personal buildup for

Force Motors Ltd.

I WORLDWIDE
121 Deces n Welame §

The New Mercedes-Benz
Four-cylinder Diesel Engine
for Passeng@rfars = g

y

MTZ worldwide 12/2008 released on n.a.

copyright

The PDF download of contributions is a service for our
subscribers. This compilation was created individually
for Force Motors Ltd..

Any duplication, renting, leasing, distribution and public
reproduction of the material supplied by the ﬂublisher,
as well as making it publicly available, is prohibited
without his permission.




W ORLDWIDE

12 | December 2008 Volume 69

www.MTZ-online.com

The New
Four-cylin
for Passen

rcedes-Benz
r Diesel Engine

Fuel Consumption and
Emissions of Hybrid
Diesel Applications

personal buildup for Force Motors Ltd.

Homogenous Diesel
Combustion

Process Automation
for Engine Coolant
Chambers with CFD

Emission-based Engine
Management for Heavy-
Duty Applications

Piston Ring Dynamics
Simulation

The New BMW V8
Gasoline Engine with
Twin Turbo - Part 2

Rotation of a Piston Pin
in the Small Connecting
Rod Eye




CONTENTS

For more information visit:
www.MTZ-online.com

COVER STORY

The New Mercedes-Benz
Four-cylinder Diesel Engine
for Passenger Cars

4

Following a successful optimisation programme lasting several years
for the previous Four-cylinder Diesel Engine whose basic dimensions
are still based on the OM 601 prechamber natural aspirated engine of
the year 1983, Mercedes-Benz has developed a completely new engine,
bearing the internal designation OM 651, to production maturity.

MTZ worLDWIDE 12| 2008

12

20

26

30

36

42

50

52

3lM

COVER STORY

Diesel Engines:
The New Mercedes-Benz Four-cylinder Diesel Engine
for Passenger Cars

1 him Srh

s, Jol Leweux, Thomas Betz, Jiirgen Huter,
Bernhard Jutz, Peter Knauel, Gregor Renner, Heiko Sass

DEVELOPMENT

Alternative Drives:

Fuel Consumption and Emissions
of Hybrid Diesel Applications
Andrea Emilio Catania, Ezio Spessa,
Vanessa Paladini, Alberto Vassallo

Combustion:
Homogenous Diesel Combustion —

Challenge for System, Components and Fuels
Roderich Otte, Thorsten Raatz, Thomas Wintrich

Fluid Dynamics:

Process Automation for Engine
Coolant Chambers with CFD
Matthias Heinz

Controlling:

Emission-based Engine Management

for Heavy-Duty Applications

Eckhard Stdlting, Jorn Seebode, Ralf Gratzke, Kai Behnk

Piston:

Piston Ring Dynamics Simulation
Based on FEA Software

Timo Ortjohann, A. P. J. Voncken, Stefan Pisct

Y

Gasoline Engines:

The New BMW V8 Gasoline Engine with Twin Turbo
Part 2 — Functional Characteristics

Christian Bock, Klaus Hirschfelder, Bernd Ofner, Christian Schwarz

RESEARCH

Research News

Crankshaft Drive:

Rotation of a Piston Pin in the Small Connecting
Rod Eye During Engine Operation

Georg Wachtmeister, Andreas Hubert

RUBRICS

Editorial

Imprint

personal buildup for Force Motors Ltd.



Dear Reader,

It became clearly apparent to me in nu-
merous conversations at managerial lev-
el - for example recently at the Interna-
tional Suppliers Fair in Wolfsburg - that
2009 will be a challenging year for many
suppliers. On the one hand, they have
to invest in new technologies to support
car makers and engine manufacturers in
meeting fleet emissions targets (CO,) and
complying with even stricter emissions
standards (EU6). On the other hand, work
on finalising the budget for 2009 seems
more like an esoteric activity than seri-
ous business management, as it is virtu-
ally impossible to reliably predict how
the market might development.

But every crisis is also an opportunity,
as it separates the wheat from the chaff.
Every supplier who is able to raise funds
in a difficult economic climate in or
der to invest in future technologies will
emerge stronger than ever before when
the market eventually turns around. The
focus should now be on accepting a tem-
porary drop in operating profit and not
on ‘massaging the figures’ in a private
equity manner while saving money on
R&D, employee training and communi-
cation. Such shortsightedness simply
means that you’ll no longer be competi-
tive tomorrow.

EDITORIAL

Just Be Courageous

Communication is an issue that directly
concerns us as a magazine. As is the case
with recruiting or company acquisitions,
it is those who act anti-cyclically who will
achieve the highest rewards. Those who
continue to communicate openly will find
an attentive audience - in contrast to those
who scale down their communication ac-
tivities on the basis of misguided austerity
measures. In times of limited budgets in
particular, it is vital to keep a sense of pro-
portion. So don’t choose an ‘all or nothing’
approach but concentrate on specialist
magazines like MTZ, on important con-
gresses, on online business portals (with
their huge reach for little investment) and
on recruiting fairs like careers4engineers.
In other words, instead of grand gestures,
choose investment opportunities that go
right to the heart of the target group.

Therefore, I suggest the following motto
for the next twelve months: don’t be
downhearted, but don’t be reckless either.

Just be courageous.

I wish you all the best.

LA
annes Winterha @
Wolfsburg, 29 Octobet-2008

EDITORS-IN-CHARGE

Johannes Winterhagen
Editor-in-Chief
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COVER STORY Diesel Engines

The New Mercedes-Benz
Four-cylinder Diesel Engine
for Passenger Cars

Following a successful optimisation programme lasting several years for the previous four-cylinder diesel engine
whose basic dimensions are still based on the OM 601 prechamber natural aspirated engine of the year 1983,
Mercedes-Benz has developed a completely new engine, bearing the internal designation OM 651, to production
maturity. The potential of this engine in terms of consumption, emissions and performance was achieved through
the systematic advancement of familiar technologies and the use of important new engine-related innovations.
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1 Introduction and Objective

The four-cylinder diesel engine is tradi-
tionally of high importance to Daimler
AG, not only due to its market share in
the E-Class and C-Class, but also in com-
mercial vehicles with traction weights
up to 7.5 t and in transversely installed
drive units, which account for similarly
high unit figures.

With regard to the need to reduce CO,
emissions, the key objective was not only
to develop a four-cylinder engine capable
of setting the class benchmark in terms
of consumption, but also to offer it as an
alternative to a six-cylinder entry-level
engine with similar torque and output
potential.

Based on these requirements, the
following development objectives were
derived:

- significantly improved fuel consump-
tion compared with the previous en-
gine with better driving performance
at the same time

- maximum torque to be increased by
25 % from 400 Nm to 500 Nm

- maximum output to be increased by
20 % from 125 kW to 150 kW

- the agility of a larger-displacement
six-cylinder engine

- the EUS5 emissions level including test
bench approvals for commercial vehi-
cle applications without active NO_
aftertreatment, and the scope for ad-
ditional significant untreated emis-
sions potential with regard to EU6

- a common engine design for in-line
and transverse installations and for
commercial vehicle applications

engine control unit

Bir cleaner

turbo charging
exhaust manitold

belt drive
positioning aggregates

- optimise and standardise of modules
and assembly processes with the aim
of boosting quality while at the same
time improving the cost situation.

2 Engine Design

Given the planned scope of applications
of the OM 651, the designers had to rise
to the challenge of designing a basic en-
gine that was as compact as possible and
uniform across all applications. An en-
gine that they could expand to meet the
packaging or specification requirements
of individual vehicles by integrating the
relevant additional modules to create an
overall system, Figure 1.

The key packaging challenges for pas-
senger car applications arose, for exam-
ple, in connection with longitudinal in-
stallations and the need for upward slop-
ing engine hoods that meet pedestrian
protection requirements. These factors
affected the engine height, while the en-
gine length was an issue that arose in
connection with transverse installations.
Since the camshaft drive is one of the de-
termining parameters that affects the
engine height, it is located on the trans-
mission side of the engine. In order to
achieve a simultaneous reduction in the
engine’s length, the camshaft drive fea-
tures a combined gear and short chain
drive, Figure 2.

2.1 Crankcase and Qil System

The crankcase has an apron design and is
made of cast iron. The deep connection
of the cylinder head bolts enabled the

il pan bottom part

Figure 1: Component sharing principle: basic engine with additional modules
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Figure 2: Camshaft drive as a combination of a gear and a chain drive

cylinder shape of the barrels to be sig-
nificantly improved compared with the
predecessor engine. A corresponding re-
duction in the tangential forces in the
ring assembly leads to lower friction in
the piston assembly. This is accompa-
nied by outstanding oil consumption
and blow-by values. The honing of the
barrels is finer than in the predecessor
and also contributes to the reduction in
friction losses.

Another main focus of the economy-
driven configuration of the OM 651 was
the design of the oil system, Figure 3. The
controlled variable for the delivery vol-
ume of the pump is the oil pressure in
the main oil duct of the crankcase. This
arrangement offers the benefit of a re-
quirement-driven control system that is
independent of the load condition of the
oil filter and works perfectly together
with the switchable piston cooling. For
this purpose, a separate oil duct that sup-

6  MTZ 1212008 Volume 69

plies the oil injection nozzles is located
in the crankcase. The oil supply to this
oil duct is controlled by an electric valve.
In addition to the consumption potential
due to the lower oil delivery volume, the
resulting capability to switch the piston

Figure 3: Qil circulation O0M 651

cooling on or off based on the perform-
ance map features a HC emissions mod-
ule due to the higher piston tempera-
tures during the warm-up phase.

The oil pump in the Mercedes-Benz
OM 651 is a closed-loop vane cell pump
that provides for automatic and adaptive
control of the delivery volume.

2.2 Main Dimensions

The basic dimensions of the new OM 651

four-cylinder diesel engine were derived

from the following considerations:

- the optimum design in terms of start-
ing torque, emissions and the most
compact dimensions proved to be a
uniform displacement of 2.15 1

- a peak power model with 150 kW.
This equates to a specific output of
70 kW/1

- combined with a compression ratio of
16.2 suited to cold idling, this resulted
in an optimum thermodynamic max-
imum peak pressure of 200 bar and
an absolute degree of turbocharging
rate in the intake manifold of just un-
der 3 bar

- in the interest of high peak pressure,
a long-stroke concept with a bore of
83 mm and a stroke of 99 mm was
chosen.

The high thermodynamic requirements

that apply at 70 kW[l demand bridge di-

mensions that provide for effective cool-

ing while at the same time ensuring that
the mechanical limits are adhered to. The
chosen bridge width of 11 mm results in

a cylinder clearance of 94 mm. The valve

angle of 6° enables extremely effective

cooling of the combustion chamber roof,

Figure 4. In order to minimise the thermal

personal buildup for Force Motors Ltd.



Figure 4: Section cylinder head/valve angle

Table: Main characteristics of 0M 651 in comparison with its predecessor

Engine OM 646 evo OM 651
Cylinders R4

Valve / cylinder 4

Capacity cm? 2149 2143
Cylinder spacing mm 97 94
Bore mm 88 83
Stroke mm 88.3 g
Stroke / bore ratio 1.004 1.193
Length of connecting-rod mm 147 143.55
Nominal performance kW 125 150
at rpm min’! 3800 4200
Nominal torque Nm 400 500
at rpm min’! 2000 1600 — 1800
Compression 17.5 16.2
Maximum mean pressure bar 234 29.33
Emission standard EU4 EUS

Figure 5: Packaging of the two-stage turbocharger

load on the combustion chamber plate,
the water jacket in the cylinder head has
a two-piece design. The Table summarises
the key data for the OM 651.

2.3 Turbocharging and Air Ducting

This engine uses two different charging
concepts depending on the engine output.
For engine outputs up to 120 kW in pas-

senger car applications, the engine is fit-
ted with a single-stage exhaust gas turbo-
charger featuring variable turbine geome-
try. Higher engine outputs are achieved
using two-stage turbocharging with two
different exhaust gas turbochargers and
wastegate turbines. This system is de-
scribed in more detail below.

The two-stage turbocharging system
first used by Daimler in the predecessor
engine OM 646 and installed in the “Sprint-
er” commercial vehicle was advanced and
optimised for this engine. This engine uses
a KP39 turbocharger as a “high-pressure
turbo” and a K04 turbocharger as a “low-
pressure turbo” equipped with project-spe-
cific compressors and turbines.

The engine features a compressor by-
pass with an active switchable flap that
can open a parallel air path in the engine’s
high-output range. This has the effect of
reducing pressure losses and preventing
the KP39 turbo from becoming overload-
ed, Figure 5. As a result of the high super-
charging rate in combination with in-
creased exhaust gas recirculation rate —
when compared with the predecessor en-
gine —an optimized combustion efficiency
can be achieved on the one hand. On the
other hand longer transmission ratios are
possible. Referred to as “downspeeding”,
this concept contributes significantly to
lower consumption. Figure 6 illustrates
which turbocharging systems are used at
Mercedes-Benz and the performance and
torque figures generated as a result.

2.4 Air Ducting

The raw air line, damper filter (engine-
mounted) and clean air line make up the
air intake and their design is matched
such that uniform loading of the damper
filter cartridge results in an even inflow to
the hot-film airmass meter (HFM) and
compressor. To achieve the high specific
output, the engine uses a large air-to-air
intercooler that provides 20 % more cool-
ing power than the predecessor engine.
The rest of the air ducting, consisting of
the air manifold, intake air throttle,
charge air manifold with EGR introduc-
tion, charge air distribution line with inlet
port shut-off, is made of plastic.

2.5 Exhaust Gas Recirculation

and Cooling

The EGR precooling system, electric EGR
valve (rotary disk valve), EGR-cooler by-

MTZ 1212008 Volume 69 7
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pass flap, EGR cooler (“u-turn cooler®)
and the EGR introduction in the charge
air manifold form the exhaust gas recir-
culation tract and are arranged above
the charge air distribution line. The new-
ly developed EGR valve is based on the
rotary flap principle. The EGR valve is
common to all applications.

The exhaust gas is precooled via the
precooler and, depending on the engine
operating point, introduced into the air
ducting via the main cooler, either
cooled or uncooled (bypass).

2.6 Common Rail Injection System

The injection system was designed with

reference to the different requirements

of the engine line-up.
The key features of this system are

- maximum injection pressure of
2000 bar

- optional use of solenoid or direct driv-
en piezo injectors

- up to five injection events per com-
bustion cycle

- double-stamped high pressure pump
with volume regulation on the intake
side

- fuel-quantity drift compensation by
means of structure borne noise sensor
control.

In order to minimize the entry of heat

into the fuel system, an inlet-metered

high-pressure pump is used. Conse-

quently, there is no need for a fuel cool-

ing system.

2.6.1 Solenoid Servo Injector

The solenoid injector is a further develop-
ment from the predecessor engine. It us-
es a compact design with a balanced
pressure servo valve in close proximity to
the nozzle. The injector is characterized
by an extremely low dead space in the
hydraulic circuit and significantly re-
duced leakage volumes. Thanks to a vol-
ume optimisation in the injector’s high-
pressure range, controllability in the pi-
lot quantity range at high rail pressures
and the shot/shot variations have been
further improved.

2.6.2 Direct Driven Piezo Injector

The more powerful variants of the OM
651 use a new injector concept that was
jointly developed with Delphi. Compared
with conventional CR injectors in which
the nozzle needle is servohydraulically

8  MTZ 1212008 Volume 69
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e pressure charging
[1983)

wilh wastegate-charger
[20:04)

with VNT-charger
(2006

with 2-stage charging
(2008)

B Specific power kW /1
W Specific torgue Nm /1

Figure 6: Comparison of turbocharging systems

activated, this injector concept features
direct control of the nozzle needle. In
this design, the needle directly follows
the stroke specified by the piezo stack
and enlarged by a travel transmitter.

The maximum achievable rail pres-
sure was increased to 2000 bar. This ad-
ditional injection pressure potential rep-
resents a key building block for increas-
ing the engine output to its current fig-
ure of 150 kW and of the torque to
500 Nm while at the same time achiev-
ing significantly improved untreated
emissions behaviour, as well as improved
fuel consumption.

The injector is displayed in Figure 7. The
central component is the piezo stack,
which is located directly inside the high
pressure chamber. Compared with a servo
injector, this generates a fuel volume that
is greater by a factor of 2.3. The configura-
tion as a ring volume also allows for sig-
nificantly higher damping of the pressure
wave triggered by the injection procedure

than is the case with a high-pressure bore
in the servo injector [1]. This delivers clear
benefits in relation to controllability in
the case of multiple injections and re-
duced shot/shot variations. Contingent on
its activation concept, the injector is capa-
ble of completely leak-free operation.

The concept of direct nozzle needle
control continues to offer the possibility
of realising an injection rate that is inde-
pendent of the rail pressure. This injec-
tion pressure can be varied by a control
logic specially developed for this pur-
pose. The injector exhibits a steeper in-
jection rate, particularly at low rail pres-
sures, which has a positive impact on the
emissions performance [1].

This injector concept, which is the first
of its kind to be used in a diesel engine
world-wide, opens up significant poten-
tial with regard to maximized flexibility
and stability of the injection procedures,
maximum achievable injection pressure
and complete freedom from leaks.

compact high pressure
connection for low cvemll

rabasl sjectos body
Tar highest pressune

plezc-atack for very high

apening and clasing welocity

height, no retum fel Ncw
far best energy efficiency

fuel storage volume for stable
muttiphe inpection and very small
tifse dedey berween twe injecticns

iy mctusted reodie

7

Figure 7: Direct driven Piezo injector

for minimum inpection guantity
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3 Thermal Management in the OM 651

The thermal management used in the
OM 651 is a key prerequisite for achiev-
ing the demanding objectives of the
overall system comprising the engine
and the vehicle. Along with achieving
reductions in consumption, these in-
clude achieving a further reduction of
untreated emissions, thermal protec-
tion for all components, preventing
sooting and oil dilution as well ensur-
ing effective climate control for the pas-
senger compartment.

3.1 Component Development Based

on the Example of the

Switchable Coolant Pump

The main criteria during the develop-

ment of the switchable coolant pump

were as follows

- ensuring zero delivery

- reducing the drive output at zero de-
livery

- low additional weight compared with
conventional coolant pumps

- low installation space requirement

- low additional costs for switchability

- no restriction on drivability in the
event of failure (fail-safe principle)

- durability and resistance to residual
contamination.

A new switchable water pump jointly

developed with GPM is used, Figure 8.

The pump actuator is operated by vacu-

um. If zero delivery is requested, the

regulating valve moves across the impel-

ler and completely blocks the coolant

exit. This position prevents the flow

through the impeller and, therefore,

the increase in pressure. The drive out-

put falls significantly [1]. The primary

objective of preventing all movement of

coolant is to reduce the untreated emis-

sions of HC and CO by ensuring that the

combustion chamber warms up as

quickly as possible.

