up over the entire cross-section of
the honeycomb as uniformly as possible.

It is difficult to build up an electric field
in large catalyst cross-sections with just
one single discharge electrode. Several
electrodes increase the complexity of the
construction and would have to be electri-
cally interconnected. Therefore a second
metal honeycomb was designed to act as
a current distributor. The electrodes are
soldered into the honeycomb. The number
and form of the electrodes can be adapted
to the specific basic conditions.

The high voltage insulation and mount-
ing extends across the circumference of
the honeycomb. Specially developed
deflecting structures are used to prevent
impurities. The electric field builds up
between the tips of the electrodes and the
deposition substrate. Both the current dis-
tribution substrate and the deposition
substrate can be catalytically coated and
so ensure the effectiveness of the catalyst.
@ shows the assembly and the electric
field between the two metal substrates.

This construction charges the particles
electrostatically and thus increases the
efficiency of the PM-Metalit filter. The
electrostatic forces intensify the diffusion
separation by adding another force com-
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ponent. Since particles are separated in the
channel structures efficiency is increased
across the entire particle size range.

TEST RESULTS

The PM-Metalit Advanced is currently in
the predevelopment phase. First trials were
carried out on a dynamic test bench using
an EU IV car diesel engine. The PM-Metalit
Advanced was connected to a distributor
capable of varying the mass flow supply
independently of the engine operating
point.

The aim of these tests was to determine
whether soot was going to be deposited
over the entire length of the deposition sub-
strate or only on its front surface. To this
end, a small metal substrate (70 mm) was

eroded to form discs and fitted to the ex-
haust system with an air gap of 2 mm, @.

A single electrode was positioned at a
distance of 35 mm in front of the separa-
tor. The electric field was supposed to
build up only across part of the substrate
diameter to make it possible to distinguish
areas inside the electric field from adja-
cent areas.

Soot is clearly visible in the channels of
the first disc. However, the deposits cover
only the area inside the electric field (cen-
tral section of catalyst). The transverse
exchange in the gap between the individ-
ual discs resulted in a larger deposition
zone for discs two to four. The fact that
soot is visible also at the end of the last
disc confirms the complete utilisation of
the separation surface, which creates ideal
conditions for passive regeneration.

The same test setup was used to meas-
ure particle mass reduction and particle
number reduction at varying mass flows
and constant voltage at a temperature of
270 °C, @. At a constant voltage of 16 kV
particle mass was reduced by 60 to 70 %
and particle number by 70 to 85 % de-
pending on the exhaust gas mass flow.
According to the theory separation de-
creases with increasing exhaust gas mass
flow at a constant voltage. In real applica-
tions the voltage is adjusted according to
the load point. This should be regarded as
a positive result because the electric field
builds up only across part of the cross-
section of the precipitation substrate, as
shown in ®.
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A system similar to the setup shown in
® was measured in a further test. During
these tests, particle mass and particle
number were reduced by over 90 % in the
NEDC. For clarification particle number
effectiveness was determined by particle
size at a medium load point. @ shows
number effectiveness as a function of
particle diameter.

According to the theory, number effec-
tiveness depends on particle diameter and
is over 90 % in the 50 to 300 nm range.
The result makes it clear that the electro-
static separation of soot particles in the
channels of honeycombs with guide blades
works successfully across the entire parti-
cle size range.

SUMMARY AND OUTLOOK

The PM-Metalit Advanced electrostatic
particulate filter for mobile applications
represents a completely new development

MTZ 0212011 Volume 72

capable of complying with particle number
limits while causing minimum pressure
loss. Building on the proven partial-flow
deep-bed concept, the separation of nano-
particles, in particular, is improved by the
application of electrostatic forces, which
act as a diffusion and adhesion booster.
The system is able to separate well over
90 % of particles that have been charged
in an electric field without the previously
inevitable increase in backpressure.

First results indicate that the innovative
use of metal substrates as current distribu-
tors and separators presents a new method
of particulate filtration. When used as a
separator, PM-Metalit substrates with
small channels and guide blades achieve
good separation rates for all particle sizes.

As a next step, both the power supply
and the PM-Metalit Advanced will undergo
further development with the aim of cre-
ating a durable solution for passenger car
and commercial vehicle applications.

Apart from this development work, it
is crucial that authorities restrict them-
selves to defining new limits and do not
directly or indirectly express a preference
for, or even prescribe, particular technol-
ogies. Such prescriptive legislation would
put an end to innovation and place
Europe at a disadvantage in international
competition.
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THE RICARDO MECHANICAL
HYBRID DRIVE

Ricardo has developed a mechanical hybrid drive system in which kinetic energy is stored by
a flywheel and supplied to the drive train via a continuously variable transmission. Studies
carried out by Ricardo have shown that the system offers a reduction in fuel consumption of
up to 25 % at a relatively low cost.
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ENERGY RECOVERY BY FLYWHEEL

Interest in kinetic energy recovery sys-
tems (Kers) was stimulated by Fédération
Internationale de I’Automobile (FIA) rule
changes for the Formula 1. Ricardo, as
the technology partner for one of the
major teams, developed a number of
alternate solutions based on different
technology platforms. One of these plat-
forms was high speed flywheels. This
work, and subsequent development
undertaken by Ricardo, showed that KES
(kinetic energy storage) systems based on
flywheel technology are extremely well
suited for optimization for high cycle,
high power density applications (for ex-
ample, motor sport, inner-city mass tran-
sit or special operations vehicles) because
power and energy densities are defined
by independently optimisable sub-sys-
tems. That is, the power capability is
defined by the continuously variable
transmission (CVT) and the energy
capacity by the flywheel. As a conse-
quence, the whole system can be highly
tailored to any particular application. In
addition, flywheel based KES systems are
inherently more efficient than electrical
energy storage systems because there are
no energy conversions in the system. In
electrical energy storage systems, torque
is converted to chemical energy via elec-
trical, reducing potential energy recovery.
In addition, power density and energy
density are cross-linked parameters,
enshrined in a single entity, namely the
battery or ultra-capacitor.

SYSTEM OVERVIEW

The mechanical hybrid drive, labelled

Kinergy by Ricardo, is made up of three

main sub-systems, @:

: the flywheel, scaled to the energy stor-
age needs of the system

. the coupling, designed to transfer the
torque into the vacuum space

. the CVT controls the power flow.

In the next part of the paper these three

sub-systems will be reviewed

independently.

Housing

FLYWHEEL FUNDAMENTALS
AND DESIGN CHALLENGES

At the heart of a KES system is the fly-
wheel. The energy, E, is stored therein
through rotation, where E =210 As
such, the key to a high energy density is
high angular velocity and a high diameter.
The limiting factors on this being the ulti-
mate tensile strength of the material the
flywheel is made from and the available
packaging space. Further, major, factors to
be considered during the design are: the
ability to manage surface heating by
maintaining an acceptable environment
about the flywheel; the ability to design
the shape of the flywheel such that the
system dynamics are controlled to an
acceptable level in the operating range;
and the ability to specify bearings suitable
for the speed and loading, @.

As part of Ricardo’s development pro-
cess the flywheel mass mapped for a
matrix of diameters and energy stored at
different maximum speeds. From this
work it is possible to quote and estimate
the energy density of flywheels using the
current design methodology as approxi-
mately 200 kJ/kg. However, a large number
of factors can affect this value. By exam-
ple, @ illustrates the mapped design space
for a maximum speed of 60.000 rpm. ®
uses example figures to illustrate the out-
put of Ricardo’s proprietary design tool for
high speed flywheels. The tool includes
the learning and design choices garnered
during the development process. The right
hand column of ® illustrates how the
final energy density for a given maximum
speed is non-linear with diameter and is
strongly determined by the available pack-
age diameter. By example a 0.5 kWh,

1.8 MJ flywheel at 280 mm (11”) will
weigh 12.88 kg. This flywheel is a disc,
(where the diameter is greater than the
axial length), and so is an efficient design.
When the packaging demands a reduction
in diameter by less than an inch to

260 mm (10.2”), the flywheel weight will
increase non-linearly to 26,92 kg to
maintain the same energy content at
60,000 rpm.

afp—gp | Drivetrain
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High speed flywheels carry with them
associated concerns over safety. A failure
mode which is of particular concern is fly-
wheel “burst”. The burst event is where
the strain on the inner diameter of the
wheel exceeds that which the material
can withstand, causing the wheel to frag-
ment catastrophically.

