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MTZ WORLDWIDE

Dear Reader,

Now in its 73" year of publication, MTZ
has lost none of its attractiveness for its
users, as I am always pleased to hear and
discover for myself. It is required reading
for all engine technology specialists in
their everyday work, and is the number 1
source of information among all the vari-
ous media on offer. And amazingly, that is
the case in more than 50 countries on all
continents.

To ensure that more and more English-
speaking readers can understand our con-
tent in full, MTZ worldwide was estab-
lished as an e-magazine a few years ago,
and has since acquired a wide readership.
This electronic medium contains all of the
specialist articles of MTZ in an English-
language version. In future, even more ar-
ticles from international engine develop-
ment will be added. You can order a sam-
ple copy at springervieweg-service@
springer.com. I would also be grateful if
you would recommend this e-magazine to
your colleagues, to enable this instantly
accessible specialist medium to become
even more popular.

For several years now, our event activities
(ATZlive) relating to current issues in our
technical field have been successful in
networking our readers and bringing them
together for a fertile exchange of experi-
ences. I would therefore like to draw your
attention to the following events in the
second half of the year: 14" MTZ Con-
ference “Virtual Powertrain Creation”,
25/26 September in Esslingen; 5 MTZ
Conference “Gas Exchange in the Internal
Combustion Engine”, 23/24 October in
Stuttgart; 7" International MTZ Confer-
ence “Heavy-Duty, On- und Off-Highway
Engines”, 6/7 November in Nuremberg.

MTZ 0412012 Volume 73

[ would also like to take this opportunity
to encourage you to make regular use of
our many and varied online initiatives.
ATZonline.de provides you with the very
latest news from the automotive industry
and you can also subscribe free of charge
to our twice weekly newsletter to find
more detailed reports. And if you have the
time, please join in the discussion at the
ATZblog to ensure an even more lively ex-
change of ideas.

Warm regards,

A Adbatotlfr

WOLFGANG SIEBENPFEIFFER,
Editor in Chief and Editor in Charge
Stuttgart, February 2012

EDITORIAL
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COVER STORY HYBRIDISATION

EMISSION POTENTIALS OF
A DIESEL PLUG-IN HYBRID

The consumption and emission benefits of the hybridised
drivetrain manufacturers now use primarily in connection
with gasoline engines. The ratio between consumption of
gasoline and diesel engine drives this increasingly shift.

|AV therefore has tested the potential of a diesel plug-in hybrid
drive system for reducing fuel consumption and emissions.
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OPPORTUNITIES FOR
HYBRIDISATION

In the gasoline engine segment, hybrid
technology has reached the point where it
is ready to go into mass production, pro-
viding many vehicle manufacturers with a
component in the modular powertrain
system for improving efficiency. Alongside
electric drives, upgrading the hybrid drive
to include plug-in hybrid electric vehicles
(PHEV) is becoming increasingly important.
The plug-in concept vehicles recently pre-
sented [1-3] confirm this trend.

Even today, various studies show that
the demand for final energy will shift
from gasoline to diesel fuel by 2030. This
will result from less fuel being needed by
hybridised gasoline-engine vehicles. It is
also assumed that there will be a sharp
rise in commercial-vehicle traffic, causing
demand to rise for diesel fuel. Both influ-
ences will lead to a further shift in the
gasoline-to-diesel ratio. The rising diesel
share will see efficiency fall in the produc-
tion process and have a negative impact on
price development and the CO, balance [4].

Further hybridisation of the diesel
engine in Europe makes sense from the
aspect of stabilising the ratio between
gasoline and diesel fuel.

The diesel engine segment has tradi-
tionally been accompanied by a trade-off
between particulate and NO, emissions.
Introducing the legally binding CO, target
of 95 g/km in average fleet consumption
by 2020, European legislation is adding a
further conflict between NO,_and CO,
emissions.

Internal engine modifications to reduce
NO, usually produce a marked rise in
CO,. High-pressure EGR concepts come
with far greater gas-exchange losses, re-
tarded centres of heat release reduce inter-
nal process efficiency and, in the present
state of the art, alternative process man-
agement approaches, such as status quo
HCCI/PCCI, combine poorer process effi-
ciency with inacceptable combustion noise
from the diesel engine.

PHEV technology can help the engine to
reduce NO_ emissions internally and, at the
same time, cut the vehicle’s CO, emissions
by the level demanded. The energy mix
used for generating charge power has a
significant influence on the CO, balance
from the energy source to the wheel
(well-to-wheel analysis). As the legislator

5
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(1] Design draft for the IAV nine-speed hybrid dual-clutch transmission 9H-DCT450

ascribes emissions to the power producers
on the polluter-pays principle, this is not
negatively reflected in calculating the CO,
emissions from PHEVSs or electric vehicles.

Transient operation produces most of
the NO, emissions from the diesel engine.
They are caused by the different time lags
in feeding fuel and air into the combustion
chamber. A load change is pre-controlled
by the rapid fuel path. The fuel-air mix-
ture diverges from the ratio ideal for mini-
mal NO_ emissions until the slower air
path has restored the ideal air-fuel ratio.
This timing problem can be resolved in a
plug-in hybrid by splitting the driver’s
torque request between combustion
engine and e-motor. The load change is
initially pre-controlled by the e-motor, and
the combustion engine can slowly take
over with the ideal air-fuel ratio.

6-speed DCT NEDC
(¢p=6.3)

Fuel savings [%]

204 Conventional
| [ 7-speed DCT (¢ = 7.4)
B 9-speed DCT (¢ = 10.0)

Artemis motorway

Hybrid (30 kW, 300 Nm)
[ 9-speed DCT (¢ = 10.0)

PLUG-IN HYBRID TECHNOLOGY

Studies show that for 80 % of persons
polled, an average daily mileage of 50 to
60 km is acceptable in Europe and of 60
to 70 km in the US [5]. Surveys among
consumers have revealed that they also
want a top electric driving speed of 80 km/h
for overland journeys. For the concept,
the electric motor’s power output and bat-
tery capacity have been selected to meet
these demands.

The electric machine is positioned be-
tween combustion engine and transmis-
sion and can be disconnected from the
engine by a clutch. This provides the
capability of electric driving, starting the
engine from stationary as well as deliver-
ing or recuperating energy while the com-
bustion engine is running. The battery

Artemis urban

0.7 %
0.1 %

(2] Consumption-reducing potential from dual-clutch transmissions with various numbers of speeds for a

C-segment vehicle with a 120 kW diesel engine

6

used comes in the form of lithium-ion
cells that provide an electric cruising
range of 60 to 70 km.

IAV NINE-SPEED HYBRID
DUAL-CLUTCH TRANSMISSION

The IAV 9H-DCT450 nine-speed hybrid
dual-clutch transmission used is designed
for front transverse application, @. The
evolutionary development in the number
of speeds from six to seven and then on
to nine reflects the need to optimise the
operating efficiency of combustion engines
to meet the future CO, targets aimed for.

The transmission was developed for
high-performance combustion engines
delivering up to 215 kW of power, 450 Nm
of torque and a rated speed of 7500 rpm.
With this configuration, it can easily be
used both for diesel and gasoline-engine
applications. To meet the trend toward
mild and full-hybrid applications, the elec-
tric motor is integrated into the IAV trans-
mission at the input. The permanent-mag-
net synchronous motor provides a contin-
uous output of 30 kW and 300 Nm. With
its compact design length of 368 mm, the
hybrid transmission can easily replace
modern-day transmissions with six or
seven gear ratios [6].

To ascertain the potential fuel saving
from IAV’s transmission, comparative cycle
simulations were conducted on the basis
of a C-segment vehicle in combination
with a diesel engine and a six or seven-
speed dual-clutch transmission, @. In the
New European Driving Cycle (NEDC) of
relevance to consumption, the nine-speed
transmission is capable of achieving a
fuel saving of 2.6 % over a six-speed trans-
mission. A further 12.8 % saving can be
obtained by using the electric motor.

The hybrid advantage is clearly shown in
the urban cycle and the benefit of wider
spreading in the Artemis motorway cycle.

LI-ION TWIN-BATTERY CONCEPT

To cover significant distances on all-electric
propulsion, plug-in hybrids have a larger
battery than hybrid drive systems without
charging function. It is, however, exposed
to greater strain. This is why use is made
here of a twin-battery concept comprising
two lithium-ion batteries. The high-energy
(HE) battery has a capacity of 15 kWh and
the high-power (HP) battery a capacity of

personal buildup for Force Motors Limited Library



1. Electric range

: Test cycle: NEDC
: Measured value:
range

\

Co. = selectr

2. Test with fully
charged battery

: Test cycle: NEDC
: Measured value:
Co, Co,

km * x g/km + 25 km * y g/km

3. Test with flat battery

: Test cycle: NEDC
: Measured value:

/

2 s . km+25km

electr

1.5 kWh. An integrated charge manager
keeps the charge balance of 10:1 between
the HE and HP battery, i.e. energy is con-
tinuously passed from the HP to the HE
side while charging and in the opposite
fashion while discharging. This means the
overall battery can utilise the benefit of
rapid charging / discharging and the high
level of efficiency of the slow battery.

STATUTORY REQUIREMENTS ON
PLUG-IN HYBRID VEHICLES

Plug-in hybrids are bivalent vehicles, i.e.
powered by fuel and electricity, which is
why separate test regulations have been
developed for them in European legisla-
tion. A core element here is the way in
which CO, emissions are calculated from
two cold-start NEDC test runs. One test
run with high battery charge state (full
battery) and a second one with low bat-
tery charge state (flat battery). CO, emis-
sions are determined using the formula in
©. The ceilings for emissions limited in

Engine maps
(cold/warm/hot)

.

Prototype

vehicle on roller
dynamometer

Optimisation targets:

: NO, emissions

: CO, emissions

: Exhaust gas temperature

MTZ 0412012 Volume 73

-
Dynamic vehicle
simulation on
engine test bench

with ECE stipulations [5]

law (NO,/HC/CO/particulate) must be
met for each in both test runs [7].

SIMULATING LONGITUDINAL
DYNAMICS USING STEADY-STATE
ENGINE MAPS

In terms of the components fitted in it,
the diesel engine permits a huge diversity
of options for realising a concept produc-
ing extremely low NO_emissions (EUG).
As the basis for the simulations conducted
here, a single-stage supercharged fourcyl-
inder engine delivering 100 kW of power
was selected that uses high and low-pres-
sure EGR. The engine was measured in
steady state on the engine test bench in
three engine-temperature ranges. 0-D
Velodyn simulation software was used for
simulating the powertrain’s longitudinal
dynamics. The model allows for engine
heat-up behaviour. The transmission,
e-motor and battery are also modelled in
Velodyn. A hybrid operating-mode man-
ager is used for the operating strategy, @.

0

E-motor

Transmission

ET

AR l-—

RS

Dynamic vehicle
simulation

(3] Determining CO, emissions for plug-in vehicles in accordance

HYBRID OPERATING STRATEGY

Various operating strategies were pro-
duced during the course of the study. For
the vehicle, the focus here was on keeping
NO, emissions under 80 mg/km and CO,
emissions below 50 g/km. The exhaust-
gas temperature behaviour of diesel plug-
in hybrid vehicles was studied at length in
[8]. The findings can be applied to this
concept. The diesel-engine vehicle with
seven-speed transmission is defined as the
base variant.

Compared to the base, the maximum
CO, potential can be realised in the NEDC
all-electrically in a high battery charge
state. Briefly oversupplying the e-motor
is necessary for this variant. This variant
must be regarded as a limit case. To deter-
mine CO, emissions with high battery
charge state, variants were also simulated
with differing degrees of all-electric
driving-cycle components (e-drive cruis-
ing range) in order to define a balance
between required e-motor power output

O 1AV tool chain for simulating longitudinal dynamics
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@ NEDC driving-cycle measurement on the test bench for the base vehicle with 7-speed dual-clutch transmission

and e-drive travelling range. To ascertain
the optimum in this context, the maxi-
mum all-electric driving speed was first
increased from 50 kto 80 km/h, then to
95 km/h and finally to 105 km/h.

For the second test case with low bat-
tery charge state, various strategies of

phlegmatisation were also simulated

[9] that essentially support the combus-
tion engine in acceleration cycles. The
approach followed here aims to calm the
air path on changing load and thus mini-
mise engine emissions from transient
load changes.

RESULTS OF DRIVING-CYCLE
SIMULATION (NEDC)

Measurements were conducted on the
engine test bench to compare the simu-
lated base variant with a seven-speed
dual-clutch transmission, @. The D-seg-
ment vehicle was shown to satisfy the
EUG emission limit values and achieve
a consumption of 6.65 1/100 km (176 g
CO,/km).

By way of example, the curves are shown
for the base without hybridisation, @,
and, in the variant with e-drive V=
80 km/h, @, for the test with high battery
charge state. In @, the all-electric driving
phases of the NEDC are marked in blue/
grey. The combustion engine is activated
in the orange areas.

@ shows hybrid operation with low
battery charge state. Operation with
torque split between combustion engine
and e-motor is plotted in the diagram at
the bottom. The e-motor’s high dynamic
component calms the diesel engine’s air
path and results in only minor excursions
in NO_ emissions. The engine speed plot-
ted in red in the second diagram from the
bottom illustrates the combustion engine’s
stop phases (stop-start function). NO_
emissions accumulate to 65 mg/km for
the NEDC, thus remaining well below the
EUG limit value.

@ presents an overview of the results
for CO, emissions, with combined CO,
emissions (low and high battery charge
state) being shown for the e-drive vari-
ants. Although the e-drive variant with

mNO, [g/h]

Torque [Nm]

20 - | i
0 - 2500
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[km/h]
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a 2
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clutch transmission
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V__ = 105 km/h provides an optimum in ~ SUMMARY vehicle weight on the one hand and a

terms of electric cruising range and CO,
emissions with high battery charge state,
a peak output of 43 kW is demanded
from the e-motor (P . = 30 kW) for 4 s
while accelerating to 100 km/h. The

V. .. = 80 km/h e-drive variant is shown
to provide the best compromise between
practical suitability and CO, emissions
with high battery charge state.

To meet the prescribed CO, target of 50 g/
km, vehicle weight for the e-drive with V__
= 80 km/h can either be reduced or the
e-motor’s peak output can be adapted for
the e-drive with V= 105 km/h.

Through phlegmatisation, hybridisation
provides the capability of significantly
calming the air path and thus of reduc-
ing transient engine emissions. The
results of simulations show a clear cut
in NO_ emissions of 17 % for hybrid
operation.

The CO, target of 50 g/km aimed for
can be achieved through all-electric opera-
tion up to a speed of 105 km/h for the
vehicle under study. The potential for cut-
ting CO, is a compromise between all-
electric travelling range and additional

compromise between battery capacity
and additional vehicle cost on the other.
A diesel PHEV can be produced in every
automobile segment for the EU6 emission
standard. CO, emissions can be signifi-
cantly reduced and start-off behaviour im-
proved. In economic terms, a PHEV can
only hold its own from the C-segment
and over.

At the same time, raising load (battery
charge) provides the capability of manag-
ing exhaust-gas temperature in the way
demanded as a means of actively support-
ing exhaust-gas aftertreatment [8].

40

20 4 | | i
0 1 r 2500

— ICE
— Transmission in

O Simulation result

-50 1 — ICE with low battery charge
-150 A — E-motor state for variant: Hybrid
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Consequently, plug-in hybrid technology REFERENCES

is a key building block in meeting future
emission targets and underpins the diesel
engine in its quality of being the most effi-
cient automobile drive system on the market.

OUTLOOK

At present, a diesel plug-in hybrid is a
complex and costly technology with great
potential for achieving low fuel-consump-
tion and emission levels. Future driving
cycles with their associated emission lim-
its will determine the extent to which it
spreads. The diesel plug-in hybrid will
remain less expensive than the e-drive
and also outmatch it in performance and
cruising range. In comparison to the gaso-
line plug-in hybrid, the future consump-
tion edge will be a crucial aspect. For pro-
visional versions of the WLTP cycle [10, 11],
initial simulations show that it will be
necessary to shift drive power from the
combustion engine to the e-motor. For
future exhaust emission legislation tested
in the WLTP cycle, a combination of
active deNOxing and PHEV technology
must be expected from the D-segment
upwards for cost/benefit reasons.

10

[11 http://www.volvocars.com/at/top/about/news-
events/pages/default.aspx?itemid=40

[2] Toyota Prius als Plug-In-Hybrid, MTZ 70
(2009), No. 11

[3] http://www.automobilwoche.de/article/
20110222/REPOSITORY/110229985/1056/
REPOSITORY/porsche-ab-2015-alle-modelle-mit-
plug-in-hybrid

[4] Dena-Studie 2011: Bedarf und Produktion von
Mineralél im kunftigen Energiemix

[5] Takaoka, T.; Komatsu, M.; Killmann, G.: Toyota
Motor Europe; Das neu entwickelte Toyota Plug-in Hy-
brid System und dessen Fahrleistung; 19. Aachener
Kolloquium Fahrzeug- und Motorentechnik, 2010
[6] Leesch, M.; Mdller, J.; Resch, R.; Paul, S.:

A new 9-speed hybrid dual clutch transmission for
transverse application up to 450 Nm input torque.
5th CTI Symposium North America 2011

[71 UNECE Vehicle Regulation No. 101, Revision 2 —
Amend. 1-4

[81 von Essen, C.; Bunar, F.; Adelberg, S.; Donner,
S.; Kramer, M.: Plug-in hybrid — emission-free in
the city and efficient over land. 11" Stuttgart
International Symposium Automotive and Engine
Technologiy 2011

[9] Blumenroder, K.; Bunar, F.; Buschmann, G.;
Nietschke, W.; Predelli, O.: Dieselmotor und
Hybrid: Widerspruch oder sinnvolle Alternative?
Wiener Motorensymposium 2007

[10] Heusler, H.; Muller, A.; Singh, T.: Investiga-
tion for a Global Fuel Consumption Drive Cycle, in
20. Aachener Kolloquium Fahrzeug- und Motoren-
technik; 2011

[11] Study on cycle modification; 10" DHC sub-
group meeting under GRPE/WLTP informal group;
Belgium; 2011

@ Overview of CO, emission and all-electric
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“OUR HYBRID STRATEGY IS SUBJECT

T0 EVOLUTIONARY STEPS”

Is it possible to reduce the costs of the internal combustion engine when electrifying the power-
train in a hybrid system? Probably not, says Peter Langen, Head of Powertrain Development

at BMW in Munich. Lowering the costs of the electric drive system itself is the only possibility
to make the hybrid cheaper in the future.