3.2 Regulating the Coolant Temperature
Another important parameter that in-
fluences consumption, emissions and
service life is the coolant temperature.
To accommodate the high dynamics of
the unit, it is important not only to ad-
here to the maximum permissible tem-
peratures, but to reduce the changes in
temperature as well as the collective
temperatures.

sealing and outward Ieakage hole

Figure 8: Sectional view of a switchable water pump

The base temperature is defined as
100 °C in order to achieve good efficien-
cy rates. Depending on the load, engine
speed and the type of driver, the coolant
temperature is lowered to 80 °C under
heavy load conditions. Furthermore, the
target value is further reduced - as far as
70 °C - if the conditions of warm envi-
ronment and high load apply as they
pose a challenge in terms of NO,_ emis-
sions. The arrangement of the EGR cooler
on the coolant inflow side and the provi-
sion of a separate coolant supply to the
cylinder head, with no prewarming
through the crankcase results in a re-
duced combustion process temperature
along with lower NO_emissions. On the
other hand, systematically increasing
the coolant temperature in conditions
where sooting is likely to occur safe-
guards the stability and effectiveness of
the EGR tract.

3.3 Switchable Piston Cooling

The switchable piston cooling system

achieves the following objectives

- reduced consumption

- reduced untreated emissions

- increased exhaust gas enthalpy in
cold engines in order to accelerate ac-
tivation of the oxidation catalytic con-
verter.

The reduction in consumption is real-

ized by switching off the piston cooling

in various operating conditions. Both the

reduction of friction in the piston assem-

bly resulting from higher component

temperatures as well as the significantly

reduced oil delivery volume in conjunc-

tion with the vane cell oil pump for regu-

lating the pure oil make a contribution

in this context. At normal operating tem-
perature, load and engine speed are the
decisive parameters used to activate the
switching valve in the switchable piston
cooling system. In addition, the range in
which piston cooling is deactivated is ex-
panded during the warm-up phase. This
has a clear impact on the combustion
chamber temperature. Untreated emis-
sions of HC and CO can be significantly
reduced in this way, particularly during
the critical emissions phase before good
conversion rates have been reached in
the oxidisation catalytic converter. Apart
from this, avoiding the need to dissipate
heat leads to an increase in exhaust gas
enthalpy, which in turn causes the cata-
lytic converter to warm up more quickly.
Under higher loads, piston cooling may
be switched on in advance of the compo-
nent protection request in order to use
the effectively cooled combustion cham-
ber to reduce the formation of NO,.

4 Combustion

The main areas of focus when it came to

designing the combustion process of the

OM 651 were as follows

- minimum fuel consumption

- compliance with EUS in the passen-
ger car/SUV without active NO,_ after-
treatment

- optimizing the response of the ex-
haust gas turbocharging

- increasing the maximum torque and
output

- designing a modular engine concept
to reduce the number of application
variants.

MTZ 1212008 Volume 69 9
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For this purpose, all engine components
were systematically designed. Familiar
technologies were developed in an evo-
lutionary manner, and new technolo-
gies were to tap and fully exploit addi-
tional potential through the use of com-
prehensive functional and application
optimisations.

Compared with the predecessor en-
gine OM646, the torque of the new OM
651 has been raised by 25 % to 500 Nm,
Figure 9, which represents by far the best
performance in its competitive segment.
This equates to an effective mean pres-
sure of 29.3 bar, a new dimension in the
area of diesel engines for passenger cars.
It is also extremely important that this
torque is available at engine speeds be-
tween 1600 to 1800 rpm. Together with
the excellent response of the new two-
stage turbocharger, this permits the use
of longer transmission ratios and, conse-
quently, allows the engine to operate in
specifically more favourable areas of the
performance map (downspeeding).

10 MTZ 1212008 Volume 69
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The output of the OM 651 of 150 kW
at 4200 rpm is 20 % higher than that of
its predecessor, which developed its
peak output at 3800 rpm. Due to a gen-
tle speed regulation breakaway and the
early availability of maximum torque,
the useable engine speed range has in-
creased considerably in comparison
with the OM 646. As a result of the sta-
tionary full load course described, the
OM 651 sets new benchmarks for turbo-
charged diesel engines in the passenger
car segment.

4.1 Emissions

The OM 651 already complies with the
EUS5 emissions standard that will apply
to all new registrations from September
2009 onwards. These limits will be met
in vehicles up to the size of the new GLK
without the use of an active NO_ after-
treatment. The excellent emission/con-
sumption-trade-off [1] of this engine was
achieved through the described design
of the injection-, turbocharging- and

EGR-systems as well as the design of the
combustion chamber.

4.2 Fuel Consumption

Particularly in terms of fuel consump-
tion, the OM 651 represents a clear step
forward compared with its predecessor.
With a 12 % improvement in fuel con-
sumption, Figure 10, in the NEDC, the
conflict of objectives between emissions
and consumption was systematically ex-
hausted. Even though the EU5 emission
standards were reached, the specific con-
sumption values in the performance
map could have been significantly de-
creased and are now considerably below
the level of usual EU4-engines.

5 Summary

The engine bearing the internal designa-
tion OM 651 is a completely new four-cyl-
inder diesel engine that offers a much
greater number of possible applications
than all previous units. The engineers at
Daimler AG have created an engine with
a high degree of commonality, which
can be installed longitudinally or trans-
versely, is suitable with the relevant ap-
plications for all-wheel drive and can be
used in commercial vehicles.

In addition, the new engine meets the
most technically demanding targets with
regard to emissions, consumption, out-
put, torque, response and NVH. These
were achieved through the systematic
evolution of familiar modules and
through the use of new technologies.

With its thermodynamic configura-
tion, the OM 651 achieves a benchmark
position especially with regard to its fuel
efficiency and achievable performance.
The measurement results provide im-
pressive evidence of its performance in
all areas.

Reference
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Fuel Consumption and
Emissions of Hybrid Diesel
Applications

GM Powertrain Europe and the Politecnico di Torino have experimen-
tally assessed the potentialities in terms of fuel consumption reduction
and the challenges in terms of pollutant emissions of micro-, mild- and
strong-hybrid diesel applications for light-duty vehicles based on GM
1.9 I four-cylinder in-line diesel engine.
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Conventional Starter (cold cranking)

Figure 1: BAS (left) and Starter (right) based micro-hybrid architectures

1 Introduction

The coming years will see a very strong
demand for CO, emission reduction from
transportation, in particular for the pri-
vate mobility. European and US manufac-
turers will be forced to significantly de-
crease fleet-average CO, emissions for
new vehicles, in the framework of Euro-
pean and CAFE mandatory regulations,
respectively. Taking into consideration
European regulation, currently it is not
imposing a limit to CO, emissions, but
there is in place an voluntary agreement
between ACEA and the EU Commission
(signed in 1998) to meet a corporate aver-
age CO, emission level of 140 g/km by
2008, a reduction by 25 % over the 1995
level of 186 g/km. However, the latest esti-
mates show that this target will not be
achieved by far, since in 2007 the average
new cars CO, emission level was slightly
lower than 160 g/km. EU Commission is
therefore undergoing a process that will
likely lead to a specific CO, emission reg-
ulation kick-off in 2009, in a way very
similar to that adopted for pollutant
emissions in the early 1990s [1-4].

The most recent estimate for the CO,
target to be enforced is 130 g/km by
2012, including credits of 10 g/km due
to biofuel use, tire pressure monitoring,
gear shift indication and other active
measures that enable the driver to opti-
mize fuel economy. Given this tough
target, OEM manufacturers are starting
sound actions in order to decrease fuel
consumption both from powertrain and
vehicle side.

Powertrain enhancements will in-
clude, among others, adoption of long-
er gear ratios and/or final drives, en-
gine downsizing, wider employment of
low-friction components and low-vis-
cosity lubricants and active water/oil
pumps management. In addition to
them, Stop/Start engine operation is
forecasted to be one of the biggest con-
tributors to CO, reduction. In a second
step, once even stricter CO, targets will
be enforced likely around 2015 (con-
temporarily to EU6 regulation), new
measures will be needed to stretch fur-
ther fuel consumption, including fur-
ther electrification of the powertrain
through hybridization.

Currently there are, strictly speaking,
two major hybrid architectures, in addi-
tion to the so called micro-hybrid one,
this latter being based on systems able to
perform engine Stop/Start (and optional-
ly very limited regenerative braking):

- Mild-hybrid: system including a medi-
um/high voltage (40 to 120V) AC/DC
electric motor able to provide substan-
tial torque boost and electric braking
for vehicle kinetic energy recovery. No
or very limited vehicle electric-only op-
eration is allowed, due to its mechani-
cal architecture and to the limited ac-
cumulator capacity. BAS (Belt Alterna-
tor Starter) and FAS (Flywheel Alterna-
tor Starter) are the most common con-
figurations currently being developed
and commercially employed.

- Strong-hybrid: system including one
or more high voltage (>150V) AC elec-
tric motors, able to perform like mild-
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hybrid, but also to move the vehicle in
electric mode only with acceptable
performance and range provided by
accumulators. GM Two-mode and
Toyota THS systems are the first appli-
cations for this concept.
Currently hybridization is generally as-
sociated with the gasoline engine, since
this latter best fits the coupling with an
electric motor able to increase power-
train full-load and transient output
torque and to shift engine operation to
more favourable bmep levels. In addi-
tion, port-fuelled gasoline engines fea-
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Table: Main specifications of the reference engine

Alternative Drives

Engine type 1.9 1 Euro 4
Displacement 19101
Bore x stroke 82.0 mm x 90.4 mm
Stroke-to-bore ratio 1.10
Compression ratio 17.5:1
Valves per cylinder 4

Turbocharger

Single-stage with VGT

Injection system

Common Rail 2nd Gen. CRI 2.2
1600 bar — injector with 7 holes

Maximum power and torque

110 kW at 4000 rpm, 320 Nm at 2000 rpm

Specific power / torque

ture low production costs that make hy-
bridization more feasible in a challeng-
ing economic environment like the
present one.

However, for the second step of CO,
legislation, it is expected that also Diesel
engines will require to further signifi-
cantly decrease their fuel consumption,
therefore hybridization, at least in the
form of mild hybrid, is being considered
also for this powertrain. This has recent-

Figure 2: Mild-hybrid
BAS architecture
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57.6 kW /167 Nm/I

ly triggered significant R&D activities to
study Diesel hybridization, so to better
define the differences of this technique
applied to Diesel instead of gasoline en-
gines, mainly in terms of fuel consump-
tion reduction potential and emission
impact. The results obtained in the as-
sessment of the micro-, mild- and strong-
hybrid architectures on 1.9 1 four-cylin-
der in-line GM Diesel engine are shown
hereafter.

2 Engine and Hybrid
Systems Description

The experimental investigations were
carried out for assessing three different
hybrid systems (micro-, mild- and strong-
hybrid) based on GM Powertrain 1.91
four-cylinder in-line 16-valves EU4 en-
gine, whose main features are listed in
the Table [5].

The micro-hybrid powertrain consid-
ered can be composed either by an en-
hanced engine starter or by a belt-driven
12 V system, both able to improve engine
starting behaviour and providing the
necessary durability required by the ap-
plication in which cranking events are
significantly increased with respect to a
conventional one, Figure 1.

The system is therefore able to per-
form stop of the engine during idling
and to restart it once a vehicle speed de-
mand is detected, for example in the
form of clutch pedal press or brake pedal
release with stopped vehicle. Main ad-
vantage of belt driven systems are quick-
er cranking and better comfort during
the event, because of lower noise and
speed oscillations.

The mild-hybrid system considered is
of the BAS type (and can be seen as an
evolution of the BAS Stop/Start system
previously described), thus capable of
torque boost and energy recovery during
deceleration phases, Figure 2.

In addition, during steady-state low-
load operation, engine working points
can be shifted up by enabling battery
recharge through the electric motor. En-
gine load optimization is indeed the
major source of improvement in power-
train efficiency for micro-hybrid archi-
tecture.

The strong-hybrid powertrain consid-
ered is a full-hybrid power split as the
GM Two-mode hybrid system. This is basi-
cally composed by an electrically variable
transmission, which uses electric motors
to operate at nearly any speed ratio
through the transmission [6]. The elec-
tric motors in the transmission also al-
low hybrid functions: electric vehicle op-
eration, electric boost, and regenerative
braking, as well as engine starting.

The Two-mode hybrid transmission is
also an automatic transmission, without a
torque converter but with conventional
hydraulically-applied wet-plate clutches to
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Figure 3: Packaging and complete system of GM Two-Mode Hybrid architecture

allow automatic shifting among two con-
tinuously variable modes and four fixed
gears, a total of six mechanical configura-
tions. This combination is fully integrated
into a package very much like a conven-
tional automatic transmission, with add-
ed wires leading to electronic controls and
a high-voltage battery, Figure 3.

3 Testing Methodologies

For achieving a fair comparison, all the
hybrid systems were operated so that at
the beginning and at the end of the refer-
ence NEDC cycle the same charge level
was reached in the battery pack, so that
no artificial fuel economy boost derived
from net electrical energy consumption
(stemming from the energy stored in the
batteries at the beginning) or no ques-
tionable electrical energy to diesel fuel
conversion occurred.

The typical hybrid operation strate-
gies were implemented on GM proprie-
tary powertrain simulation tools with
the scope of evaluating the energy flows
and therefore the instantaneous mechan-
ical output of the engine under the vari-
ous operating modes. In this way, it was
possible to get the engine instantaneous
speed-torque trace that was imposed as a
target for the dynamic test bench, allow-
ing to test the different engine operating
modes without employing the various
mechanical and electrical hardware (elec-
tric motors, converters, batteries, trans-
missions) that would be required under a
conventional approach. The operation of

the systems over the engine map is repre-
sented in Figure 4.

The symbols represent diesel engine
operation points at different time steps
over the NEDC cycle; each symbol type
refers to a different powertrain. In addi-
tion the base engine full load curve is al-
so represented (red solid line). It is inter-
esting to notice the shift of engine load
produced by mild-hybrid during electric
boost/battery regeneration phases and
the even bigger shift of load and speed
caused by strong-hybrid operation. The
shift in engine operating points is the
biggest contributor to the improvement
of hybrid powertrain efficiency, reducing
the relative weight of idling and low load
operation and increasing the operation
at high efficiency.

Stop/Start device operation over the
NEDC cycle was experimentally repro-
duced by considering engine stopping at

the beginning of every idling phase and
engine re-starting 3 s before the follow-
ing speed ramp begins. As a final consid-
eration valid for all hybrid systems, it is
important to remark that engine Stop/
Start can be enabled at different phases
of the NEDC cycle, mainly depending on
the strategy chosen for aftertreatment
management.

The reference vehicle for all the con-
sidered systems was a D-class vehicle fea-
turing 1700 kg inertial weight and drag
resistance of 14 kW at 100 km/h. In addi-
tion to the representation given in Fig-
ure 4, engine speed and load time-histo-
ries during ECE-1 and ECE-2, Figure 5, al-
low deeper considerations about the se-
lected operation strategies.

The main techniques enabled by hy-
bridization are highlighted on speed,
Figure 5 (left), and load, Figure 5 (right),
traces. Concerning Figure 5 (left), the red

Figure 4: Engine
speed and bmep
time-histories during
NEDC cycles for
conventional, micro-,
mild- and strong-
hybrid operations

full load
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Figure 5: Engine speed (left) and bmep (right) time-histories during ECE-1 and ECE-2 for conventional, micro-, mild- and strong-hybrid operations

box corresponds to Stop/Start release
from ECE-2, which is currently thought
to be the most promising concept, while
the red ovals highlight the pure electric
mode during 1* gear operation selected

Figure 6: High-dynamic test bed (top)
and detail of engine instrumentation
(bottom)

16 MTZ 1212008 Volume 69

for strong-hybrid powertrain. Figure 5 il-
lustrates other interesting hybrid poten-
tialities, i.e. electricity regeneration dur-
ing low-speed stationary operation in 2"
and 3 gears or braking (the amount of
electricity regeneration is quite different
between mild- and strong-hybrid as well
as electric boost during drive-away phas-
es that effectively smooth engine noise
peaks).

4 Experimental Test Bed

The previously described tests were car-
ried out on a new AVL high-dynamic test
bed, Figure 6, at IC Engines Advanced Lab-
oratory (ICEAL) of Politecnico di Torino
[5]. The engine operation was directly
managed by the test bench controller:
vehicle control mode was employed for
conventional and Stop/Start operation,
while speed-load control mode was used
for mild- and strong-hybrid. Checks were
performed to assure that the net energy
produced to propel the vehicle kept con-
stant, since any dispersion in this quan-
tity directly impacted the fuel economy
measurements and therefore the accu-
racy of the comparison among power-
trains.

Finally, emissions were measured by
‘Pierburg AVL AMA 4000’ raw gas analyz-
er both upstream and downstream from
DOC, in order to record the transient ef-
fects related to engine dynamic opera-
tion and aftertreatment warm-up. The
pollutant concentrations were then used
to calculate the corresponding mass frac-
tions to be multiplied by the instantane-
ous exhaust flow rate and finally inte-

grated over time, in order to get the total
mass emissions over the cycle.

5 Engine Map Recalibration for
Strong-hybrid Operations

A preliminary analysis of strong-hybrid
emission levels showed a significant de-
terioration in raw NO_with respect to
No-Hybrid operations in the order of
75 %. In order to keep the same emission
certification level of baseline engine, a
specific engine recalibration in low-end
torque area is required. The main param-
eters to be optimized were EGR and boost
levels as well as the injection schedule.
More specifically, EGR valve opening was
enabled above conventional NEDC area,
which made charge and EGR tempera-
ture control critical due to maximum
operating temperature of intake mani-
fold and EGR cooler module. Boost map
was increased only to a small extent, be-
cause compressor working points were
already very close to actual surge line. In
order to get rid of NO_ production, how-
ever, the achieved boost level proved to
be correct with acceptable soot, CO, HC
and bsfc deteriorations. Figure 7 reports
the EGR rate variations with reference to
the baseline calibration, Figure 7 (left),
and the exhaust gas temperature at EGR
cooler inlet, Figure 7 (right).

With the specific strong-hybrid calibra-
tion, lambda levels have been decreased
up to the minimum value (lambda = 1.20)
that produces acceptable worsening of
bsfc map, in consequence of deterioration
of turbocharger and combustion efficien-
cies as well as of pumping-loss increases.
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6 Results and Discussion

In addition to the base engine hardware
described in the Table, two modified en-
gine configurations with lower compres-
sion ratios (CR) were also tested. More
specifically, two sets of pistons were sub-
sequently fitted to the base engine, fea-
turing different bowl volume and shape,
whose CR were 16.5 and 15.0, respective-
ly. Anyway, the baseline engine calibra-
tion employed was optimized for each
CR tested.