Ricardo flywheels have a number of pat-
ented, safety design features that are test
validated. These enshrine a three pronged
approach to ensuring a burst firstly does
not occur and then if it does the impact is
contained. The three prongs are:

: deploy a fiber with a sufficient UTS
such that the safety factor exceeds ten,
which is in excess of that used by the
aerospace industry when designing

Maximum tlip speed

@ Flywheel and its
design parameters
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System dynamics

composite wings; as a result, a fly-
wheel which has a maximum operat-
ing speed of 60,000 rpm might have a
design maximum speed of 125,000 rpm
. built into the system are hard mechani-
cal measures to prevent the operating
speed being exceeded
. further, if by some combination of fail-
ures and events an over-speed does
occur then benign failure mechanisms
are designed in - i.e. non-burst failure
mechanisms - at speed intervals be-
tween 60,000 rpm and 125,0000 rpm.
Ricardo has used its blast mitigation ex-
pertise used in other areas such as the
Ocelot program to incorporate in the sys-
tem weight a containment system that it
will restrain any burst fragments created.
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(3] Flywheel design space mapping for 60,000 rpm
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Looking forwards, Ricardo’s research
groups have patented novel high-speed
flywheel design concepts that maximize
energy storage and reduce flywheel
weight. A comparison of Ricardo’s future
patented design (SlingShot) with the con-
ventional flywheel technology that already
gives a huge potential advantage is sum-
marized in @. Ricardo’s design will sub-
stantially increase the maximum speed
rating of the flywheel and reduce the
overall mass of the system while still
retaining a high level of energy storage.
As an enabler for increased system speed,
Ricardo is also developing high-speed
magnetic bearings. The net result of intro-
ducing these unique technologies into the
current Kinergy suite will increased
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DESIGN ALL STEEL CARBON SLINGSHOT
(EXISTING TECH) (STATE OF THE ART) (PATENTED)
Maximum speed (rpm) 42,500 75,000 145,000
Specific energy (kJ/kg) 6.25 200 1000
Axial thickness (mm) 55 85 75

4] Flywheel material development

energy density and volumetric energy
density at reduced cost.

MAGNETIC COUPLING

In its simplest motor sport incarnation
the flywheel in the KERS was directly
connected to the transmission via a CVT
and step up gears. However, because of
the flywheel tip speed it was required to
be held in a vacuum to minimize losses.
Whilst the rotating vacuum seal then
deployed was adequate for a 2.5 h race,
longer term usage would require the
introduction of vacuum pumps and
management systems. These vacuum
management sub-systems would
increase cost, weight and volume as
well as adding to the service burden of
the rotating seal.

As part of the hunt for an alternative to
vacuum pumps, direct magnetic couplings
were investigated. Such direct couplings
provided a means of transferring the en-
ergy across a barrier. However, the sepa-
ration required to fit the required vacuum
barrier meant the torque density was
severely compromised.

The natural next step was to deploy a
complex magnetic gear in the role of
energy transfer mechanism. Such gears
can be seen as a magnetic analogue for an
epicyclic gear. The difference is that rather
than having rotating planet gears there are
static pins between the rotating parts in
which magnetic fields rotate, @. The pins
being made from high permeability steel
do not magnetically contribute to the air
gap between the rotating magnets. As a
result, the air gap between the drive shaft
and the flywheel shaft can be set at an
optimum for torque capacity. Conse-
quently, a 60 KW unit can be fabricated
for approximately 45 US$ of magnetic
material. Serendipity also means that we
have the ability to implement a ratio at
the same time, enabling the final, high
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@ Functional principle —
magnetic coupling

speed, mechanical epicyclic and its asso-
ciated cost, volume and losses to be
deleted.

CONTINUOUSLY
VARIABLE TRANSMISSION

During operation the flywheel is acceler-
ated using torque from the transmission
either: as part of a deliberate charging
cycle where the KES acts as a load on the
engine to increase tailored to push the
total load on the engine to a more effi-
cient point on the engine map, or during

braking in support; or in support of the
foundation brakes. Similarly, when releas-
ing energy the flywheel decelerates. This
is done to deliver energy into the driveline
to reduce load on the engine. Alterna-
tively, it could also be used to supply
energy to auxiliary systems in the vehicle.
A method of controlling the flow of
torque either from the flywheel or to the
flywheel is thus required. This is done
through a CVT. The choice of CVT is
dependent on the energy base being
stored. For example, as shown in @ a
mechanical CVT could be deployed if the

O Mechanical hybrid
system at rear wheel drive
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connection were directly to the transmis-
sion. However, electrical, hydraulic, pneu-
matic, or hybrid thereof options are avail-
able. This technology is well known and
so we will not review it any further depth
in this paper other than to comment that
system flexibility is increased with a hybrid
CVT where a high efficiency mechanical
path has an electrical take off in parallel
to allow auxiliary systems to be powered
whilst the primary engine is off (e.g. for a
start-stop function).

APPLICATIONS

The Ricardo system can be utilized in a
great number of applications enabling sig-
nificant savings of fuel, reduction of CO,
and other emissions and operational

32

advantages. Depending on the particular
requirements and conditions a system def-
inition will need to be defined. In sum-
mary, the addition of a flywheel based
system to the driveline will enable boost
assist, regeneration, and potentially,
engine off mobility.

The Ricardo system consists of a high
speed flywheel, a magnetic coupling, an
off-the-shelf continuously variable trans-
mission, and a clutch. As such it would
provide a robust, cost effective energy
hub that could reduce fuel consumption
by up to 25 % whilst increasing energy
flexibility on board the vehicle in a small,
light package. For example in ®, the
hybrid drive system has an output of
60 kW and stores 1.4 MJ of energy. This
reduces the fuel consumption in the

NEDC (New European Driving Cycle) by
16 % and in urban traffic by 26 %, and
the vehicle accelerates 2 s faster from 70
to 130 km/h. The system incurs costs of
US$ 1,600.

CONCLUSION

Core powertrain efficiency improvement is
currently the most effective way of
improving fleet CO, emission but is lim-
ited in its maximum impact. In contrast
electric hybridisation has greater impact
on CO, emissions but at a higher cost.
Kinetic hybridisation offers electrical
hybrid CO, impact at core powertrain cost
increment. Such flywheel system topolo-
gies are developed, a demonstrator pro-
gramme is under work.
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INDUSTRY MATERIALS

COATING FOR CYLINDER SURFACES
IN ALUMINIUM ENGINE BLOCKS

With Alu-Thin-Fer, Honsel has developed a new coating method for cylinder surfaces such

that it is ready for series production. The thin steel coating provides good thermo-mechanical
properties, is wear-resistant and low-friction and thus creates good conditions for future
low-consumption gasoline and diesel engines.
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ENGINE BLOCK

Because of the demands on modern gaso-
line and diesel engines, their engine blocks
are being subjected to ever higher loads.
Those loads are the result of an improve-
ment of internal efficiency levels and thus
of growing peak cylinder pressures, increas-
ed thermo-mechanical loading due to
higher torque and power densities, through
the obligation for light weight design and
application of fuels of varying levels of
aggressiveness.

In addition, the integration of second-
ary functions that need to be performed
by the cast component for cost reasons
are resulting in an increasingly complex
architecture. Key secondary functions
are integration of valve train drive hous-
ings, of clutch and flywheel, as well
as media feeds (oil, water, blow-by, ven-
tilation) etc. Reductions in the number
of cylinders and/or engine displacement
(downsizing) are leading directly to the

obligation for a modular system of engine
variants.

If one compares the diverse options for
realising the engine block, @, and assesses
them with a view to today’s requirements,
one arrives at the conclusion that the pro-
file is best met by an aluminium engine
block. The casting processes (low-pressure
sand casting, low-pressure permanent
mould casting, die casting etc.) have
become so advanced that the dynamic
strengths demanded can be achieved by
reducing casting faults, improving the
microstructure and by targeted application
of heat treatment.

As the mechanical efficiency of a com-
bustion engine is strongly influenced by
the tribolocical situation between piston/
piston ring and cylinder surface, the prop-
erties of the cylinder surface become par-
ticular significant.

CYLINDER SURFACES

The peripheral conditions at the cylinder
surface thus play an important role. Cylin-
der surfaces with exposed silicon are used
in many gasoline engines. These are
either monolithic aluminium engine
blocks or heterogeneous ones with alu-
minium-silicon cast-in liners. In applica-
tion on modern gasoline direct injection
engines in the tribology area and wear
resistance, however, clear limits of this
technology are becoming apparent. For
that reason, the demands amongst engine
developers for a robust, wear-resistant cyl-

Engine block

@ Production method for engine
blocks and cylinder surfaces
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inder surface with high levels of fuel com-
patibility are becoming ever stronger.

The verdict on cast-in grey iron liners in
heterogeneous aluminium engine blocks,
on the other hand, turns out to be very
much milder. In large series production,
the grey iron liner represents a cost-effec-
tive solution and, together with a modern
honing method that produces a low-fric-
tion surface topology, creates favourable
conditions in aluminium engine blocks for
friction and wear when compared with
cylinder surfaces of exposed silicon (mon-
olithic or heterogeneous with AlSi liner).

The crux with cast-in grey iron liners is
found in the mechanics of the aluminium
surround casting. The shrinkage of the
aluminium on cooling generates stresses
in the surround casting and within the
liner, which remain latent even after
machining. In the worst case, delaminat-
ing of grey iron liner and aluminium sur-
round casting or, for example, cracks in
the aluminium or in the grey iron liner
can occur - depending on the dimension-
ing of the parts. In any event, this basic
deformation together with the additional
deformations caused by the static and
dynamic forces of the cylinder head/
engine block assembly, as well as the
force closure to the engine bearing, are
highly undesirable. This can result in dis-
advantageous relations in terms of oil
consumption, blow-by volumes, friction
and wear and higher requirements for
servicing intervals.