Dipl.-Ing. Peter Langen studied mechanical engineering at RWTH of the natural gas vehicle project. From 1997 to 1999, he held overall
Aachen University from 1979 to 1984. He joined BMW AG in 1984, responsibility for the development of fuel systems, from 1999 to 2004
initially in engine advanced development. From 1987 to 1991, he he was head of powertrain advanced development, from 2004 to
worked in engine series development, and from 1991 to 1994 in 2006 he was Director Driving Dynamics, and since 2007 has been

powertrain advanced development. From 1994 to 1996, he was head  Senior Vice President Powertrain Development at BMW in Munich.
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MTZ _ Wouldn't it be a better idea to invest
the development costs for the electrification
of the powertrain in further developing the
internal combustion engine?

LANGEN _ As far as the internal combustion
engine is concerned, we have already
reached a very high level, and in future we
will only make relatively small steps with
great effort. These steps are also important,
but we will no longer be able to achieve
the CO, reduction of up to 15 % that we
have achieved with the hybrid.

Why doesn’t BMW offer a diesel hybrid?
The diesel hybrid combines two very
expensive drive units. A diesel engine is,
in itself, already very fuel-efficient, and
one can certainly achieve a little more
through hybridisation, but we must ask
ourselves whether the customer will be
prepared to pay the additional cost
involved. We are currently doing very
well with our spark-ignition hybrid, for
example in a new ActiveHybrid 5, also
because we can market this concept inter-
nationally, which would only be possible
to a limited extent with a diesel hybrid.
We always make an effort to weigh up
cost and benefit. Also against the back-
ground of our key markets, USA and
Japan, each with a volume share of

MTZ 0412012
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approximately 30 % for the ActiveHybrid 5,
it makes good sense to focus on spark-
ignition engines.

The ActiveHybrid 5 can be driven for a maxi-
mum of four kilometres fully electrically. Does
that mean that the concept is not designed for
inner-city areas with an emission-based con-
gestion charge, such as Central London.

No, that is currently not possible because
the power characteristics of the electric
motor mean that the internal combustion
engine would start up too frequently. It
would only be possible with a much
more powerful electric motor, and that
would have to be combined with a larger
battery system.

You combine a very powerful internal com-
bustion engine with a relatively weak electric
motor. Is that a reflection of BMW'’s hybrid
strategy?

Our hybrid strategy is, of course, also sub-
ject to evolutionary steps. The ActiveHybrid
5 is what we can produce in series accord-
ing to the current state of development. We
achieve impressive fuel consumption targets
with it. What we can’t do at the moment is
drive long distances fully electrically.

Will that always be the case?

We see potential there for future vehicle
generations.

Will that be a result of your cooperation

with PSA?

Our cooperation with PSA is currently con-
centrating on fully electric powertrains.
Whenever we have more far-reaching
hybrid concepts in the future, the compo-
nents will certainly also come from this
cooperation.

“We don't see major simplification
potential for the
internal combustion engine.”

What electric range should a full hybrid
have in your opinion?

That depends on the concept. If it is not a
plug-in hybrid with a charging possibility,
large battery capacities do not make much
sense, because the battery would never
really be fully charged through recupera-
tion alone, and recharging by the internal
combustion engine would mean consum-
ing fossil energy resources. That doesn’t
seem to be the solution. However, if elec-
tricity from regenerative sources is used to
recharge the batteries, this would lead to

Langen expects only
relatively small steps to
be made in reducing
CO, emissions in internal
combustion engines in

the future
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a completely different assessment of the
CO, emissions. For such concepts, I con-
sider an electric driving range of between
35 and 50 km to be appropriate.

When can we expect to see a plug-in hybrid
from BMW?

We showed the study of an extended-wheel-
base BMW 5 Series as a plug-in hybrid at a
car show in Shanghai in 2011. At the IAA
2011 in Frankfurt, we unveiled the BMW i8
Concept also as a plug-in study.

Can customers really achieve the lower fuel
consumption claimed for a hybrid car or does
it exist only on paper?

That depends to a great extent on how the
customer drives. The key domain of the
hybrid is city traffic, and this is where cus-
tomers will notice the fuel consumption
benefits most clearly. Hybrids offer fewer

14

According to Langen, it makes good sense to focus on the petrol hybrid also because

of international marketing possibilities

advantages over long distances. Our Driv-
ing Experience Control feature, which is
already fitted as standard on all new

1 Series, 3 Series and 5 Series models,
including of course the ActiveHybrid 5,
enables drivers to select an Eco Pro mode
for particularly fuel-efficient driving.

How can the internal combustion engine
benefit from the electric motor in a hybrid
system?

It is difficult to fully master the efficiency
of internal combustion engines in very
low load ranges due to their basic design.
The operating strategy must therefore be
implemented in such a way that the elec-
tric motor supports the internal combus-
tion engine in these low load ranges and
provides the main source of power.

Does this mean that the internal combustion
engine can have a simpler design?

We don’t see major simplification potential
for the internal combustion engine. On the
one hand, it must be also able to cover
large distances efficiently in the low load
range, in other words it must have a high
efficiency. On the other hand, the internal
combustion engine must have excellent
transient control in order to compensate
for the surge in torque that occurs when
the electric motor is activated. Our six-cyl-
inder engine in the ActiveHybrid 5, with its
fully variable valve control, turbocharging
and direct injection, is highly developed.
This results in low CO, emissions in the
ranges directly above those in which the
electric motor provides support as well as
in good load control performance. We can-
not compensate for this by using other
components.

Not even with strong hybridisation?

One might consider using a smaller inter-
nal combustion engine, but it would also
have to fulfil all the technical requirements
of a large engine. Furthermore, one would
also have to take the overall system weight
into account. Obviously, a larger electric
motor and bigger batteries would also
mean considerably higher weight. Our
BMW i8 Concept study uses a small 1.5-

litre three-cylinder inline engine. An engine
concept for a lightweight sports car.

If you have strong hybridisation, couldn’t you
then eliminate components in the exhaust
system, or make them cheaper?

I don’t see any savings potential in the
exhaust system, for example by reducing
the amount of precious metal used in the
catalytic converter, because the internal
combustion engine must still comply with
emissions standards when it is used on its
own to power the vehicle, in other words
when the battery is flat. In the same way,
in our experience it is not worthwhile
shifting emission-critical load ranges of
the internal combustion engine to the
electric motor because the amount of
effort required is too great in relation to
the benefit achieved.

How do you want to make the price of a
hybrid attractive in the future?

The only possibility is to make the electric
drive system itself cheaper. That applies

in particular to the electric motor and the
battery. I am assuming that economies of
scale will also take effect here.

To what extent does the emissions behaviour
of the engine have an influence on the hybrid
operating strategy?

We have an overall operating strategy that
considers the areas of emissions, fuel con-
sumption and power requirements. We pay
great attention to the catalytic converter
temperature, because a hybrid vehicle
must never have poorer emissions than a
conventional vehicle, even outside the cer-
tification range. The catalytic converters
are thermally insulated accordingly, but it
may well occur that the system manage-
ment starts up the internal combustion
engine in order to supply energy into the
catalytic converter.
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What does the ideal operating strategy for a
hybrid powertrain look like?

Put very simply, each drive unit must do
what it does best: the electric motor must
support the internal combustion engine at
low speeds, while the internal combustion
engine must provide the necessary driving
power at high speeds. The hybrid system
should operate without the driver noticing
it, in other words drivers should not be
aware of the distribution of power between
the electric motor and the internal combus-
tion engine. This is based on a hybrid driv-
ing strategy with environment recognition
and navigation support functions.

That sounds like a considerable
development challenge.

Yes, implementing that in an operating
strategy requires much more application
effort than for a conventional vehicle.
That is the case both for simulation and
for test stand and vehicle testing.

What effects do different international
emissions regulations have on the design

of hybrid concepts?

With regard to the components, we have
a worldwide powertrain, although we do
have some country-specific applications.
For example, the application will take par-
ticular account of US American emissions
legislation.

What do you think the future of the

hybrid will be?

We have already presented the most
sporty hybrid derivative that we can
imagine in our BMW i8 Concept. This
concept combines a powerful and efficient
three-cylinder spark-ignition engine with
an electric motor that supports the inter-
nal combustion engine particularly in the
low speed range.

Peter Langen, thank you very much for
this interview.

INTERVIEW: Richard Backhaus
PHOTOS: Matthias Haslauer

MTZ 0412012 Volume 73
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BACKGROUND

Internal combustion engines emit soot
mainly consisting of solid particles. These
particles have negative effects not only on
the environment - as soot is contributing
to global warming - but also on human
health [1, 2].

In the past, diesel engines were caus-
ing a large percentage of soot particle
emissions. Thanks to stringent emission
standards having come into effect in sev-
eral countries within the last years - for
example a standard affecting on-highway
heavy-duty diesel engines in the USA
since 2007 -, diesel particulate matter
(PM) emissions have been cut by roughly
90 % compared to previous emission
standards. Against this background,
it has to be assumed that the fraction
of PM emissions emitted by gasoline
engines will increase significantly. As
a countermeasure, the solid particle
number emissions of gasoline engines
have been limited starting with the Euro
5 standard. Since September 2011, Euro
5b already constrains the number of
solid particles for diesel engines to 6 x
10" particles per kilometre and regarding
gasoline engines, a solid particle number
(PN) restriction is planned with the
introduction of the Euro 6 emission
standard in 2014. Similarly, the California
Air Resource Board (CARB) proposed
a Low Emission Vehicle (LEV) III emis-
sion standard for light and medium-duty
vehicles. For this standard which will
be phased-in in 2014, particles will be
measured either with a gravimetric mass
or the solid particle number approach.

The standard approach for measuring
PM involves weighing the overall mass of
particles while the amount of particles is
not counted. The number measurement
principle counts the emitted particles in a
specified size range (23 nm to 2.5 pm).
Although a large number of solid particles
smaller than 23 nm may be neglected
[6-9], the PN approach has advantages
such as good sensitivity, real-time meas-
uring and a wide dynamic range.

OBJECTIVES

Evaluating solid particle emissions from
a conventional gasoline vehicle and a
gasoline powered HEV on a two-wheel
chassis dynamometer; the study aims at
investigating the feasibility of the Solid
Particle Counting System (SPCS) compli-
ant to the European Particle Measure-
ment Programme (PMP) with regard to
solid particle number measurement from
gasoline engines. At the same time, the
study has the objective to understand
characteristics of solid particle emissions
from gasoline engines in general.

TEST VEHICLES AND SETUP

The study analyses the emission behav-
iour of a 2009 model year HEV with

a downsized 1.5-1 engine compared to a
vehicle with a 3.8-1 gasoline engine in
terms of solid particle number emission.
Vehicle A, the conventional gasoline vehi-
cle, is a minivan model year 1999 with a
curb weight of approximately 900 kg more
than Vehicle B, the HEV. The downsized
1.5-1 gasoline engine of Vehicle B is oper-

VEHICLE A

VEHICLE B

VEHICLE TYPE Lo
auto transmission

Conventional gasoline minivan,

Gasoline hybrid electrical
passenger car, auto transmission

California phase Il

California phase Il

FUEL reformulated reformulated
MODEL YEAR 1999 2009
CURB WEIGHT [KG] ~ 2700 ~ 1800

ENGINE CYCLE

Conventional Otto cycle

Atkinson cycle

ENGINE 6 cylinders, 3.8 1, SFI

4 cylinders, 1.5 1, SFI

AFTERTREATMENT Three-way catalyst

Three-way catalyst

EMISSION CERTIFICATION California ULEV

California ULEV I

@ Technical data of the test vehicles
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Insulated
transfer line

RMT

Differential TT

pressure o .
transducer Dilution air

Sample zone

\

B

v\HEPA

_’. To flow
B2 control
CVS tunnel system

SPCS

CONFORMED STANDARD

UN/ECE regulation No. 83 CE, FCC

PND1 DILUTION RATIO 10 - 200
PND2 DILUTION RATIO 15
EVAPORATION TUBE TEMPERATURE (°C) 300 - 400
REMOVAL EFFICIENCY FOR 30 NM C40 >99 %

ACCURACY OF TOTAL DILUTION RATIOS

Better than 10 %, and checked with gas
analysers

PCRF CALIBRATION

Calibrated with NaCl particles

SIZE

434 (W) x 731 (B) x 600 (H) mm

WEIGHT (KG)

~ 115 kg (without transfer line, control unit
and optional units)

© Specifications of the solid particle counting system

ated with the Atkinson cycle and uses a
variable valve control. All technical details
of the tested vehicles are depicted in @.
During the test cycles the same fuel had
been used for both vehicles.

For repeatable conditions the investiga-
tion is based on two standard drive cycles
for dynamometer tests. The Federal Test
Procedure (FTP) 72 is designed to simulate

1.4E+12

urban drive conditions at lower speeds,
slower acceleration rates and with frequent
stops. To simulate highway driving at high
speeds with less acceleration and deceler-
ation events, the Highway Fuel Economy
Transient Cycle (HWFET) had been oper-
ated on the vehicles. As already mentioned
above, the tests were conducted on a two-
wheel chassis dynamometer. While the

1.2E+12

1.0E+12

8.0E+11

6.0E+11

4.0E+11

Solid particle emissions [particle/km]

2.0E+11 +

1.0E+04 -

FTP72 C

FTP72 H
Test

HWFET |

HWFET 11

@ Vehicle A

mVehicle B |

@ Schematic for the experimental setup

front wheels of the vehicles were placed
on the dynamometer, the rear wheels were
fixed during the test.

Via an insulated transfer line and a
Remote Mix Tee (RMT), the vehicles
exhaust tailpipes were connected to a Con-
stant Volume Sampler (CVS) tunnel where
the exhausts were diluted. Due to the
emission level being different, Vehicle A

18

O solid particle emissions from Vehicles A and B in comparison

personal buildup for Force Motors Limited Library



Solid particle emission [particles/s]

1.60E+12 120
1.40E+12 Cold start
1 100
- //\wj\‘\\/ \\Mm/\/\ /mw MNA\
180
1.00E+12 H—alb s A ! Loy A ] _
=
WA ],
-
8.00E+11 60 =
6.00E+11 @
l [ l | 40
4.00E+11
) J \ T 20
2.00E+11 [ \J \
0.00E+00 , , ; ; ; . ; 0
0 200 400 600 800 1000 1200 1400 1600
Time [s]
— Particle — Speed = | @ coiq

was tested with a total dilution ratio of

150 while Vehicle B was tested with a dilu-
tion ratio of 300. The test configuration is
shown in @.

For measuring solid particle number
emissions in real-time, the engineers used
the Horiba Mexa-2000SPCS, @. The system
with a wide range continuous diluter takes
sample from the sample zone on the CVS
tunnel and measures the number of solid
particles in engine exhaust gas using the
Condensation Particle Counting (CPC)
method. The analytical system of Horiba
conforms to all requirements recommended
by the European PMP. It covers all the
applications from certification testing,
meeting the Euro 5 and Euro 6 require-
ments, to engine research and develop-
ment and exhaust particulate filter per-
formance testing.

DISTINCTIONS IN HEV TESTING

In the case of Vehicle B, the HEV, some
aspects have to be considered leading to
distinctions in testing. Firstly, the vehicle
has a traction control function which had
to be disabled prior to the tests on a two-
wheel chassis dynamometer. Therefore,
Vehicle B was set into service mode to
switch off traction control. According to
engineers of the vehicle manufacturer,
emissions under service mode should be
identical compared to regular driving mode.

MTZ 0412012 Volume 73

Switching to service mode takes 30 to 90
seconds before standard drive cycles could
begin and caused the combustion engine
to start several times. Thus, there were
some cold starts emissions uncollected for
the tests of the HEV.

It is necessary to monitor the engine
status of the HEV to understand the test
results regarding particle emissions. Either
driven electric motors or by the gasoline
engine or both simultaneously, dependen-
cies like driving speeds and battery status
determine the operation mode of Vehicle
B. As it was not possible to access the on
board diagnose (OBD) system or the engine
control unit (ECU) to monitor of the en-
gine during all the tests, other approaches
had to be found to identify whether the
combustion engine is running or not. The
engineers discovered that the analysed
pressure differences between tailpipe and
ambient air give information about the
engine status. By means of a differential
pressure transducer, also shown in @, it is
possible to detect engine starts and stops.
Thus, the engine status may be obtained
by monitoring the exhaust tailpipe pressures
and without modifying the CVS tunnel or
other testing equipments.

TEST RESULTS

The overall results regarding solid particle
emissions per kilometre during the FTP

O solid particle emissions from Vehicle A

72 and HWFEET cycles are shown in @.
The figure indicates significant differences
between the two vehicles tested. While
the conventional gasoline powered mini-
van (Vehicle A) in fact only emits a signif-
icant amount of particles while the engine
is cold, Vehicle B, the HEV, emits a con-
stantly high amount of solid particles
independent from the engine temperature.

DETAILED RESULTS
FOR URBAN TESTING

Regarding the conventional gasoline vehi-
cle, a reason for high particle numbers at
cold starts is the gasoline engine running
rich when started. Combustion air may
not be sufficiently supplied so the
temperature in the combustion chamber
is still low. As a result the air-fuel-mixing
is not adequate and thus causes more
solid particles. As long as the engine is
cold (approximately 250 s), solid particle
emissions are much higher in acceleration
than deceleration phases. In total, Vehicle
A emits over 90 % of its solid particles
during the warm-up phase, @.