Regarding micro- and mild-hybrid
configurations, experimental investiga-
tions were performed with baseline cali-
bration, whereas for strong-hybrid op-
erations both baseline and hybrid-opti-
mized engine maps were used. Mild- and
strong-hybrid operation strategies fea-
ture Stop/Start release from ECE-2,
which is currently thought to be the
most promising concept. The advantag-
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il
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Figure 7: Variation of EGR rate
(left) with respect to baseline
calibration and exhaust gas
temperature at EGR cooler inlet
(right) with optimized calibration
as functions of engine speed
and bmep

es obtained with the different hybrid
architectures proved to be virtually in-
dependent from engine CR. Therefore,
only the results with CR=16.5 are report-
ed. However, it is well known that lower
CR can lead to appreciable variations of
the absolute values of fuel consumption
(FC) and pollutant emissions.

Figure 8 shows the FC measured dur-
ing a hot NEDC cycle with conventional
engine operations (No-Hybrid) as well
as with the application of Stop/Start
(STST 1234, STST 234 and STST 34), mild-
and strong-hybrid strategies, with the
same engine hardware featuring the
baseline calibration, Figure. 8 (left) and
the strong-hybrid optimized one, Figure
8 (right). The numbers following STST
indicate the ECE portion in which Stop/
Start strategy is enabled. The bars in
the figure are organized in different
groups, which refer either to different
parts of the driving cycle (ECE-1, ECE-2,

ESTST 34

B Mild-hybrid
110

C [%]

NEDC

ECE-1 ECE-2 ECE-3 ECE4 EUDC

ECE-3, ECE-4 and EUDC portions) or to
the whole NEDC cycle. The results are
reported as percentages with respect
to the FC measured under No-Hybrid
operations.

Micro-hybrid strategies are capable of
reducing FC of 2 to 4 % over NEDC, de-
pending on the ECE cycle in which the
Stop/Start is enabled, whereas the im-
plemented mild- and strong-hybrid re-
duced FC of 10 % and 14 % over NEDC,
respectively. Within strong-hybrid strat-
egy, fuel economy is mainly achieved by
operating the vehicle in pure electric
mode during the 1% gear ramp of the
ECE-2, 3 and 4 cycles and by shifting en-
gine operating points towards higher-
load and higher-efficiency areas of the
engine map (yellow symbols in Figure
4). Extrapolations of mild- and strong-
hybrid operations including also Start/
Stop (and 1% gear in pure electric mode
for strong-hybrid) during ECE-1 suggest

OSTST 234
O Strong-hybrid

1]

Ll |

NEDC

Figure 8: Normalized FC percentage reduction obtained with different hybridization strategies and ICE featuring baseline (left) and strong-hybrid optimized

(right) calibrations during hot NEDC driving cycle
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Figure 9: Normalized precat (top left and right) and postcat (bottom left and right) CO percentage reduction obtained with different hybridization strategies
and ICE featuring baseline (top and bottom left) and strong-hybrid optimized (top and bottom right) calibrations during hot NEDC driving cycle

potential for further FC reductions
(0.5 % and 2.5 %, respectively). FC bene-
fits enabled by strong-hybrid are very
promising, since have been obtained by
comparison to a very efficient manual
transmission rather than an automatic
one, which instead provides the driving
behaviour smoothness equivalent to
strong-hybrid.

Figure 9 shows the CO emissions up-
stream of, Figure 9 (top left and right),

and downstream from DOC, Figure 9
(bottom left and right), measured during
the same tests discussed in Figure 8.

As previously detailed, the values are
normalized with respect to the refer-
ence values measured under No-Hybrid
operations and expressed as percentag-
es. Both engine-out and tailpipe CO lev-
els are lower when Stop/Start strategies
are enabled. This suggests that with hy-
brid operation not only CO production

during idling can be avoided, Figure 9
(top left and right), but also that a quick-
er DOC light-off can be achieved because
of higher average temperature of ex-
haust gases obtained by suppressing
idling. The same outcomes were also ob-
tained under cold NEDC cycle.
Concerning THC emissions, similar
considerations to those previously re-
ported for CO levels can be done. Fur-
thermore, a dramatic reduction (higher

personal buildup for Force Motors Ltd.
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Figure 10: Normalized engine-out NOx percentage reduction obtained with different hybridization strategies and ICEs featuring baseline (left) and
strong-hybrid optimized (right) calibrations during hot NEDC driving cycle.
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than 50 %) of engine-out and tailpipe
THC is obtained with strong-hybrid for
both engine calibrations.

Micro hybrid strategies show virtually
no effects on NO_ emissions, Figure 10,
whereas the application of BAS system al-
lows one to achieve a significant reduc-
tion in NO_ levels.

It can be speculated that NO_ reduc-
tion during electrical assisted drive away
overcomes the slight NO, deterioration
during stationary 2™ and 3™ gear opera-
tions with electricity regenerations. Re-
garding strong-hybrid, the reduction of
NO, emissions over NEDC cycle in Figure
10 (right) was obtained by means of the
specific recalibration of the engine maps
detailed in the section “Engine map rec-
alibration for strong-hybrid operations”.
A significant deterioration of NO,_ emis-
sions is measured when such a strategy is
enabled without a specific recalibration
of engine maps, Figure 10 (left).

PM is almost unaffected by the applica-
tion of micro and mild hybrid strategies,
since PM production shows dispersion in
line with measuring accuracy. On the
other hand, strong-hybrid shows a higher
PM production in the NEDC cycle, which
can be ascribed to the EUDC phase. Even
though in this case the measured PM in-
crease is manageable by DPF application,
deterioration of PM-NO_ tradeoff might
limit the possibility of achieving very low
NO, levels by means of engine recalibra-
tion, in particular in view of stricter emis-
sion certifications. As anticipated in the
abstract, this could require the develop-
ment of engine combustion system com-
ponents (for example EGR cooler and tur-
bocharger) specifically designed for
strong-hybrid operation, in terms both of
performance and durability.

7 Conclusions

The performed experimental activity
provided a first assessment of the poten-
tialities and the challenges of micro-,
mild- and strong-hybrid diesel applica-
tions for light-duty vehicles based on
GM 1.9 1 four-cylinder in-line diesel en-
gine. By a proper integration with GM-
proprietary powertrain simulation
tools, engine operation at the dynamic
test bench was controlled in order to re-
produce accurately the hybrid power-

trains and their optimized schedules
while avoiding to employ the complex
mechanical/electric/electronic hard-
ware of hybrid powertrains. This simpli-
fication was possible because the focus
of the project was to study the effects of
hybridization on diesel engine opera-
tion in terms of fuel consumption, pol-
lutant emission production and calibra-
tion variations. Major results showed
that micro-hybridization (i.e. Stop/Start
system) reduced fuel consumption by
roughly 4 %, mild-hybridization (i.e. Belt
Alternator Starter) by roughly 10 %,
whereas strong-hybridization (i.e. Full-
Hybrid Power Split) by roughly 14 %. The
achievements obtained by strong-hybrid
are particularly promising, since they
have been obtained by comparison to a
very efficient reference manual trans-
mission rather than an automatic one
as it is usually done. This latter could
provide a driving smoothness equiva-
lent to strong-hybrid powertrain, but at
the expenses of additional fuel penal-
ties. Tailpipe emissions showed distinct
behaviours with regards to the pollut-
ant species and the system considered.
In particular, HC and CO exhibited a
general improvements due to the de-
crease of engine idling time, whereas,
only for strong-hybrid, NO_and PM
showed increases that required a spe-
cific engine recalibration for meeting
the same emission certification of the
base engine. Even though in this case
the PM increase was manageable by DPF
application, as a general case the dete-
rioration of PM-NO, tradeoff might limit
the possibility of achieving very low NO_
levels by means of engine recalibration
only, in particular in view of stricter
emission certifications. This could
therefore require the development of
engine combustion system components
(for example EGR cooler and turbo-
charger) specifically designed for strong-
hybrid operation, in terms both of per-
formance and durability.
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Homogenous Diesel Combustion
Challenge for System, Components
and Fuels

Modern Diesel engines allow prominent road performances and low fuel consumption, resulting in a rising Diesel
car fraction throughout Europe. At the same time stringent future emission legislation means a big challenge for
Diesel engines. In Europe, for example, the expected 2014 nitrogen oxide threshold (Euro 6) will be approxi-
mately 30 % of the actual Euro 4 value. The Corporate Research of Bosch has been investigated the potential of
Homogenous Diesel Combustion (HDC) to minimize NO_emissions under vehicle-compliant conditions.

20  MTZ 1212008 Volume 69

personal buildup for Force Motors Ltd.




1 Introduction

The potential of the HDC could have
been scientifically proven comprehen-
sively [1, 2|, whereas utilisation for vehi-
cles in practise still is a big challenge.
Dynamic operation, combustion noise
and HC/CO emissions here represent the
main issues. Within this investigation a
EU4 series 2.0 1 engine equipped with
Bosch Common Rail System and Diesel
particulate filter (DPF) has been en-
hanced for dynamic NEDC operation. Ba-
sic knowledge was first of all generated
with a single-cylinder engine [3, 4|.

Considering the actual CO,/climate
discussion and the limited fossil resourc-
es worldwide activities to develop alter-
native fuels for combustion engines are
being intensified at present. Sustainable
combustion concept research has to ac-
count for this. Hence the influence of dif-
ferent fuels on combustion behaviour
and emissions of the Bosch HDC engine
was analysed.

2 Combustion Concept

Regarding the typical low load area rel-
evant for the main pollutant emission,
EGR values up to 45 % are state of the
art. Combined with a relatively late in-
jection timing close to top dead centre
(TDC) this results in a retarded combus-
tion phasing, Figure 1 (red), with low
noise and NO_levels.

To reach maximal homogeneity of fu-
el, air and exhaust gas with a DI-Diesel
engine the injection event has to occur
very early during the intake stroke. HDC
theory describes that the following self
ignition of each fuel molecule in the
combustion chamber takes place at the
same time — corresponding to the very ef-
ficient constant-volume combustion
process. In practise, to avoid lubricant
dilution by fuel on the one hand and al-
low enough time for mixture formation
on the other, injection has to be initiated
about 30 to 10° CA BTDC, Figure 1, blue
lines. Homogenisation then is still en-
sured by EGR rates beyond 50 %.

The temperature rise during the com-
pression stroke only depends on the com-
pression ratio (CR). Single-cylinder exper-
iments show that combustion phasing
during HDC operation with block injec-

tion can be influenced by start of injec-
tion (SOI) with CR = 15, Figure 1. Together
with cooled external EGR, combustion
behaviour is controllable cycle-by-cycle
even when only using a conventional
cam-driven valve train. A pilot injection
would shorten the ignition delay and is
obsolete as a matter of HDC principle.

The piston bowl design for the HDC
concept was optimized with the help of
CFD simulation - starting from a CR =18
series piston shape. Calculations were
performed at the Robert Bosch Research
and Technology Centre (RTC) in Palo Al-
to, USA.

Regarding a medium-sized vehicle
(1800 kg) single-cylinder results allowed
to predict a NO,_ potential of 80 % against
the baseline EU4 engine - coming with
tripled HC/CO values. The following
chapter describes the operation strategy
to enable HDC for vehicle use.

3 Operation Strategy

The energy released during combustion
increases with the engine load and thus
more and more heats up the combus-
tion chamber and the intake system.
Exceeding a certain engine load limit
the HDC process can no longer be con-
trolled by SOL

The degree of homogeneity decreases
with rising engine speed because the to-
tal duration of mixture formation be-
comes shorter. This cannot be compen-
sated by the higher turbulence level.
That is why the HDC concept is limited
to a certain area of the engine load/speed
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map, Figure 2. Vehicle operation needs a
smooth change between HDC and CC
modes in both directions - without
changes in engine torque or noise recog-
nizable by the driver.

To ensure compliance with noise and
emission requests during HDC opera-
tion a cylinder-individual control strat-
egy was developed together with the re-
search department for “Software Inten-
sive Systems”. The combustion pressure
of each cylinder has to be measured to
calculate and control the pressure gra-
dient (dp/do) and the indicated mean
effective pressure (IMEP). EGR and boost
pressure values are read from “steady-
state” maps and accurately adjusted
with the help of the Bosch Air System
Modelling (ASMod) and its MBC/MCC
functionality (Model based Boost/Charge
Control), designed by the Bosch Diesel-
Systems department.

To perform a combustion mode change,
both, fuel injection parameters and EGR
rate will be guided automatically to the
direction of the target combustion con-
cept. The frequency of this mode change
within the NEDC or FIP test procedure
can be minimised by designing an ade-
quate air system. With a powerful charg-
ing and EGR system it is possible to use
HDC even for upper engine loads.

4 Air System

Research engines with external boosting
and pressure-flaps in the exhaust system,
e.g. the Bosch single-cylinder engine, al-
low arbitrary combinations of boost pres-
sure and EGR rate. In real vehicle opera-
tion these two parameters are coupled:
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Figure 2: Mode change
between CC and HDC

increasing EGR lowers the possible boost
level and the driving pressure difference
between exhaust and intake at the same
time which additionally limits the possi-
ble EGR level. To cover the NEDC map
with HDC the air system has to run
through extensive changes, Figure 3.

A first step is to dethrottle the EGR
system by widening the effective cross
sections (compare diagram on the right)
and the integration of a powerful, varia-
ble EGR cooling unit. This already helps
to extend the HDC map significantly, Fig-
ure 3 (left). The application of a two-stage
turbo system V1 from a light-duty truck
with two non-variable chargers was a sec-
ond step to the right direction. Finally
1D flow simulation leads to the appro-
priate charging system V2 to reach the
wanted HDC map.

The conversion behaviour of a typical
downstream Diesel oxidation catalyst
(DOC) is strongly influenced by the ther-
mally effective mass and the efficiency of
the charging system. The exhaust tem-
perature at DOC inlet decreases with V2,
compared to the standard VIG system.
Together with the higher HC/CO level
this leads to a severe exhaust aftertreat-
ment issue.
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Figure 3: Hardware evolution from EU4 to HDC system
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5 Exhaust Aftertreatment

Reactive CFD calculations (rCFD) were
performed to detect the HC/CO sources
[5]. As the main cause the inhomogeneity
of the cylinder charge could be identi-
fied. CO emissions pre-dominantly derive
from rich areas within the mixture, HC
emission from the lean.

To reach EU6 NO_ limits without a
DeNO_ system there is no alternative to
the (partly-)homogenous Diesel combus-
tion. Two-stage charging and low ex-
haust gas flows lead to very low gas tem-
peratures at DOCinlet and thus obstruct
the post-oxidation. An additional cata-
lyst between cylinder head and charg-
ing system can be a possible solution for
this problem [6]. The effect of the so
called Pre-Turbo Catalyst (PTC) on pol-
lutant conversion and inlet temperature
at the DOC with HDC operation is
shown in Figure 4.

If the combustion mode at low load
changes from CC to HDC and only the
series DOC is used, Figure 4 (on the left),
the DOC-in temperature decreases be-
cause the charging system pulls out the
same heat quantity from a lower exhaust
mass flow. In the beginning the higher
HC/CO mass-flow is converted by the
DOC, represented by the “DOC out” val-
ue. But about 150 s later this oxidation
stops and HC breaks through the after-
treatment system.

If a small PTC with a volume of
100 cm3 is added to the system, Figure 4
(on the right), the conversion rate adds
up to nearly 100 % throughout the en-
tire experiment. The reason is a 30 %
conversion along the PTC resulting in a
30 K temperature rise at DOC inlet. Al-
ready this simple experiment under hot
running conditions shows that the PTC
is indispensable to bring HDC concepts
into a vehicle. To avoid undesirable pres-
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Figure 4: Effect of additional pre-turbo-catalyst (PTC) on HC-conversion at HDC

EIPFDWL J

LP-Waslngais ”mﬂ

Figure 5: HDC target system

sure drops along the PTC and thus losses
in power output at full load, a special
arrangement of the exhaust compo-
nents was developed.

6 Target System

The corresponding HDC target system,
Figure 5, can be derived from the investi-
gation so far. Air filter, HFM, intercooler,
DOC/DPF and injection system (CRS 2.2,
1600 bar) are taken from the baseline
production engine. The first stage of the
new charging system consists of a very
small high pressure turbo-charger. To
minimise the mass flow trade-off be-
tween the two chargers the low pressure
stage is just big enough to assure the
baseline engine full load performance.
The HP compressor is automatically by-
passed when a certain pressure value is
reached. According to 1D simulation a
cooler between the two charging stages
is obsolete.

On the exhaust side the burned gas
reaches the HP turbine via PTC - pro-
vided that the by-pass flap is closed. At

full load and high engine speed this
flap has to be opened to bypass the PTC
and the narrow HP turbine. As a side-ef-
fect catalyst aging is minimised for the
small PTC. The bypass flap is continu-
ously variable between these two posi-
tions. This positioning of the PTC is ide-
al because both, HP turbine and PTC,
have to be passed through at the same
time - during HDC operation. Dynamic

boost behaviour is generally unaffected
by the PTC. The volume ratio between
the metallic PTC and the ceramic DOC
is 1 : 25, resulting in a very small abso-
lute precious metal requirement despite
a high specific loading. The PTC could
reduce the precious metal demand of
the DOC because now this catalyst has
to convert fewer pollutant molecules on
a higher temperature level.

The EGR system consists of two paral-
lel electrical valves and liquid/gas cool-
ers. Combustion analysis and control is
assured by Kistler 6043 pressure sensors,
1D simulation can be validated with
comprehensive low pressure measure-
ments in the intake/exhaust manifolds.

7 Experiments

7.1 Dynamic Operation at NEDC
The huge emission potential of HDC pre-
dicted with single-cylinder results were
verified by very fine steady-state map-
ping with the full-size engine [7]. Reliable
statements concerning combustion
noise, tailpipe-out emissions and per-
formance of combustion controls need
dynamic experiments. Now the main re-
sults with dynamic HDC operation dur-
ing NEDC are discussed. The test started
with a warm engine, glow functionality
and combustion mode change was not
needed. Dynamic soot emission was
measured by AVL Micro Soot Sensor.
Figure 6 shows the air/fuel ratio and
the EGR rate controlled by ASMod for the
last city part and the subsequent extra-
urban phase. The diagram emphasises
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Figure 6: HDC during NEDC — EGR and air/fuel ratio
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Combustion

time: [5]

Figure 7: HDC during NEDC — NO /HC emission

the importance of dynamic operation for
alternative Diesel combustion develop-
ment: Only constant vehicle speed leads
to typical HDC with EGR > 50 % during
the city cycle.