High residual stresses in the engine
block structure also means lower potential
for dynamic loading - another point in

finding a better combination of mono-
lithic aluminium structure and “intelli-
gent” cylinder surface.

COATING METHOD FOR
CYLINDER SURFACES

An investigation at Honsel of the existing
thin layer method for suitability as an
internal cylinder coating showed that
application of the PVD (physical vapour
deposition) and CVD (chemical vapour
deposition) methods produced high sub-
strate temperatures and can be ruled out
because of excessive production costs.

Galvanic methods are interesting given
the variant diversity and the low substrate
temperatures, but are not favoured in terms
of the costs, the cycle time and their envi-
ronmental compatibility.

The thermal spraying methods for inter-
nal cylinder coatings are meanwhile so
advanced that one can use certain meth-
ods in series production, particularly
those that produce robust steel layers with
certain properties. The Honsel Alu-Thin-
Fer process has been developed based on
the PTWA technology (Plasma Transferred
Wire Arc). It was examined together with
other manufacturing methods and sub-
jected to a ranking, @.

Despite the fact that the microstructures
of the layers are clearly different, it appears
that both the Twin-Wire-Arc (DAG-LDS
(Daimler)) and the Alu-Thin-Fer/PTWA
method are of equal in the evaluation of
quality in many areas. There are differ-
ences above all in development time, depth
of experience and investment costs. With

the PTWA method, the development time
until series introduction lasted much longer
than with DAG-LDS, and the depth of
experience with DAG-LDS is significantly
greater because of its longer application
time in series production. In terms of the
criterion of “coating process and environ-
ment” the high burner durability with
DAG-LDS deserves a mention, and with
Alu-Thin-Fer/PTWA the high spraying
efficiency and the favourable conditions
for extraction and filtering of the overspray.

As the Alu-Thin-Fer/ PTWA method
can be controlled within wide limits via
the current intensity, the plasma gases
argon or helium, as well as hydrogen, and
via the atomizer gas air or pure nitrogen,
this results in very much more flexibility
in the design of the microstructure of the
layers versus the other thermal spraying
methods.

As the GM - HVOF method (High
Velocity Oxygen Fuel) is still in the pre-
development phase and there is no series
application, the depth of experience is
relatively low. Characteristic in this
process is that very high energy density
is provided, which generates very high
temperatures in the substrate. For that
reason, water cooling is needed during
the spraying. The high oxide content
and the high hardness in the layer place
certain demands on the piston ring
technology.

The VW-Sulzer-Metco method has been
in series production for a long time now —
especially also in highly loaded diesel and
gasoline engines. This method is strongly
characterised by the roughening process

GM - HVOF DAG - LDS VW - SULZER-METCO  ALUTHINFER®/PTWA

Time of development -- + ++ ++
KNOW HOW CRITERIA

Depth of experience -- ++ ++ +

Pre-treatment of cylinder surface -- ++ 0 ++
PROCESS Coating process and environment -- ++ + +

Cylce time ++ ++ + ++

Adhesive pull strength 0 ++ 0 ++
LAYER PROPERTIES Wear behaviour + ++ ++ ++

Tribology ++ 4 4 T+

Investment -- 0 + ++
COSTS

Production cost - + 0 ++

(2] Comparison of various thermam spraying methods
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| roughening using high pressure water jetting (HPWJ)
o = and the Honsel mechanical roughening process (HMRP)

(blasting process) and the use of powder
as coating medium. The roughening
process serves to activate the aluminium
cylinder surface. This pre-treatment is
intended to ensure sufficient adhesion of
coating layers and substrate, which is
generally measured as adhesive tensile
strength (cohesion of the layers and adhe-
sion to the substrate). The roughening
process used here produces adhesive ten-
sile powers of a certain level and of a cer-
tain statistical distribution, which suffices.
The use of powder lends the layer certain
properties — among others a high pores
share - and very much determines the
costs of the method (powder manufactur-
ing and powder feeding).

ALU-THIN-FER SPRAYING METHOD
FOR CYLINDER SURFACES

Use of thermal spraying methods
demands provision and availability of
production processes ready for series pro-
duction and assurance of certain qualities,
and that quite regardless of the spraying
method used. The development at Honsel
comprises a complete package of casting,
machining of the cylinder surface and the
thermal spraying. This technology is
called Alu-Thin-Fer at Honsel and consists
of three individual methods that are
highly geared to one another: the casting
process, the preparation of the cylinder
surface and the spraying process.

CASTING PROCESS

A prerequisite for thermal spraying of
the cylinder surface is low-pore casting.
Honsel has driven the developments in
the processes LPSC (low-pressure sand
casting), LPPMC (low-pressure perma-
nent mould casting) and DC (die casting)
so far forward that the specifications
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demanded in Europe, North America and
Japan are met with all methods.

PRE-TREATMENT OF
THE CYLINDER SURFACE

The cylinder surfaces must be pre-
machined precisely to the position of the
crankshaft axle and to the crankshaft
bearing with high demands on cylindric-
ity. This machining process must be
coordinated with engine manufacturing,
which does the final machining, such
that the tolerances demanded can always
be adhered to in the final machining.
That can be ensured, for example, by
means of indexation. In preparation for
the coating process, the cylinder surface
needs to be roughened to achieve a
mechanical damping via macro- and
micro-structuring of the substrate. In the
development of this process, the fact that
it had to be a fast method with high reli-
ability and reproducibility was in the
foreground. Under those boundary con-
ditions, a machining process on a CNC
machine and an associated tool was
developed together with a well-known
and worldwide operating tool manufac-
turer (Glhring). The process, which
bears the name of HMRP (Honsel
Mechanical Roughening Process), was
introduced in series production at Hon-

II /
Ouide: FeO (Wastit] |

O Alu-Thin-Fer micro structure

sel’s Meschede plant in 2009. Depending
on the bore diameter and length, a cylin-
der bore is roughened between 7 and

10 s. HMRP displays extremely high
adhesion tensile strengths with only
minor standard deviation, @. The adhe-
sion tensile strengths through HPWJ
(high-pressure water jetting) served as a
reference for the development of HMRP.
Whilst HPWJ guarantees a sufficiently
high and stable adhesion to the sub-
strate, however the method requires sig-
nificant investments. Together with the
substantial operating costs (water treat-
ment, disposal of the aluminium sludge,
H, formation etc.), among other things
also by means of long cycle times and
serious wear, this results in significantly
higher total costs with HPWJ when com-
pared with HMRP.

COATING PROCESS THROUGH
MELTING OFF A SINGLE STEEL WIRE

The PTWA coating method was at the
time developed and patented by the pio-
neers of Flame Spray Industries NY and
was examined and further developed by
many departments of Ford. Honsel has
modified and further developed the
method such that it could be introduced
in series production in 2009. It creates a
wafer-thin steel coating that provides the
cylinder surface the robustness, wear
resistance and friction-poverty demanded
for future diesel and gasoline engine
concepts.

Whilst in application of the classic
PTWA method the adhesion of the
sprayed steel layer is created by an adhe-
sion agent - a so-called “NiAl Bond Coat”,
which achieves only relatively low adhe-
sion tensile strength (~20 MPa) and
makes the method extremely expensive
(disposal of hydrofluoric acid) - with the
Honsel variant with HMRP one took a
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(5] Engine block with Alu-Thin-Fer coating of the
5.4-1 V8 engine for the Ford Shelby GT500

new approach via the mechanical rough-
ening and activation processes.

In the coating process, a single steel wire
is melted electrically in a rotating burner.
The droplets thus created of 20 to 40 pm
in size are accelerated using an atomizer
gas and thrown with high energy against
the cylinder wall, on which they stick and
solidify extremely quickly. A plasma gas
adds additional thermal energy to the par-
ticle stream and facilitates the desired
pore formation in the layer. Together with
the plasma gas, the atomizer gas controls
the shape of the particle beam and also
causes oxide to form in the layer, which is
wanted and serves as a hard material that
minimises wear. Further development of
the PTWA process at Honsel relates to the
following areas:

: adjust of the coating parameters to the
roughening profile used

: increase in burner performance (reduc-
tion of cycle time) and adjusting of the
coating parameters

. increase of the burner and system
durability and improved robustness
with a view into mass production
application

: development of block deck and crank-
case space masking, as well as improved
extraction, collection and filtering of
the overspray

. realisation of wire barrel spool-out up
to 500 kg.

The improvement of the burner and sys-

tem durability and of the burner perfor-

mance was carried out in a joint develop-
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ment programme between GTV, Flame
Spray Industries and Honsel.