In urban driving conditions at low
speeds, the HEV is driven by electric mo-
tors during most of the test cycle. Some
measured spikes for solid particle emis-
sions match well with peaks for tailpipe
pressure, indicating that the combustion
engine starts. Compared to Vehicle A,

19
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0 solid particle emissions from Vehicle B

the HEV emits two times more particle
number emissions under cold starts.
When fully warmed up it produces 30
times more particles than the conven-
tional gasoline vehicle and emits 65 %
more particles than in the first FTP 72
cycle. As it is possible that the state of
charge (SOC) of the HEV battery has an
influence on particle emissions Horiba
tried to minimise this effect by running
four FTP 72 cycles in series during a sin-
gle test. The data collected show that only
the first cycle differs largely while the last
three test cycles produce similar results
with higher solid particle emissions, @.
To explain the lower solid particle emis-
sion from the first cycle, more studies
need to be carried out in the future.

DETAILED RESULTS FOR
HIGHWAY TESTING

As the vehicles are operated at high speeds
during the HWFET cycles, the HEV is
driven by the gasoline engine or the gaso-
line engine in combination with the elec-
tric motors for almost the whole duration

20

of the cycle. Thus, the HEV operates very
similar to the conventional gasoline pow-
ered car. Commonly, soot or solid particle
emissions caused by gasoline engines are
mainly detected at high engine loads and
high engine speeds which may be found
on highway driving conditions.
Compared to the conventional vehicle
with an engine displacement of 3.8-litres,
the HEV has a downsized 1.5-1 engine.
Downsizing usually offers several advan-
tages such as better fuel efficiency, lower
CO, emission, and lighter weight. How-
ever, by comparing the test results of both
vehicles under highway conditions, it
becomes obvious that the particle emis-
sions of the two test vehicles differ even
more significantly than under urban driv-
ing mode. On a fully warmed up HWFET
cycle, Vehicle B emits approximately 200
times more solid particle emissions than
Vehicle A, the conventional gasoline vehicle.

SUMMARY

The above described study shows that
the gasoline vehicle causes solid particle

emissions mostly at engine start and
accelerations before the engine is warmed
up. After the vehicle is fully warmed up,
solid particle emissions are reduced signif-
icantly. The considerably higher amount
of solid particle emissions produced by
the HEV correlates with frequent combus-
tion engine starts and accelerations under
urban driving conditions and is influenced
by the battery status as well.

Those test results support other studies
indicating that new engine technologies
reduce CO, emissions but may increase
particle emissions simultaneously as a
counter effect [3, 4, 5]. To reduce solid
particle emissions from HEV and to fulfil
upcoming emission standards limiting
solid particle emissions of gasoline engines,
the engine operation may need to be
optimised.
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DEVELOPMENT ALTERNATIVE DRIVES

DRIVELINE
ELECTRIFICATION

The hybrid powertrain is a technology that enables
high energy-saving potentials to be achieved with
relatively low costs. As ZF Friedrichshafen AG shows

with its hybrid solutions, the concrete application

determines which transmission configuration is the
most promising in terms of efficiency.
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MOTIVATION

The trend towards more efficient vehicles - be it passenger cars
or commercial vehicles - is omnipresent. There is not a single
manufacturer who does not deal intensively with opportunities
to obtain better energy efficiency. For suppliers like ZF Friedrichs-
hafen AG this also means that, if they want to stay fit for the future,
they have to supply new approaches for the mobility of tomorrow.
Driveline electrification is a central starting point towards more
economy: It reduces CO, emissions and gives manufacturers the
technology required to meet the legal requirements of climate pro-
tection. Low CO, emission values are not only interesting from
the aspect of climate change and saving resources - for the motorist,
transport authority, or fleet operator they mean cash in the form
of fuel savings. Life cycle costs are also the main area of conflict
for automotive manufacturers and suppliers: An environmentally
friendly that means economical drive must also pay off financially
to be able to prevail. So we are not only talking about what is
technically feasible but also what is sensible in terms of economy:
The extra costs of the efficiency increase must not absorb the
savings in operating costs, @.

Therefore the term temporary/bridge technology is problem-
atic when talking about hybrid drives. It is often used when talk-
ing about electromobility as a major target of the automotive
industry. These terms rule out per se that hybrid drives have a
longer service life - before they are even used in a large scale.
Here, the imagination of pure e-mobility goes at least one step
too far. It is not only about getting away from fossil fuels. Doing
without a combustion engine first of all only reduces local emis-
sions. The question of how the batteries in the vehicle are
charged, that means where the charging power comes from, is
another story. In the foreseeable future it will not be possible to
generate our power entirely without CO, emissions; not to men-
tion the basically non-existent infrastructure for electric vehicles
and the unsolved problem of energy density and, consequently,
the limited range of conventional batteries.

In this regard, there is quite a large amount of development
work to be done - also at ZF - in terms of energy management
which means a long time until purely electric drivelines will have
found extensive coverage. Driveline electrification, however,
starts earlier. The electrification of the conventional driveline is
part of practical reality already today. It allows for great fuel sav-
ings at economic cost. Apart from that, hybrid technology has

Technical optimum
(max. brake power)

Maximum

Economic optimum additional benefits

(reduced component size)

Electrical driving
over longer distances

Maximum reduction
in emissions

Savings in variable operating costs

Additional functions

Cost of purchase

@ Economic benefit over extra cost of hybrid drives
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not yet reached the end of its develop-
ment scope; there are many unanswered
questions and there is still room for im-
provement. Compared with the develop-
ment history of the combustion engine
which has its roots in the century before
last, we have a relatively short learning
process to look back on despite all the
success we have had.

CLEAR STRATEGY
BUNDLES COMPETENCE

Assuming that the combustion engine will
remain the key component in the drive-
line for some time, the question arises of
how consumption can be reduced
efficiently via electrification and without
causing considerable extra cost. This
already starts when selecting the hybrid
architecture. ZF is concentrating on the
parallel hybrid, where the combustion
engine and the electric motor are con-
nected in parallel. The multi-ratio trans-
mission used in this architecture takes
over new functions when changing
between operating modes. The advantage
of the continuously variable approach
which is typical for power-split hybrids is
not as significant on the European market
as it is in Asia. Also in terms of fuel sav-
ings and performance it does not lead to
additional advantages compared to the

@ Electric motor Dynastart
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hybridised stepped transmission. With full
functionality, the parallel hybrid version
has the advantage of being able to be
used with planetary automatic transmis-
sions in a modular design without requir-
ing additional installation space. On the
one hand, this plays a role for the plat-
form strategies of the manufacturers in
terms of construction - on the other hand,
the hybrid transmission can be built with
very many parts identical to the conven-
tional transmission; this reduces the costs
particularly with the currently still small
quantities. One advantage in this regard is
that, right from development start, ZF has
been using flexible modular solutions that
can be adapted to the most different vehi-
cle designs. Additional applications that
are developed around a specific basic
transmission can be tested and adapted
with reduced additional effort. Starting
with all-wheel-drive applications, different
starting elements, and an open software
and interface structure, this also applies to
hybrid versions: Based on the parallel
hybrid architecture, for example, all
hybrid power classes can be combined
with the current eight-speed automatic
transmission (8HP) from ZF - because it
was developed right from the start with a
modular hybrid design. Taking the kit as a
basis, it is possible to provide innovative
conventional basic transmissions which

are then electrified according to the cus-
tomers’ requests via an add-on solution.

DIFFERENT HYBRID POWER CLASSES

In micro hybrids with automatic start-stop
systems, the battery is charged in overrun
mode to generate the energy required for
frequent engine restarts. They are techni-
cally easy to implement with manual trans-
missions. This kind of electrification is not
so easy to use with automatic transmissions
because there is no hydraulic pressure for
the shift elements when the engine is
switched off and this considerably limits
the quick-starting capability of the trans-
mission. To solve this problem, ZF has
developed the so-called Hydraulic Impulse
Oil Storage (HIS) for the 8HP and at the
same time introduced the first multi-ratio
transmission with a start-stop function in
the market. The integrated HIS works
with the spring piston accumulator princi-
ple and swiftly presses the hydraulic oil
required for starting into the shift elements
of the transmission. This means that after
engine shutdown, the vehicle is ready to
set off again in just 350 ms. With the
start-stop function, HIS, and further opti-
misations such as the increased spread,
the eight-speed automatic transmission
can achieve 11 % fuel savings compared
to the second-generation six-speed auto-

(3] Hybrid modul for passenger cars
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matic transmission which has already
been optimised in terms of fuel
consumption.

ZF has the electric motor Dynastart in its
modular kit as a core component for further
hybrid configuration stages, @. It is inte-
grated into the transmission and replaces
the alternator and starter. Depending on the
application, Dynastart can be obtained with
different capacities: With the mild hybrid,
the Dynastart in external rotor design sup-
plements the 8HP torque converter and thus
allows recuperation as well as torque sup-
port for the combustion engine. For full
hybrid applications, Dynastart is available
as a hybrid module with a powerful, inner-
rotor electric motor and integrated separat-
ing clutch, @. Then it entirely replaces the
torque converter and covers all hybrid func-
tions right up to stealth mode. In this
design, the hybrid driveline offers the best
savings potential of up to 25 % compared to
the 8HP basic transmission.

VARIOUS APPLICATION POSSIBILITIES

In general it is argued that hybrid drives
only have a chance in vehicles that are
moved in - what is generally referred to
as - city cycles, which are characterised
by frequent starting and stopping and
thus have correspondingly many decelera-
tion and acceleration procedures. Apart
from passenger cars that were described
before, this applies above all to delivery
trucks and city buses. Also for such com-
mercial vehicles, the portfolio from ZF
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already includes hybrid applications that
consist of electrified basic transmissions
(Hytronic-Lite and Ecolife-Hybrid). And
this also applies as well as for passenger
car transmissions - the more efficient the
starting basis, the better: Practice has
shown that an optimised conventional
driveline can save more fuel than an inef-
ficient hybrid driveline with an outdated
transmission, @.

But hybridisation also makes sense for
long-distance traffic: A relative savings
potential of only around 5 % is possible
but the high mileage and power of long-
distance trucks mean major absolute sav-
ings. And there is also great potential in
the field of commercial vehicles: Just
think of the many electro(hydraulically)

operated auxiliaries and the constant
reversing of construction or agricultural
machinery or cooling units of refrigerated
trucks. A power outlet for the off-road
machinery of industrial and handicraft
businesses is also imaginable. To electrify
all the different applications in the com-
mercial vehicle sector at reasonable costs,
ZF also relies on a modular kit system in
the parallel hybrid architecture.

INTELLIGENT NETWORKING

In addition to the selection and targeted
design of all components, efficient hybrid
management is required for the hybrid
drive to function smoothly. It enables the
transmission hardware, the control soft-
ware, and the power electronics to harmo-
nise perfectly. The scalability of the power
electronics must be just as versatile as the
power classes. Therefore, it only makes
little sense to focus on individual compo-
nents when electrifying the driveline, the
overall package must be right. An exam-
ple from the area of passenger cars: Until
now, the power electronics as the central
connection between the electric motor
and the battery is mounted at different
places in the vehicle depending on the
manufacturer. Based on the eight-speed
full hybrid transmission, ZF has therefore
developed an exemplary, scaled-down
power electronics unit for passenger cars
which can be integrated into the transmis-
sion irrespective of the installation space
available, @. The direct installation of
power electronics on the transmission
holds many advantages: First of all, it is

® Power electronics integrated into the
transmission, AWD, cables to the battery
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closer to the electric motor which means
fewer system interfaces and less wiring
effort. In addition, it is possible to pre-
assemble power electronics independently
of manufacturer and platform. The vehicle
manufacturers can install the hybrid trans-
mission independently of the model - the
power electronics is always already on
board. At the same time, it is easier to ser-
vice because the newly developed power
electronics unit can be plugged into the
transmission from below.

ADAPTIVE DRIVING STRATEGY

Apart from the design of the individual
hybrid components and smartly integrated
power electronics, the driving strategy has
central importance: It not only determines
how much fuel is saved but also the per-
formance, driving comfort and, last but not

26

least, the service life of the battery. The
load-bearing capacity of all individual com-
ponents must be adapted to the driving
strategy. Of course, the main target is to
select the driving strategy so that the
respective hybrid modes (electric driving,
boosting, recuperating) are perfectly fine-
tuned, leading to the lowest possible fuel
consumption. In doing so, the driving strat-
egy does not follow a rigidly preassigned
pattern that is called up on request.
Instead, it must interpret the request from
the driver and select the suitable action.
Depending on the performance require-
ments - set via the accelerator and brake
pedal - and depending on the charge status
of the battery, the driving strategy decides
on how to distribute the load between the
combustion engine and the electric motor.
This also means that the combustion
engine has to be shut down at the right

point in time and decoupled via a separat-
ing clutch; this means that the vehicle is
operated without the high drag torque of
the combustion engine both when driving
electrically and during recuperation. At the
same time, hybrid management decides
whether the prerequisites are met for an
efficiency-boosting load-point increase.
Here, when the workload for the combus-
tion engine is low, part of the torque is
used for operating the electric motor as a
generator to charge the battery. This means
that the combustion engine always works
with the best engine characteristics to save
fuel. Apart from improving the hardware
components, the complex driving strategy
includes additional potential for optimising
the efficiency of electrified drivelines. For
both tasks, the component, interface, and
systems expertise of a versatile supplier
company like ZF is called for.
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DEVELOPMENT GASOLINE ENGINES
! Y

POTENTIALS AND LIMITS OF CO,
EMISSIONS OF GASOLINE ENGINES
PART |: MECHANIC TECHNIQUES

In the following, Technical University of Kaiserslautern and Karlsruhe Institute of Technology (KIT) present and
discuss the potentials and limits of the further development of gasoline engines. Thermodynamic approaches
to optimise engine process via valve train variability shall be evaluated and compared for a homogenously and
stoichiometrically operated gasoline engine. Therefore, the possible application of cam phasers, discretely
staged valvelift shifters and fully variable systems will be separately examined. Additionally, the possibility to
reduce fuel consumption with cylinder deactivation and throttle free load control will be demonstrated. The
second part of the article in MTZ 5 will present stoichiometric and stratified lean operation mode as well as
future combustion processes like HCCI and their potentials.
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MOTIVATION

Reducing fuel consumption as well as CO,
emissions has been the primary concern
guiding ongoing research and develop-
ment activities of combustion engines for
many years now. The recent regulations
for CO, emissions in the New European
Driving Cycle (NEDC) and the introduc-
tion of penalties for exceeding the fleet
limit values have added further emphasis
to these investigations. In fact, they have
provided the rationale to utilise new
technologies that had so far been consid-
ered too expensive for mass production.
The transport demands of today’s society
cannot be met by a purely electric engine
without the additional utilisation of a
combustion engine, for example as a
range extender. Research has thus
focused on increasing the efficiency of
combustion engines.

Different technologies have been fur-
thered by car manufacturers. That is why
it is important and necessary to critically
evaluate the potentials of these different
approaches with regards to questions of
fuel consumption and CO, emissions. In
most cases these technologies are exam-
ined using different engines with diverse
displacements, rated power and emission
limits. Therefore, the published results
are not directly comparable. This paper
contrasts different technologies with
each other, with the knowledge that
some of the fuel consumption results are
estimations.

INITIAL POSITION

The comparison is based on the perfor-
mance of two engines, a 2.0-1 four-cylin-
der naturally aspirated engine and a 1.6-1
four-cylinder turbo engine. Both engines
were equipped with a cam phaser on the
inlet side. To approximate the NEDC the
following operating points were exam-
ined: firstly, the naturally aspirated engine
atn = 2000 rpm, BMEP = 2 bar and
secondly, the turbocharged engine at

n = 2000 rpm, BMEP = 3 bar. @ shows
the respective values for fuel
consumption.

STAGED VALVE LIFT
SHIFTING SYSTEMS

Depending on layout design, valve lift
shifting systems on the inlet camshaft
allow a complete closure of either one
or several valves or the choice of one or
several cam profiles. This is the case in,
for example, Honda’s VTEC system [1]
or AUDI’s AVS system [2, 3]. The usage
of a cam profile which offers advantages
at part load, with a reduction of the inlet
valve opening time in the shifting stage,
allows a decrease in the charge cycle
work in an area of the corresponding
engine map. Thereby, the engine load
can be effectively controlled through

the usage of the lower valve lift, inlet
cam phasing and throttle flap. According
to the layout design of the lower valve
lift, throttle-free load control is possible

410 - . . :
390 oo o0 \
1 Cr
GD
380 -
Thrattled maode
- 270 4 2.0-1 series engine
- o =
g 20 | 0S = 107" CA, bmep = 2 bar
E 3510 = . i A ‘
@ ] A A
340 9 1 A
330 -
320 Throttled mma.
1.6-| series engine
310 - 05 = 100" CA, bmep = 3 bar
300 T T T T T 1
70 B0 90 100 110 120 130
Inlet spread [*CAl

(1] Specific fuel consumption using throttled load control
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at one singular engine operation point
which is located either at higher to lower
loads depending on the event timing of
the lower cam profile.

Since both inlet valve lift and inlet
valve opening timing can only be opti-
mised for one engine operation point, an
evaluation at fixed load points would thus
not be relevant. To differentiate between
the effects of shifting systems and alterna-
tive technologies, an evaluation of the fuel
consumption within the parameters of the
NEDC should therefore be taken into
account. @ demonstrates the CO, emis-
sions produced by a vehicle with 1.6-1
engine, double cam phase adjustment,
direct fuel injection and different concepts
to reduce fuel consumption within the
parameters of the NEDC. The test results
were determined using the mechanically
fully variable valve train system Univalve
as well as a valve lift shifting system.