The extra-urban part leads to lower
EGR/AFR levels due to higher loads. Ac-
celeration and gearshifting events cause
veritable crashes of the two parameters.
Here combustion control is very impor-
tant, because charge composition and
gas temperature change instantly. To
avoid methane emission during HDC op-
eration AFR > 1.2 have to be assured [5].
During this NEDC test the critical AFR
zone is avoided for 98 % of the runtime.

Figure 7 illustrates the huge potential
of the introduced HDC concept to beat
future emission limits. A NO, reduction
by 70 % from EU4 baseline engine suffic-
es to reach the EU6 target window. At the
same time HC raw emissions are twice as
high. The PTC reaches a HC conversion of
25 % (CO: -30 %, not depicted), down-
stream the DOC a HC value of about
40 mg/km can be detected. The NO +HC
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value is 40 % lower than the EU6 limit
(170 mg/km). Without PTC and with un-
loaded DOC at the beginning of the test a
HC breakthrough can be observed after
400 s runtime (not depicted).

The combustion control unit adjusts
the cylinder-individual pressure gradi-
ents to reach acceptable values, defined
with earlier steady-state experiments.
Pressure gradients or calculated noise
levels are not shown at this point, be-
cause different time resolution or calcu-
lation algorithms lead to highly diver-
ging results. On the engine test bed a
subjectively acceptable combustion
noise could be noticed.

Fuel consumption does not differ
from the baseline values because the
high energy losses through HC/CO emis-
sions could be compensated by the much
higher thermodynamic efficiency of the
HDC concept, Figure 1.

Soot emission is slightly below the
EU4 level, whereby the fuel input for DPF
regeneration is sinking. Most of the soot
mass is emitted during the extra-urban

—WTG (Serial TIC)
—HDQ Target S'ystem

4000  Figure 8: Full load -
HDC system vs. baseline

part with relatively high engine loads
where only a partly premixed combus-
tion is reached.

7.2 Full Load

Two-stage charging systems push into the
Diesel passenger car market to achieve
outstanding specific power, e.g. in the
BMW 123D. The charging system devel-
oped for the low emission approach with
HDC allows a much higher low-end
torque, Figure 8. Engine torque can be dou-
bled at 1000 rpm, for instance. This would
permit superior start-up behaviour with a
car. A latest generation Common Rail Sys-
tem (= 2000 bar) would improve the full
load performance beyond 2000 rpm
through shortened combustion duration.

8 Fuels

In this chapter it is shown, how far the
HDC concept is suitable for the use of fu-
ture fuels and which potentials arise
from the fuels. Three different alterna-
tive fuels were examined: pure biodiesel
(100 % RME), synthetic diesel with high
cetane number and higher boiling curve
and synthetic diesel with low cetane
number and low boiling curve. These ex-
treme fuels were applied consciously to
check the suitability of Bosch HDC con-
cept in a wide fuel area.

Biodiesel is mixed with the fossil die-
sel in consistently rising amounts and
also is offered, mainly for vehicle fleet
application, as pure biodiesel. Biodiesel
distinguishes itself, first of all, by its
higher boiling curve and its oxygen con-
tent. The synthetic diesel with high ce-
tane number (SDH) is known for its good
results with conventional combustion
concepts and its possible conflict with
homogeneous diesel combustion con-
cept, caused by shortened ignition delay
and therefore shortened mixture time
[8]. On the other hand the synthetic die-
sel with low cetane number and boiling
curve (SDN) stands in the reputation to
be particularly suitable for homogene-
ous diesel combustion concepts. Figure 9
shows exemplary the combustion proc-
ess of the different fuels in a steady state
operation point with constant operation
parameters. The combustion control unit
detects these different combustion proc-
esses and changes the injection timing
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for the fact that the combustion position
is ideal again regarding the combustion
noise and the emissions. This is reflected
in the NEDC emissions, Figure 10.

The Bosch HDC concept reacts insen-
sitively concerning the NO_ emissions
even to widely changed fuel characteris-
tics and actually advantages can be real-
ized at the HC/CO emissions. This also
confirms the general possibility to per-
form a positive contribution to the emis-
sion reduction with the fuel as a design
feature [9]. The examined fuels have a
comparable energetic consumption with
advantages for the synthetic fuels con-
cerning CO, emissions by lower C/H ratio
and for biodiesel naturally by its regen-
erative production.

9 Summary and Outlook

The well known NO, potential of homog-
enous Diesel combustion can be utilised
for real vehicle practise only under the
following conditions:
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process of different fuels

- covering of relevant load/speed areas
of the engine map
- reliable dynamic operation
- acceptable noise level
- significant reduction of HC/CO emis-
sion
- alternative fuels tolerated.
The Corporate Research of Bosch realised
the above based on a EU4 four-cylinder
Diesel engine with Bosch Common Rail
System. To cover the complete NEDC with
HDC a two-stage turbo system and a capa-
ble EGR system was prototyped. Thus high
volumetric air efficiencies are possible de-
spite the typical EGR values beyond 50 %.
The engine is operated with block injec-
tion late in the compression stroke. The
compression ratio CR = 15 enables a cylin-
der-individual control of combustion
noise (dp/da) via injection timing. EGR
and boost pressure are accurately adjust-
ed by the Bosch Model Based Air System
Control ASMod. When leaving the HDC
area for any reason an automatic combus-
tion mode change will occur, including
the switch-on of pilot injections.

High HC/CO emissions demand the
combination of a Pre-Turbo Catalyst (PTC)
and a Diesel oxidation catalyst (DOC).
The PTC can be bypassed with the HP tur-
bine bypass which is necessary anyway.

During a dynamic hot NEDC test on
the engine test bed the Bosch HDC en-
gine goes below EU6 emission limits
without any drawback concerning fuel
consumption. Even major differences in
fuel specifications can be compensated
by the combustion control unit.
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Process Automation for Engine
Coolant Chambers with CFD

Over the last four years, it has become possible to reduce the project processing time of a single
calculation for a coolant chamber of an internal-combustion engine by 75 %. Synergetic effects in
variable calculations made it possible to raise the amount of calculations per year six-fold. Tecosim
uses wrapping methods, efficient meshing technologies and automatic model set-ups in its CFD
simulation.
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1 Introduction

While the development time of modern
automobiles becomes shorter and short-
er, the demand for quality steadily in-
creases. Computational fluid dynamics
(CFD) is a vital part of developing proc-
esses striving to reach these goals. The
efficient use of numeric methods wholly
depends on the amount of time needed
for the single processing steps, such as
geometry clean-up, grid generation and
post-processing.

Using the example of the cooling of
an internal-combustion engine (Power-
train Cooling [PTC]), Tecosim shows how
the single steps of the simulation process
are adjusted and optimised, in order to
ensure increasing end-result quality with
a simultaneous decrease in time de-
mands. Efficient methods and automa-
tions are applied both in geometry clean-
up, e. g., in the wrapping procedure and
in grid generation, as well as in result ed-
iting, including presentation creation. In
this way, the project processing time of
single calculations was reduced by three-
quarters over the course of the last four
years. Synergetic effects in variable calcu-
lations even made it possible to increase
the amount of PTC calculations per year
six-fold. The following methods contrib-
uted to these progresses:

- wrapping of whole engines and engine
parts

- efficient 3D meshing methods, with a
modular design and hybrid grids

- automated model set-up with I/O da-
tabase linking

- automated analysis procedures, in-
cluding the supply of standardised al-
pha-numeric and graphic display

- automated creation of PowerPoint
presentations for various variable
comparisons.

This procedure made it possible to evalu-

ate a coolant chamber’s functionality

before the prototype was built and to im-

plement possible design corrections dur-

ing an early development phase.

The efficiency of the coolant cham-
ber is critically depending on its rates
of percolation, i.e., the speed and tem-
peratures, with which it has been ad-
mitted. These conditions are influenced
by the geometry of the underhood, the
engine and the underbody. Cooler grill
openings and flow-guiding built-in

components (light sheet metals, retrac-
tions) have an especially big influence
on cooling performance. It is not
enough just to look at the immediate
surroundings, that is, the underhood,
to guarantee a meaningful simulation
of the cooling module. Rather, it is im-
portant to look at the full vehicle, espe-
cially the front-end.

From this it follows that for PTC calcu-
lations, it is necessary to conduct a full
car simulation, including external aero-
dynamics, detailed underhood and un-
derbody. This requires a multiplicity of
boundary condition definition. The com-
plexity of the task, and the wish to facili-
tate a multiplicity of variant calcula-
tions, calls for an automatisation of the
work steps, in order to ensure a speedy
calculation, Figure 1.

2 Wrapping Procedure

A significant part of fluid flow simula-
tion still lies in geometrical clean-up.
Usually, only a small percentage of the
surfaces from the complete CAD data is
necessary for the CFD.

While native CAD data consists of a
huge number of components, which have
contact, intersect each other or are built
within each other, CFD requires a closed
surface enclosing just the main flow area.
This surface must be available in triangu-
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lated form, for example as an STL file (sur-
face tesselation language; description of
the surface by means of triangles). Process-
ing the geometry with CAD functionality
takes several working weeks for a com-
plete automobile. The engine is a particu-
lar challenge, due to its data volume and
number of components.

Surface wrapping is a time-saving al-
ternative as it superimposes the geome-
try with a Cartesian hexahedron grid,
with the cells classified in and outside of
the geometry. The nodes that are close to
the exterior surfaces are projected into
the geometry and the triangulated sur-
faces are generated. This procedure
makes it possible to transform ancillary
units, engine parts and components of
the CAD system into a closed triangulat-
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Figure 1: Automated simulation process using macros
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ed surface in a single step. The advantage
of this method increases in proportion
to complexity, but decreases as the de-
mand for attention to detail increases.
The optimal solution is a combination of
the procedures. Meanwhile it is possible,
to reduce the time needed for the geo-
metric clean-up to a few days.

3 Modular Design of Hybrid Grids

Since many of the models evolve from
advancements in single components or
component assemblies, they sometimes
differ only in small details. The cooling
grill design in particular is often changed
and therefore has to be changed in many
models. Modularising the mesh is there-
fore practical, in that it makes the ex-
change of different geometric elements
as easy as possible.

The models are separated in submesh-
er — wind tunnel, front-end and automo-
bile without front-end - while the front-
end is also separated into different parts
- coolant chamber, grill, etc. Each mod-
ule is meshed separately according to a
precisely defined scheme and is coupled
at the boundaries after merging. The
modules each form a unit with precisely
defined boundaries. This means that
they can be easily replaced within the
model. By using a standardised proce-
dure using macros developed exclusively
by Tecosim, a high level of automation
can be attained.

The meshing technology with differ-
ent cell types (hybrid grid in Figure 2)
such as hexahedrons or tetrahedrons, is
adjusted to ensure a high level of preci-
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Figure 2: Hybrid
grid near the
heat exchanger

sion in the targeted results, while simul-
taneously minimising the number of
cells, providing short calculation times.
In the far field, relatively coarse Carte-
sian hexahedron grids are used, which
are refined automatically by a “classify/
refine process” approximating the vehi-
cle geometry and subsequently deleted
near the solid parts of the geometry. The
emerging gaps are usually filled with
tetrahedron and coupled together
whereas recognition of the coupling ar-
eas is mostly automatic.

4 Automated Model Design
and Calculation

By means of a skilled design, multiple
variations can be unified in one single
grid by creating thin-walled components
switchable. For example, air guides or
splash guards can be depicted as either
baffles or thin walls. The plates are in-
finitesimally thin, so that they are com-
posed of surfaces, rather than cells. De-
pending on the definition of the bound-
ary condition, they can be viewed either
as awall or as flow-through. Thick-walled
areas can also be rendered switchable, as
long as they have been meshed internal-
ly. In this way, they also can be defined as
flow-through areas or as solid bodies. A
shared database manages all variations.
This database can hold up to several hun-
dreds of calculations for one single auto-
mobile platform.

It is possible to create different load
case models from one single geometrical
variant (driving situations). Up to four
different load cases are examined for

each geometric configuration, such as
high-speed- or up-hill-driving, and these
situations also may differ from each oth-
er according to the appropriate market
(Europe, USA or Asia).

For each of these load cases, a series
of boundary conditions (speed, tempera-
ture or engine performance data) needs
to be changed or defined anew. The
characteristic curves (fans or heat ex-
changer, etc.) belonging to each calcula-
tion, the driving conditions (transmis-
sion ratio, road increase, hauled load,
etc.) and further conditions are also
filed in the database tables and import-
ed therefrom. The user’s effort is limited
to defining the load case within the
files, from which the basic conditions
are automatically defined and assigned.
Not only does this substantially reduce
the work load, it also considerably re-
duces calculation errors.

The actual calculation process - the
start of the calculation, the definition of
the observed parameters at the appropri-
ate points and the filing - also is docu-
mented via scripts and automated. This
guarantees the consistency of the direc-
tory structure and file naming. A queu-
ing system (software licensing adminis-
tration to avoid waiting cycles during job
processing) ensures the maximum pos-
sible output of calculations.

5 Automated Analysis

When calculating several hundred proc-
esses a year, it is not pragmatic to assign
each case into a post-processing tool and
analyse them individually. That is why
standards were defined that determine
which parameters have to be analysed
for a certain point when and in which
form. This guarantees the comparability
of the single calculation results.

Integral and middle values are stand-
ardised, automatically created and filed
in Excel tables. These values are also re-
written directly into the administering
database. The compact form of the indi-
vidual values makes it possible to obtain
a faster overview of all input and output
values. They are directly analysed within
this database by comparing them to set
values and documenting the discrepan-
cies. A traffic-light indicator (green, yel-
low or red) shows immediately how
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Figure 3: Automatically created analysis figure — thermal flow simulation (left) and pressure distribution (right) in the coolant chamber

closely the examined components met
the requirements. By merging all data
into one file, it is possible not only to
evaluate the individual calculation and
compare it to other variations, but also
to document the developmental progress
in detail and show the variation differ-
ences in the targeted parameters for each
single event. An automated graphic anal-
ysis is also possible: predefined illustra-
tions are created for each calculation.
The user determines the type of illustra-
tion (geometry, speed, pressure, tempera-
ture, etc.) to be used and which varia-
tions should be compared to each other.
Following the automated illustration
creations, Figure 3, they are filed as pres-
entations via PowerPoint macros. During
this process, the appropriate illustra-
tions of the to-be-compared variations
are shown directly next to each other.
Differences thus can be spotted easily.
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6 Time Savings and Prospects

To use computational fluid dynamics
during the developing process as effi-
ciently as possible, it is necessary to plan
the throughput times as short as possi-
ble in order to keep up with the partici-
pating disciplines. The throughput can
be increased enormously by automising
during most of the simulation process,
Figure 4. This, however, makes a precise
coordination of all steps necessary, in or-
der to avoid moving the limitation from
one processing step to the next.

Over the course of the last few years,
the time savings realised via this process
have already been considerable. There
remains, however, some potential to ra-
tionalise the individual steps yet further.
As part of the effort to speed up the sin-
gle work steps, new approaches in CFD
are being considered. The use of polyhe-
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| Figure 4: Increase in speed
due to automatisation of the
CFD process

drons in parts of the grid could reduce
the amount of necessary calculation cells
and, therefore, the whole calculation
time. The Immersed-Boundary Method
may offer the possibility of speeding the
meshing in more or less sensitive geo-
metrical areas. The use of new methods
brings a substantial verification effort in
regards to precision and comparability,
however. On the other hand, it gets pro-
gressively harder to change an existing
process — as would be necessary with a
fundamentally different meshing meth-
od - the further advanced it is.

7 Summary

Using the example of the CFD powertrain
cooling simulation for internal-combus-
tion engines, Tecosim was able to show
how an automatisation is conducted, in-
cluding all steps from geometry clean-up
to calculation and analysis. The core of
the process is the shared database of all
calculations within an automobile plat-
form, which guarantees that all data (in-
put and output) are combined in com-
pact form. This basis controls the entire
process chain within the simulation and
combines all necessary results. In this
way, the project throughput time of an
individual calculation is reduced by
three-quarters. Synergetic effects in vari-
able calculations make it possible to raise
the amount of calculations performed
per year six-fold. Complete documenta-
tion is guaranteed. |
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DEVELOPMENT Controlling

Emission-based Engine Management
for Heavy-Duty Applications

Continually rising demands in emission regulations throughout the service life of modern commercial-vehicle
diesel engines are calling for new controlling strategies. Emission-based engine control primarily provides the
means to compensate for component aging, component variance or fouling. To meet the demands for dynamic
developing such concepts in ever shorter time cycles, IAV GmbH uses the modular prototype engine controller
(MPEC), the new, highly flexible and powerful development environment.
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1 Introduction

Against the backdrop of increasingly
tighter emission legislation, higher pow-
er densities, shorter development times
and increasingly broader model varieties,
the demands being placed on heavy duty
diesel engines are becoming increasingly
complex all the time. In addition to inten-
sifying the integration and distribution
of overall vehicle functions and exhaust-
gas aftertreatment systems, better and
interlinked open and closed-loop control
concepts are necessary for the combus-
tion process. Permissible emissions are
governed by strict regulations and re-
quire ever more sophisticated measures.
Furthermore, future concepts will be
characterized by new sensors and actua-
tors that offer greater dynamics and ac-
curacy or sense further variables, such as
emissions.

To satisfy these demands, it is neces-
sary to develop innovative tools in the
form of software and hardware that offer
the possibility to surmount today‘s prob-
lems. In this context, innovative and de-
tailed solutions must be developed that
are based on an understanding of the
complex overall system. Developed in-
house, IAV’s modular prototype engine
controller (MPEC) provides the facility of a
development platform that can be freely
parameterized on an end-to-end basis to
suit the user’s needs in every respect. At
the same time it offers sufficient scope
and flexibility as early as in the concept
phase for quickly testing furtherreaching
detailed solutions that extend beyond fa-
miliar system boundaries. In a second
step, optimization and implementation
of the approaches promising the most po-
tential for application in production can
be performed. This can be done using all
of the familiar calibration and dataset
management tools (for example Cal-
Guide). In the IAV in-house development
project presented here, fundamental ther-
modynamic studies provided the basis for
developing a closed-loop control concept
for full-size commercial-vehicle engines
in which the emission quantities of nitro-
gen oxides (NOy) and particulate matter
(PM) are used directly as controlled varia-
bles for the control loops.