Starting from the “standard” coating
parameters, the coating parameters need
to be adjusted, developed and set individ-
ually for each engine block architecture.
The different thermal conduction paths -
open-deck and closed deck designs etc. -
influence the development of the micro-
structure of the layers. @ shows a very
densely sprayed layer with few, small and
finely distributed pores. The higher the
surface proportion of the pores, the
smoother the honing should be. The
exposed pores on the honed cylinder sur-
face provide the oil reservoirs for lubricat-

Sprindel-shaped
cylinder surface

Activated cylinder surface

Honed cylinder surface

ing the piston and piston rings in engine
operation. The honing itself now serves
more to represent the geometry and preci-
sion of the cylinder and less to realise the
classic honing relief. The targeted distri-
bution of the pores in the final cylinder
surface represents a favourable boundary
condition with regards to oil consumption
and blow-by quantity.

SUCCESSFUL SERIES INTRODUCTION

The first series application of Alu-Thin-Fer
is the V8 5.4-1 engine for the Ford Shelby
GT500. Honsel is producing the engine
block in low-pressure sand casting, com-
pletely mechanically machined, coated and
honed, @. Extensive quality control takes
place thereby, @, [1]. The engine block is
delivered directly to the Ford Romeo Engine
Plant in Michigan USA for assembly of the
engine (“two man - one engine”).

The development of the engine, and thus
also the validation of the thermal spraying
system, took place at Ford SVT (Special
Vehicle Team) in Allen Park, Michigan,
USA. The engine has successfully passed
the very different system, component and
vehicle test series. In all tests - including
endurance, piston scutting, hot and knock
sensitivity tests, the cylinder and piston
ring wear was hardly measurable (~ 1 pm).

The hardness of the cylinder surfaces,
combined with sufficient oil being avail-
able thanks to the pores in the coating,
produces significantly improved friction
and wear patterns when compared to the

@ Visual check of the cylinder surface and the coating in quality assurance
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predecessor engine. The latent cylinder
deformations turned out to be much
lower, because there are no cylinder liners
cast-in or shrunk into the engine block.

That results in lower oil consumption
and blow-by in engine operation, so the
servicing intervals can be lengthened.
Substitution of the pressed-in cylinder
liners by in-cylinder thermal spraying cre-
ates a weight saving of 4.4 kg.

SUMMARY AND OUTLOOK

With Alu-Thin-Fer, Honsel has developed
a new thermal spraying method for cylin-
der surfaces such that it is ready for mass
production. The thin steel coating pro-
vides good thermo-mechanical properties,
is wear-resistant and low-friction and thus
creates good conditions for future low-
consumption gasoline and diesel engines.

The coating was first used in series pro-
duction in 2009 in the 5.4-1 V8 engine for
the Ford Shelby GT500. The success of that
series application presupposed that certain
manufacturing processes had been advanc-
ed to a high level of quality. For example,
the casting process had to meet the demands
on the cylinder surfaces in terms of size
and number of pores after machining. In
addition, an economical and robust rough-
ening process had to be available.

The method has found great resonance
by many leading auto manufacturers, so
Honsel assumes based on the current
developments that the Alu-Thin-Fer method
will be introduced also in major mass pro-
duction from the beginning of 2013.
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INDUSTRY ENGINE MANAGEMENT

THE NEW GENERAL MOTORS DIESEL
ENGINE MANAGEMENT SYSTEM

For more than ten years, General Motors has been developing ECUs for spark-ignition
engines in-house. The company has now also developed an engine management system
for diesel engines that offers such features as closed-loop injector control and integrated
glow plug electronics.
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IN-HOUSE DEVELOPMENT OF
POWERTRAIN CONTROL SYSTEM

It was the fall of 1989 when General Mo-
tors established an interdivisional project
with the purpose to develop a specification
for powertrain software. The result of this
study was going to be used by powertrain
developers, calibration engineers, software
engineers and validation engineers as a base
pattern for their specifications for specific
powertrains, which would serve as tech-
nical requirements for the production of
software. A specific target, taken in 1989,
is still maintained today: to remain as
common as possible and, while variations
are expected in each specific powertrain
system specification, the goal is to mini-
mize the differences [1].

From the definition of a powertrain soft-
ware specification to date, many other steps
have been taken; that was just the first
milestone which started the development
of an all-new concept in General Motors
and unique in the automotive world: the
in-house development of the powertrain
controls system.

Since the early nineties, GM invested
in comprehensive capability in all
aspects of controls engineering: the first
internally developed software was in pro-
duction in a gasoline engine in 1999, it
was then applied across the engine port-
folio and introduced also in transmission
controls to create the first in-house
generation estimated in 8 million parts
sold in 2007. Today the second genera-
tion is in production controlling also
hybrid systems and the first diesel: D1.

BUSINESS MODEL

Powertrain controls engineering requires
rigorous system engineering on a complex,
virtual product that can be described by a
V-shape process, @, as many other soft-
ware oriented developments. Generally,
automotive OEMs depend on suppliers to
cover much of this engineering process:
system requirements and part of functional
requirements are usually developed inter-
nally, while supplier goes to the lower lev-
els of the V-shape taking responsibility of
the general system development.

The “in house” concept of General
Motors is moving the boundary between
internal development and supplier activ-
ity to a deeper level of the V-shape,
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System ——s Functional
requirements requirements Acceptance test ———————
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\ / Other OEM

Controls architecture System test

\ /

Algorithms Integration test
Software Unit test
\/ ]l GM inhouse
Hardware O The V-shape process as applied in General Motors

reducing the dependency from supplier
to the minimum level. Today General
Motors owns all the process steps as
shown in @.

CONTROLS ARCHITECTURE

The definition and optimization of the
controls architecture is one of the relevant
steps in the GM powertrain controls engi-
neering process. The advantage of defin-
ing it internally gives to General Motors
the freedom to break the link between the
controller and the components, with two
direct benefits, @®: freedom to choose the
best in the market part and enable the
supplier competition during sourcing. In
addition when the EMS (engine manage-
ment system) architecture definition is
done in parallel to the engine design, as a
single team between controls and engine

Broken link
Controller companants

D1 controller

A The engine management system split
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experts, the overall powertrain is brought
to the highest level of optimization.

CONTROLLER HARDWARE
DEFINITION

For a defined control system, the control-
ler hardware is specified in terms of the
so called BOM/BOD/BOP approach (bill
of material, bill of design, bill of process)
with detailed technical requirements
selecting the proper electrical interfaces
and software interfaces, also called HWIO
software, from approved library templates.
GM then selects a Tier 1 supplier that can
meet the technical requirements, project
timing, quality and cost targets.

As part of the “BOM” requirements,
GM always selects also main processor,
secondary processor and the related soft-
ware tools development chain.

Fuel injection system

EMS components

090 +f (<9<~

Electronic  Engine  Vehicle-related
actuators sensors  sensorsfacutators

The split of the responsibilities between
GM and the supplier is very simple, ©:
Tier 1 is mainly responsible of the HWIO
software and hardware design and its
validation according GM “BOD”, GM is
responsible of the integration with GM
application software.

DIESEL ENGINE MANAGEMENT
SYSTEM OVERVIEW

The D1 controller is a state of the art man-
agement system for Euro 5 engines with a
low cost architecture and advanced per-
formances. It’s designed for four cylinder
diesel common rail engine, including low
voltage and high voltage solenoid injector
drivers managing up to ten injection
pulses per cylinder per engine cycle. For
the first time on the market, the system
offers four integrated low voltage glow
plug drivers with high power dissipation
and improved diagnostic capabilities. In
this way a relevant reduction of system
cost has been achieved by eliminating the
need of an external glow plug controller.
Four combustion pressure sensors can
be used for an advanced in-cylinder pres-
sure closed loop control that allows emis-
sion reduction, CO, reduction and better
combustion stability under every condi-
tion. Other supported features include
two integrated DC-Motors drivers (used
for throttle valve and EGR valve), one
oxygen sensor interface, DPF manage-
ment and advanced thermal management.
Starting from Euro 5, the system is the
basis for the new generation controllers,
currently under development, which will
be facing new challenges as Euro 6 emis-
sions and North America standards.
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INTEGRATED GLOW PLUGS DRIVERS

The integration of the glow plug drivers
in the ECM (engine control module)
design has driven several considerations,
technical and economical, to make it fea-
sible: availability of cheaper power
devices, availability of a connection sys-
tem capable to sustain the high current
and power losses, system constraints and
engineering norms.

The availability of cheaper power Mos-
fets with very low RDSON (drain to
source resistance in on-state) in the mar-
ket was, and still is a reality. Several
sources are available for device with nom-
inal R lower than 2.3 mQ in a so
called D*PAK package, capable to sustain
very high current and to dissipate the

1.5k

power losses if properly integrated in a
printed circuit board (PCB) design.

The ECM glow plug driver provides a
shared enable power switch with reverse
battery protection that supplies an inter-
nal system voltage rail. The system volt-
age rail, properly conditioned and moni-
tored for diagnostic, is then the supply
source for the high-side drivers of each
glow plug, also called selection Mosfets.
A monitoring of the current for each selec-
tion Mosfet is provided for control and
diagnostic purposes. The shared enable
power switch has been introduced as
redundant switch-off capability, in case of
internal short circuit of a selection Mosfet,
to protect the component since the exter-
nal power supply feed is coming directly
from the battery.
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The necessity to partition the power
transferred to each glow plug using a pulse
width modulated technique, in combina-
tion with the pure “ohmic” nature of the
glow plug, requested some measures to
limit the ECM issues. A control of the turn-
on and turn-off events has been introduced,
making the complete switching event
hundred times slower.