The attainable effective fuel consump-
tion depends strongly on the adjusted
inlet valve lift and inlet valve spread.
With the chosen valve lift shifting system,
the CO, emissions at NEDC were reduced
by approximately 2 % through the utilisa-
tion of a valve lift shifting mechanism.

The higher the pressure in the intake
manifold is increased through the usage
of short inlet valve timing at constant load
- the more the throttle losses decrease.
Early inlet valve opening and closing as
well as high amounts of residual gas

180 -

1E0 -

130 4

1204

Basic Downsizing

I without univahe
N With univalve

Downsizing
+ start-stop

(2] CO, emissions within the NEDC when using different engine operation strategies [4]

backflow are necessary to decrease
charge-cycle-work losses and thereby also
fuel consumption. During engine opera-
tion at load points below the layout point,
the engine equipped with a valve lift
shifting system equally must be throttled.
This again influences the amount of
charge-cycle losses [5].

So when suiting a part valve lift to a
discretely working shifting system, the
conflict of aims must be solved between
not only a broadly covered engine map
through the small valve lift, but also the

needs to have the most optimal effect
within the parameters of the NEDC. For
this reason the load band through which
advantages can be achieved with part lift
curves can only be relatively small.
Additionally the area in the engine map
which can be covered by the reduced inlet
valve timing and a respectively smaller
inlet valve lift is depending on the chosen
engine concept. In the case of a turbo-
charged engine, this engine map area is
larger than that of a naturally aspirated
engine. @ illustrates how the load with a

1.4 -
n = 2000 rpm, 05 = 80" CA
1.2 o 2.5 mm
TC
1.0 + LB mm I o =)
1.8 mm TC 2.5mm
WA NF&
E 0.8 = \ | D
E 15 =120"CA
O o
2 054 O
9 N o8
0.4 o T t D DD D
15 = 50° CA 0 O O O
0.2 o
© The reachable load area and the
occurring charge-cycle-work losses
with discrete inlet valve lifts and 0.0 7 T 7 T 1
variable inlet spread, illustrated with 1] 2 4 & 8 10
and without turbocharging BMEP [bar]
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constant inlet valve lift varies through the
modification of the inlet spread. An
increase of the charge-cycle work losses
when using small inlet valve lifts advanta-
geous at part load, leads to higher fuel
consumption at higher engine loads. The
choice of the part load cam lobe therefore
presents a compromise achieved from the
advantages at low loads, the effects within
the NEDC and at customers as well as the
drivable engine-map range. Hannibal et
al. furthermore analyse in [6] the different
demands that arise during application of
discretely working and fully variable valve
train systems.

THROTTLE-FREE LOAD CONTROL
THROUGH MECHANICALLY
FULLY VARIABLE VALVE TRAINS

In the case of mechanically fully variable
valve trains which are utilised today by
BMW (Valvetronic), Toyota (Valvematic),
Mitsubishi (Mivec), Nissan (VVEL) and
by the KSPG AG (Univalve), the valve lift/
valve timing as well as the inlet- and out-
let spread have to be controlled in fully
variable mode to attain the optimal fuel
consumption, @. The inlet spread (IS)

410 -

Throttled mode with univalve,

Inlet valvelift = 11 mm 5

05 = 107° CA ,O»D’DO
N oo

00
00
o

390 o

0% = 107" CA

380 -

BSFC [gkWh]

370 -

360 =

350 Li L T Li

Throttled mode'series enging

and the inlet valve lift determine the
instants of time for the opening and clos-
ing of the inlet valves. These are the very
moments which influence the amount of
charge-cycle work and hence the effective
fuel consumption, @. The outlet spread
determines the exact time for the closure
of the outlet valves which, in turn, influ-
ences not only the amount of residual gas
backflow, but also the amount of charge-
cycle work losses (which are also influ-
enced by the amount of residual gas) and
the effective compression ratio. Thus the
effective fuel consumption is also essen-
tially shaped by the choice of the outlet
spread (0S), as illustrated in @.

The lowest achievable effective fuel
consumption is limited in a naturally
aspirated engine at part load by the resid-
ual gas compatibility of the combustion
chamber and the available outlet valve
opening duration. Using throttle-free
load control in a 2.0-1 naturally aspirated
engine, the specific fuel consumption
can be decreased at an operating point
of n = 2000 rpm, BMEP = 2 bar from
approximately 385 to around 355 g/kWh.

Turbocharged four-cylinder engines
under the use of monoscroll systems are

—_____v-

equipped with a short outlet opening
duration. This is particularly important for
the separation of firing order which is
necessary at full load and low driving
speeds. This short outlet valve opening
duration leads to disadvantages in the
charge-cycle work and fuel consumption
at part load [7]. An outlet valve timing
which is designed for high low-end torque
opens up a potential for fully variable
valve trains to reduce fuel consumption
by about 4 to 5 %. When the outlet valve
opening time is optimised through the
application of, for example, a twin-scroll-
turbocharger, a fuel consumption poten-
tial of up to 10 % is possible.

MECHANICALLY FULLY
VARIABLE VALVE TRAINS ON THE
INLET- AND OUTLET SIDE

If a further mechanically fully variable
valve train system is used on the outlet
side in addition to that on the inlet side,
the conflict between low-end-torque and
minimal fuel consumption at part load
of a four-cylinder turbocharged engine
can be successfully solved. Compared to
shorter, full load compatible outlet event

Thrattle frée load contral
05 =79 CA

Throttle free lcad control
05 = 60" CA

n = 2000 rpm, bmep = 2 bar
2.0 NFA engine with PFI

54 &0 65 72 78 84 90 96

O Effective fuel consumption at throttle-free load control
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duration, fuel consumption can thereby
be improved by about 5%, @ [7]. Due to
the residual gas compatibility of the com-
bustion chamber, potential to improve
fuel consumption at lower engine loads is
limited. The fully variable valve train
system has to vary outlet valve timing
between 230° and 270° CA to solve the
conflict of aims between full load and
part load. In terms of naturally aspirated
engines, the conflict of outlet camshaft
application is distinctively less apparent
between part- and full load. It is here that
the application of a fully variable outlet
valve train can only attain an improvement
of fuel consumption ranging up to 2 %.

MECHANICALLY FULLY
VARIABLE VALVE TRAIN AND
CYLINDER DEACTIVATION

Through utilising a fully variable valve
train on both, inlet- and outlet side, a
cylinder deactivation can also be imple-
mented insofar as the valve train system
allows zero valve lift. When deactivating
two cylinders at constant engine load, the
load of the active cylinders is elevated
with the effect that the entire engine runs
on reduced effective specific fuel con-
sumption. Furthermore, in cylinder-deacti-
vation mode charge-cycle work is reduced
due to the throttle-free load control com-
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pared to the throttled mode. An effective
consumption of 304 g/kWh can be
achieved through combining this tech-
nology with inlet- and outlet phase adjust-
ment on a 1.6-1 turbocharged engine at an
engine operating point of n = 2000 rpm,
BMEP = 3 bar. Compared to throttle-free
operated four-cylinder engines with short
outlet valve opening durations, an addi-
tional advantage of 5.5 % can be deduced
due to cylinder deactivation. Taking this
result as the basis for a 2.0-1 naturally

aspirated engine with an engine operation
point at n = 2000 rpm, BMEP = 2 bar,
approximately 330 g/kWh are to be
expected, @ [8].

Such achievable reductions of fuel
consumption depend strongly on the
engine load. Particularly at lower loads,
cylinder deactivation is an effective way
to reduce fuel consumption. On a 1.6-1
turbocharged engine at 2000 rpm,
improvements up to BMEP = 5 bar
were reached, @ [8].

95
94
0S =100°CcA —>© Four-cylinder
93 ~ throttle-free
<— — 80° load control
92 | 0S =807 CA n = 2000 rpm
gt BMEP = 3 bar
® 91
o
'S
@ 90 4 1o I E—
0S =80°CA 0S =100° CA

g9 5.5 % Q\/ /
AN
\\
88 AN //,_/—@

Two-cylinder
throttle-free

load control
n = 2000 rpm
87 BMEP = 3 bar
. 1
86 T T T T T T
30 40 50 60 70 80 90 100

Inlet spread [°CA]
O Influence of cylinder deactivation on fuel consumption with trottle-free load control
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VARIABLE COMPRESSION RATIO
AND MECHANICALLY
FULLY VARIABLE VALVE TRAINS

On a single-cylinder research engine with
variable compression ratio and a fully var-
iable valve trains on the inlet and outlet
sides [9], the indicated fuel consumption
was reduced by around 9 % through the
variable compression at an engine speed

of n = 1100 rpm, BMEP = 3 bar, ©.
During stationary engine dynamometer
testing, the energy expenditures of the
actuating elements are not taken into
account. Therefore at an operating point
of n = 2000 rpm, BMEP = 2 bar, an
additional effective fuel consumption
advantage of approximately 5 to 6 % is
estimated in comparison to the throttle-
free engine mode. The consumption

700
600
L Four-cylinder, X
throttle-free load control, OS = 80° CA
500 4
Q,

400 - '

300 ~

200 Two-cylinder,

throttle-free load control, OS = 100° CA

100 ~
n = 2000 rpm
Inlet spread optimized
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BMEP [bar]
@ Potential of cylinder deactivation to reduce fuel consumption at different engine loads
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O Indicated fuel consumption with variable compression ratio
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potential within the parameters of the
NEDC is even further influenced through
the energy expenditures of the actuator.

SUMMARY PART 1

This article demonstrates the availability
of mechanical approaches for thermody-
namical optimisation of gasoline engines.
The individual techniques have to be
evaluated with respect to reduction of
fuel consumption, CO, emissions, costs
and package. In general, the willingness
of OEMs to examine new technologies
and develop them further for mass pro-
duction increases in the context of the
enduring CO, discussion. A combination
of several measures might be expedient
as well. However, the potential to reduce
fuel consumption has to be evaluated
separately.
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NEW CASTING TECHN
FOR CYLINDER HEADS

The consistent pursuit of the downsizing idea leads especially in the development of modern drive assemblies to an

increased specific power density and simultaneously to a reduced fuel consumption and lower pollutant emissions.
But weight-reduced constructions of different engine components and their increased thermal and mechanical stress
lead to constantly new challenges especially for the materials. The article from the Otto-von-Guericke-University

Magdeburg provides a general overview of the current trend in both topics: the materials technology development

and the manufacturing technology development of cylinder heads to improve their specific performance.
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PROBLEM DESCRIPTION

In the current discussion about future
propulsion solutions for motor vehicles
new problems lead to different approaches.
The research priority is the continued
development of internal combustion
engines while reducing the total vehicle
mass. This is mainly due to the statutory
and socially requested reduction of the
CO, level and the steadily increasing oil
prices. With regard to the described prob-
lem, the idea of light weight construc-
tions was highly provided, and more
effort was put into the development of
small-displacement engines in the recent
past. Because of turbocharging, direct
injection, and other technological devel-
opments, these small engines are nowa-
days able to retrieve almost the same
performance as their bulky predecessor at
a much lower level of fuel consumption.
Thereby there is no loss regarding the
driving comfort and driving pleasure. In
the automotive world the entire vehicle-
related arrangements for the targeted
reduction of fuel consumption are known
as downsizing. Due to the persecuted
downsizing strategies the main influenc-
ing parameters to reduce fuel consump-
tion can be influenced to achieve signifi-
cant changes. Therefore they play a key
role in the current development of mod-
ern vehicles. @ shows in a schematic
overview the main parameters which

Mechanical power

1 KW ~ 16 g CO,/km

Weight

100 kg ~ 8.4 g CO/km

Air resistance (~ C,*A)

0.1 m?~ 3.4 g CO,/km

Rolling resistance

1%, ~ 1.9 g CO/km

@ Main influenc-
ing parameters to
reduce the fuel
consumption of
the entire vehicle
[1]

Electrical consumer

1A ~0.34 gCO/km

influence the reduction of vehicle fuel
consumption in total and their weighting.

Significant potential to reduce the fuel
consumption is a result of optimising the
overall efficiency of the vehicle. This is
achieved by a systematic reduction of the
driving resistances, which includes a
minimal roll resistance, a flow-optimised
vehicle design and a reduced vehicle
mass. Under the keyword power on
demand the degree of engine efficiency of
the drive source or the gear transmission
are increased by general consumption
lowering agreements or by shifting the
engine operating points into more effec-
tive characteristic diagrams [2].

Consequently, the optimisation of the
drive aggregates forms an essential devel-
opmental focus. Here, both the custom-
er’s demands regarding driving pleasure,
comfort, purchase and operating costs,
quality and reliability of the vehicles as
well as the statutory provisions, such as
the reduction of pollutant emissions, and
resource conservation, delineate the tight
constraints of the targeted development
goals. Not at least also the feasibility of
an effective and economical production
decides of the acceptance by the customer
and thus of the success of an engine. @
gives a summary of the general require-
ments of modern drive units.

In the development of modern aggre-
gates, the desired goal of reduced fuel
consumption is finally realised by increas-
ing the specific utilisation of the engine.
Such an aiming increase in power density
in the aggregate can only be guaranteed
by an increase in medium pressures. The
consequences of this in turn are increased
cylinder pressures and higher tempera-
tures in the combustion engine. Regarding
the combustion chamber thus much
higher amounts of energy are to imple-
ment and to discharge and in fact of this
also larger forces are to absorb [3].

DESIGN OF THE CYLINDER HEAD

The cylinder head has a significant impact
on the operation of the engine behaviour
in terms of power output, torque and
exhaust emissions performance, fuel con-
sumption and engine noise. The head is
also exposed to high loads and represents
the most challenging component of the
engine regarding technical production
aspects [4]. @ gives an informative over-
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Power/torque

Weight/design

Driving behaviour:

Emission behaviour

Production costs

: Development costs

: Production costs
(manufacturing,
assembly, suppliers)

: Total mileage
: Hours of operation

view of the complexity thermo-mechani-
cal stresses on the cylinder head, and over
the latest design solutions to accommo-
date them.

The high (thermodynamic) alternating
stress and the resulting component loads
while the engine is running are occasionally
taking the currently used materials to their
breaking point. Especially the predicted
peak pressure demands for future diesel
engines, new design concepts for the cylin-
der head seem to be inevitable. As a result,
a reinforced attempt is to develop alterna-
tive designs and manufacturing capabilities
as well as the application of requirements-
oriented new substitute materials.

DEVELOPED ALTERNATIVE
SOLUTIONS

To negotiate the discrepancy between the
absorption of growing component stresses
and the continued pursuit of lightweight
constructions, the idea to develop a cylin-
der head, which is manufactured accord-
ing to the different stresses in the different
parts from various materials which satisfy
this requirements occurred at the Institute
for Manufacturing Engineering and Quality
Management of the Otto-von-Guericke-Uni-
versity Magdeburg in the context of vari-
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: |dle speed
: Part load
: Components . Full load EU standard; US (EPA, ARB):
(static/dynamic) CO (CO,)
: Total weight HC
: Compact design NO,
Particle

: Fuel consumption

: Fuel compatibility

: Lubricant/oil
consumption

: Service costs

: Structure borne and
airborne noise behaviour
of the different engine
components

@ Demands on modern
drive aggregates [3]
(source: VW)

On this account first an analysis of the
cylinder head geometry and the determina-
tion and delimitation of the various compo-
nent areas was carried out. Based on this
the cylinder head was divided into different
functional areas, which are shown in @.

In essence the component can be divided
into the following functional areas: the

ous research projects for the Volkswa-

gen AG. The observable trend toward an
increasing functional integration and an
increasing complexity of the components
enhance partly the widely varying loads on
the different areas of the cylinder head.
That implies sophisticated demands to the
materials.

Mechanical stress

Thermal stress (dynamic and static)

: Force due to
gas pressure

: Force by
residual stress

: Force by cylinder head screw
ion
: Fo y the camshaft

: High combustion
temperatures

: Influence of LCF/HCF
loading (thermal shock)

: Locally different heat flow
from the combust
chamber of the va

and valve guides, bearing
the coolant outlef J g Forcq_!rgugh
& “valve actuation

Main requirements for design

Avoid deformation of the
sealing surfaces (cylinder block,
valve seats) by rigid shape
(head design, combination of
base and cover plate), material
strength

© Stresses and constructive solutions to the cylinder head [3]
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combustion chamber, the channels, and the
camshaft bearings. Based on these consid-
erations and taking into account the sche-
matic correlations represented in @, differ-
ent concept variants have been devised to
realise the technical production of a cylin-
der head consisting of different materials
which are firmly bonded or alternative pos-
itive connected.

These concept variants were divided
for the purpose of a suitable classification
in a variant scheme, @. Based on a mono
head, that means starting from a cylinder
head composed of one homogeneous
material it is differenced after the number
of the combined materials in the embodi-
ments: homogeneous, double-layer and
multilayer structure. Furthermore a dis-
tinction is made between the types of
production-technics and the implementa-
tion of the material combinations in the
variants: gradient casting, casting of func-
tional elements as well as connecting
different functional areas, which are pro-
ducible from separate manufactured
and combined layers. Based on these
classifications different cylinder head
types were defined, which are designated
according to @ as mono head, funar head
or mulay head.

The various embodiment variants for
the production-related implementation of
this cylinder head types are illustrated in
a schematic overview in @. Therefore,

Claims
functional analysis

Design of a
single casting

Camshaft bearing

: Resistance to mechanical stress (PDE)
: Resistance to wearing/friction
: Emergency running properties

Outlet channels
: Resistance to thermal stress

0il chamber

: Optimum oil supply
: Chemical resistance

Water space
: Optimum cooling water flow
: Optimal cooling
: Chemical resistance

Inlet channels

: Optimum roughness

: Optimal air flow

: Shape and position
accuracy

Combustion chambers

: Resistance against thermomechanical stress
(combustion, PDE)

: Thermal shock resistance

: High damping capacity

O \llustration of the various functional areas of a cylinder head [5]

those cylinder head designs in which the
requirements can be fulfilled in the vari-
ous functional areas with one alloy are
grouped under the term mono head.
These cylinder head types are currently
used by default. Thereby, primarily
hypoeutectic aluminium alloys are used.