2 Literature Review and
Preliminary IAV Studies

Emission-based engine control approach-
es can only be applied in production once
suitable measurement technology (ro-
bustness, package, costs) is available. At
this point, particular mention must be
given to in-cylinder pressure, NO,, NH,
and, in the foreseeable future, also PM
sensors. Whereas controlling fresh-air
volume and EGR rate as a method for re-
ducing emissions is frequently referred to
[1], newer approaches take sensing a step
closer to the point of emission formation
by using “rate of heat release” controllers
[2]. In this context, mention must also be
given to the work by Schnorbus et al. 3]
that aims to eliminate the influences of
different fuel qualities by using extended
“center of heat release” control.

The basic cause-effect relationships
and associated parameters for meeting
future emission targets are described in
numerous publications [4] and are suffi-
ciently understood. An extensive ap-
proach to reducing emissions is de-
scribed in reference [5]. The aim of the
concept is to bring raw NO, emission val-
ues as well as the equivalence ratio to
target levels in the closed control loop.
The control variables in this case are the
start of injection for influencing NO,
control and the EGR rate for influencing
the equivalence ratio representing the
level of sooting. Attained with a by-pass
series production control unit, the re-
sults show that approaches to control-
ling emissions do work in principle and
are able to compensate for the influences
of component variance.

Unlike the publications mentioned
above, the work described here focuses on
the use of two “single in single out” con-
trollers for closed-loop NO, control that
are based on the NO, sensor value. The
control variables used here are the main
center of heat release on the fuel side and
the position of the exhaust-gas recircula-
tion valve on the air side. In contrast to
the approaches presented above and as an
alternative to the production control unit
with calibration access, use was made of
the fully programmable and parameteriz-
able "full path” MPEC control unit, which
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Figure 2: Modular software functions of the MPEC

provided the capability of combining the
control strategies freely.

Preliminary studies conducted on a
single-cylinder research engine are taken
as the basis for defining the most effec-
tive control variables and for obtaining a
deeper understanding of the cause-effect
relationships [6]. Basically, the influenc-
ing factors can be divided into fuel and
air path. Fuel-path parameters are in
principle better suited from the aspect of
rapid control as changes can be factored
in more or less in synchrony with the
process. In comparison, in the air path,
consideration must also be given to a re-
sponse time before the target variables
are reached. In addition, air-path compo-
nents are in most cases heavily depend-
ent on geometry. Maintaining the me-
chatronic control environment (engine
management, actuators, sensors etc.) as
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far as possible, the findings are trans-
ferred to a multi-cylinder engine and fur-
ther optimized with regard to dynamic
capability.

3 Engine Test-Bench Investigations

In the following test engine, modular
prototype engine controller, control
concept, reference measurements, emis-
sion control during steady-state engine
operation, emission control during
transient engine operation but also ef-
fects of aging and component variances
are presented.

3.1 TestEngine

An in-line six-cylinder commercial-vehi-
cle diesel engine provides the basis for
furtherreaching tests. This is an engine

calibrated to meet Euro-4 legislation on
the basis of external exhaust-gas recircu-
lation. Diverging from its production
configuration and in addition to the
standard test bench sensors, the engine
features an indication system for cylin-
der-pressure-based engine management
and a broadband oxygen sensor in the
inlet manifold for determining the con-
centration of oxygen. An opacimeter and
a near-production NO, sensor fitted di-
rectly downstream of the exhaust-gas
turbine are also used.

3.2 Modular Prototype

Engine Control Unit

The modular prototype engine control-
ler (MPEC) was developed with the aim
of' being as independent as possible from
restrictions and platforms of component
suppliers or vehicle and engine manu-
facturers as well as to provide maximum
degrees of freedom. The system is based
on state-of-the-art, industrial embedded
PC technology and delivers Intel Pen-
tium performance in the gigahertz
range. Using the Windows CE operating
system, MPEC is real-time capable. Any
type and number of input-output (I/O)
assemblies can be connected via an ex-
tremely fast Ethernet-based 100-Mbit/s
field bus. In addition to digital and ana-
log inputs and outputs, the system pro-
vides assemblies for the CAN bus, for se-
rial RS232 communication or for the
evaluation and direct connection of tem-
perature sensors (for example thermo-
couples). IAV GmbH is developing special
1/O block sets, for example for evaluating
oxygen sensors. This avoids having to
add external hardware (for example AD
scanner) to the system. Use of the latest
PC technology provides maximum com-
puting capacity. At present, the entire
engine control unit software is comput-
ed at 200 ps intervals. However, total
model cycle times down to as little as
100 ps are possible.

IAV’s FI°RE (flexible injection and ig-
nition for rapid engineering) control
unitintegrated in the MPEC system plays
a central part in the overall development
environment. Above all, it takes care of
actuating the injection system in syn-
chrony with crank angle, senses the cyl-
inder pressure signals in synchrony with
the process and performs thermodynam-
ic real-time analysis.
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Figure 1 shows the electronic test-
bench set-up. The upper part of the
MPEC contains all of the internal I/O
modules. The embedded PC runs the
Matlab/Simulink-based MPEC software
which is a more advanced version of the
Hoccos software [7]. Using Realtime
Workshop, the closed tool chain permits
automatic code generation for the mod-
els produced by the user. These are com-
piled to suit the target system, loaded
onto the hardware and executed there.
The system contains custom-made
Simulink block sets for all components
as well as all inputs and outputs. Calibra-
tion with Inca or similar tools takes
place by means of XCP through a net-
work interface. Figure 2 provides an over-
view of the software functions currently
being used and the way they are distrib-
uted throughout the system.

3.3 Control Concept

Essentially, the controller design imple-
mented for keeping raw emissions on tar-
get is in each case a cascaded “dual-split
controller” (DSC) for controlling particu-
late matter and NO,. The upper section of
Figure 3 shows the set-up for the particu-
late controller. The inner cascades act on
rail and boost pressure. In the absence of
suitable production-ready soot sensors,
an opacimeter was used to measure the
actual concentration of particulate mat-
ter in the exhaust gas. The “dual-split
scheduler” (DSS) weights the split be-
tween the control variables of rail and
boost pressure in relation to the O, con-
centration in the inlet manifold and out-
er-cascade PM control deviation. As the
test engine is fitted with a turbocharger
without variabilities, it was not possible
to activate the inner boost pressure con-
trol cascade for this project work.

The structure of the NO, controller is
shown in Figure 3 bottom. Here, the NOy
emission controller forms the outer cas-
cade that actuates the EGR valve as its
first priority. The inner controller cas-
cade’s O, setpoint is regulated by a limit-
er. If a negative NO, control deviation
still continues to exist, the inner parallel
“center of heat release” (COHR) cascade is
additionally activated by a second DSS.
This acts on a cylinder-selective basis
with secondary priority. To maximize
the dynamics of the rather slow NO, sen-
sor value and of the exhaust-gas opacity

Figure 3: Concept

value, two observers are employed that
map the behavior of the measurement
system being used. In the diagram, the
different actual values as well as the pi-
lot control values and setpoints are each
shown on one signal arrow for the sake
of simplicity.

In order to for example counteract
transient effects resulting from rail pres-
sure adjustment after a load step change,
the “Advanced Closed Loop Combustion
Control” system was developed that uses
the given setpoint and the results of the
real-time heat release rate analysis to in-
fluence the heat release rate in order to
stay inside the targeted emission limits.
The capability of switching over using

O=— resuks with sedial ECL

3— point 1 -n= B0 pm W = 400 Nm (MPEC)
— point2-n=1300rpm M = 1000 Nm (MPEC)

V- = 1500 Nm (MPEC)

outline of the raw
emissions controller

the DSS combined with a temporary ad-
justment of the injection timing pre-
vents the soot values from overshooting.

3.4 Reference Measurements

To compare the system quality of the test
environment used, the basic engine cali-
bration was first brought in line with
production status. Determination of the
quality of the hardware and of the algo-
rithms and functions used is only possi-
ble by clearly defining a reference.
Figure 4 exemplarily shows the results of
an engine speed/load cross section. Three
steady-state operating points are com-
pared with production and MPEC engine
management.
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Figure 4: Comparison of results from series production control unit and MPEC
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Figure 5: Emission-controlled NO, setpoint step at 1280 rpm engine speed

Comparability is shown to be very
good, not only in terms of the cylinder
pressure and resultant heat release rates
but also in respect of emissions and fuel
consumption. It can thus be assumed that
reference measurements, although re-
flecting a basic dataset and displayed
through the MPEC system, are identical
with the results obtained using the pro-
duction control unit.

3.5 Emission Control during

Steady-State Engine Operation

To realize the closed-loop control concept
in principle, various emission setpoint
steps were examined at cycle-relevant op-
erating points. Exemplarily, an operating
pointwith IMEP=7.5 bar and n=1280 rpm
is presented here. Figure 5 shows NO, set-
point steps at constant engine speed and
accelerator-pedal position. The NO, set-
points (380, 300 and 500 ppm) correspond
to the production value on the one hand
and to a rise or fall of approximately 20 %
in the production value on the other.

At t = 25.5s5, it is possible to see how
the outer NO, controller cascade directly
increases the EGR setpoint. As gas-travel-
induced system delays and NO, sensor re-
sponse time have a negative effect on
quickly reducing NO, it is necessary to
employ pilot control at the point where
the step occurs. This is done by shifting
the center of heat release. By “retarding”
the point of injection in this way, it is pos-
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sible to make the NO, reduction gradient
extremely steep. After pilot control dura-
tion expires and a defined target EGR
valve position is reached, NO, emissions
are additionally regulated by a signifi-
cantly faster COHR controller (at t = 28 s
in Figure 5). Through these measures, the
setpoint can be reached after approxi-
mately 2 s according to the measurement.
However, as behavior of the NO, sensors
used is still less than satisfactory, it is as-
sumed that the true control time - which
is the cycle-relevant factor - is approxi-
mately one second and thus significantly
shorter than measured here. After reach-
ing the NO, setpoint, the injection point,
which adversely affects fuel consumption,
is advanced again.

At t = 28s, it can be seen that the
“Opac” controller counteracts the higher
soot levels caused by NO, control. Increas-
ing rail pressure to approx 1520 bar, PM
emissions can be kept close to the target
value while significantly reducing the
NO, level. The torque controller keeps
the indicated mean pressure at the set-
point of 7.5 bar. Comparing the opacity
curves with and without opacity control
makes it clear that this control action
manages to return opacity to the set-
point. The rise in nitrogen oxide levels
from higher rail pressure results in the
need for the NO, controller to actuate
the control variables more sharply so as
to attain the same NO, values.

30 358 380 385 370 379 380 303 30 303 400 @5 410 415 430 425
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Figure 6: Transient emission behaviour

3.6 Emission Control during

Transient Engine Operation

So far, it has been established that for
constant operating behavior the MPEC is
capable of controlling NO, and opacity
quickly and precisely. This behavior must
also be ensured when engine operating
points or load requests quickly change.
To this end, fully variable dynamics rec-
ognition was implemented in the MPEC
engine management system, making it
possible to activate pilot control as re-
quired. Figure 6 shows different NO, set-
point reductions. It becomes clear that
when using the MPEC system and speci-
fying production NO, values, the emis-
sion curves for production ECU and
MPEC (black and blue) come very close
together. This is only possible by quickly
adjusting the pilot control behavior of
injection start and EGR on the basis of
dynamics recognition.

The graphs in Figure 6 showing grad-
ual NO, reduction (red, green and ma-
genta) demonstrate that the measures
are well suited to meet the specified NO,
values. By systematically pilot-control-
ling individual controller parameters,
optimum control behavior is achieved at
the load step. However, even through the
higher rail pressure brought about by
the opacity controller, it is not possible
to completely avoid an increase in opaci-
ty on sharply reducing NO, with un-
changed engine hardware.

personal buildup for Force Motors Ltd.



| EGR sooting
| Incroased air-mass-fow of 1.8 %
= chan EGR path (serinl ECLY

—— sooted EGR path (serial ECL)
— sooted EGR palh (IAV MPEC)

E 50
i 30 mm—lmm g

Figure 7: Load steps with “aged” EGR
valve at 1000 rpm engine speed

3.7 Effects of Aging and
Component Variances
One of the main motivations for develop-
ing an emission-based engine manage-
ment system is to compensate for the ef-
fects of aging and component variances.
In addition to the unsatisfactory accuracy
of some sensors even when new, compo-
nents undergo changes during their serv-
ice life as a result of fouling and/or wear.
For instance, the EGR system is particu-
larly susceptible to fouling from the for-
mation of acids or carbonization on the
gas-carrying components. The adverse ef-
fect this has on emissions may, on the
one hand, take the form of a change in
overall flow at the same valve position or,
on the other, result in deviations in posi-
tion feedback as a consequence of compo-
nent wear. The algorithm presented here
aims to compensate for fault sources on
the basis of closed-loop, result-oriented
control. The following describes the sim-
ulation of faults on the EGR valve, cooler
and lines as well as the effects they have.
Sooting of the EGR system is simulated by
imposing an offset on the EGR duty-cycle
map or on the pilot control map of EGR
valve positioning control. Sooting was se-
lected that produces an air-mass increase
of 1.8 %.

Figure 7 shows the results of this meas-
urement series with uninfluenced EGR
path, with simulated EGR sooting on the

production control unit without emis-
sion control and the results obtained
with the MPEC system utilizing the
emission control structures implement-
ed. Simulated sooting produces a rise in
NO, emissions of approx 1 g/kWh. This
corresponds to an increase of approxi-
mately 16 %. By comparison, emission
control using the MPEC can fully com-
pensate the effect of this component re-
striction. As simulated EGR valve carbon-
ization generates an increase in mass
flow and thus a drop in the equivalence
ratio, opacity falls by approximately
65 % in the absence of compensatory
measures.

With emission control activated, set-
points were achieved on the PM and NO,
side based on the production levels. Due
to the impact of temperature, pressure
and hysteresis on the values measured
with the NO, sensor, a slightly lower NO,
value than was measured in production
was used to achieve emission control.
This becomes apparent in a slight reduc-
tion in the mass of fresh air required.
With the control system activated, the
setpoints are otherwise attained with a
very high degree of precision both for
steady-state and dynamic operation,
making it possible to validate the suc-
cess of applying the presented control
system on air paths subject to this type
of aging.

4 Summary and Outlook

Within this study IAV GmbH could show
that it is possible to compensate fully for
component-induced effects of aging and
production variance within the physical
limits by using existing production sen-
sors to control emissions. In this context,
the employed controller structure repre-
sents a basic state of development work
which offers potentials in terms of emis-
sion reduction for use in mass produc-
tion by adapting the switch-over and ena-
bling strategies of the “dual-split sched-
ulers” more specifically as well as by
coupling the parallel control loops more
intensely. Being able to select any con-
trol-variable strategy and through the
availability of a fast and slow control
path, directly and accurately targeted ac-
tion can be taken to reduce the NO, and
PM peaks identified in the cycle.

As development of production-level ex-
haust-gas sensors is extensively driven by
OBD legislation, it must be assumed that
the necessary emission sensors anticipat-
ed here will, in the near future, be found
in engine concepts anyway so that emis-
sion control will merely focus on consist-
ently utilizing the synergies of this tech-
nology.

Using the firstly available modular pro-
totype engine controller (MPEC) develop-
ment environment made available for the
first time in this project, it was possible
within just a few weeks to actuate an arbi-
trary commercial-vehicle engine from end
to end and calibrate it with standard cali-
bration software. In terms of computing
power, it was possible to increase perform-
ance by orders of magnitude.

By implementing automatic I/O mod-
ule configuration, the time required for
integrating additional models - the
number of which is already unlimited - is
to be reduced in future to “plug & play”
level. Extending the 100-Mbit standard so
that it also covers the area between injec-
tion control unit and main computing
node will furthermore make it possible to
compute algorithms of greater complexi-
ty, for example also between two consecu-
tive injection events in a cycle, and to initi-
ate control actions to best effect.
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DEVELOPMENT Piston

Piston Ring Dynamics Simulation
Based on FEA Software

Modern simulation software offers the possibility to simulate the piston ring dynamics in great detail. There-
fore, a detailed understanding of the occurring mechanisms and involved physical models can be gained. At
the Institute for Combustion Engines in Aachen this approach was used by coupling user subroutines with a
FEA dynamic 3D model of a specified piston assembly/cylinder unit. At the institute as well as at FEV these
simulation models support the development, failure analysis and optimization process.
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1 Introduction

The piston assembly is one of the ther
mally and mechanically highest loaded
components in modern combustion en-
gines. Increasing ignition pressures,
more efficient power use, minimized
component clearances and future orient-
ed emission legislation are going to in-
tensify the load. Partly the numerous
piston assembly requirements can lead
to clashing objectives. Often the design
of piston rings is based on empirical da-
ta. Modern simulation software however,
offers the possibility to simulate the pis-
ton ring dynamics in great detail parallel
to measurements. Therefore, a detailed
understanding of the occurring mecha-
nisms and involved physical models can
be gained. At the Institute for Combus-
tion Engines in Aachen this approach
was used by coupling user subroutines
with a FEA dynamic 3D model of a speci-
fied piston assembly/cylinder unit. At the
institute as well as at FEV Motorentechnik
GmbH these simulation models support
the development, failure analysis and op-
timization process.

2 Model Description

Figure 1 shows the dynamic piston ring
model. The macro-geometry, local stiff-
ness, mass and temperature distribution
is modelled by the FEA grid. This includes
asymmetries due to the piston ring gap
or piston design. The micro-geometry is
included to a large extent in the contact
interaction model formalism, imple-
mented via the user subroutines. The es-
sential boundary conditions are:

- the component geometry including
the piston ring running surface and
pretension force

- the temperature distribution and de-
formation of the liner surface

- the temperature distribution, defor-
mation and skirt shape of the piston

- the gas pressure and temperature
curve in the combustion chamber and
crankcase

- the gas and lubricant properties

- the rotational speed of the crank
shaft.

A gas model that is coupled to the FEA
model generates the transient gas pres-
sure values and blow by rates. The con-
tact model [1, 2| that describes the inter-
action between the piston ring and liner
surface is based on a hydrodynamic and
mixed friction approach. The potential
occurrence of wear is modelled as de-
scribed in [3, 4]. Furthermore a simpli-
fied lubricant transport model is imple-
mented that keeps track of the lubricant
distribution on all relevant surfaces over
time. The input interface consists of a pa-
rameter list that is used to initialize all
subroutines prior to a simulation. All 3D
components are meshed automatically
based on their geometrical parameters.
Because of the piston’s complexity and to
ensure that the asymmetric stiffness
(skirt) and mass distribution behaviour
are most precisely detailed the piston is
only meshed with computer assistance.