The control function has been devel-
oped and optimized performing several
sub-system simulations. The so called
Signal Delivery Sub System Analysis
(SDSS) is the GM way to verify the
robustness of the control including all
subsystem parts: ECM hardware and
software algorithms, wiring harness and
external components, simulating also
the spread of their production character-
istics. An example of a simulation result,
showing the control system reaction, in
terms of glowing temperature variation,
to the single components characteristics
spread is reported in @.

COMBUSTION CONTROL

The D1 EMS from GM is one of the first
controllers capable to monitor and control
in real time the fuel combustion process,
thanks to glow plug integrated cylinder
pressure sensors. Combustion control is
the key enabler for advanced strategies
including highly premixed combustion and
low air/fuel ratio combustion. These strat-
egies provide the opportunity to reduce
emissions, while maintaining or improv-
ing fuel consumption and combustion
noise. Another important advantage is the
improved long-term precision/stability of
the complete injection system: the closed
loop control compensates possible
(mechanical) wear and tear and different
fuel quality ensuring optimum fuel com-
bustion and emission over the engine
lifecycle.

In-cylinder pressure is sampled with a
resolution of one crankshaft angle degree
during the engine compression and ex-
pansion phases of each cylinder. This
data is filtered, compensated for sensor
drift, and processed in real time in order
to calculate metrics characterizing the
combustion process. In particular, for
each injection event, the exact amount
of energy released by the combustion
and the phasing of the combustion are
measured.
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@ Effect of combustion control on combustion robustness

The exact knowledge of the combustion
characteristics allows the execution of a
closed loop control acting on the fuel
injection pulse. For example the start of
injection can be adjusted cycle to cycle,
in order to always achieve the requested
combustion phasing with benefit to
the overall combustion stability and
robustness, ©.

The availability of this technology at
General Motors opens a number of control
possibilities never explored before: apart
from the obvious benefit in terms of robust-
ness over engine production tolerance
spread, aging compensation and adaptation
to different environmental conditions [2],
this control enables to explore engine oper-

Typel

ating conditions on the edge of combustion
stability, gaining significant benefit in terms
of emission and fuel consumption.

FUEL INJECTION ASIC
DEVELOPMENT

A custom injection controller has been
developed with the intent to manage all
common rail diesel solenoid injector tech-
nologies available in the market. The
necessary flexibility is mainly a transla-
tion of the various injector current profiles
that must be supported in unique and
common control architecture.

A generic injector current profile can be
divided in different timing phases that can

() Injection current profiles overview
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be mainly assumed in two categories: the

transition phase and the regulation phase.

Both phases are characterized by a set of

control, monitoring parameters and an

action to apply a selected switched volt-
age source to the injector. In the transition
phase, the current is forced to change
with a fast or slow transition. In the regu-
lation phase, the average current is held
constant.

The applied voltage sources are switched
runtime selecting a value from the follow-
ing list:

. high voltage: usually a boost voltage
higher than the system voltage
generated inside the ECM with the
support of an electrolytic capacitor

: system voltage: the system voltage
referred to ground

: 0 V: typically an approximation of the
injector voltage when it is forced to re-
circulate the internal energy on itself.
It’s done with a diode or actively with
a Mosfet

. negative high voltage: the residual ener-
gy inside the injector is recovered in a
boost capacitor or dissipated on a clamp
device to a negative voltage source.

O shows, as an example, three injector

current profiles related to different compo-

nents available today in the diesel market.

Supporting all possible combinations
of the described parameters or a subset
of them, the injection control provides
the best driving flexibility. This is imple-
mented via a finite state machine (FSM)
that includes all the possible states and it
is capable to evolve among them per tim-
ing parameters and comparison between
current monitoring and current profile
settings. Each state of the FSM has then
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to drive the power Mosfets of the electri-
cal architecture, applying state-by-state
the expected voltage to the injector.

The implementation of the FSM in the
silicon technology could be done via a
configurable FSM or a micro-coded FSM:
this last option was chosen to grant the
maximum flexibility of the injection
controller.

This custom device also integrates all
the pre-drivers of the power Mosfet part
of the injection driver electrical architec-
ture. This is the result of the compromise
between the overall system cost optimiza-
tion and the chosen device technologys; it
allows the designer to get full support
from the device to manage all the external
power Mosfets and current senses of a
typical electrical architecture topology.

CONCLUSION

General Motors for more than a decade
has been applying the unique strategy
among other OEMs of developing “in
house” the powertrain control systems.
D1 is the first diesel EMS in production
which has been taking this approach.
GM becomes the owner of the architec-
ture definition, algorithm and software
development, integration and testing,
reducing the dependency from suppliers
and enabling a “component level com-
petition” with direct benefits to the sys-
tem cost.

The synergic development of controls
system and engine hardware is the biggest
advantage of the “in house” strategy which
drives the overall system to the highest
level of optimization making it unique
among competition.

After having successfully launched D1
on Corsa and Meriva 1.7 CDTI, GM is al-
ready working to its successors which will
become a relevant enabler of the power-
train controls strategy to address the grow-
ing demand of energy efficient systems
with increased level of performance and
stringent emission levels at a lower cost.
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MODEL DEVELOPMENT FOR THE
CONTACT PRESSURE DEPENDENT
HEAT TRANSFER

The knowledge of the thermal contact resistance between two components adjacent
to each other is of great relevance in many technical applications and also in the
interpretation of thermally and mechanically loaded component connections. The
example for this are the interfaces of cylinder head/gasket/engine block, cylinder
liner/engine block, cylinder head/exhaust manifold and valve/ seat ring/cylinder
head. An article by the RWTH Aachen University.
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INTRODUCTION

EXPERIMENTAL AND ANALYTICAL INVESTIGATIONS

MODEL DEVELOPMENT

Bl W[ N| =

SUMMARY AND OUTLOOK

1 INTRODUCTION

The value of heat transfer coefficient for a specific material de-
pends on the temperature, the contact pressure and the surface
characteristics of the components which are in contact. Previous
models for estimating the heat transfer coefficients are valid only
up to low pressures of about 7 MPa [1, 2, 3, 4] and are not appli-
cable at high pressures nearing 250 MPa, which are relevant and
important to the design of components in internal combustion
engines. In particular, the accuracy of Finite-Element (FEM) cal-
culations for the mechanical and thermal design of composite
components is dependent on the quality of input data.

The greatest difficulty in determining the contact resistance is
the calculation of the actual contact area (only about 1 to 5% of
the nominal contact area [5]). This is only a fraction of the nomi-
nal cross-sectional area at the contact [6]. The heat flow occurs
only through the contact spots thereby creating a contact thermal
resistance @.

Heat flux line

Haot body

O Heat flow through the contact spots

Mo, foad F = 100 kN

MTS contral unit  Control unit

@ Schema of experimental setup
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Under applied pressure the actual contact is increased, thus the
material properties, heat transfer conditions in the points of con-
tact and in the cavities between are changing. Furthermore, at high
temperature differences, the radiation heat transfer plays an im-
portant role in the gas-filled cavities. Additionally, the heat con-
duction of compressed gas in gaps also changes with pressure.

In the present work, it was attempted to develop a new approach
for the calculation of heat transfer coefficient, based on results of
experimental and numerical investigations, thermal and mechani-
cal behaviors of materials under contact pressure, while taking in-
to account the elastic and plastic deformations as a function of
surface characteristics and the contact pressure.

2 EXPERIMENTAL AND ANALYTICAL INVESTIGATIONS

The investigations on the experimental determination of the
contact heat transfer coefficients are limited to the influence of
surface topography and the contact pressures in the range of 7 to
217 MPa. The method used for determining the contact heat trans-
fer coefficient was developed and is described in details in [7].
According to this method, transient temperature measurements of
the samples pressed against each other are carried out using a
thermographic technique [7, 8, 9, 101. The bodies are separately
heated to different initial temperatures (upper sample 90 °C and
lower sample 40 °C) and are then pressed together and filmed with
an IR-camera. The schematic sketch of experimental setup is
shown in @.

For the tests, different surface structures were tested against
each other (polished — milled, polished — slotted and polished —
polished) and classified by parameter R, of roughness of 0,5 to
40 pm. @ present measured profiles for the three different sur-
face qualities.

Experiments were conducted for three material combinations:
42CrMo4 — 42CrMo4, 42CrMo4 — X50CrMnNiNbN21-9 and
42CrMo4 — aluminum alloy.

@ shows results of heat-treated steel (42CrMo4) — heat-treated
steel (42CrMo4) case for different pressures and roughness. Points
on the diagram are the results for the polished (R, =1 pm) — milled
(R, =5 pm) and polished - slotted (R, = 20 pm and R, = 40 pm)
case.