For the production of these types the
processes of gravity die casting - either
static or dynamic - (option 1), the casting
in the lost foam method (option 2) and
(in the passenger car sector only used
occasionally) the casting of cast iron in
lost forms (option 3) are applied.

Combining the
Functional areas
to layers

Design of
functional areas

Preselection
material group

Ranking of the
material groups;
selection and
evaluation of
suitable alloys alloys

Ranking of the groups
of materials for each
functional area; selection
and evaluation of suitable

Parameters:
Parameters: : Thermal expansion AL
: Price/availability : i P joining methods
: Characteristic values = Sl €2 for each

: Conductivities
: Heat capacity
: Solidification interval

component of the
cylinder head

: Density
: Cast ability/procedures

Manufacturing or
joining methods

for the
single layer

@ Schematic proce-

: Casting

: Corrosion behaviour

: Recycling Material and process combination
: Toxicity constructive framework

dure for the derivation
of appropriate design
variants [5]
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DEVELOPMENT CYLINDER HEAD

Gradient cast
(firmly bonded)

Homogeneous

Double-layer

m l
o w >

Multi-layer B

For cylinder head concepts, where the
component loads are absorbed by func-
tionally distributed different alloys or
even different materials, the terms funar
head and mulay head have been intro-
duced. The term funar head (derived
from functional area) represents the
implementation of functional elements,
which act only locally reinforcing in

1

Insertion of
functional elements
(firmly bonded or interlocked)

Functional elements from
various materials

!A

Functional elements from
different materials

functional areas

Multi-layer;
one material

Double-layer;
two materials

Multi-layer;
different materials

certain areas of the cylinder head. Mulay
head (based on the term multi-layer) are
those cylinder head concepts, in which
complete functional areas can be pro-
duced in the form of single layers made
of different alloys or materials. The head
types which are summarised under the
designation funar head can be differenti-
ate again into three categories: the execu-

The requirements are
intended to be fulfilled

Is it possible to fulfil
the requirements

Combination of various

1

(firmly bonded or interlocked)

l

B O Schematic overview of the possible
partition types [6]

tion of an aluminium cylinder head with
a cast-iron-based combustion chamber
and/or cam bearing inserts (option 4),
the execution of these operations from
aluminium-bronze alloys in the combus-
tion chamber area or brass inserts in the
camshaft range (option 5) and the cast-
ing of sheet metal structures in the chan-
nel region (option 6).

Is it possible to group
the functional
areas into layers?

with one alloy! with one alloy?
] Yes ] No 1 No
Functional analysis Mono Vi requi_remen_ts ElS int_ended Funar
cvlinder head head to be fulfilled with functionally head
y distributed alloys!

Selection of
group of materials

Design analysis
cylinder head

Selection of
alloying process
combination

38

Analysis and determination

Selection of material group

of the functional areas

for each functional areals

Design analysis of
the functional areas

Selection of
alloying process
combination

Yes

Analysis of
functional areas

Design of the layers

Selection of
group of materials
for each layer

Joining method

Mulay
head @ Flow chart for classifica-
tion of the cylinder head
concepts [5]
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In contrast to this, the mulay head
variants consist of a subdivision of the
cylinder head in different layers regard-
ing the design and manufacturing.
These layers can be manufactured by
the combination of different casting
processes with the goal of using the
advantages of each technique and the
process typical microstructures. For
example the high stressed combustion
chamber layer could be manufactured
via gravity die casting while the rest of
the head is casted in the high pressure
die casting (option 5). Furthermore the
different cylinder head areas can be pro-
duced with different aluminium alloys in
the gradient casting (option 8). Finally
there is the possibility to combine sepa-
rate produced layers with combined

Mono head

The casting is designed

for the maximum stress
of a specific material

Material:
: High-strength aluminium alloys
: Cast iron materials

Process:
: Die casting
: Lost foam
Variations:
: Option 1
High-strength Al alloys/die casting
: Option 2
High-strength Al alloys/lost foam
: Option 3
GJL/GIV

functional areas of different materials
(option 9).

HOMOGENEOUS CYLINDER HEAD

The concept version of a homogeneous
cylinder head (mono head) containing a
hypoeutectic aluminium alloy represents
the current state of the art. While in the
past the previously casted iron materials
were substituted by aluminium based
alloys to realise the idea of lightweight,
the steadily increasing component stresses
require continuously innovative technical
enhancements. This include extensive
developments due to the used alloys, new
research results in the field of heat treat-
ment and inter alia highly complex design
features on the component cylinder head.

Funar head

Functional areas are
identified and the
respective appropriate
materials are selected

Residual — cylinder head:
: Aluminium/magnesium

Combustion chambers:
: High-strength Al alloys
:Nodular graphite cast iron
: Steel/cobalt/nickel
:Aluminium-bronzes

Camshaft bearings:
: High-strength Al alloys
: Cast iron materials
: Brass

Joining methods:
: Moulded
: Mounted
: Laser welded
: Moulding of prefabricated
channelstructures

Variations:

: Option 4
Combustion chambers:  GJL/GJV
Camshaft bearings: GJL/GJIV
Residual cylinder head: Al alloy

: Option 5
Combustion chambers:  Al-bronze
Camshaft bearings: Brass
Residual cylinder head: Al alloys

: Option 6
Combustion chambers:  Al-bronze
Camshaft bearings: Brass
Channels: Al/steel sheet

Residual cylinder head: Al alloys

@ Various embodiment variants of the cylinder head concepts [5]

MTZ 0412012 Volume 73

Due to process developments and the
deployment of new casting technologies
like the low pressure casting or dynamic
casting methods such as the Rotacast or
the NDCS enabled to fulfil the new com-
ponent requirements and the production
of high strength components at acceptable
costs. To absorb the expected operating
loads of future engine generations, the
possibilities of homogeneous aluminium
based head concepts for further perform-
ance improvements seem utilised among
experts. Because of this the development
of alternative materials and production
facilities are two of the main current inter-
ests in science and research [7].
According to the demands of increased
component strength, a practical suitability
for series production and not at least on

Mulay head

Functional areas are

grouped into separate
producible layers

Construction:

: Different aluminium alloys in gradient
casting

: Layered structure and subsequent
assembly of the individual “plates”

:Functional areas are manufactured
separately and moulded firmly bonded or
interlocked

Joining method:
: Gradient casting
: Moulded
: Mounted
: Glued
: Laser welded

Variations:

: Option 7
Combustion chamber layer:
(die casting/assembly)
Residual cylinder head: Al alloys
(high pressure die casting/squeeze
casting)

: Option 8

Al alloys

Combustion chamber layer: Al layer
Residual cylinder head: Al alloys
(gradient casting)
: Option 9

Combustion chamber layer:  GJL/GJV
(lost form)

Channels: Al/steel-

sheet

Residual cylinder heads: Al alloys
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the basis of new possibilities to reduce the
wall thickness also a return to cast iron
materials is drawn into consideration.
Corresponding to the design variants
which are shown in ®, the mono head
concept is basically divided into two mate-
rial categories, high strength aluminium
alloys and cast iron materials.

Finally considering the thermodynamic
behaviour, the weight disadvantage of
cast iron in comparison to aluminium
alloys must balance the higher strength
properties. To overcome this discrepancy
and because of the fact that the increased
strength properties are required only in
specific, locally defined areas of the cylin-
der head, the concept solutions in which
aluminium is replaced by cast-iron-based
materials only in the highly stressed com-
ponent areas seem to be a purposeful
solution [8].

CYLINDER HEAD WITH FUNCTIONAL
CAST-IN ELEMENTS

Such a hybrid concept solution is the cast-
in of functional elements (funar head).
According to this approach structurally
reinforcing inserts of high strength materi-
als are cast into the base material. This
variant is already applied in the series pro-
duction of various other engine compo-

nents like the cylinder crankcase. So for
example reinforcements for the bearing
block or special cylinder liners are pro-
duced in iron materials and cast into the
existing basic structure comprise of an alu-
minium alloy. Alternatively complex scaf-
folds are produced as functional elements
like the magnesium-aluminium composite
crankcase from the BMW AG. The out-
come from recent investigations for the
production of funar cylinder heads is so far
not the desired result of both in the context
described topics of the various research
projects at the Institute of Manufacturing
Technology and Quality Management of
the Otto-von-Guericke-University and
according to the published research results.

GRADIENT-CAST

Also the gradient casting (mulay head)
was investigated extensively at the Uni-
versity of Magdeburg. These works were
also conducted in the context of a research
project with the Volkswagen AG and the
former Rautenbach Wernigerode GmbH
(now Nemak Wernigerode GmbH). For
this project two requirement-oriented alu-
minium alloys were casted by a controlled
mold filling in accordance with the local
different mechanical and thermal stresses
of a cylinder head. The alloys have been

% A and B

% A and B

40

(9] Comparison
between composite
materials and gradient
casting [5]

poured in a special way, so that a smooth
transitional layer with a defined width
could be produced gradually continuous
from one to the other alloy [9-11]. A com-
parison between a conventional alloy- or
material boundary and a gradient mate-
rial transition is shown in @ [12].

Although the works on the gradient
casting finally led to readiness for series
production and the produced cylinder
heads were installed and tested in experi-
mental vehicles, this production variant
is (based on the present knowledge) not
being applied at present.

HETEROGENEOUS HYBRID
CONSTRUCTION

Another way to absorb the different loads
in the cylinder head is according to the
presented option 9 the idea of a hybrid
composite construction (mulay head),
where the lower cylinder head area
(which is exposed to high combustion
pressures and temperatures) is manufac-
tured from cast iron based materials.

For the scientific investigation of this
concept version, the Institute of Manufac-
turing Technology and Quality Manage-
ment of the Otto-von-Guericke-University
has been commissioned to conduct a fea-
sibility analysis of producing a hybrid cyl-
inder head from a cast iron material and
an aluminium alloy by the Volkswa-
gen AG. To execute and investigate this
innovative assignment competently and
appropriately, a joint research project with
well-known industry partners was initi-
ated. This includes beside the University
of Magdeburg the IAV GmbH, the Martin-
rea Honsel GmbH and the Eisenwerk
Briihl GmbH. To investigate the design
and manufacturing challenges of this
hybrid construction solution in detail and
to develop a suitable composite material
bond initially a demonstrator was pro-
duces which is similar to a cylinder head.
Particular emphasis was placed on a strict
separation of media-carrying functional
groups to avoid any leaks in the transition
areas and to ensure a corrosion-resistant
design of the coolant and the combustion
gas bearing areas. As result such a hybrid
demonstrator was designed and manufac-
tured. This demonstrator has in compari-
son to a pure aluminium construction a
higher component weight of approxi-
mately 50 % but it also withstands much
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higher loads. In comparison to pure cast
iron design, the weight of the hybrid dem-
onstrator is only about 55 %.

Due to the increased strength proper-
ties of the cast iron material a heteroge-
neous designed mulay head could be
loaded much higher than previously
known units. Via a further increase of
the specific power density at the entire
engine, the downsizing idea could be
systematically continued. Furthermore
such a hybrid cylinder head design
allows occasionally also from the produc-
tion-technical point of view a high saving
potential. Because of the application of
an iron-based cast material to absorb the
critical loads, the complex and cost-
intensive efforts, to form a particularly
fine microstructure in the aluminium
cast (restrictions by dendrite arm spac-
ing), can be eliminated. As a conse-
quence there are a multiple advantages
for the production of the component,
which can be summarised as following:

no mandatory binding to complex die

casting methods with cooling of the
ground plate (applicability of well
automated and cost effective casting)
simplification of complex melt
treatments

opportunity to use also secondary

aluminium
. elimination of heat treatment.

It can be ascertained that this heteroge-
neous hybrid construction represents a
very interesting approach which includes
a high potential for further efficiency
increases of advanced technologies for
driving units. Regarding of the existing
confidentiality, the detailed scientific
knowledge of the production engineering
and of the conducted investigations can
only be published in a later stage.

CONCLUSIONS

In summary, the various presented design
variants illustrate that the imposed restric-
tions on the targeted reduction of fuel
consumption and pollutant emissions act
as a key driver of continuous develop-
ment in advanced materials and manufac-
turing development. That emphasizes
again the importance of the automotive
industry as a motor in the development of
novel materials, processes and technolo-
gies for various application areas of the
modern society.
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DEVELOPMENT FRICTION

FRIGTION IN HIGHLY LOADED
JOURNAL BEARINGS
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As part of a joint project with Miba Gleitlager and OMV Refining & Marketing, the Virtual Vehicle Compe-
tence Centre developed a validated simulation method for an exact and reliable prognosis of the friction
power losses in radial journal bearings, which is applicable over an extended area of operating conditions
far into mixed lubrication.
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MOTIVATION

Innovative engine concepts such as down-
sizing and ever increasing peak cylinder
pressures lead to rising operational
demands of the crankshaft main and big
end journal bearings. Simultaneously low
viscosity lubricants are used to reduce the
friction losses in the engine and thereby
optimise the specific fuel consumption of
the engine to. Despite of all these meas-
ures, bearing reliability shall not be affected
through occurring mixed lubrication.

The performance of the new method
described below is validated through a
detailed comparison with large measure-
ment data taken from a comprehensive
test program under application of various
oils, loads and journal speeds. By means
of the presented simulation method, the
potential for friction reduction in the area
of journal bearings is illustrated through
a modern four-cylinder passenger car
diesel engine.

The necessity to construct engines
which are more efficient results in versa-
tile complex operating conditions for the
heavily stressed crankshaft main and big
end bearings of modern engine concep-
tions. Both, increasing peak cylinder pres-
sure and start-stop systems or demand-
oriented oil supply units, lead to strained
conditions in various ways and to fewer
load reserves in these journal bearings.
Since, loads will be further increasing in
the future and meanwhile, development
time will be shortened, simulation meth-
ods become increasingly necessary. Such

journal bearings and also assists in identi-
fying potential issues with the bearing re-
liability during early stages of the design.
As the journal bearings of the crank train
are next to the piston assembly the other
major contribution to friction in an engine,
the potential for friction reduction is dis-
cussed after a short presentation of the
simulation method.

SIMULATION METHOD

The origin of the EHD method is an elas-
tic multi body systems simulation, which
is employed for the calculation of the oil-
film in reference to Patir and Cheng’s
extended Reynolds equations, Eq. 1,

J R %
%[00ty 3
d n
% (9¢z 127, )

3

EQ. 1

+ 5 (6tk+ae)d)
9

whereas the pressure and shear flow fac-
tors (¢, ¢, ¢) were suitably chosen.

The realistic description of the lubricant
is paramount, specifically the increase of
the viscosity under pressure (np), as illus-
trated in @.

The metal-metal contact that appears in
mixed lubrication is calculated by means
of the contact model of Greenwood and
Tripp,

a method assists in the preliminary design EQ. 2 p, = KE* 4.4 10° (4 - H)o¢
stages to dimension the highly stressed
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DEVELOPMENT FRICTION

in which the data needed for this model
was calculated suitably from the meas-
ured surface roughness of the used bear-
ing shells.

Furthermore, it is crucial to depict the
actual contour of the bearing shell in the
simulation. For this purpose, the wear
depth of the bearing shells was measured
after respective test runs and employed as
surface profiles for the simulation.

Moreover, to measure the frictions
losses for the test runs which were con-
ducted, the development of a method
became necessary to map the numerous
measured temperatures on a constant oil-
temperature suitable for the simulation.
The method is illustrated in detail in [1].

VALIDATION

The journal bearing testing rig LP06 of
the Miba Gleitlager GmbH was used to
calculate the friction power losses in the
journal bearings. As illustrated in @, the
test-rig consists of an electric drive with
journal, torque sensor, two journal bear-
ings as support and the actual test bear-
ing which is hydraulically loaded with
dynamic loads up to 193 kN (corre-
sponds to a specific bearing load of

75 MPa). In the following, the validation
was conducted for single grade lubri-
cants of the viscosity grades SAE40/
SAE30/SAE20/SAE10 (rheological data in
©), as well as for bearing dimensions
common for heavy duty vehicles (76 mm
diameter and 34 mm width). An adapta-
tion of the simulation model is effort-
lessly applicable for passenger cars and
their common multi grade lubricants if
the shear dependency of the lubricant
viscosity is specified.

The simulation results are juxtaposed
for direct comparison with the measure-
ment data from the test-rig in @. As
shown, the results cover a large range of
operating conditions from pure hydrody-

Base plate

Testbearing Torque
I sensor

Actuator

namic lubrication for high journal speeds
and low loads when lubricating with high
viscosity oils, to emergent mixed lubrica-

tion for low speeds and high loads when

lubricating with low viscosity oils.

As demonstrated by the illustration,
the congruence between simulation and
measurement, both for the various revo-
lutions per minute and loads is excellent
and ranges within the measurement
accuracy of the test-rig, with a single
exception that is, however, still close to
the error bar.

Especially in order to analyse the occur-
ring metal-metal contact in the mixed

@ Journal bearing test-rig LPO6 of Miba Gleitlager

lubrication, a bearing durability test was
conducted on the test-rig through which,
under even more severe conditions, the
emerging metal-metal contact was meas-
ured by contact voltage measurements
between journal and test bearing. This
test was also calculated with the simula-
tion method presented here and the
metal-metal contact predicted through the
simulation is juxtaposed to the contact
voltage measurement in @. As shown in
the figure, metal-metal contact occurs
throughout significant parts of the
dynamic load which is also closely pre-
dicted by the simulation.

DESIGNATION SAE10 SAE20 SAE30 SAE40
V,, [mPas] 21.4 50.1 78.8 121.7
Vo [mPas] 4.1 6.8 9.0 119

DENSITY [kg/m?] 835.5 862.5 869.2 874.3

(3] Rheological data of the lubricants
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4] Comparison of the friction torque, measured on the test-rig, conjointly with the measurement precision
(illustrated in blue with black error bars) with the results of the simulation (illustrated in red) for the various
number of shaft speeds (2000/3000/4500 rpm) and different loads (40/54/67 MPa)
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Thus, a simulation method becomes
available which is validated in many
aspects and consequently allows for an
analysis of various means of friction
reduction in passenger car engines for
efficiency.