3 Simulation

3.1 Piston Ring Assembly

In order to obtain a realistic stress distribu-
tion in the piston rings they are meshed in
their original state, and then, via a pre-
simulation step, assembled into the liner.
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Figure 1: Set up of the piston ring dynamics simulation model
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Stress distribution as a result of applying pretension ...

[&]... by instattation moded [B] .. by tangential foree

Piston

Teradle |4}

Figure 2: Comparison of piston ring pretension models

Figure 2 (A) shows the resulting stress distri-
bution in the piston ring. As a comparison
Figure 2 (B) and (C) show two often used
approaches to model the pre-tension in a
piston ring either via an external force, Fig-
ure 2 (B), or via an external pressure, Figure
2 (C). It becomes apparent that the pres-
sure and tensile stress distribution reverses
along the radial coordinate. The last two
approaches can be used in their simplified
form however they will lead to an unrealis-
tic stress distribution in the piston ring.

3.2 Piston Assembly Dynamics

Due to the vast range of interactions that
are involved in the piston ring’s dynamics
and the physical model depth a valida-

Per model volume i,
piston ring & increment £
Gas pressure p (1)

Gas temperature I (1)
Gas model valume I (r)
Gas mass m, (1)

Gas mass flow 5, (1)

,

Ay® uppsd seclion A= gap section
Ay= downe saction A = lines section
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tion of the model is recommended wher-
ever possible for each project. Based on
the calibration of the simulation model
with measurement data, simulation vari-
ants are defined, in order to investigate a
problem. In the concept phase simula-
tions are conducted for typical load cases
such as: zero, part, and full load at idle,
engine speed of 2000/min, engine speed
at maximum power, and over-speed. All
conceivable model parameters can be var-
ied to analyze potentials. For specific
problems on prototypes or series produc-
tion only a selected load cases are simu-
lated at which a failure is expected to oc-
cur. Proposed solutions can then be veri-
fied in further steps by simulation.

B I Gas pressure. Measurement & simulation

m Piston rings
E Blow by diagram (in Vmin)
88+11,1+11,8=128+17,7+

51 82+ 89+106+11,3+348
58+« 67+ B0*1724255

PMEP in bar

2000 4000

Exmmpilec 1,51 5 angine; FMEF = Mean effective pressure

gl 45+ 48+ E8-158=271%
6000
Engine speed in 1/min =~ —»

4 Submodels and Results

The amount and diversity of simulation
output data is huge due to it’s three di-
mensional implementation of the elastic
system in the time domain and must be
well structured depending on the point
of focus of an investigation. All FEA mod-
el specific output data (dynamics, stress-
es, and contact behaviour) is available to
the user via the commercial FEA post-
processor software. The user subroutines
support the post processing to a great ex-
tent as well, as they report essential evalu-
ation results like blow-by, friction, wear,
and lubricant distribution.

4.1 Gas Flow and Blow-by

The nodal positions of all meshed com-
ponents are transmitted by the FEA
solver for every time increment to the
linked FEA gas flow model where they
serve as input. With this information,
the gas chamber volumes V((t) and the
gas flow cross section areas A (t) per pis-
ton ring gap and circumferential radial
clearance are calculated, Figure 3 (A).
These cross section areas serve as input
for the gas flow equations as described in
[5]. The gas model calculates the quanti-
ties pressure p,, temperature T, mass m,
and mass flow rate i, ., per model cham-
ber and time increment. The gas pres-
sures p,, are used as pressure boundary

t 30 o —Combustion space /Meas
E 20 | —\olume 1 /Meas
— Volume 1 /Sim

S 104 :

% Vg 360 720

o Crank angle in degree = —
E Gas leakage (Blow by)

L 3 Loss

-lE o =
c 0 [ |
2 | Reverse Blow by

piston ring fluttering
g R R B

Figure 3: The coupled gas
flow model with gas pressure
and blow by results

personal buildup for Force Motors Ltd.



Compression and Shear stress ~ Node

at element surfaces positions
Carrying
oil film
No 7 Yes

High FEA grid
resolved  + running surface
contact grid  + bore distortion

conditions on the corresponding FEM
model surfaces in the next time step. The
gas pressure curve in the combustion
chamber and crank case serve as gas
model boundary conditions.

The diagram in Figure 3 (B) shows the
pressure curve in the combustion cham-
ber (black) and between the first and sec-
ond piston ring (chamber 1, blue) as a
function of crank angle. The simulated
pressure curve for chamber 1 matches
well with the measured curve (grey) ac-
quired from a motored 1.5 1 gasoline en-
gine as an example. Based on a measure-
ment validated simulation model blow-
by rates can be determined reliably.
These are presented in the diagram in
Figure 3 (C) (operating point: mean effec-
tive pressure p_ =5 bar, engine speed n =
4000/min) as integral values of blow-by
and reverse blow-by. If these simulations
are carried out for a series of operating
points a so called blow-by loss-iso-dia-
gram, as depicted in Figure 3 (D), is ob-
tained. Conspicuous operating points
can now be diagnosed, analysed (ring
fluttering) and counter measures can be
validated.

4.2 Hydrodynamics, Friction and Wear

The input parameters for the contact
model, Figure 4 (A), which allow the lu-
bricant film geometry to be determined
as a function of circumference and time

B | Friction force of piston group

Examplec 1.8 51 engire; *BDC = Bottom dead cented

for every piston ring are the positions
and velocities of the piston rings and
liner surface nodes. As the meshed grid
of the piston rings is too coarse for an
accurate implementation of the mixed
friction contact approach, the piston
ring running surfaces and liner surface
are applied to a significantly denser grid.
Furthermore, the surface roughness for
both surfaces is included by their statis-
tical values. One result for every time
step is the lubricant film’s geometry
which is used to check whether any as-
perities of the rough surfaces are in con-
tact. If they have contact, the regime of
mixed-friction is entered. Depending on
the contact pressure, the hydrodynamic
and metallic contact pressure are weight-
ed over the Abbott-Firestone-curve [4]
and superimposed. The summed surface
pressure is returned as pressure bound-
ary condition per time increment to the
FEA solver. The potential wear of both
contacting surfaces is implemented via
an abrasive and adhesive wear model |3,
4]. Both these wear formalisms predict a
reduction of the surface roughness
peaks per time step as a function of the
contact pressure, relative velocity, and
surface hardness. An important result of
the contact model is the friction force
behaviour of the piston assembly. A com-
parison of simulated and measured [6]
friction force is shown in Figure 4 (B). By

=t Crank angle in degree ~ —=
i - 0 360 720
g 100 -~
1]
= -
=100 Measurement
i 200 — Simulation
C | Friction loss | FMEP :
“Extrapolation”
! 0.08  mSimuation =
5 004 O Measuremant 3
= 1
o 002
o ;
el oM i
[rs 2000 2000 6000 1/min
Part- Full- Full-Load
E Wear tendency .
. Piston position lBDE. TDCY)
2 . g:_l Compression
-] 3 a UTI.Eupmon
5 o oyt Exhaust
= i Figure 4: The coupled HD/hard
5 E u.rlhapiramn 9 Ipled AL /
Circumference 360° — 50000 N contact model with friction
] ms force, friction loss and wear

results

varying parameters the model supports
the evaluation of variants regarding fric-
tion and wear behaviour. This is an ad-
vantage in concept phases, for optimisa-
tion suggestions or at high engine
speeds, where measurements are either
not possible or too expensive. In the dia-
gram in Figure 4 (C), the mean effective
pressure for 2000/min at part and full
load are presented and compared with
measurement data. Using this starting
point, the values for 6000/min at full
load can be rated via an extrapolation of
the simulation and measurement re-
sults.

The product of local contact pressure
distribution and relative contact surface
velocity will be defined as wear tendency.
The wear tendency of each piston ring
running surface as well as the liner sur-
face can hence be determined. This result,
as shown in the diagram in Figure 4 (D),
can be plotted as a function of crank an-
gle versus liner circumference.

The diagram gives a qualitative and
practical assessment on the regions on
the liner surface where wear is most like-
ly to occur. If many variants are incorpo-
rated in the analysis, potential low wear
designs can be determined.

4.3 Lubricant Distribution
The positions, velocities, and accelera-
tions of all FEM-meshed nodes serve as
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[2]
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circumference segment

input for the lubricant-model. This mod-
el describes the transport of the lubri-
cant on the liner surface due to the up-
and downward scraping of the lubricant
by the piston rings. For each time step,
the lubricant film height on the liner
surface and the lubricant volumes at pis-
ton ring top and bottom side are calcu-
lated, Figure 5 (A). These are a result from
the minimal lubricant film height as im-

miw v

Piston

plemented in the hydrodynamic contact

model, after the piston ring has run over

the liner surface and the lubricant sup-

ply. Currently, five lubricant loss mecha-

nisms are considered:

- the evaporation of lubricant in the
combustion chamber [7]

- the loss of lubricant beyond a critical
acceleration at the top side of the first
piston ring

Temperature

In*C

n.S.IZEB 223.195.253 Measurement
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Piston group clearance [ thermal expansion

BWear
t 195 B Oil loss tendency
%‘a&
EE 185 390
2
§_ 17.5 380
165 370
A B C D
Variants

Parameter study wear- & oil consumption tendency
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- the loss via dissolved lubricant in

blow-by [8]

- the pumping of lubricant passed the
first piston ring

- the coking of lubricant due to hot
blow-by gases.

Figure 5 (B) shows a typical result of the lu-

bricant film height on the liner surface af-

ter the first piston ring has run over as a

function of the crank angle versus cylinder

circumference. In the diagram in Figure 5

(C) the evaporated lubricant mass part as a

function of crank angle is shown.

Due to its complex interactions the lu-
bricant distribution model is very sensi-
tive to input parameters. Momentarily it
is used in practical applications for quali-
tative comparisons of system variants.

4.4 Parameter Variation

The impact of the thermal deformation of
the piston assembly components on the
functional behaviour of the piston rings is
in the focus of current research. For this,
the 3D temperature distribution and the
corresponding thermal deformation, as
depicted in Figure 6 (A), is included into
the model. A comparison with tempera-
ture measurements shows the accordance
at five sensor positions. Based on this vali-
dated input, load cases for minimal piston
assembly component clearances at higher
revolution speeds can be simulated, and
the impact on wear and lubrication con-
sumption can be analysed. For example,
the wear tendency index (= average value
of the product of contact pressure times
relative surface velocity) and the remain-

personal buildup for Force Motors Ltd.



ing lubricant film height on the surface above the top
piston ring can be analysed for variants (A) basis, (B) with-
out piston offset, (C) without crank offset, and (D) maxi-
mal piston ring pre-tension. The aim of such an investiga-
tion is the localisation of wear relevant model parameters
and their impact on i.e. lubricant consumption.

5 Summary

The simulation technique offers a future oriented build-
ing block with a high degree of physical modelling depth.
It allows a most realistic simulation of the three dimen-
sional piston ring dynamics where relevant physical inter-
actions, such as gas coupling, elasticity, non-linear con-
tacts (EHD and solid body) and temperature influences
are embedded. The simulation methodology allows a de-
tailed study of the piston ring vertical gap position, flut-
tering, and rotation based on the implementation of free
moving piston rings which are controlled only by gas-,
HD-, and contact interactions. The long time use of meas-
uring techniques [6, 9, 10] in research-, development-, and
series-production-projects as well as the verification with
supplier data supports the refinement of the model so far
and in future. The knowledge gained from the simula-
tions flow back into the measuring methodology for opti-
mizing the mechanical signal-transfer systems and sensor
technology. The application in various projects so far has
shown the adaptation potential of this methodology re-
garding the requirements of modern developed cylinder
units and in combination with various analysis tech-
niques since its first publication in 2001 [11].
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DEVELOPMENT Piston

Piston Ring Dynamics Simulation
Based on FEA Software

Modern simulation software offers the possibility to simulate the piston ring dynamics in great detail. There-
fore, a detailed understanding of the occurring mechanisms and involved physical models can be gained. At
the Institute for Combustion Engines in Aachen this approach was used by coupling user subroutines with a
FEA dynamic 3D model of a specified piston assembly/cylinder unit. At the institute as well as at FEV these
simulation models support the development, failure analysis and optimization process.
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1 Introduction

The piston assembly is one of the ther
mally and mechanically highest loaded
components in modern combustion en-
gines. Increasing ignition pressures,
more efficient power use, minimized
component clearances and future orient-
ed emission legislation are going to in-
tensify the load. Partly the numerous
piston assembly requirements can lead
to clashing objectives. Often the design
of piston rings is based on empirical da-
ta. Modern simulation software however,
offers the possibility to simulate the pis-
ton ring dynamics in great detail parallel
to measurements. Therefore, a detailed
understanding of the occurring mecha-
nisms and involved physical models can
be gained. At the Institute for Combus-
tion Engines in Aachen this approach
was used by coupling user subroutines
with a FEA dynamic 3D model of a speci-
fied piston assembly/cylinder unit. At the
institute as well as at FEV Motorentechnik
GmbH these simulation models support
the development, failure analysis and op-
timization process.

2 Model Description

Figure 1 shows the dynamic piston ring
model. The macro-geometry, local stiff-
ness, mass and temperature distribution
is modelled by the FEA grid. This includes
asymmetries due to the piston ring gap
or piston design. The micro-geometry is
included to a large extent in the contact
interaction model formalism, imple-
mented via the user subroutines. The es-
sential boundary conditions are:

- the component geometry including
the piston ring running surface and
pretension force

- the temperature distribution and de-
formation of the liner surface

- the temperature distribution, defor-
mation and skirt shape of the piston

- the gas pressure and temperature
curve in the combustion chamber and
crankcase

- the gas and lubricant properties

- the rotational speed of the crank
shaft.

A gas model that is coupled to the FEA
model generates the transient gas pres-
sure values and blow by rates. The con-
tact model [1, 2| that describes the inter-
action between the piston ring and liner
surface is based on a hydrodynamic and
mixed friction approach. The potential
occurrence of wear is modelled as de-
scribed in [3, 4]. Furthermore a simpli-
fied lubricant transport model is imple-
mented that keeps track of the lubricant
distribution on all relevant surfaces over
time. The input interface consists of a pa-
rameter list that is used to initialize all
subroutines prior to a simulation. All 3D
components are meshed automatically
based on their geometrical parameters.
Because of the piston’s complexity and to
ensure that the asymmetric stiffness
(skirt) and mass distribution behaviour
are most precisely detailed the piston is
only meshed with computer assistance.

3 Simulation

3.1 Piston Ring Assembly

In order to obtain a realistic stress distribu-
tion in the piston rings they are meshed in
their original state, and then, via a pre-
simulation step, assembled into the liner.

Finite Elemente

SArsCture

e aTute
material

ratalion

The Authors

3 ——P User-Subroutines

NN i ] A BT T

Figure 1: Set up of the piston ring dynamics simulation model
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Stress distribution as a result of applying pretension ...

[&]... by instattation moded [B] .. by tangential foree

Piston

Teradle |4}

Figure 2: Comparison of piston ring pretension models

Figure 2 (A) shows the resulting stress distri-
bution in the piston ring. As a comparison
Figure 2 (B) and (C) show two often used
approaches to model the pre-tension in a
piston ring either via an external force, Fig-
ure 2 (B), or via an external pressure, Figure
2 (C). It becomes apparent that the pres-
sure and tensile stress distribution reverses
along the radial coordinate. The last two
approaches can be used in their simplified
form however they will lead to an unrealis-
tic stress distribution in the piston ring.

3.2 Piston Assembly Dynamics

Due to the vast range of interactions that
are involved in the piston ring’s dynamics
and the physical model depth a valida-

Per model volume i,
piston ring & increment £
Gas pressure p (1)

Gas temperature I (1)
Gas model valume I (r)
Gas mass m, (1)

Gas mass flow 5, (1)

,

Ay® uppsd seclion A= gap section
Ay= downe saction A = lines section
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tion of the model is recommended wher-
ever possible for each project. Based on
the calibration of the simulation model
with measurement data, simulation vari-
ants are defined, in order to investigate a
problem. In the concept phase simula-
tions are conducted for typical load cases
such as: zero, part, and full load at idle,
engine speed of 2000/min, engine speed
at maximum power, and over-speed. All
conceivable model parameters can be var-
ied to analyze potentials. For specific
problems on prototypes or series produc-
tion only a selected load cases are simu-
lated at which a failure is expected to oc-
cur. Proposed solutions can then be veri-
fied in further steps by simulation.

B I Gas pressure. Measurement & simulation

m Piston rings
E Blow by diagram (in Vmin)
88+11,1+11,8=128+17,7+

51 82+ 89+106+11,3+348
58+« 67+ B0*1724255

PMEP in bar

2000 4000

Exmmpilec 1,51 5 angine; FMEF = Mean effective pressure

gl 45+ 48+ E8-158=271%
6000
Engine speed in 1/min =~ —»

4 Submodels and Results

The amount and diversity of simulation
output data is huge due to it’s three di-
mensional implementation of the elastic
system in the time domain and must be
well structured depending on the point
of focus of an investigation. All FEA mod-
el specific output data (dynamics, stress-
es, and contact behaviour) is available to
the user via the commercial FEA post-
processor software. The user subroutines
support the post processing to a great ex-
tent as well, as they report essential evalu-
ation results like blow-by, friction, wear,
and lubricant distribution.

4.1 Gas Flow and Blow-by

The nodal positions of all meshed com-
ponents are transmitted by the FEA
solver for every time increment to the
linked FEA gas flow model where they
serve as input. With this information,
the gas chamber volumes V((t) and the
gas flow cross section areas A (t) per pis-
ton ring gap and circumferential radial
clearance are calculated, Figure 3 (A).
These cross section areas serve as input
for the gas flow equations as described in
[5]. The gas model calculates the quanti-
ties pressure p,, temperature T, mass m,
and mass flow rate i, ., per model cham-
ber and time increment. The gas pres-
sures p,, are used as pressure boundary

t 30 o —Combustion space /Meas
E 20 | —\olume 1 /Meas
— Volume 1 /Sim

S 104 :

% Vg 360 720

o Crank angle in degree = —
E Gas leakage (Blow by)

L 3 Loss

-lE o =
c 0 [ |
2 | Reverse Blow by

piston ring fluttering
g R R B

Figure 3: The coupled gas
flow model with gas pressure
and blow by results
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conditions on the corresponding FEM
model surfaces in the next time step. The
gas pressure curve in the combustion
chamber and crank case serve as gas
model boundary conditions.