From the presented experimental results, general connection be-
tween the surface roughness, contact pressure and contact heat
transfer coefficients cannot be seen. However, it has been shown
that the deformation mechanisms occurring in the surface struc-
tures under increasing contact pressure significantly influences
the global heat transfer. The characterization of surface topogra-

T,
{ IJ' I‘,,-'ff"u“"r;
e e e o e

© Three different surface qualities; left: polished, center: milled, right: slotted
(determined by a linear surface roughness tester)

Profile height [pm]
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O Influence on pressures and roughness on the 42CrMo4 — 42CrMo4
combination on the contact heat transfer coefficient

phy by means of the R, value, particularly at low roughness, does
not seem meaningful. Waviness in the surface structure with low-
er roughness is important and is described poorly by the R, value.
This knowledge was the starting points for the development of an
appropriate a new method to describe the contact between two
structured surfaces under the applied load. A new method (the F,
model) to determine the percentage share of Contact (F,) was de-
veloped and presented in details in [11].

3 MODEL DEVELOPMENT

In the previously proposed models in literature the experimental
results are conducted in vacuum conditions with contact pres-
sures only up to 10 MPa. In these conditions there lies a good
agreement of theoretical model with the measurement results.
However, it is observed that highest accuracy of these theoretical
models for the calculation of the contact heat transfer coefficient
lies for the pressures not exceeding 7 MPa [9]. The previously
known models usually consider only the elastic deformations of
the contacting points between the surfaces of two bodies. Exist-
ing description of proposed approaches, which take into account
plastic deformation currently cannot describe the heat transfer
coefficients with reasonable accuracy as a function of surface
characteristics and contact pressure. Obviously, this lacks the de-
tailed mechanistic explanation of the involved heat transfer pro-
cesses as a function of the prevailing conditions at the contact
point. Primary motivation to develop a new model is based on the
new knowledge of the behaviour of the contact heat transfer co-
efficient under high contact pressures. Here, an inversely propor-
tional dependence of contact heat transfer coefficient at constant
pressure under given circumstances with varying surface rough-
ness can be established. This means that the value of the contact
heat transfer coefficient depends only on the specific surface
structure and thus also can be explained by determination of con-
tact area.
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In the following description, three different approaches or mod-
els for the determination of the contact heat transfer coefficients
are presented, which differ mainly by operation and applications.

3.1 MODEL ON THE BASIS OF THE PERCENTAGE
CONTACT AREA
The first model is based on the percentage share of contact (F,
model) and is used for the quantitative determination of the
percentage area of contact F, which takes into account both the
surface profiles and the similarity between the two surfaces.

The parameters F, is determined by equation (1) and is obtained
according to the real surface profile.

EQ. 1 F =F-k -C . LU,

D AB F

Where F is the line length (mm), k; is a coefficient of dimension
based on the Fractal theory of the measured profile [12] and C,,
is the cross-correlation coefficient [13] of the two profiles which
was obtained from the actual surface measurements taken after
the contact pressure is applied.

The percentage contact area obtained from the roughness
profiles according to the experimental results shown in @ were
calculated and collected in the following @. The points on the di-
agram are the results obtained for polished (R, = 1 pm) — milled
(R, =5 pm) and polished (R, = 1 pm) - slotted (R, = 20 pm) sur-
faces, with the estimated percentage contact area of F, = 40 %
and F, = 32% respectively. For the case of polished (R, =1 pm)
- milled (R, =5 pm) and polished — slotted (R, =20 ym and R, =
40 pm) the percentage contact area is F, = 25 %.

The influence of surface roughness and waviness are well described
by the contact area according to results evaluated using the F, model.

The influence of contact pressure plotted again by the percent-
age change in the contact can be described by the following pro-
portionality:
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o, ~ (material properties, F,)

and not, as before:

o, ~ (material properties, R , contact pressure)

For better understanding of the proposed dependence, the
observed proportionality approach made an attempt to develop a
description regarding the new method for determination of actual
contact area. Furthermore, the marginal cases “zero contact” and
“maximal contact” were considered. The clear case of the zero
contact was not investigated further. However, the maximal
(100 %) contact was investigated experimentally.

For experimental implementation of maximum contact, two pre-
viously polished samples with an R, value of 0,5 um for a contact
pressure tests were used. Maximum contact was expected using
these polished surfaces. The samples used in tests (hardened and
polished sample 42CrMo4 versus polished aluminium, 42CrMo4
and X50CrMnNiNbN21-9) have been pressed together at various
contact pressures of up to about 200 MPa and their contact heat
transfer coefficients were evaluated. The calculated heat transfer
coefficients in dependence of the contact pressure are shown in
the @.

The evolution of the calculated heat transfer coefficients reach-
es a constant level at high pressures. For aluminium, at a contact
pressure of about 75 MPa saturation value of approximately
33.000 W/m?K is reached, and for X50CrMnNiNbN21-9 a satu-
ration value of 5.500 W/m?K was observed at a pressure of near-
ly 120 MPa. The probable cause for the differences in the observed
values of saturation levels can be the ability of different materials
to adjust the dominating influence of the surface ripples under in-
creasing contact pressures.

Therefore the experimental representation of the maximum con-
tact is difficult to realize. Since the maximal contact could not be
realized experimentally, linear extrapolation for the calculation of
the theoretical value of contact heat transfer coefficient at the
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0 Experimentally determined contact heat transfer coefficient as a function of
the contact pressure for different material combinations
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(7] Comparison of the experimentally determined values of the contact heat
transfer coefficients (symbols) with the linear proportionality between heat
transfer coefficients and percentage contact area (lines)

maximal contact area was attempted. In @, saturation values that
are obtained from the experimental results, together with the theo-
retical maximum value of contact area by the extrapolation of the
saturation values are connected by straight lines together with the
previous experimental results (symbols).

The linear proportionality dependence between of the contact
heat transfer coefficients and the percentage contact area along
with the contact pressure is evident in ® to @. In theory it is suit-
able to represent the conservative description of the approach or
the model for an upper limit of the contact heat transfer coeffi-
cients. For the investigated material combinations, the numerical
model could be presented as follows:

EQ. 2 o =C -F

where Cp is the factor of proportionality from the @ and can be de-
termined from the experimental data. However, the transferability
of this approach is a very limited since the actual research project
was investigated for a limited number of materials having differ-
ent surface structures. Also for determination of the actual con-
tact area the profile scan measurement is necessary.

3.2 EMPIRICAL MODEL

For the determination of the contact heat transfer coefficient an
empirical model was also developed [14]. Using a simple well
known material, manufacturing and application parameters, with-
out elaborate profile scans, the model is suitable for the approxi-
mate calculation of contact heat transfer coefficients and can be
represented in equation 3:

7
EQ. 3 o =C- (HLU)\
B

av

oo|| >
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(8] Comparison of experimentally determined values of heat transfer coefficients
(symbols) with the calculated values of heat transfer coefficients using empirical
model (lines); material combination 42CrMo4 — 42CrMo4

(9] Typical representation of a surface roughness peaks under load

The introduced equation consists of five physical values and two
coefficients. One of coefficients is a constant value, and second
is in correlation with the material hardness. The constant C (C =
8-103) was selected by approximation of more than 1000 experi-
mental results, Xav— average thermal conductivity, Sav— average gap
between two rough surfaces calculated using R, values and an em-
pirical relation, H, is Brinell hardness which is correlated and can
be represented as flow stress R,,, P — applied contact pressure, P,
(P, =1 MPa) is the nominal pressure. U (U = 0,6 + 1,3) is empir-
ical coefficient whose value depends on the hardness, derived by
approximation of more than 1000 conducted experimental inves-
tigations [14].

To validate the empirical model, the experimentally determined
heat transfer coefficients were plotted together with the calculat-
ed theoretical values of heat transfer coefficients as shown in @.

For the material combination of 42CrMo4 — 42CrMo4 and for
the roughness R, = 20 pm and 40 pm, the model can reproduce
a good agreement of the pressure dependence on experimental
values of the contact heat transfer coefficients. The dominant
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influence of surface waviness for the smooth surface roughness
complicates the modeling of the pressure dependant heat trans-
fer coefficient. The empirical model can be used to estimate the
contact heat transfer coefficients within a wide range of the con-
tact pressures (P = 1 to 230 MPa) and surface roughness (R, =
2 to 40 pm) and can be used for different material combinations
(Hg = 240 to 500 N/mm?). The empirical model is in good agree-
ment with the results from the literature and the current measure-
ments [14].

However, there are significant discrepancies when using an
aluminium alloy [14]. Therefore additional experimental investi-
gations for aluminium alloys are considered necessary for further
understanding.

3.3 ANALYTICAL MODEL

The third model presented here is an analytical power model based
on the basis of the results of previously conducted finite element
simulations. To reconstruct the experimental tests, 2D FE-simula-
tions is used along with the real surface topography for the lower
and upper sample, the initial temperatures and the experimental-
ly determined material parameters. The exact contact pressure was
found for each simulation from the corresponding force curve of
the testing machine which was also tabulated for all tests. The
model, in particular the meshing, was modulated using an auto-
mated model generator which allows the input and definition of
its boundary conditions on a user interface.