FRICTION OPTIMISED JOURNAL
BEARING DIMENSIONING FOR A
PASSENGER CAR ENGINE

In the following, the potential for friction
reduction in the journal bearings of the
crank train shall be analysed for a mod-
ern four-cylinder passenger car turbodie-
sel engine lubricated with common multi
grade oils. In particular, Styrene-Iso-
prene-Copolymer (SICP)-additive
enhanced oils are considered in the fol-
lowing (in terms of shear rate depend-
ency of the lubricant). For all variants,
the friction will be calculated as sum of
all five crankshaft main bearings and
four big end bearings at full-load opera-
tion with a peak cylinder pressure of

190 bar, which leads to specific bearing
loads of up to about 50 MPa for the main
bearings and to about 90 MPa for the big
end bearings. Further, the dynamic oil
supply for the big end bearings is realisti-
cally represented in the simulation as oil
supply network.

In the following basic example, easily
modifiable parameters such as bearing
shell width and viscosity grade (SAE-class)
of the engine oil are focused on. The sav-
ings potential derived from the reduction
of the bearing shell width is set with the
reduction of the oil-filled volume and the
use of low viscosity oils directly influences
the viscosity losses. Both measures reduce
the load capacity of the bearings and
therefore it is crucial to identify occurring
mixed lubrication to find a low friction solu-
tion which does not impair the bearing
lifetime through emerging mixed lubrication.

To illustrate the influence of the bearing
shell width on the friction losses, widths
of 21 mm and 16 mm are studied in addi-
tion to the original width of 18 mm. Fur-
ther, the original lubricant-grade 10W40 is
compared to OW30 and for a specific case
to OW20. Two different oil temperatures
are considered in the simulation because
in everyday life not only warm engine
conditions exist but also low oil tempera-
tures occur specifically with low exterior
temperatures or for short driving dis-
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200 kN

Force

O Plot of the measured contact voltage (black
markers), whose decrease signals a metal-metal
contact, in comparison to the predicted metal-metal
contact from the simulation (red line); on top the
blue curve depicts the applied load as reference for
the bearing durability test
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at various speeds for different bearing shell widths, lubricant

tances. For the warm engine operation
100 °C and for the cool operation 40 °C
oil temperature is considered.

@ shows the summary of all results
evaluated through the total friction power
losses for all journal bearings at different
speeds.

Most notable from the results is that the
oil temperature impacts the friction per-
formance most intensely which is taken
advantage of by many modern engines
through a reduction of the oil volume in
the oil sump and the related quicker
warming-up of the engine. In particular,
the friction power losses are cut in half
throughout the entire speed range by
increasing the lubricant temperature from
40 to 100 °C.

Furthermore, it is shown that the differ-
ent oil viscosities have a much stronger
effect than the changes in bearing width.
Referring to the example a savings poten-
tial is found to be in average 35 % for the
cold and still 20 % for the hot case through
changing from 10W40 to 0W30. In contrast,
using more narrow bearings leads to a
reduction of the losses by 9 % for the cold
case and at high speeds, but yields only a
reduction of maximum 3 % of the total
journal bearing losses for the studied hot
lubricant temperature. This minimal
impact can be employed to use even
lower viscosity oil for the engine and -
while the load carrying capacity by utilis-
ing wider bearings needs to be restored
for this lubricant - a net reduction of fric-
tion power losses can be achieved.

® also shows how the presented method
assists in identifying potential issues with
mixed lubrication: for the case of a 16 mm
wide bearing and lubrication with 0OW30
there occurs for a lubricant temperature of
100 °C already significant metal-metal
contact at 2000 rpm which leads to a sig-
nificant rise in friction for this engine and
potentially to problems in the operating
reliability. However, with an enlarged
bearing width even lower viscosity oil can
be used; for the case presented the opti-
mum is a low viscosity 0W20 oil com-
bined with a broader bearing shell, in this
case 21 mm. Thereby, in comparison to
the original configuration with 18 mm
bearings and 10W40 oil, the journal bear-
ing losses can be reduced by 10 % at
2000 rpm and by approximately 30 % at
4600 rpm despite the significantly wider
bearing shells.
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CONCLUSION

The results show that small changes in
the bearing geometry bear no significant
impact on the friction losses in the journal
bearings. However, the use of a low vis-
cosity lubricant holds obvious advantages
in regards to a reduction of these losses,
despite the need of wider bearings for the
maintenance of the bearing load capacity.
In the reviewed example this combination
of, ideally, low viscosity lubricants with
wider bearings for the maintenance of the
load capacity revealed itself as optimal and
proves approximately 10 to 30 % decreased
losses in comparison to the initial situa-
tion. Alternatively, if more complex in
design, the increase in size of the journal
bearing diameter and the therefore neces-
sary larger journal diameter brings advan-
tages also in regards to the NVH perfor-
mance due to the increased stiffness of
the crankshaft. Further measures for fric-

MTZ 0412012 Volume 73

tion reduction like a load dependant oil
supply could potentially also attain signifi-
cant savings and be analysed through the
presented model.

While this basic example of friction
reduction in engines displays the efficiency
of various measures, it is important to
emphasise that the choice of the optimum
lubricant affects the whole engine and the
other major source of mechanical losses,
namely the piston assembly, challenges
with (partly) opposing requirements to
the lubricant. In this sense, the optimum
choice of the lubricant in terms of friction
reduction shall only be taken under con-
sideration of the complete system.
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DEVELOPMENT ENGINE CONCEPTS

OPPOSED-PISTON OPPOSED-CYLINDER
ENGINE FOR HEAVY-DUTY TRUCKS
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With its opposed-piston opposed-cylinder engine, EcoMotors is for the first time combining the advantages of the
two-stroke principle — especially with regard to its compact design and its cost benefits — with compliance with
future exhaust emissions standards. The design is based on independently operating two-cylinder modules that
can be coupled together depending on the load to produce a four-cylinder unit with a power output of 360 kW.
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THE CONCEPT

EcoMotors has been developing an opposed-piston opposed-
cylinder engine for heavy-duty commercial trucks since 2008, @,
[1-5]. The main development objective is to meet EPA mandated
2010 emissions and beyond. Although the engine is not yet pro-
duction ready, tests conducted by independent, external engi-
neering contractors show low fuel consumption and emissions,
indicating that target levels are already achievable with a SCR
(Selective Catalytic Reduction). The goal of ongoing development,
however, is to meet the EPA standards of 0.2 g/kWh NO_without
SCR. According to a consultant’s production plan, investment and
production costs will be lower than for a conventional engine.

The new engine, called “OPOC” (for opposed pistons opposed
cylinder”, has only one central crankshaft located between opposed
cylinders in which a pair of opposed pistons are working. It con-
sists of two identical modules, @, each with two cylinders. One
module has a power output of 180 kW. Two modules with a rated
output of 360 kW are coupled by an electronically controlled clutch
(ECC). To create a fully balanced crank train and also enable asym-
metrical port timing for the direct gas exchange, the intake and
exhaust pistons are asymmetrically arranged.

The inner pistons are coupled to the crankshaft with conven-
tional pushrods, while the outer pistons are coupled to the crank-
shaft by a pair of pullrods. Because the pullrods are in tension
over almost all conditions, they can be very slender without
buckling concerns. The pullrods extend beyond the piston skirt
and couple with the piston via a bridge. The bridge has flat bear-
ing surfaces contained between and riding upon bronze-based
linear bearings affixed to the block.

Secondary OPOC Primary OPOC

Electronically-controlled
clutch (ECC)

@ Dual-module opposed-
piston opposed-cylinder
engine with 360 kW nominal
power output

49

personal buildup for Force Motors Limited Library
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A Main components of the
opposed-piston opposed-
cylinder engine

10

1 - Rocking joint
2 — Exhaust piston

5 — Intake port
6 — Intake piston

9 — Rocking bearing
10 - Main bearing

3 — Exhaust port 7 — Pushrod 11 — Guided bridge
4 — Injector port 8 — Pullrod 12 - Linear bearing
DIMENSIONS UNIT
BORE mm 100
STROKE, INNER PISTON mm 90
STROKE, OUTER PISTON mm 70
PHASE ANGLE ° 21
EFFECTIVE EXPANSION STROKE mm 102.9
EFFECTIVE COMPRESSION STROKE mm 91.6
NUMBER OF CYLINDERS 4
TOTAL DISPLACEMENT I 5
TOTAL EFFECTIVE DISPLACEMENT I 2.88
ENGINE HEIGHT mm 600
ENGINE LENGTH mm 1120
ENGINE WIDTH mm 1050
DYNAMOMETER GOALS
MEASURED RESULTS AND GOALS
NOV. 2011 SOP! POTENTIAL?
RATED POWER kW 450 360 450
@ ENGINE SPEED rpm 3500 3200 3200
MAX. TORQUE Nm 1600 1250 1600
@ ENGINE SPEED rpm 2100 2200 2100
ENGINE WEIGHT? kg 612 480 400
NO, EMISSIONS* g/kWh 3.25 1.0 0.2
SOOT EMISSIONS* FSN 1.25 0.6 0.3
BEST BSFC g/kWh 204 190 180

1 — Start of Production (engine out emissions)

2 — No SCR, optimised use of EGR

3 — Weight includes compacted graphite iron (CGI) crankcase and cylinder block, electronically-controlled
clutch, the electronically-controlled turbochargers, and power control units

4 — Weighted number from the 13-mode test shown in @

© Main engine parameters and test results

50

Due to the crankshaft having split jour-
nals offset by 21° CA, the exhaust piston
precedes the intake piston in travel to the
extreme limits. The exhausts ports open
prior to the intake ports opening. This
creates a blow down to the turbine of the
electronically controlled turbocharger (ECT).
The exhaust ports close prior to the intake
ports closing, which enables boosting with-
out losing air through the exhaust ports.

A great advantage of the new architec-
ture over prior opposed-piston (OP) engines,
for example the Junkers engine, is the single
crankshaft which operates two cylinders.
Prior OP engines needed two crankshafts
for only one cylinder. These crankshafts
have to be coupled with a heavy gear train.
Main bearing forces of the new engine are
less than one tenth of conventional diesel
or OP engines of comparable performance
[2], which required a main bearing for each
cylinder. As the forces from the two pistons
act in opposite directions, the resultant
force is almost zero. Thus, the entire engine
needs only two main bearings with almost
no load, which can be smaller in diameter,
thereby reducing engine friction.

© shows the parameters and targets for
a truck engine on which the new applica-
tion is based. A moderate rated engine
speed and mean piston speed have been
chosen for initial production.

OP engines can be operated as two-
stroke engines at almost twice the engine
speed as a conventional engine of the
same total stroke. The direct gas exchange
of the engine delivers an expansion stroke
every revolution in each cylinder, provid-
ing a thermodynamic cycle frequency
and thereby the power density almost
four times that of a conventional engine.
Because there are almost no forces on
the main bearings, the crankcase can be
very lightweight compared to prior OP
engines.

Despite the intake and exhaust crank
throws being offset by 21° CA, each engine
module can be fully balanced. This is not
possible with former OP engines. The recip-
rocating mass of the inner pistons, which
includes translatory components of the
connecting rods, is less than the reciprocat-
ing mass of the outer pistons, partially
due to the long pullrods and the bridges
associated with the outer pistons. The
OPOC module is fully balanced by ensuring
rI*ml = r2*m2, where r1 = 45 mm and
r2= 35 mm are the inner and outer throws,
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respectively, and m1 and m2 are the corre-
sponding, adjusted reciprocating masses.
Because the side forces created by the
outer conrods are very small, the outer
piston bridge is guided with crosshead-
type linear bearings. This eliminates the

side forces from acting on the piston skirt.

"

Intake
paston

)

(5] Butterfly combustion chamber

Exhaust
piston
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A classic problem in two-stroke engines
is friction at the piston pin because the
forces always acting in the same direction
prevent oil from entering between the
bearing surface and the pin. In the rock-
ing joint, @, there is no relative motion
between the rocking surfaces, thereby

Ch = 370"

O simulation of flame propagation

eliminating friction. If the radius of curva-
ture is selected to ensure that the pressure
at the contact point is less than the Hertz-
ian pressure, wear is prevented.

EMISSIONS, FUEL ECONOMY
AND POWER

Results from a 180 kW module in the
13-mode US test are shown in @ under
the dashed torque curve. Due to the cou-
pling of two modules, two low BSFC
sweet spots are available, which, when
combined, cover about 60 % of the torque
range under the dual-module curve at
2200 rpm. Flexibility in using one or two
modules presents great opportunity for
fuel economy improvement.

The concept offers additional potential
to reduce fuel consumption:

. reducing friction even further to the level
of the architecture’s potential (about half
that of a conventional engine)

. increasing the compression ratio
to exploit the lower inherent friction
of the engine

. accelerating the heat release (high peak
pressures are possible)

: improving the direct gas exchange by
tuning the gas dynamics with the result
of lower electrical power consumption
for the ECT in critical regions of the
engine map and higher waste heat
recovery with the ECT in other regions
of the engine map.

Initial weighted, 13-mode emission results
indicate that EPA standards can be met
with a simplified, cost-effective SCR sys-
tem. The goal is to avoid SCR by refine-
ment of the combustion system and, for
example, by judicious use of EGR.

COMBUSTION SIMULATION

Combustion system design and optimisa-
tion were conducted using the 3D CFD
code “KIVA-3V” [6, 7]. Physics-based sub-
models were developed to improve numeri-
cal coupling of the liquid and gas phases,
spray atomisation and spray vaporisation,
as well as to account for liquid distortion
during travel. The dynamic mesh algo-
rithm was modified to handle movement
of both intake and exhaust pistons.

The combustion simulation includes the
cylinder and intake and exhaust geometry,
so that the gas scavenging process deter-
mines the in-cylinder swirl and residual
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distribution. ISFC is calculated based
on simulated in-cylinder pressure and
injected fuel amount.

NO_is based on an extended reaction-
kinetic set of Zeldovich differential equa-
tions. Rich vapour index is used in the
present work as a proxy for soot, as there
are insulfficient soot data to validate the
soot model.

Opposed-piston engines use side-
mounted injectors. Side injection presents
challenges and promising opportunities
in mixing and air utilisation, which affect
combustion efficiency and emissions.

A new piston design, shown in @, has
a large squish area and two fan-shaped
bowls in the pistons that together form a
butterfly shape. The two protuberances
that extend inwardly into the combustion
chamber at about 90° offset from the
injectors act to disrupt the swirl flow and
push the combusting gases into the centre
of the cylinder.

O shows the simulated flame develop-
ment for the chamber at swirl ratios (SR)
of 0, 2 and 4. With no swirl, the combust-
ing plumes do not progress from the initial
region of ignition near the injector through
the chamber sufficiently by CA =380°.

At SR =4, the combusting plumes overlap
to encircle the chamber by CA =380°.

But, SR=4 is clearly too high as a large
volume of gases in the centre are untouched
by the combusting plume. SR =2, in con-
trast, provides displacement of the com-

N5 / VGT actuator
Lubrication duc

(for cooling)
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busting plume from the injectors. And,
interaction of the plume with the protuber-
ance pushes the plume toward the centre
of the chamber.

Simulated performance comparisons
of two piston/injector designs with opti-
mised swirl are plotted in @. ISFC and
rich vapour index are plotted as a func-
tion of ISNO, resulting from injection tim-
ing sweeps.

SCAVENGING

Non-crankcase scavenged two-stroke
engines present scavenging challenges,
such as providing sufficient start-up boost
and operating boost by a single system. In
the new engine concept, at low enthalpy
conditions, such as at start, the electric
machine of the ECT supplements exhaust
enthalpy to drive the compressor. As exhaust
energy increases, the turbine contributes
more to drive the compressor. In lieu of a
wastegate, the electric machine acts as a
generator by loading the shaft and applies
power to the crankshaft or battery through
a bi-directional alternator. A Variable
Geometry Turbine (VGT) increases the
effective range of the ECT to allow the
ECT to operate more efficiently.

The ECT, @, is a mechatronic-compound
machine with a redesigned centre bearing
housing encapsulating an electric machine
mounted directly on the shaft between the
compressor and turbine sections of a turbo-
charger. The electric machine in the ECT is
a motor/generator that can add/subtract
torque to/from the turbocharger shaft to
supplement/absorb exhaust enthalpy. To
create the increased boost, the overwhelm-
ing majority of the desired energy is absorb-
ed from the exhaust and not provided by

the electric motor. Therefore, a 5 kW motor/
generator is sufficient for the 180 kW engine

module for an unlimited duration.

The shaft bearing system uses turbo-
charger double-squeeze film bearings on
either side of the electric machine and a
thrust bearing to support radial and axial
loads. The specialised cooling system en-
sures adequate heat rejection of the stator
assembly over the entire operating range
and reduces localised hot spots to avoid oil
coking and varnish build-up. A majority of
the ECT is comprised of conventional tur-
bocharger parts including VGTs, but with a
longer shaft to accommodate the new cen-
tre housing with the electric machine.

MTZ 0412012 Volume 73

As the effectiveness of the turbine relates
to the pressure ratio (PR) across the turbine,
decreasing downstream restriction has a
greater effect on PR than upstream restric-
tion. It has been simulated and validated
that placing the Diesel Oxidation Catalyst
(DOC) and Diesel Particulate Filter (DPF),
@, upstream of the turbine is highly effec-
tive because the PR is improved and cataly-
tic reactions increase exhaust enthalpy. Po-
tential for catalyst substrate flaking off and
passing through the turbine is largely miti-
gated by advancements in metal substrates.
Modern exhaust aftertreatment systems can
tolerate temperature 950 °C and below.