The diagram in Figure 3 (B) shows the
pressure curve in the combustion cham-
ber (black) and between the first and sec-
ond piston ring (chamber 1, blue) as a
function of crank angle. The simulated
pressure curve for chamber 1 matches
well with the measured curve (grey) ac-
quired from a motored 1.5 1 gasoline en-
gine as an example. Based on a measure-
ment validated simulation model blow-
by rates can be determined reliably.
These are presented in the diagram in
Figure 3 (C) (operating point: mean effec-
tive pressure p_ =5 bar, engine speed n =
4000/min) as integral values of blow-by
and reverse blow-by. If these simulations
are carried out for a series of operating
points a so called blow-by loss-iso-dia-
gram, as depicted in Figure 3 (D), is ob-
tained. Conspicuous operating points
can now be diagnosed, analysed (ring
fluttering) and counter measures can be
validated.

4.2 Hydrodynamics, Friction and Wear

The input parameters for the contact
model, Figure 4 (A), which allow the lu-
bricant film geometry to be determined
as a function of circumference and time

B | Friction force of piston group

Examplec 1.8 51 engire; *BDC = Bottom dead cented

for every piston ring are the positions
and velocities of the piston rings and
liner surface nodes. As the meshed grid
of the piston rings is too coarse for an
accurate implementation of the mixed
friction contact approach, the piston
ring running surfaces and liner surface
are applied to a significantly denser grid.
Furthermore, the surface roughness for
both surfaces is included by their statis-
tical values. One result for every time
step is the lubricant film’s geometry
which is used to check whether any as-
perities of the rough surfaces are in con-
tact. If they have contact, the regime of
mixed-friction is entered. Depending on
the contact pressure, the hydrodynamic
and metallic contact pressure are weight-
ed over the Abbott-Firestone-curve [4]
and superimposed. The summed surface
pressure is returned as pressure bound-
ary condition per time increment to the
FEA solver. The potential wear of both
contacting surfaces is implemented via
an abrasive and adhesive wear model |3,
4]. Both these wear formalisms predict a
reduction of the surface roughness
peaks per time step as a function of the
contact pressure, relative velocity, and
surface hardness. An important result of
the contact model is the friction force
behaviour of the piston assembly. A com-
parison of simulated and measured [6]
friction force is shown in Figure 4 (B). By

=t Crank angle in degree ~ —=
i - 0 360 720
g 100 -~
1]
= -
=100 Measurement
i 200 — Simulation
C | Friction loss | FMEP :
“Extrapolation”
! 0.08  mSimuation =
5 004 O Measuremant 3
= 1
o 002
o ;
el oM i
[rs 2000 2000 6000 1/min
Part- Full- Full-Load
E Wear tendency .
. Piston position lBDE. TDCY)
2 . g:_l Compression
-] 3 a UTI.Eupmon
5 o oyt Exhaust
= i Figure 4: The coupled HD/hard
5 E u.rlhapiramn 9 Ipled AL /
Circumference 360° — 50000 N contact model with friction
] ms force, friction loss and wear

results

varying parameters the model supports
the evaluation of variants regarding fric-
tion and wear behaviour. This is an ad-
vantage in concept phases, for optimisa-
tion suggestions or at high engine
speeds, where measurements are either
not possible or too expensive. In the dia-
gram in Figure 4 (C), the mean effective
pressure for 2000/min at part and full
load are presented and compared with
measurement data. Using this starting
point, the values for 6000/min at full
load can be rated via an extrapolation of
the simulation and measurement re-
sults.

The product of local contact pressure
distribution and relative contact surface
velocity will be defined as wear tendency.
The wear tendency of each piston ring
running surface as well as the liner sur-
face can hence be determined. This result,
as shown in the diagram in Figure 4 (D),
can be plotted as a function of crank an-
gle versus liner circumference.

The diagram gives a qualitative and
practical assessment on the regions on
the liner surface where wear is most like-
ly to occur. If many variants are incorpo-
rated in the analysis, potential low wear
designs can be determined.

4.3 Lubricant Distribution
The positions, velocities, and accelera-
tions of all FEM-meshed nodes serve as
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[2]

¥

Mode positions, velocities & acceleration

Vaporization *
Throw off \1
Reverse Blow by —_
Pumping -~

hot Blow-by gas —1)

Lube oil film —
Lube oil volume _i

Summation of lube oil amount ‘J

for each height and
circumference segment

input for the lubricant-model. This mod-
el describes the transport of the lubri-
cant on the liner surface due to the up-
and downward scraping of the lubricant
by the piston rings. For each time step,
the lubricant film height on the liner
surface and the lubricant volumes at pis-
ton ring top and bottom side are calcu-
lated, Figure 5 (A). These are a result from
the minimal lubricant film height as im-

miw v

Piston

plemented in the hydrodynamic contact

model, after the piston ring has run over

the liner surface and the lubricant sup-

ply. Currently, five lubricant loss mecha-

nisms are considered:

- the evaporation of lubricant in the
combustion chamber [7]

- the loss of lubricant beyond a critical
acceleration at the top side of the first
piston ring

Temperature

In*C

n.S.IZEB 223.195.253 Measurement

218 230 228 203 252 Simulation

all values af 5000 1imn full load: ns, = mi Signal

Piston group clearance [ thermal expansion

BWear
t 195 B Oil loss tendency
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2
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count the 3D temperature
field of the piston group
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- the loss via dissolved lubricant in

blow-by [8]

- the pumping of lubricant passed the
first piston ring

- the coking of lubricant due to hot
blow-by gases.

Figure 5 (B) shows a typical result of the lu-

bricant film height on the liner surface af-

ter the first piston ring has run over as a

function of the crank angle versus cylinder

circumference. In the diagram in Figure 5

(C) the evaporated lubricant mass part as a

function of crank angle is shown.

Due to its complex interactions the lu-
bricant distribution model is very sensi-
tive to input parameters. Momentarily it
is used in practical applications for quali-
tative comparisons of system variants.

4.4 Parameter Variation

The impact of the thermal deformation of
the piston assembly components on the
functional behaviour of the piston rings is
in the focus of current research. For this,
the 3D temperature distribution and the
corresponding thermal deformation, as
depicted in Figure 6 (A), is included into
the model. A comparison with tempera-
ture measurements shows the accordance
at five sensor positions. Based on this vali-
dated input, load cases for minimal piston
assembly component clearances at higher
revolution speeds can be simulated, and
the impact on wear and lubrication con-
sumption can be analysed. For example,
the wear tendency index (= average value
of the product of contact pressure times
relative surface velocity) and the remain-

personal buildup for Force Motors Ltd.



ing lubricant film height on the surface above the top
piston ring can be analysed for variants (A) basis, (B) with-
out piston offset, (C) without crank offset, and (D) maxi-
mal piston ring pre-tension. The aim of such an investiga-
tion is the localisation of wear relevant model parameters
and their impact on i.e. lubricant consumption.

5 Summary

The simulation technique offers a future oriented build-
ing block with a high degree of physical modelling depth.
It allows a most realistic simulation of the three dimen-
sional piston ring dynamics where relevant physical inter-
actions, such as gas coupling, elasticity, non-linear con-
tacts (EHD and solid body) and temperature influences
are embedded. The simulation methodology allows a de-
tailed study of the piston ring vertical gap position, flut-
tering, and rotation based on the implementation of free
moving piston rings which are controlled only by gas-,
HD-, and contact interactions. The long time use of meas-
uring techniques [6, 9, 10] in research-, development-, and
series-production-projects as well as the verification with
supplier data supports the refinement of the model so far
and in future. The knowledge gained from the simula-
tions flow back into the measuring methodology for opti-
mizing the mechanical signal-transfer systems and sensor
technology. The application in various projects so far has
shown the adaptation potential of this methodology re-
garding the requirements of modern developed cylinder
units and in combination with various analysis tech-
niques since its first publication in 2001 [11].
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DEVELOPMENT Gasoline Engines

The New BMW V8 Gasoline
Engine with Twin Turbo
Part 2 — Functional Characteristics

BMW's new twin turbo V8 gasoline engine is yet another milestone in the “Efficient Dynamics” approach, which is
now being implemented in the luxury class as well. It stems from the powertrain development vision of “Sheer Driving
Pleasure through Efficient Dynamics™. The configuration of second-generation spray-guided direct injection and pi-
ezoelectric injectors in a central arrangement, twin turbochargers and the innovative arrangement of the two turbo-
chargers and engine-mounted catalytic converters in the engine V constitutes a unique, ground-breaking combina-
tion. This engine celebrated its premiere in the new X6 in the spring of this year and will also provide the motive
power for the newly presented fifth generation of the BMW 7 Series. While the first article in MTZ 11/2008 gave a
detailed description of the basic engine, this second part outlines the engine’s functional characteristics.
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1 Introduction

The current underlying conditions fac-
ing the automotive industry are marked
by a number of challenges, Figure 1:

- The recent massive increases in the
price of oil are leading to increasingly
vehement discussions about cars and
fuel consumption. The general legal
framework in every market is being
tightened up accordingly, by means of
fleet consumption rulings, CO, taxes,
city tolls or registration restrictions,
for example.

- The statutory requirements relating
to the emission limits are also being
tightened up, particularly in the USA
(SULEV legislation, ZEV mandate).

- Customers still want to enjoy “Sheer
Driving Pleasure, however, and only
buy vehicles with the necessary dy-
namic performance.

BMW:'s approach to resolving these, in

some respects, contradictory require-

ments goes by the name of “Efficient Dy-
namics“. Innovative engine concepts of-
fer the only means of achieving the ob-
jective of combining a high level of driv-
ing pleasure with environmentally com-
patible, low consumption. Apart from
the actual idea behind them, innovative
engine concepts also require the entre-
preneurial courage to reconsider and
challenge well-worn, familiar channels

of thought. This is the only way to achieve
the development efficiency required to
industrialise new solutions. The new V8
gasoline engine with its turbocharger ar-
rangement and the associated functional
advantages for the customer is a living
example of such pioneering ideas.

2 Objectives

The requirements specification for devel-
opment of the new engine centred on
the following requirements.

- a noticeable improvement in engine
performance with the emphasis on a
full-bodied torque characteristic to en-
sure the superior ease required for
use in a luxury-class vehicle

- outstanding throttle response

- reduced fuel consumption with fur-
ther consumption cutting potential
within the framework of engineering
revision stages

- convincing V8 engine sound

- the ability to use all grades of fuel
available worldwide

- compliance with all currently applica-
ble emission standards (EU5, ULEV II).

Various different engine concepts were

examined in closer detail and compared

with one another during the initial
phase in order to comply with these
specification requirements. A decision

Customer

= Focus: world wide

+ Spllcomimitmaent ACEA 2008,
Targels ACEA 2012

= Japan 2010

Legislation,
Scciety

Figure 1: Customer expectations and statutory requirements
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Figure 2: View of the engine

was finally made in favour of a turbo-
charged V8 engine with a 90° cylinder
bank angle, second-generation high-pre-
cision direct fuel injection and 4.4 1 dis-
placement.

3 Technical Highlights
of the New V8 Engine

BMW's new V8 “Twin Turbo” engine,
Figure 2, is the latest member of a new
family of turbocharged gasoline engines,
which was launched very successfully in
2006 with the 3.0, six-cylinder “Twin
Turbo” engine. This engine received an
excellent reception with outstanding
feedback from the market and has won
numerous prizes including the “2008 En-
gine of the Year Award“. The engine
boasts properties usually sported by natu-
rally aspirated engines with much higher
displacement, particularly in terms of
throttle response. The yardstick for the
anticipated performance of the new V8
engine was therefore set very high.

The V8 engine has been designed for
use all over the world. It must therefore
guarantee safe, reliable operation with
all grades of fuel available worldwide. Be-
cause of this, a homogeneous DI combus-
tion concept is used, which complies
with all global emission requirements,

44 MTZ 1212008 Volume 69
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thanks to an exhaust gas aftertreatment
system with preliminary and main cata-
lytic converters mounted on the engine.
The engine complies with the require-
ments of EUS and ULEV I emission levels
at the launch of series production.

For the first time in automotive his-
tory, a V-type engine has been designed
with the intake valves on the outside and
the exhaust valves in the V space of the
engine block. This innovative engine con-

Figure 3: Combustion chamber design

cept enables a very compact arrange-
ment of the two turbochargers within
the “hot V*. The catalytic converter sys-
tem, with preliminary and main catalyt-
ic converters, is also positioned inside
the V-space, immediately behind the tur-
bochargers. After passing through the
catalytic converters, the exhaust gases
are routed between the engine and
splashboard to the underbody by the ex-
haust system.

In its central fitting location, the “High
Precision Injection” (HPI) spray-guided di-
rect fuel injection system with piezoelec-
tric injectors is the heart of the engine.
Already known for its use in the six and
four-cylinder engines, this fuel injection
system was adapted to the changed geo-
metric conditions of the eight-cylinder
engine with its larger bore. This system,
with its outstanding mixture control,
very short switching times and the possi-
bility of introducing multiple injections
of fuel, offers ideal prerequisites for opti-
mum development of performance and
efficient heating of the catalytic convert-
ers. Each bank of cylinders is equipped
with a high-pressure injection pump that
delivers rail pressures of up to 200 bar to
the injection system, driven by the ex-
haust camshafts.

The Digital Motor Electronics (DME)
system used to control the engine is a
further development of the familiar en-
gine control unit used with the six-cylin-
der engine.
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The important key data of the DME system

are:

- Infineon TriCore TC1796 processor,
150 MHz

- 2 MB external flash memory

- integrated FlexRay controller

- dual PCB arrangement with press-fit
contact technology

- 184 pins.

The high-performance output stages re-

quired to control the eight piezoelectric

injectors and the ignition output stages

are integrated into the DME. A fan-cooled

or water-cooled variant of the control

unit is used to dissipate heat according

to the vehicle model.

4 Engine Design

4.1 Combustion Concept

As far as the combustion concept is con-
cerned, attention was given to ensuring a
consistent derivative of the turbocharged
and stratified charge six-cylinder engines
that went into series production in 2006
and 2007. This essentially applies to the
central arrangement of spark plug and
injector in the combustion chamber and
the geometric positioning of the two
components relative to one another in
the cylinder head, Figure 3.

The 89 mm bore set for the V-type en-
gines had to be taken into consideration,
as well as the resulting combustion
chamber geometry for the high compres-
sion ratio of 10.0 required for efficiency.
As far as charge motion and flow rate
were concerned, appropriate CFD opti-
misations were carried out to adapt the
port geometry in such a way as to achieve
approximately the same values as for a
turbocharged six-cylinder engine.

Application of the “High Precision In-
jection” concept, that is the outward-
opening piezoelectric injector in con-
junction with 200 bar injection pressure,
established the foundation for making
full use of the excellent catalytic convert-
er heating function of the system with
triple injection and, in doing do, to signi-
ficantly reduce the precious metal load-
ing of the exhaust gas aftertreatment
system. This not only offers a means of
considerably increasing the enthalpy
flow of the exhaust gases compared with
a manifold injection system, but also en-
ables a drastic reduction of such exhaust
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Figure 4: Specific fuel consumption at 2000 rpm

gas emissions as HC thanks to the use of
a triple injection system. Furthermore,
the “High Precision Injection” system
contributes towards a massive improve-
ment in mixture control in combination
with the necessary charge motion, and
the highly flexible timing capacity of the
multiple injection function ensures a no-
ticeable reduction in the amount of fuel
sprayed onto the wall of the cylinder.
This also results in a very low exhaust gas
emission level at all operating points.
Figure 4 shows the specific fuel con-
sumption of the V8 engine by compari-
son with that of the V12 engine at a speed
of 2000 rpm. It is evident that the specific
consumption values for the new engine
are substantially lower while meeting the
same torque requirement. A solid founda-
tion has therefore been laid for good con-
sumption behaviour in the vehicle.

4.2 Gas-exchange

Cycle/Turbocharger System

As described above, the hot and cold
sides have been rotated in the gas-ex-
change cycle concept for the engine. This
opens up new degrees of freedom in the
package on the outside of the engine. As
attention is focussed on the design of the
exhaust manifold and turbocharger of a
turbocharged engine and the intake
manifold is of secondary importance in
the gas-exchange cycle, the pioneering
car engine construction, which the only
one of its kind in the world, offers a

means of realising a very compact air
routing concept. Designed as a standard
component as far as the even distribu-
tion of cylinders and back pressure are
concerned, and subject to the boundary
conditions of the different steering link-
age arrangements for different vehicle
packages, the intake manifold was opti-
mised by means of CFD. The engine-
mounted indirect charge-air coolers with
high cooling capacity make a further
contribution towards reducing the pres-
sure losses in the air intake duct and to-
wards the compact design of the engine.

With the turbochargers situated in
the V-space of the engine block and the
close-coupled catalytic converters, the
design of the exhaust side is also very
compact, offering distinct advantages in
terms of back-pressure behaviour and
emissions. The system is capable of meet-
ing even the most stringent emission re-
quirements without the need for an un-
derfloor catalytic converter. The cast ma-
nifold combines ideal low-loss flow rout-
ing with optimum heat dissipation - in
spite of being positioned between the cyl-
inder heads. The manifold, designed as a
4-to-2 junction, combines with timing
that has been tuned to the firing order to
produce an optimum gas-exchange cycle
for a V8 engine. The turbochargers are
monoscroll turbines, which have been
designed in interaction with the gas-ex-
change cycle boundary conditions to
achieve a compromise between excellent
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personal buildup for Force Motors Ltd.



DEVELOPMENT

torque at low speed (600 Nm from
1750 rpm to 4500 rpm) and high, extend-
able output potential (300 KW from 5500
to 6400 rpm). Figure 5 shows the full-load
curves compared with those of the pred-
ecessor V8 and V12 engines. The design
of the new V8 engine is specifically ori-
ented to the concept of transient torque
build-up from low engine speeds.

4.3 Emission Concept

The compact arrangement of the exhaust
system for the innovative engine con-
cept, with very short distances between
exhaust valves, turbochargers and cata-
lytic converters, creates ideal prerequi-
sites for an efficient emission concept.
The spray-guided DI combustion concept
enables robust stratified catalytic con-
verter heating with triple injection and
extremely retarded ignition angles, al-
lowing the catalytic converter to heat up
very quickly.

During the development phase, a
number of different injection strategies
were devised and compared with one an-
other in terms of numerous target val-
ues, such as rate of temperature rise,
evaporative emissions, particle forma-
tion or running smoothness, Figure 6. A
combination of a double injection dur-
ing the intake stroke and a brief ignition
injection just before the ignition point
proved to be the ideal compromise. The
catalytic converter system is supplement-
ed by an enhanced primary oxygen sen-
sor, which enables lambda-controlled
engine operation after a very brief warm-
up period. This means that the engine is
capable of meeting current and future
emission limits without a complicated
secondary air system, in spite of the heat
sink of the turbocharger.