The values of the total contact heat transfer coefficients can be
determined from the experimental investigations by extrapolation
to maximum contact. This is determined from the relationship of
the contact heat transfer coefficients values obtained in experi-
ments and estimation of value of the contact area using proposed
F.-Model. The simulation model shows that only few elements are
in direct mechanical contact with each other, and heat transfer al-
so take place in the gaps areas filled with gas, some of which are
smaller than 1 ym, @ [141.

m LI LI LI L
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@ Comparison of analytical model (line) and experiment (symbol) for the
42CrMo4 — 42CrMo4 material combination
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The analytical model is independent of pressure and uses a com-
bination of materials for specific heat transfer coefficient o* (e.g.
@), which is multiplied by the effective contact area to the pres-
sure-dependent contact heat transfer coefficients to describe o .
The effective contact portion F__ .. is in turn based on the con-
tact pressure p and the mechanical properties of the combined
materials. Here k. which is the yield stress of material and also
takes into account the heat transfer passes through the air gaps
between the specimens. The following equation gives the relation-
ship as:

EQ. 4 o =o*"F

c effective

®, k)

@ shows the comparison of this model with the experimental
results.

The analytical model and the data from the experiments show a
relatively good agreement for a wide range of the investigated con-
tact pressures. The power model uses mechanical material prop-
erties which can be derived once, either from literature character-
istics or by the means of corresponding flow curves from tensile or
compression tests. The model also uses a material-specific heat
transfer coefficient, which is determined using a contact pressure
test. This mechanical material property along with the material-
specific heat transfer coefficient forms the input variables for the
model. The development of the contact area with increasing pres-
sure can be modeled. It also determines the heat transfer in small
enclosures (gaps) with the consideration of elastic and plastic de-
formations for the calculation of the global heat transfer coeffi-
cient from the effective heat transfer coefficients.

4 SUMMARY AND OUTLOOK

In this work three different approaches or models for determining
the contact heat transfer coefficients were presented, which dif-
fer essentially by operation and applications.

The comparison of three models with the experimental data
shows that the magnitude of the experimentally determined con-
tact heat transfer coefficients can be estimated and the quality of
the assessment is pronounced differently, depending on the model.

A profound understanding of the present deformation mecha-
nisms in the surface topography is a major milestone towards the
development of a reliable thermal contact model which takes into
account the crucial factors with extensive validation. The models
presented in this paper are a first step towards a detailed mecha-
nistic explanation of the involved heat transfer processes as a func-
tion of the prevailing conditions at the contact spots. Future
projects can be built on these findings which can use the existing
methods as a reference. However, the description of the real con-
tact area as well as the determination of the prevailing conditions
with greater accuracy by the means of new methods is needed.

MTZ 0212011 Volume 72

This requires experimental investigations of the connecting sur-
faces, in material properties such as thermal conductivity, hard-
ness and micro structure, along with the necessary theoretical
modeling approaches.
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HIGH-PERFORMANCE PNEUMATIC
HYBRID ENGINE WITH COST-EFFECTIVE
VALVETRAIN

The potential of the pneumatic hybrid engine has been demonstrated at the ETH
Zurich by means of a fully functional prototype. The pneumatic hybrid technology
improves the drivability of turbocharged engines and enables quick pneumatic
engine starting as well as recuperation of braking energy. A novel valve train
concept now implements these functions with components currently in use in
many of today’s engines. With minimal additional costs, output torque is increased
by 20 % and fuel consumption is reduced by 27 % in comparison to a naturally
aspirated engine.

personal buildup for Force Motors Ltd.



INTRODUCTION

METHOD

ANALYSIS FOR SINGLE ENGINE CYCLES

RESULTS FOR ENTIRE DRIVING CYCLES

a| R W N

DISCUSSION

1 INTRODUCTION

The development of electric and electric-hybrid powered vehicles is
put forward. But the share of vehicles of this type in traffic is still
below one percent [1], mainly because of high costs and extra
weight of the complex power engine and the batteries. Hence, the
majority of new cars will be equipped with petrol engines in the near
future [2], even though these show low efficiency at part load opera-
tion. The pneumatic hybrid engine compensates for this shortcom-
ing with low additional manufacturing costs and shows the poten-
tial to establish itself in the remaining segment of petrol engines.

1.1 FUNCTIONAL PRINCIPLE
In the pneumatic hybrid engine, each cylinder contains a com-
pressed-air valve (A-valve), which connects the combustion cham-
ber with the compressed-air reservoir, @. In the event of a braking
manoeuvre, air is compressed within the cylinder (C-mode) and
streams into the compressed-air reservoir via the A-valve. The
stored, compressed air can be used in the following three ways:

: The engine is powered with compressed air only, which is called
air motor mode (AM-mode)

: The engine is started very quickly by means of compressed air
(special case of AM-mode)

: The compressed air is injected into the intake manifold in order to
reduce the turbo lag (improvement of the engine response time).
The pneumatic engine start (within 0.2 s at 10 bar) allows for

automatic start/stop operation of the engine. In combination with

the recycling of braking energy (recuperation), this feature results

Exhaust vaive

Compressed air valve
{can ba disabled)

Intake valves

\\“Camprmd alr resenoir

@ schematic illustration of a pneumatic hybrid engine
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in a remarkable reduction of the petrol consumption, especially in
city traffic. Further reduction of the fuel consumption can be
achieved by downsizing, which is at hand because of the possibil-
ity to reduce the turbo lag [3].

1.2 MAJOR SIMPLIFICATION OF THE VALVETRAIN

The prototype of a pneumatic hybrid engine developed at the ETH
Zurich yielded proof that fuel savings between 25 and 35 % can
be achieved in practice [4, b, 6]. However, the prototype requires
a fully variable valve for each cylinder, which leads to additional
efforts and expenses in the development, production, maintenance
and operation of the engine. Therefore, a new concept of a valve
train has been developed which is based exclusively on compo-
nents currently used in numerous engines. This patented concept
will be explained more closely in the following sections [7].

2 METHOD

2.1 SIMULATION OF ENGINE CYCLES

Cylinder pressure and temperature during an engine cycle were
calculated with mathematical models. During pneumatic opera-
tion, the cylinder contains pure air which is modelled as an ideal
gas with a specific gas constant R = 287 J/kgK and an isentropic
coefficient k = 1.35. The temperature of the compressed air in the
reservoir is estimated at 100 °C, as the hot air cools down quick-
ly after compression [6, 8]. The mechanical friction is taken into
account in the simulation of driving cycles, but not in the optimi-
sation process of the gas-exchange.

2.2 QUASI-STATIC SIMULATION OF DRIVING CYCLES
Maps of engine characteristics for the pneumatic modes and the
combustion operation are calculated with the mathematical mod-
el of the engine. Based on the drive cycle vehicle speed, the re-
quired torque at the crankshaft is calculated in steps of one sec-
ond. The values of both the flow of compressed air and petrol con-
sumption can be read from the respective maps.

3 ANALYSIS FOR SINGLE ENGINE CYCLES

Depending on the requirements, a pneumatic hybrid engine can be
equipped with one or two camshafts (SOHC/DOHC) and with a total
of three to five valves per cylinder. In the following, only a “standard”
variant with two camshafts and four valves per cylinder will be dis-
cussed, but the method can easily be adapted to other configurations.
Two of the four valves are used as intake valves, one as compressed-
air valve (A-valve) and one as exhaust valve. The A-valve needs to re-
main closed during the combustion operation, which requires a mech-
anism for discrete or continuous variation of the valve lift. The calcu-
lations are based on the assumptions of having a valve with a fixed
cam profile which can be deactivated. This can be brought about by
means of a hydraulically operated locking pin, as used e.g. in Honda
VTEC, which is in serial production since 1992 [9].

3.1 CHOICE OF OPERATION MODE

The pneumatic modes have the following characteristics:
In the C-mode, as much fresh air as possible is compressed in
the cylinder and transported to the compressed-air reservoir dur-
ing the compression stroke
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In the AM-mode, the compression stroke is reduced to a mini-

mum. During the power stroke, compressed air flows into the

cylinder and exerts force on the piston.
In both modes, maximum efficiency is attained when opening the A-
valve close to the top dead centre [6, 10]. This results in the valve lift
profiles schematically depicted in @. The opening maxima are located
shortly before and after the top dead centre (the modes also differ in
the position of the throttle). Therefore, a cam phasing device can be
used to toggle between C- and AM-mode (required range of phase shift:
60° crank angle, e.g. BMW Vanos, Toyota VVT-i). In order to optimise
the gas exchange in both pneumatic and combustion operation, the in-
take camshaft is also equipped with a phase shift device.