A

Exhaust
port

@ Gas exchange simulation

Two-stroke scavenging relies on a higher
intake pressure than exhaust. A small
positive-displacement blower drives EGR
to meet NO_ requirements. A high-pressure
loop EGR system is used to reduce the
EGR pumping losses and to prevent corro-
sion-inducing compounds from passing
through the compressor. A shared EGR
system addressing component redundancy
drives up to 50 % EGR to a single engine
or 25 % EGR during tandem operation.

The scavenging simulation, @, shows
some backflow from the cylinder into the
intake belt at intake port opening (145° CA).
Such backflow could be overcome by re-

Radial
port

/V

Intake
piston

~—

Exhaust
piston

\\

Intake belt

Exhaust belt {8

264°
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TORQUE ADVANTAGES OF OPPOSED-PISTON OPPOSED-CYLINDER
50 % 100 %  ENGINE VS. INLINE ENGINE

ESTE R 6.6 % 31% Smaller bore'd|an7|eter (100 v;. 126 mm);

lower bore distortion; lower piston speed
PISTON SKIRTS 1.1 % 0.7 % Lower side forces
PISTON PINS -0.4 % -0.7 %

. o, H [

Y RS a9 26% 2 bearings (50 % torque) or 4 bearings (100 % torque)

vs. 7; very low forces
JOURNAL BEARINGS -0.7 % -1.8 %
VALVETRAIN 1.6 % 1.3 % No valvetrain
TOTAL 10.6 % 52 %

@ Influence of friction on fuel consumption

ducing port height, but would negatively
impact air delivery at high speed. Intake
swirl ports impart a tangential angle to
the incoming flow to promote swirl. The
centrifugal force of the swirl flow dis-
places combusted gases at the periphery
of the chamber (166° CA). Incoming flow
also has a component directed along the
intake bowl that displaces combustion gases
at the centre of the chamber (181° CA).
This component of flow has little effect at
166° CA, but strongly impacts the flow by
181° CA. The goal is to optimise the green
mixed area between the fresh and exhaust
gas as a flat, narrow zone perpendicular
to the axis of the liner. Some leakage of
fresh charge is seen at snapshots 220° CA
and 237° CA. At port closure, 264° CA,
some residuals (shown in green) localised
in the centre of the chamber are trapped
and some fresh air has short circuited the
cylinder as evidenced by green in the
exhaust belt.

Finding the optimal balance between
trapping and scavenging is crucial. An
ECT is mandatory to achieve a suitable
balance by controlling pressure differen-
tial between the intake and exhaust to
provide trapping and scavenging efficien-
cies that approach four-stroke operation.
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MODULARITY

The ECC is key to a true modular dis-
placement powertrain. The ECC couples
two engine modules to provide torque on
demand and cycle fuel economy gains
near 30 %. Friction and losses associated
with gas exchange are eliminated in a
shutoff module at part load. As the single
module has fully balanced mass forces,
two engines can be coupled in less space
than a conventional engine of the same
power output.

The ECC has an electronically-control-
led friction element to selectively couple
one or both modules to the output shaft.
The friction element allows “bump-start-
ing” of the non-operating engine to obvi-
ate a second starter motor.

The ECC also has a two-position, lockup
element to generate a phase angle of 90°
between the two modules. This coupling
is possible in two opposing positions (in
each slip rotation). This produces an even
firing order as in a V8.

A bespoke control system manages the
ECC and specialised control algorithms
dictate operating modes for maximum fuel
economy without sacrificing performance
or comfort.

CONCLUSION

Initial dynamometer results from a proto-
type opposed-piston opposed-cylinder
engine confirm the engine’s expected high
power density and low BSFC.

The analysis in @ shows a 10.6 % im-
provement in fuel consumption due to the
reduction in friction alone, compared to a
six-cylinder inline engine with the same
power output, both measured at 50 % of
maximum torque. At maximum torque,
the fuel consumption benefit is 5.2 % due
to friction reduction alone.

Emissions from an unoptimised com-
bustion system are sufficient to meet
applicable emission standards with SCR
with the promise to do so without SCR
with further development.
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VISUALISING THE SOOT AND ASH
DISTRIBUTION IN DIESEL PARTICULATE
FILTERS USING NEUTRON IMAGING

Neutron tomography is presently the only possibility to obtain information about
the three-dimensional distribution of soot and ash in a filter monolith. The esti-
mation of the soot distribution in a diesel particulate filter with neutron imaging
is possible because neutrons are highly sensitive to the element hydrogen, which
is content of soot. In order to increase the soot contrast and hence increase the
probability of soot detection, the Paul Scherrer Institute in collaboration with
the ETH Zurich have developed a gadolinium additive that can be directly add-
ed to the diesel fuel.
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INTRODUCTION

NEUTRON IMAGING

EXPERIMENTAL RESULTS

USAGE OF DIESEL FUEL CONTAINING TRACER AGENT
SUMMARY AND OUTLOOK

a| R W N

1 INTRODUCTION

Even though diesel particulate filters (DPF) are commonly used, it is
still difficult to measure the soot distribution within the filter. Pres-
ently, the total amount of soot and ash is only measured by means of
simple weighing. X-ray imaging is a conventional non-destructive im-
aging method mainly used to obtain volumetric information concern-
ing the ash distribution in the filter. The soot distribution can hardly
be measured using this method, especially in canned DPFs [1].

The localisation and quantification of soot in DPF is of great in-
terest mainly because of two reasons: Firstly, for answering ques-
tions regarding the design and optimisation of filters and flow geo-
metries. Secondly, it can provide experimental proofs regarding the
soot deposits and the possibility to validate theoretical simulation.
It can therefore serve as a base for the design of new models that
describes the loading processes of DPFs.

In this article we present a non-destructive imaging method as an
alternative to the X-ray technology. Using neutrons instead of X-ray
allows the successful investigation of the soot and ash distributions
in DPFs. Herein we discuss our recent results from neutron tomogra-
phy measurements of a canned diesel particulate filter. The monolith
is manufactured from silicon-carbide (diameter of 144 mm (5.66 ");
height of 130 mm). The upper third of the monolith, close to the gas
inlet, is covered with a catalytic coating. The filter was loaded and re-
generated two times, prior the final loading phase. Eventually 32 g
soot was deposited in the filter during the last loading.

The soot and the ash in the filter were chemically analysed to de-
termine their elemental composition. Therefore a small amount of
soot and ash were recovered from the filter. According to the anal-
ysis the soot contained 7.6 % hydrogen. The main components of

the ash were calcium (37 %), zinc (19 %), sulfur (15 %), phosphor
(8%), and copper (2 %).

2 NEUTRON IMAGING

2.1 NEUTRON INTERACTION WITH
THE DPF COMPONENTS
Unlike X-rays, neutrons are electrically neutral and hence do not in-
teract with the electrons that surround the nucleus. Neutrons only in-
teract with the nucleus; the nature of this interaction can be very dif-
ferent depending on the specific chemical element and the energy of
the neutron. Hence, for neutron beams the attenuation is not increas-
ing with an increase in atomic weight, as for X-rays, but is rather ele-
ment specific. Therefore neutron imaging depicts an excellent com-
plementary or alternative technology to conventional X-ray imaging.
The attenuation of neutrons in matter can be approximately de-
scribed by Lambert-Beer’s law. With the sample composition known
from chemical analysis and the material density, it is possible to
compute the expected attenuation coefficient of the sample.
@ shows the comparison of the theoretically expected contrasts for
X-ray and for neutrons of the relevant components of the DPF (mono-
lith, ash, and soot) .The calculation employed the element specific
parameters for soot and ash derived from the chemical analysis. Be-
cause there is no exact information about the density and porosity
of soot and ash, this information was neglected and their densities
were assumed to be 1 g/cm?3. Therefore, ® depicts the relative at-
tenuation coefficients, X, arising from the microscopic cross sec-
tions weighted by the relative percentage of occurrence of each
chemical element. The attenuation coefficient of the steel can is
1.2/cm for neutrons, and 1.6/cm for X-ray.

2.2 NEUTRON TOMOGRAPHY

Tomographic investigations allow acquiring information non-
destructively about the material composition and distribution, as
well as the inner structure of samples [3]. Further, the tomogra-
phy (3D) provides a significant advantage over the radiography
(2D); namely each voxel (3D pixel) contains information of the
local attenuation coefficient. In addition to the structural data it

Contrast compariosion: neutrons and X-rays
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(1] Comparison of the theoretically
expected attenuation coefficients
of the diesel particulate filter com-
ponents using neutrons (25 meV)
and X-rays (120 keV); the influ-
ence of the particle density and
porosity are not considered; the
different materials such as mono-
lith, ash and soot for neutrons are
distinguishable; soot provides the
strongest contrast; the absorption
behaviour of soot and ash for
both types of radiation is diamet-
rical

Soot
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is therefore possible to locally quantify the sample materials with-
in the limit of the pixel/voxel resolution.

Currently there are 15 equivalent neutron imaging facilities world-
wide. Switzerland possesses two of such facilities at the Paul Scher-
rer Institute: one beam line provides thermal neutrons, Neutra [4],
and the other a cold neutron beam, Icon [5]. On both facilities, three
different imaging setups for tomographic investigations are availa-
ble: (i) maxi setup, (ii) midi setup, and (iii) micro setup. The setups
differ in the size of the field of view (300x300, 150x 150, and
27 x27 mm?) and the resulting pixel resolution 150, 75, and
13.5 pm/px.

3 EXPERIMENTAL RESULTS

3.1 MAXI SETUP

The measurement of the entire canned DPF contains spatially re-
solved information on the local level of the deposits in the monolith.
The overview neutron tomography (NT), with a resolution of 150 pm/px,
is shown in @. In @ (a) a photo of the DPF can be seen. @ (b) shows
a three-dimensional volumetric view of the DPF. One can clearly dis-

(3) Analysis of the tomography data: (a) vertical, centre section trough the DPF;
the outer regions are loaded more abundant (darker) than the inner regions
(bright), which are protected by the coverage; (b) Monolith region: for a better
representation of the soot deposit, the image was processed by a Gaussian filter,
which eliminated the channel structures; clearly visible are the two vertical lines
as sharp boundaries between loaded and unloaded filters regions; similarly, a
horizontal line is seen in the upper third, which is due to the catalytic zone coating

58

(2 XE) Photograph of the canned DPF;
(b) neutron tomography data: the steel
jacket is no barrier for neutrons and
allows an insight into the loaded
monolith; the additional coverage
mounted at the inlet side, which
protects the central area of the mono-
lith during loading, can be seen;

(c) scanning electron micrograph
showing the soot layer with a thick-
ness of 250 microns at the filter wall

tinguish the monolith with its individual segments and the filter
channels. The special feature of this DPF is the additional mounting
of an inlet-sided centric masking, which was installed before the last
loading phase. This coverage is blocking partially the exhaust flow
onto the monolith. The diameter of the mounting was chosen such
that the central segment is completely protected and its surround-
ing segments were only partially loaded. The outer segments were
exposed to the full exhaust stream. For the NT measurement 625
projections over an angular range of 360° were taken with an expo-
sure time of 20 s per projection. @ (c) shows a scanning electron
micrograph of a part of an outer segment. The soot layer with a thick-
ness of 250 microns on the filter wall is clearly recognizable.

The procedure for the determination of the local soot and ash de-
posits is shown in @. @ (a) depicts the local deposit as example of
a vertical section through the middle of the filter. For a clearer rep-
resentation, the monolith section was processed with a Gaussian fil-
ter, which eliminates the channel structures, as seen in ® (b). The
darker the areas appear the more abundant is the deposit. Two are-
as are particularly noticeable: Firstly, a vertically extended region
below the coverage running through the whole monolith, which is
separated by two clear vertical lines from the rest of the monolith.
This area is brighter meaning there is less or no soot and ash depos-
its. Secondly, a horizontally extended region in the upper third of
the filter, which is due to the catalytic zone coating. The upper third
of the filter shows over the entire width a stronger contrast than the
rest of the filter. A tomography measurement of the unloaded filter
prior to the here described experiment has indicated this area be-
fore. The trend shows that the outer regions experienced a more
abundant loading as expected. Noticeable in ® (b) is the area be-
low the cover at the bottom of the filter segments. These deposits
are ash residues originating from the two regenerations, where the
filter was loaded without using of the coverage.

In order to compare the local loading-level in different regions, a
mean gray value of the cross-sectional area along the loading direction
was calculated for individual segments, @. The degree of the load-
ing is shown in an example of three segments: segment 1 (complete-
ly covered), segment 2 (partially covered), and segment 3 (not cov-
ered). It can be directly seen from the evaluated profiles that the
amount of exhaust gas flowing through the filter, increases from the
inner to the outer parts. Higher gray values and thus higher attenua-
tion coefficients indicate a larger deposit. Four interesting regions in
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Loading of individual segments
14,000

12,000

O Line profiles along three segments
W for the loading with the coverage, ® (a);
the higher the gray level, the more
abundant the deposit: segment 1
(completely covered), segment 2 (par-
g tially covered) and segment 3 (not
covered); the gray marked areas are:

10,000

(1) plugs inlet-sided, (I1) transition zone
= i of the catalytic zone coating, (IIl) ash

value [-]

Distance [mm]

the marked gray areas | — IV are highlighted. These are the plugs on
the inlet and outlet regions | and IV. The region Il represents the tran-
sition zone of the catalytic coating area, which is in all three profiles
at the same position and detected as a step. In region |1l of all seg-
ments, an increase of the gray values towards the bottom regions can
be seen, which arises from the ash and soot deposits. Moreover, the
homogeneity of the deposits can be evaluated from the individual
profiles of the particular segments. For instance in the upper third of
the filter for all three profiles a certain drop in gray-scale intensity is
noticeable suggesting an inhomogeneous loading. However, for the
remaining parts of the filter the gray values remain constant.

3.2 MIDI SETUP

For the tomographic investigation of individual segments, the DPF
had to be mechanically disassembled. A segment from the outer re-
gion, as seen in ®, the segment 3, was chosen. The bottom part of
the segment was investigated. The NT results are shown in @ (a). For
the tomography 625 projections were recorded over an angular range
of 360° with an exposure time of 25 s per projection. The resolution
is 50 pm/px with a given field of view of 100 x 100 mm?. ® (b) shows
the 3D representation of the reconstructed volume data set. Therein,
the horizontal planes as seen in ® (c) and (d) are indicated. In the
upper section the soot deposits are displayed on the monolith walls,
® (c). In ® (d) the ash deposits are detected in the filter channels.
The bright dots in the channels are metallic particles.

3.3 MICRO SETUP

For the high-resolution tomography with the micro setup (resolution
13.5 pm/px), the sample had to be cut to fit the size to the field of
view of the detector (27 x27 mm?). The sample is shown in @ (a).
625 projections over an angular range of 360° with an exposure
time of 90 s per projection were recorded. The three-dimensional
representation of the tomography data is shown in ® (b). With the
help of the tomography data, the different materials could be seg-
mented according to the histogram criteria, ® (c). An animation of
the high-resolution tomography can be downloaded from [6].
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residues and (IV) plugs outlet-sided

— Segment 1
Segment 2
= Segment 3

100 120 140

@ shows two vertical, @ (a) and (b), and two horizontal, @ (c)
and (d), cross-sectional images. It can be seen that the soot depos-
its on the walls and on top of the ash. Noticeable in @ (a) and (c)
is the partial removal of the soot layer from the filter wall. The bright
spots indicate metallic particles.

4 USAGE OF DIESEL FUEL CONTAINING TRACER AGENT

A tracer agent was developed to enhance both, the contrast of the
soot within the neutron images and thereby improve the detection

© Neutron tomography data of a single segment: (a) photo: (b) 3D visualisation, sug-
gesting the cutting planes; (c) horizontal section through the segment, showing the soot
loading on the walls; (d) horizontal section, showing the channels filled with ash; bright
spots are metallic particles
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Ash

accuracy. The tracer is based on a gadolinium (Gd) compound.
Gd is an element showing one of the highest attenuation coeffi-
cients for neutrons (£, , =1500 cm™). Even smallest Gd concen-
trations (within the ppm-range) in the fuel are hence sufficient to
increase the contrast. For the loading of the DPFs, 0.01 g pure Gd
per litre diesel were sufficient.

© shows the NT data of a DPF loaded with normal diesel fuel
(® (a), (c)) and a DPF loaded with fuel containing the tracer agent

J (6] High-resolution neutron tomogra-
e, T phy: (a) photo of the prepared sample;
: bright deposits are ash residues, black

L] deposits result from the soot loading;

' (b) 3D representation; (c) segmenta-
tion of the individual components of
the sample

(® (b), (d)). The loading of the latter was achieved using an un-

Ioaded silicon-carbide monolith. The contrast enhancement of the
soot containing the tracer with a layer thickness of 80 pm is clearly
visible; this allows for a much more effective and precise visuali-
sation of the soot layer within the filter. In ® (b) no ash is observed
as the filter had not yet been regenerated. Prominent features in
(d) are the crossing points of the monolith walls (small squares),
which show clearly less soot inclusion than the filter walls between

@ Cross-sectional images of high resolution tomography: (a), (b) vertical sections
at different positions; at the plug end one can clearly see the ash deposit, the soot
is located on the wall and on top of the ash, bright spots are metallic deposits;

(c) horizontal section through the upper part of the sample: soot deposit on the wall;
(d) horizontal section through the lower part of the sample: soot and ash deposits
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Tracered diesel

Standard dlesel

() Neutron-tomography data showing the comparison between a loaded DPF loaded
using normal diesel fuel (left) and a DPF loaded with fuel containing a tracer agent
(right); the contrast enhancement of the soot is clearly visible in (b) and (d)
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two channels. This means that it is possible to visualise the soot
deposition within the filter walls using fuel containing the tracer
agent. This would allow for example to study the filter effect of
monoliths under variation of porosities.