The valve lift of the A-valve is 2 to 3 mm, therefore a collision
with the piston is impossible.
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COMPRESSION RATIO ¢ 10,0
BORE [mm] 76,5
STROKE [mm] 75,6
DISPLACEMENT VOLUME PER CYLINDER [cm?] 347
DIAMETER INTAKE VALVE [mm] 25,4
DIAMETER EXHAUST VALVE [mm] 29

DIAMETER COMPRESSED-AIR VALVE [mm] 20

(4) Engine data used for calculations
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3.2 SHARED CAMSHAFT
In order to reduce complexity and costs of the engine, the A-
valves are not operated by a separate camshaft but by the ex-
haust camshaft. This results in a modification of the exhaust
valve timing in the event of toggling between C- and AM-mode.
However, the phase shift angle imposed on the exhaust valve is
almost equivalent to the one which optimises the gas exchange.
Therefore, the simplification of the valve train leads to a better
efficiency in the pneumatic operation modes. This is illustrated
in the pV diagrams of both modes: in C-mode, © on the left, the
phase shift angle of the exhaust camshaft is close to the neutral
position for a good charging of the cylinder with fresh air. The
closure of the intake valve is slightly advanced in order to achieve
an early rise in cylinder pressure. In AM-mode, ® on the right,
the opening times of all valves are delayed. The low intake pres-
sure of 0.15 bar results in a minimal work consumption during
the compression stroke. Very small pumping losses in AM-mode
confirm that the phase shift imposed on the exhaust valve is very
close to the optimum. This dependency of the valve timing only
occurs in operation with pure air. The combustion operation is
not affected by this, but profits from the possibility of adjusting
both camshaft phase angles.

Output torque is varied via the throttle. In both pneumatic
modes, torque decreases when opening the throttle and increases
when closing it.

3.3 NUMERIC OPTIMISATION OF THE GAS EXCHANGE
The same cam profile, of which the design determines the engine
properties, is used for both C- and AM-mode. Therefore, the de-
velopment of the algorithms for the calculation of the ideal cam
profile is a major part of this scientific investigation. In order to
assess a cam profile, the ideal phase shift angles of both cam-
shafts need to be chosen in both modes.

The indicated recuperation efficiency n . is the main criterion
for the optimisation, see Eq.1. This variable expresses the ratio of
the work W, which can be supplied in air motor mode using a cer-
tain air mass m to the work W, which has to be invested to com-
press the same air mass m. For the calculations, the geometry and
compression ratio of the 1.4-1 TSI engine developed by VW have
been used, @ (Twincharger, model CAVD). This is a state-of-the-
art engine with direct injection, turbo charger and compressor. In
our case of the pneumatic hybrid engine, there is no need for a
compressor as the turbo lag can be reduced by means of the stored
compressed-air.

W _ W
EQ. 1 My = W, = W, n, p, = const

Eq. 1: Indicated recuperation efficiency m .

The valve lift profile of the A-valve is determined by three param-
eters which are presented in @. The valve acceleration is kept con-
stant at a fairly high rate of +/- 80 mm/rad? in order to maximise
the valve lift. Altogether, six parameters have to be optimised. The
two parameters opening angle and opening duration define the ge-
ometry of the cam and are therefore equal for all operating points
and for both modes. Because the recuperation efficiency n  is
calculated based on two engine cycles (C- and AM-mode), anoth-
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@ The valve lift profile of the A-valve is defined by three parameters

Indicated recuperation efficiency [%]
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O The result of the optimisation is a characteristic diagram with good efficiency
at all operating points

er four parameters need to be considered, namely the phase shift
angles of both camshafts in both operation modes. These param-
eters will vary depending on the mode and operating point. An op-
erating point is defined by the engine speed n and the air pressure
in the compressed air reservoir p.. For the optimisation, an arith-
metic average operating point at n=1936 rpm and p, = 9.11 bar
was determined (by means of an iterative approach and simula-
tion of the FTP-75 drive cycle).

3.4 RESULTS

In order to conduct an analysis, the optimisation problem is looked
at separately for the C- and the AM-mode and the cam geometry is
assumed to be constant at fixed values. The phase shift angles of both
camshafts are then optimised in each mode (with the criterion of air
mass per work m/W). Both of these two-parameter subproblems be-
have convex and therefore they can be solved reliably with a numer-
ic search algorithm. The superordinate problem in the optimisation
of the two parameters of the cam geometry also proves to be convex
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if suitable initial conditions are chosen. Therefore, a numeric search
algorithm can be used to look for solutions for all six parameters at
once, which reduces the calculation time to a few minutes. In the
next step, the phase shift angles are optimised for each operating
point. @ depicts the resulting map of indicated recuperation efficien-
cy with a maximum of 45% at n= 800 rpm and p, = 7 bar.

4 RESULTS FOR ENTIRE DRIVING CYCLES

The petrol consumption of a virtual vehicle on a simulated test
track can be calculated by means of the method described in sec-
tion 2. A modern middle-class car, the VW Passat Variant B6 Com-
fortline, was chosen as test vehicle. The above mentioned 1.4-|
TSI engine is used as drive system, whereas the pneumatic hybrid
version features a compressed-air reservoir with a volume of 42-I.
This equals the volume of two cylinders with a diameter of 20 cm
and a length of 70 cm, which could be positioned in the rear end
of the vehicle (just as in natural-gas fuelled vehicles). The occur-
ring pressure levels of up to 15 bar are comparatively low and re-
quire a wall thickness of only 1 mm steel (resulting weight: 7 kg).
The total additional weight of the pneumatic hybridisation is esti-
mated conservatively at 28 kg.

4.1 THE TEST ENGINES

Output torque of the 1.4-1 TSI engine is limited to 200 Nm by VW in
the version without compressor (model CAXA) in order to guarantee a
good response behaviour despite the turbo lag [11]. In the case of the
hybrid engine, output torque can be increased to the 240 Nm of the
Twincharger version, whereas the turbo lag is reduced by the means
of compressed air without additional costs for the compressor. The
maximum of the mean effective pressure is increased from 18.1 to
21.7 bar, the maximum engine output reaches 118 kW.

In order to quantify the potential of the combined downsizing
and pneumatic hybrid technology, a comparison to the calculated
fuel consumption of a 2.0-1 FSI naturally aspirated engine is made
(output torque: 200 Nm, engine power: 110 kW, mean effective
pressure: 12.7 bar). The combustion operation is modelled in the
same way for all engine variants (same thermal efficiency), the me-
chanical friction and the pumping losses are scaled with the dis-
placement volume.

4.2 THE TEST TRACK
The FTP-75 driving cycle (Federal Test Procedure) is used to offi-
cially ascertain the fuel consumption in the USA. It is based on
measuring data, whereas the European counterpart, the New Eu-
ropean Driving Cycle (NEDC), is of a purely synthetic kind. The
FTP-75 driving cycle is preferable in our case because it features
a broader range of different torque and engine speed values. The
course of the vehicle speed can be seen in @, top. It consists of
about 18 km urban and rural traffic and takes roughly 30 minutes
(with an additional 10-minute-break before the last stage).

The forces which act on the vehicle and the engine during the
simulated journey can be calculated using the parameters in @ [12].

4.3 RESULTS OF THE DRIVING CYCLE

It is stated that in these calculations, the end pressure in the com-
pressed-air reservoir has to be equal or higher than the start pres-
sure. The course of the air pressure in the reservoir can be seen in
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@ Simulation data of the 1.4 1 TSI hybrid engine in the FTP-75 driving cycle

VEHICLE WEIGHT 1.4 L TSI PNEUMATIC HYBRID [kgl 1532

VOLUME OF THE COMPRESSED-AIR RESERVOIR [I] 42

VEHICLE WEIGHT 1.4 L TSI TWINCHARGER [kgl 1504

VEHICLE WEIGHT 2.0 L FSI [kgl 1575

ALTERNATOR POWER OUTPUT 400

(ONLY IN COMBUSTION OPERATION) [W]

ALTERNATOR EFFICIENCY [%] 55

GEARBOX EFFICIENCY [%] 97

ROLLING FRICTION COEFFICIENT c, 0,01

FRONT SURFACE AREA A, [m?] 2,27

AIR RESISTANCE COEFFICIENT c, 0,32

WHEEL DIAMETER [m] 0,63

FINAL DRIVE RATIO 4,35
3.621.961.28

TRANSMISSION RATIO GEARS 1 - 6 0.97 0.78 0.65

@ Parameter values for the driving cycle

@, bottom. A comparison with ® shows that the range of pressures
appears to remain within the region of highest recuperation effi-
ciency between 7 and 12 bar, despite the usage of very simple
control algorithms. @ depicts the calculated fuel consumption and
the saving potential of the pneumatic hybrid engine.

The temporal share of the combustion operation is reduced by
33 % in the FTP-75 driving cycle. Firstly, the engine is turned off
during 339 s of the vehicle standing still, which saves 5.9 % of
fuel. Secondly, the engine is fuelled with pure air during 184 s,
which saves another 7.2 % of petrol. An additional saving of
13.8 % results from downsizing.

5 DISCUSSION

A conceptual design of a pneumatic hybrid engine is presented
where the valve train is based only on commonly available and test-
ed technologies. The costs and the complexity of the engine have
been reduced and the robustness of the system has been enhanced
remarkably.
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© Calculated petrol consumption and relative savings in various driving cycles

In combination with downsizing, this allows an increase in
torque by 20 % and simultaneous fuel savings of 27 %. Due to the
low additional cost of the pneumatic hybrid technology, its cost-
benefit ratio is unreached by current electric hybrid engines.
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