A quantitative comparison between the loadings using normal
fuel and fuel with the tracer agent can be seen in @. The histogram
in the figure is based on the NT data shown in ® and contains the
occurrences of the absolute attenuation coefficient () values. The
higher the peak the more material with this attenuation coefficient
is in the sample volume. For the loaded DPF using the normal fuel
one can distinguish between ash, soot and monolith material. Here,
the ash shows the lowest X, followed by soot, whose X is slightly
below the one of the monolith. This appears on a first glance not
consistent with the relative attenuation coefficient from @, where
soot shows the highest X. For the calculation of the relative atten-
uation coefficient neither the density nor the porosity were consid-
ered. The measured attenuation coefficients, however, contain how-
ever information on the density and the porosity.

The DPF loaded with fuel containing the tracer agent shows re-
markable differences. The peak of the soot with the tracer agent
is now shifted to the right of the monolith peak in ®. The contrast
of soot is increased by a factor of three. Depending on the Gd con-
centration used for the fuel, the soot peak can be moved and
adjusted with regard to its attenuation coefficient. For the DPF
loaded with the fuel containing the tracer, no ash peak is visible
because no regeneration had been performed prior to the NT meas-
urement. However, a considerable contrast enhancement would
be expected.

5 SUMMARY AND OUTLOOK

The results of the neutron tomography investigations of the canned
DPF showed that the three-dimensional ash and soot distribution
can be visualised over an entire filter volume. Within single seg-
ments, the ash and soot distribution could also be monitored in
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discrete filter channels to gain information about the thickness
of soot deposits. The application of a Gadolinium tracer additive
resulted in a significant higher soot contrast and hence detection
efficiency.

The results obtained from the static measurements will allow
us to investigate dynamic charge and regeneration processes in
particulate filters in real time.

Given that modern treatment of exhaust emissions comprises
urea injection to optimise the conversion of nitrogen oxides, the
sensitivity of neutrons towards hydrogen may also allow the visu-
alisation of the urea distribution in DPFs.

The NI beam lines are available for industrial users after con-
sultation to perform the here described or similar experiments.
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CORROSION PROTECTION OF
ALUMINIUM IN BOILING COOLANT

For a future-orientated development of internal combustion engines
regarding consumption optimisation with higher power densities
coolants have to meet increased thermal stresses. The impact of local
boiling on corrosion and corrosion protection due to added inhibitors
was investigated at the Chair and Institute for Materials Technology
(IfW), Technische Universitat Darmstadt, in the context of the
research project No. 969 “Boundary Temperature” assigned by

the Research Association for Combustion Engines (FVV).
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1 MOTIVATION

The highest priority in the development of future powertrains is
the sustainable reduction of CO, emissions and the exploitation of
potential savings regarding fuel consumption. The internal com-
bustion engine as the key drive technology will not be replaced in
the near future, especially not as part of a hybrid drive system.
Therefore it has to fulfil the increased demands for efficiency and
performance.

Towards more fuel-efficient automobiles the advanced direct in-
jection for gasoline and diesel engines display a significant role,
both in combination with turbocharging and downsizing concepts.
The mentioned steps for optimisation generally result in a signifi-
cant increase in combustion temperature, which on the other hand
causes combined with an increasingly more compact design of en-
gines an increase of the heat flux density and thus of the materi-
al temperatures [1]. Furthermore, due to an optimised thermal
management of the cooling system, improved engine efficiency is
achieved [2]. In this context, the stresses caused by various de-
grees of hybridisation have to be considered, such as start-stop
systems, when a combustion engine of a vehicle under full load is
suddenly switched off.

Consequence of these measures described above is an increased
thermal load on the cooling system. The mean temperature of the
coolant level is raised significantly, as well as the local coolant
temperatures on hot surfaces. When the flow rate of the coolant is
also controlled in order to achieve the optimum temperature of the

units or even completely stopped because of the start-stop system,
the local boiling and evaporation on hot material surfaces cannot
be avoided.

Because of these local and temporarily different boundary con-
ditions, like material and coolant temperatures, flow rates or boil-
ing process, the electrochemical corrosion system consisting of the
aqueous coolant and metallic materials is decisively affected. The
formation and collapse of vapour bubbles or increased flow rates
with local pressure drops can additionally promote the occurrence
of cavitation and erosive effects [3]. Moreover, it is obvious that
the boiling processes consisting of vapour bubble formation have
an impact on the solubility and fouling of the additives and their
corrosion protection abilities.

Within the scope of the research project “boundary temperature”
the influence of such operating parameters and their effect on the
interaction between material and coolant could be investigated un-
der defined flow conditions on a relatively large specimen surface
(30 cm?). With the developed testing rig, called GTA, the corrosion
and inhibition behaviour can be experimentally simulated in the lab-
oratory depending on the selected test parameters and coolant ad-
ditives using a high thermal loading, heat-carrying aluminium sam-
ple exposed to constant boiling of the passing coolant [4].

2 BOUNDARY-TEMPERATURE-RIG

The developed testing rig is a closed recirculation system designed
with a separate air supply, @ (left). The turbulator in flow direc-
tion previous to the specimen chamber provides a defined type of
flow. The heated aluminium specimen is pressed by means of the
chamber on a copper block, which is heated by electric heating el-
ements. The supplied electrical power is constant. This way, there
is a heat flow, which dissipates through the specimen into the
passing coolant, @ (right). Based on this specimen arrangement,
the heat transport through a hot cylinder wall or liner into the cool-
ant is simulated on laboratory scale.

The temperatures of the heater, the sample, and the coolant are
detected with resistance thermometers. The temperatures within
the specimen are measured through corresponding holes in a low-
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@ schematic view: recirculation system (left) and sectional view of heater/specimen/flow channel (right)
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er region (near the heater) and in an upper region (near the cool-
ant-side surface of the specimen). Through a tubular heat exchang-
er, the heat introduced via the specimen is revoked exactly to allow
a constant mean coolant temperature as a target value.

The three target values, namely average coolant temperature,
flow rate, and pressure can be selected in certain areas and are
precisely controlled throughout the test. The parameters used for
the experiments are listed in @. Furthermore, the heating power
and the test duration are input parameters. All measurements get
stored during a test in 30-s intervals.

2.1 TEST PROCEDURE

The experimentation is carried out on the basis of FVV-Guideline
R530-2005 [5]. This guideline includes detailed descriptions re-
garding the pre- and post-processing, purification and analysis of
specimen as well as the test facility. The duration of an experiment
is 96 h. The test run is separated in three heating periods of 12,
36 and 24 h and two 12-hour resting periods. The aluminium
specimens are made of the material EN AC-Al Si6Cu4. Before each
test run the specimen is being grinded (grain size 600) and puri-
fied (acetone).

2.2 COOLANT PREPARATION

In practical, coolants consist of 50 to 70 vol.-% water and 30 to
50 vol.-% coolant additive (glycol, inhibitors, additives). Due to
the fact, that the relation between the wetted surface of the sam-
ple and the inhibitors concentration in the test is different to the
praxis, an adjustment is needed. To achieve this, the concentra-
tion of inhibitors is reduced by adding mono ethylene glycol (MEG).
The defined total proportion of MEG ensures that there are simi-
lar physical and thermodynamic properties. The used water is
demineralised water to exclude a possible influence of the
minerals present in tap water on the corrosion behaviour. The out-
come of this is a mixing ratio for the tests of 20 vol.-% coolant
additive, 20 vol.-% MEG and 60 vol.-% demineralised water.
Among the three commercially available coolant additives are a
silicate-containing product (coolant A: Si), one coolant additive
based on organic acids (coolant B: OAT) and a hybrid coolant
additive (coolant C: Si-OAT).

PARAMETER Value

MEAN COOLANT TEMPERATURE 95°C-125°C

FLOW RATE 20 I/min 1 0.4 m/s
OVERPRESSURE 1.5 bar | 2.5 bar | 3.0 bar
HEATING POWER (ELECTRICAL) 2944 W

TEST DURATION 96 h

COOLANT VOLUME 451-501

SPECIMEN SURFACE 30 cm?

HEAT EXCHANGER TUBE 565 cm?

@ Test parameters

3 RESULTS

As influences on the corrosion behaviour following results on the
variation of the mean coolant temperature and pressure are pre-
sented. The influence of the heat flux and coolant concentration
is summarised.

3.1 EFFECT OF THE MEAN COOLANT TEMPERATURE
3.1.1 EVALUATION OF CORROSION BEHAVIOUR
© shows the change of mass of the specimens for different mean
coolant temperatures and coolant additives A, B, and C. The ex-
periments were performed at a pressure of 2.5 bar. An increase of
mass is recorded in the experiments with coolant A (Si) at all sam-
ples due to formation of a surface layer. This layer formation is de-
creasing with increasing coolant temperature. All the specimens
of the tests with coolant B (OAT) have a mass loss, which is lower
at 95 °C than at 105 °C coolant temperature, and decreases again
with increasing temperature level. Similar behaviour is observed
when using coolant additive C (Si-OAT), but the absolute values
for mass loss are higher by at least a factor of 3. With a total spec-
imen weight of approximately 84 g the overall mass loss after a
96-hour test is up to about 1.2 %.

In particular, for the evaluation of the corrosion damage not on-
ly the integral value of dissolved material volume is important, but
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Coolant C -1043.4 -1117.9 -1013.9 -918.1

(3] Change in mass depending on the mean coolant
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also the depth of local corrosion attacks, which is more critical
from a technical point of view. In addition, the formation of inhi-
bition or reaction layers has to be evaluated, because these insu-
late thermally or reduce coolant flow to the point of blockage of
the cooling channels.

To represent this, the appearance of the inhibition layer on spec-
imens tested with coolant A (Si) at a temperature of 125 °C is
shown in @ (top). The uniform thickness of the layer of 6 to 8 um
is visible in the cross section, @ (below). For enhancement of con-
trast the specimens were previously coated with copper. Worth
mentioning are the circular structures, which distinguish from the
rest of the surface layer and are distributed on the entire speci-
men surface. The analyses by energy dispersive X-ray spectrosco-
py (EDX) detect predominantly silicon (Si) and oxygen (O) in the
surface layer and in the circular structures. Thus, on the surface
of the aluminium specimens a covering inhibition layer of alumi-
nosilicates (Si—-O-AI-0-Si) and silicates (0O-Si-0) was formed. The
circular structures are towering cylindrical shapes and typical for
multi-chain silicates, for example poly silicates.

The micrographs using scanning electron microscope (SEM)
document mostly surface corrosion on the specimens after the ex-
periments with coolant B (OAT), @. The specimen at 105 °C also
has pitting-like corrosion attacks. Hence, the corrosion phenome-
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non is dependent on the mean coolant temperature. The whole
surface is covered by a reaction layer due to uniform corrosion with
the specimen material. The intermetallic phases of the specimen
material (Al,Cu, Si) are integrated in the reaction layer, which pre-
dominantly consists of aluminium oxide or hydroxide with about
23 to 25 pm of thickness.

The specimens after the tests with coolant C (Si-OAT) have con-
siderable uniform and pitting corrosion at all temperatures, shown
for example in @. In comparison to the specimens in coolant B
(OAT) the corrosion is a lot stronger, especially the depth of local
corrosion attacks (correlation with mass loss). The most significant
local attacks are 200 to 300 pm of diameter with hole depths of
up to 200 pm. The only locally found reaction layer is about 10 to
18 pm thick and also mainly consists of aluminium oxide or hy-
droxide.

3.1.2 PRESSURE FLUCTUATIONS

During the experiments with coolants A (Si) and B (OAT) pressure
fluctuations occurred solely at the mean coolant temperatures of
95 and 105 °C. In @, the pressure for all three coolants over the
96-hour test period at 105 °C coolant temperature is presented.
The pressure fluctuations are an indication for changing boiling
processes of the superheated coolant at the specimen surface.
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O sem micrographs in top view and cross section, coolant A (Si), 125 °C
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O sem micrographs in top view and cross section, coolant B (OAT), 125 °C
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© SEM micrographs in top view and cross section, coolant C (Si-OAT), 125 °C

According to the measured temperatures in the range of 140 to
150 °C near the surface only water will evaporate at a relative pres-
sure of 2.5 bars, since MEG has a boiling point of about 245 °C.

A detailed evaluation of the boiling was not subject of this re-
search and is not possible by installed measurement techniques.
However, it is assumed that in states with significant pressure fluc-

tuations an unstable film boiling respectively a frequent change
between stable and unstable boiling does exist. The pressure fluc-
tuations are caused by the continuously changing number and size
of itself forming and detaching vapour bubbles. In addition, it must
be noted that the boiling state respectively the pressure fluctua-
tions and their amount is depending on the formed reaction lay-
ers. During the tests with coolant C (Si-OAT), for example, no pres-
sure fluctuations occurred. As influences on the boiling process
the increased roughness of the sample surface due to consider-
able corrosion or the thermal insulating reaction layers have to be
mentioned. These influences affect the heat transfer and lead to
changed specimen temperatures.

In a direct comparison of pressure and specimen temperature
correlations are observed: In a sudden decrease of pressure fluc-
tuations the specimen temperature escalates. Pressure fluctua-
tions are accompanied by a decrease in specimen temperature.
Due to the measurement technique, it is not yet possible to deter-
mine which operation occurs first triggering further changes of the
interactions. The initiation may be caused, for example, by degra-
dation of heat transfer due to reaction layers formed on the sam-
ple surface, which subsequently means a further change in the
boiling process, and thus induces the pressure fluctuations.

3.2 EFFECT OF THE PRESSURE

In order to specifically influence the boiling process, and to doc-
ument the effect on the corrosion and inhibition behaviour, exper-
iments were carried out at pressures of 1.5, 2.5, and 3.0 bar. Due
to the increase of pressure, the boiling temperature of the coolant
is higher, hence the boiling process and near-surface interactions
between dissolved inhibitors and specimen are affected. As a re-
sult of the lower nucleate boiling the heat transfer is deteriorating,
which implicates an increase of the specimen temperature.

The pressure rise leads to an increased formation of silicate lay-
er in tests with coolant A (Si). The layer morphology is unchanged.
On specimens examined in coolant B (OAT) an alternation of cor-
rosion is documented. While at 1.5 bar prevails a local uniform
corrosion, elevated pressure results in a local-depth corrosion at-
tack, which is superimposed on the surface corrosion, @. Similar
changes appear at the specimens tested in coolant C (Si-OAT): At
elevated pressure a significant pitting corrosion attack can be doc-
umented instead of uniform corrosion, @.

Coodant B | 105 °C
« M — Coodant A | 105 °C
Coolant C 1 105 °C

Owerpressure [har|
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@ Pressure measurement near the specimen, coolant
A (Si)/ coolant B (OAT)/ coolant C (Si-OAT), 105 °C
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4 CLASSIFICATION OF THE RESULTS

According to the results it is possible to make correlations between
the key parameters influencing the corrosion and the corrosion pro-
tection. Specified and constant stress leads to an interaction at
the boundary surface between material and coolant. Depending on
the inhibition this causes a formation of an inhibition or reaction
layer, and/or corrosion, which in return leads to damages of the
material. These two factors are again dependent on the factors
boiling and heat transfer. In addition, all four factors influence
each other at the same time, @.

Using coolant A (Si) the formation of silicate layer is increased
under permanent boiling conditions. This layer has a thermally in-
sulating effect, so the heat dissipation deteriorates and the boil-
ing process changes. As a result the sample temperature increas-
es. This in turn means a self-reinforcing effect for the formation
of silicate layers. The increasing thickness of the layer can lead to
overheating and to corrosive damage of the material. A disruption
of the layer by thermal expansion is additionally feasible. Due to
the permanent regeneration and healing of the layer the inhibitor
depletion is also relevant in this context. The silicate reserves in

O sem micrographs of the specimen surface, coolant B (OAT),
115 °C, 1.5/3.0 bar

MTZ 0412012 Volume 73

the coolant are exhausted and there is no longer (adequate) cor-
rosion protection.

In coolant B (OAT) a reaction layer is formed in addition to mass
loss and uniform corrosion, which also acts thermally insulating,
and thus constantly influences and changes the boiling and the
heat dissipation. A depletion of inhibitors does not occur. Only a
local reaction layer and mostly significant pitting-like corrosion at-
tacks with high mass loss are documented when using coolant C
(Si-OAT). The pressure reduction clarifies, that the corrosion be-
haviour is dependent on the boiling process, the heat dissipation,
and thus the sample temperature, because the type of corrosion
is alternating from pitting to uniform corrosion. The predominant
mechanism of silicate additives and organic acids or the interac-
tion between both cannot be definitively assessed.

5 SUMMARY

Due to the successful testing with the developed “Boundary-Tem-
perature-Rig” the interactions between materials and coolants
could be investigated. The corrosive damage and the inhibition
were estimated at defined and practically relevant constraints on

O sEm micrographs of the specimen surface, coolant C (Si-OAT),
115 °C, 1.5/3.0 bar
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@ Interactions between the parameters influencing corrosion behaviour

a relatively large specimen surface. From the corrosion point of
view the decisive factors, which were assessed within the scope
of the research project, are heat flux, near-surface sample tem-
perature, inhibitor concentration and local boiling conditions. In
this context the mean coolant temperature is only a minor influ-
encing factor. Combinations of stress, that promote a high mate-
rial removal or local corrosion attacks, have to be avoided. The
question, if stress limits in terms of corrosion protection were al-
ready exceeded with the investigated coolant additives and the
selected parameters, cannot be answered at this point. Howev-
er, the partly significant corrosion attacks give reasons to further
investigations. The developed testing rig, called GTA, is a tool for
component and coolant manufacturers in order to identify possi-
ble thermal limitations of the corrosion system “material/cool-
ant” under permanent boiling conditions. Knowledge of the con-
sequences in modern engine and cooling system developments
can be assured.
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Further studies on the corrosion behaviour with local boiling and
complete evaporation of the coolant are currently in progress as
part of the follow-up project “boundary temperature I11”. Hereby,
the flow of the coolant is varied, even to zero, in order to investi-
gate the effects of an optimised thermal management.
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