Another advantage of the chosen en-
gine concept is the way in which the
main exhaust system components have
been integrated into the basic engine.
This brings the engine very close to the
design ideal of the modular system; it
can be adapted to various vehicle con-
cepts, such as saloons or sport activity
vehicles (SAVs) with a high level of appli-
cation efficiency.

4.4 Engine Functions

A lot of the functions and a great deal of
the software in the engine control system
(DME) were developed by BMW. The sup-
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Figure 5: Full-load curve by comparison with the predecessor engines

plier integrates the BMW components
into the overall software on the basis of a
tried-and-trusted software sharing pro-
cess, Figure 7. The scope of the work per-
formed by BMW includes those functions,
which are capable of influencing the way
in which the driver experiences the en-
gine, and functions, which cannot be pro-
vided on the basis of the suppliers indus-
trial system modules because of BMW
specific engineering requirements. This
means, for example, that all of the actua-
tor setpoint values for the new eight-cyl-
inder engine, such as throttle angle, vari-

able camshaft control (Vanos), wastegate
duty cycle, injection volume and timing,
ignition point and other setpoint assign-
ments — for fuel pressure and ancillary
equipment, for example - are derived
from BMW functions.

A special challenge facing the devel-
opers of the new eight-cylinder engine
was to control the separate engine banks
on the intake and exhaust sides and in
the fuel system with just a single control
unit. Many functions had to be divided
up and calculated twice because of this.
These particularly included open-loop

Figure 6: Catalytic converter heating strategies
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control of the air circuit (charge and in-
take manifold pressure control), closed-
loop control of the fuel circuit (fuel pres-
sure control and injection timing) and
the ignition circuit. In spite of being in-
dependent of one another in the calcula-
tion, the banks had to be equalised with
respect to running smoothness, output
and emissions. By combining the most
powerful processor available on the mar-
ket with resource-optimised application
of the functional and software modules,
the developers were able to operate the
engine with just a single DME, thereby
reducing the costs and the amount of in-
stallation space required.

The positions of the oxygen sensors
downstream of the turbochargers, the
“4-to-2-to-1“ design of the exhaust mani-
fold and the specific firing order of the
V8 engine are such as to preclude the
possibility of cylinder-individual lambda
control by means of an signal from the
oxygen sensor because the various ex-
haust gas packages cannot be divided.
A completely new cylinder-individual
equalisation method was developed in
order to meet the stringent requirements
of the legislation on exhaust gas emis-
sions and comply with future OBD re-
quirements. This method is based on the
specific lambda characteristic, that is re-
ducing the indicated engine torque by
leaning the mixture. The individual cyl-
inders in an exhaust bank are leaned,

one after another at partial load - in a
manner that cannot be perceived by the
driver - until such time as a change in
running smoothness takes place, defined
by means of load and engine speed. The
overall lambda value is maintained at a
constant level, during selective leaning
as well, by proportionately enriching the
remaining cylinders. The leaning factor
for each cylinder is determined when the
change in running smoothness occurs.
Cylinder-individual adaptations are cal-
culated from the deviation of the eaning
factor from the mean value for an ex-
haust bank.

The modular functions for specifica-
tion of injection mode with appropriate
division of the quantity and the timing
of the injection pulse constitute another
new development. Individual injection
strategies with up to three injection puls-
es per working cycle and cylinder can be
configured for the various operating
states of the engine, such as start-up,
warm-up, catalytic converter heating or
normal running. At the same time, the
injection modes with up to two pulses
linked to the ignition angle offer consid-
erable potential with respect to emission
optimisation, Figure 6.

In an attempt to master the globally
increasing variability of fuel properties
to a better extent, BMW's function mod-
ules use efficient adaptation functions
on the basis of neural networks. These
adapt the tolerances in the air-mass flow
according to engine speed and load, as
well as lambda deviations and the knock
resistance of the fuel.

A function was developed, which of
fers a means of eliminating uneven dis-
tribution of cylinder charge in order to
ensure optimum smooth running of the
engine. Such uneven distribution may be
caused by tolerances in the air circuit or
by initiating tank ventilation on just one
cylinder bank. Using the two closed-loop
intake manifold control systems, the
function utilises the mutual independ-
ence of the actuators for the two cylinder
banks to achieve adaptation of the cylin-
der charge for both banks and equalise
the cylinder bank torque values. The run-

Table: Comparing the characteristics of the V8 engine with predecessor engines

'] V12
Twin Turbo N/A
V8 Valvetronic
Engine Unit Spray Guided, Valv'x:mic DI,
High Precision Injection Swirl Injektor
(central) (side mounted)
Displacement 1] 4,395 4,799 5972
Compression Ratio [-] 10,0 10,5 1.3
Power (W] 300 270 327
(at rpm) (5500 — 6400) (6300) (6000)
Specific Power kW /1] 68,3 56,3 54,8
Torque (Nm] 600 490 600
(at rpm) (1750 — 4500) (3400) (3950)
Specific Consumption [g/kWh] 238 a1 285

(best)

MTZ 1212008 Volume 69 47

personal buildup for Force Motors Ltd.



DEVELOPMENT

Gasoline Engines

-
|
f

Figure 8: Throttle response

ning smoothness of the engine is classi-
fied in terms of engine order with the
help of a discrete Fourier transformation
calculated in real time. Based on this, a
combustion control system is used for
selective intervention on individual cyl-
inders to reduce engine excitation.

5 Functional Results

The Table shows the key data and a brief
summary of the functional results
achieved for the new V8 engine and com-
pares these with the results obtained for
predecessor engines. The table not only
contains the data for the immediately
preceding V8 engine, but also the 6-1
twelve-cylinder engine, which has more
comparable performance values.

5.1 Power and Torque

The engine has a very broad useful en-
gine speed band. The 600 Nm maximum
torque is already achieved at 1750 rpm
and remains constantly available up to
4500 rpm. This high level of low-end
torque and the wide nominal torque pla-
teau guarantee superior ease and consti-
tute the basis for shiftrelieved calibra-
tion of the automatic transmission. The
maximum output of 300 kW is reached
between 5500 and 6400 rpm and the cut-
off speed is reached at 6800 rpm.

48  MTZ 1212008 Volume 69

5.2 Throttle Response

Special priority was given to the throt-
tle response during the development
process. The six-cylinder “Twin Turbo”
engine that has been praised so highly
in many test reports served as the inter-
nal benchmark for this. During a stand-
ard acceleration process with a constant
speed of 1500 rpm and a sudden load
variation of w, = 0.2 KJ/1 to full load, val-
ues exceeding 25 Nm/l/s are reached

during the build-up of torque, Figure 8.
This puts the V8 engine very close to the
six-cylinder benchmark and its tran-
sient response also gives the impression
of a naturally aspirated engine with
higher displacement. The maximum ex-
haust temperature for this design
amounts to 950 °C.

Apart from the classical concept de-
scribed here, the compact arrangement
of the turbochargers in the engine V al-
so offers a means of realising other in-
novative charging concepts to increase
engine performance.

5.3 Driving Performance/

Fuel Consumption

The chart showing consumption as a
function of driving performance in
Figure 9 compares the new BMW 7 Series
with the predecessor vehicles. It is clear-
ly evident that the new V8 engine is not
only a replacement for its direct prede-
cessor, the 7501 with its 4.8-1 V8 engine,
but actually succeeds the 760i with its
6-1 V12 engine. Although the new BMW
750i achieves slightly better driving per-
formance than the preceding BMW 7601
when accelerating from a standstill up
to 100 km/h, its consumption values are
much lower.

The practical consumption figures
are also well below those of the old BMW
760i. Based on the pleasing throttle re-
sponse and the high level of low-end

Figure 9: Comparing driving performance / consumption with predecessor vehicles
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torque, the developers were able to de-
sign the six-speed automatic transmis-
sion for much fewer shifting operations
and torque orientation. This accentuates
the character of effortless, superior loco-
motion and very favourable consump-
tion values can be achieved at the same
time. The new V8 engine is therefore car-
rying BMW's “Efficient Dynamics” ap-
proach over into the luxury class.

5.4 Engine Sound

While developing the powertrain acous-
tics, particular attention was given to
achieving a typical V8 sound, which is
clearly audible both inside and outside
the vehicle. It goes without saying that
these considerations were based on
compliance with all globally applicable
regulations and standards relating to
external noise. The sound engineering
objectives were to achieve a high level of
comfort when travelling at a constant
speed and, depending on the model of
vehicle, distinctive noise development
at higher load. When designing the in-
take and exhaust routes, special atten-
tion was given to bringing out the typi-
cal n.5" engine orders produced by the
design-specific firing order of the V8 en-
gine, while keeping the pressure losses
as low as possible.

5.5 Calibration Methods
Continuously growing requirements are
leading to increasingly complex engine

= enatrier for new
EENA consepis

Figure 10: Calibration method objectives

concepts. The aim of steadily further re-
ducing fuel consumption, in particular,
is giving rise to such complicated techni-
cal solutions as lean burn combustion or
down-sizing concepts with turbocharged
engines.

Another driving factor for growing
complexity is the increasing functional
internetworking of systems within the
vehicle. The numerous control units
communicate with one another via in-
creasingly powerful bus systems in or-
der to provide appropriate functions
that are relevant to the customer. The
level of complexity of the electronic en-
gine management systems continues to
grow accordingly. One characteristic in-
dex is the number of labels to be ap-
plied.

The engine management system for
BMW's new eight-cylinder has now
reached the astoundingly high number
of more than 12 000 calibration labels
(characteristic values, characteristic
curves and engine characteristics maps).
The pertinent programme documenta-
tion covers more than 12 000 pages.

The calibration specialists are now
facing the challenge of keeping abreast
of these developments. An unthinkable
task without suitable powerful calibra-
tion tools to provide intensive support
for the calibration process.

The following objectives and challeng-
es emerge for the application methods,
Figure 10:

Optimizing

of Tools

Enabiler for
Product
Differentiation

- mastering the growing complexity
- a highly efficient calibration process
- ensuring that data is of a high quality
standard.
Apart from these tool optimisation ob-
jectives, which are of rather more opera-
tional nature, there is also a chance of
making a contribution towards product
differentiation. It will not be possible to
implement future engine concepts with
even higher calibration requirements if
we do not have correspondingly power-
ful tools. Suitable calibration methods
can also play an important role in defin-
ing the precise nature of certain product
characteristics, however, by objectifying
and exactly describing such driving
characteristics as throttle response, for
example. This offers a means of clearly
carving out driving characteristics that
are typically BMW and making a contri-
bution towards distinguishing BMW
from the competition.

6 Conclusion

The new V8 “Twin Turbo” engine with
“High Precision Injection” and the inno-
vative arrangement of both turbocharg-
ers in the V-space of the engine block
combines superior driving performance
with favourable consumption to produce
a new benchmark in the segment. The
engine therefore constitutes an impor-
tant building block for the “BMW Effi-
cient Dynamics” strategy in the luxury
class.

The new engine demonstrates its per-
formance capability convincingly in the
new vehicle. This engine celebrated its
premiére in the new Sports Activity
Coupé X6 in the spring of this year and
will be fitted in the newly presented
fifth generation of the BMW 7 Series as
the ultimate engine option. Initial press
reports are correspondingly positive.
Particular attention is drawn to the su-
perior ease with which the engine
builds up power, which is unusually
spontaneous for a turbocharged engine.
This means that a ground-breaking en-
gine concept is now available for the
luxury class, which will be used in other
vehicle derivatives as well. Furthermore,
the engine also offers considerable de-
velopment potential for compliance
with future requirements. |
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A constant increase of powerful combustion engines has lead to higher
loads on the crankshaft drive and piston pin. To ensure a robust design the
effective forces and movements at the piston pin have to be known. At the
Technische Universtitat Miinchen, Chair of Internal Combustion Engines,
a research project looked into the piston pins movement during engine
operation. The main goal was to determine the rotary movements of the
piston pin by measurement at a 4-1 gas Sl engine as a function of the engine
load and speed and to clarify the mechanisms that cause the rotary move-
ment of the piston pin especially in the small connecting rod eye.

1 Introduction and Goal

The maximum combustion chamber pres-
sure has steadily increased as a result of
the everincreasing specific power output
of engines. The resulting temperature and
pressure loads on the components of the
combustion chamber have corresponding-
ly increased. The pressure is transferred
by the piston to the piston pin and then to
the connecting rod. The piston-side and
connecting rod-side bearings of the piston
pin are subject to major stress. In order to
robustly design these bearings, both the
arising forces and related movements
must be known. Radial movements arise
within the bearing play, and axial move-
ments arise in the piston as a function of
the axial fixation of the piston pin.

In addition, the piston pin may exe-
cute a circumferential movement in rela-
tion to the small connecting rod eye or
piston. Very little is presently known
about the circumferential movement of

the piston pin. The mechanisms that can
cause the rotary movement also have not
been clarified. It was therefore the goal
of a research project [1, 2] to determine
the rotary movement of the piston pin of
a single cylinder, 4-1 gas SI engine as a
function of the engine load and speed.
Therefore the relative movement be-
tween the small connecting rod eye and
piston pin was measured.

2 Used Measuring Technique
and Geometry

Two challenges had to be addressed in
order to experimentally determine the
piston pin movement. The signals of the
moved connecting rod must be transmit-
ted outward, and the tribological behav-
iour within the connecting rod bearing
may not be changed by the sensors. To
minimize the measuring systems influ-
ence on the piston pin’s circumferential

Figure 1: Alignment of the sensors
on the piston pin
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movement, an eddy-current-based con-
tact-less measuring system adapted to
the single cylinder connecting rod was
used to detect the movement. A change
in impedance in the sensor coil caused
by an electrically conductive object
moved within a magnetic field generates
an electric signal that indicates the dis-
tance or position of this object relative to
the sensor. Three eddy current sensors,
Figure 1, were installed in the small con-
necting rod eye to measure rotation and
the axial and radial movement of the pis-
ton pin. In addition, two strain gauges
were affixed in the small eye to detect
the elastic deformation of the small con-
necting rod eye as well as a temperature
measuring site on the friction bearing.

When the rotation sensor is correctly
aligned, a conical narrowing groove in
the piston pin will cause the impedance
to change in the sensor coil by the
change in amount of material as a func-
tion of the peripheral movement of the
piston pin. To prevent the groove from
changing the tribological behaviour, it
was filled with an aluminum/bronze al-
loy by means of plasma spraying. To the
eddy current sensor, aluminum bronze
is a neutral material that functions as an
air gap.

3 Engine Modifications to Adapt
the Measuring Technique

The entire measuring system was incor-
porated in and on the connecting rod,
Figure 2. Holes were created in the small
connecting rod eye to hold the position
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Figure 2: Measuring
system in and on
the connecting rod
and rocker arm joint

sensors. The diameters of the sensors
were as small as possible to minimize the
influence on the lubrication gap. The
unavoidable residual gap was minimized
by installing the sensors flush, and the
sensitivity of the sensors was optimally
exploited. It can be assumed that this re-
sidual gap had no negative influence on
the results measured. To obtain informa-
tion on the temperature in the small
connecting rod eye, a thermoelement
was directly mounted on the back of the
friction bearing. To detect the expansion

of the small connecting rod eye, strain
gauges were fixed on the side of the small
connecting rod eye.

To transmit large amounts of data
and minimize susceptibility to interfer-
ence, coaxial cables were used as the sig-
nal carriers. A special rocker arm joint
was constructed to run the cable from
the moved connecting rod out of the en-
gine. The rocker arm joint is mounted at
the top of the connecting rod shaft and
to the crankcase, and consists of three
parts (two arms, one housing attach-
ment, see also Figure 2).

4 Description and Evaluation
of the Measurements

Loads with average pressures ranging
from 4 to 20 bar were measured at three
engine speeds (1000 rpm, 1250 rpm,
1500 rpm), and maximum combustion
chamber pressures of 150 bar were
reached. A total of 70 individual 2-min
measurements were recorded. When
first viewing the measuring results, one
can see that the piston pin rotates com-
paratively slowly and an oscillation about
the lengthwise axis is superimposed on
the rotation. Figure 3 shows in the top dia-

T T T T

Sensor voltage [mV]
BB BEEEB

Rolation sensor voltage |

cylinder prassura [bar]
o3 LAa28 32§

4 B L] T

time index [-]

Figure 3: Measurement of a complete the piston pin rotation at 1000 rpm with superimposed
oscillation at approximately 90 bar peak pressure (top) and measurement of the cylinder

pressure (bottom)
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gram the curve from the time index of 1
to 7, which corresponds to a complete ro-
tation. In the bottom diagram of Figure 3
the cylinder pressure curve for a com-
plete rotation is presented.

Figure 4 shows measurements of the
eddy current sensors and the cylinder
pressure sensor. A (comparatively small)
axial movement (red curve in the middle
diagram of Figure 4) occurs as well as a
radial movement of the piston pin, and

the latter only arises during the charge
cycle phase (blue curve in the middle dia-
gram of Figure 4).

If one evaluates the measurements
taken at steady-state operating points of
the length of a complete piston pin rota-
tion as a function of the engine speed
and engine load, one gets the load influ-
ence of maximum cylinder pressure on
the rotation duration of the piston pin in
Figure 5.

* Lot 1800, man cransanon
= Lo 1500, wth conricshan m .
*® Lo 1500, aganst cranshat

The different rotation times for a total
rotation lie within the second range, and
two peaks can be identified at low and
high load. Up to an engine load of ap-
proximately 30 % (first peak in Figure 5)
the speed of the piston pin rotation de-
clines. Then the piston pin rotates faster
in peripheral direction up to the second
peak (at an engine load of approximately
80 %). The maximal measured piston pin
rotational speed was in the dimension of
about 5 m/s.

When the signals from the measure-
ments at 30 % load are examined more
closely, one finds both a peripheral move-
ment of the piston pin in the direction of
crankshaft rotation and a rotation oppo-
site that of the crankshaft, Figure 6.

Here one is able to detect a full rota-
tion of the piston pin with the crank-
shaft (time index 0 until 1.3). With the
ensuing engine load rise from 35 % up to
60 % (from time index 2 on), the rotation

% = Lot 1500, mgainat crackshat 1
bl B
g 4k High absolute peripheral ]
3 rotation speed of the |
piston pin

i L L i i i
1] 14 2% ] 4% 58 L5

Maximum cylinder pressure [y me ! Pa. max, of sl msssusman)

Figure 5: Maximum cylinder pressure influence on the piston pin rotation duration at
1500 rpm speed

direction changes. The pin rotates now
against the crankshaft (Figure 6).

The same phenomenon occurs at the
second peak at approximately 80 % load.

There are apparently operating points,
at which the piston pin’s direction of ro-
tation changes. This is the case with all
three investigated engine speeds how-
ever the speed changes along the cylin-
der maximum pressure axis.
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If the curves are examined in detail
over a few working cycles, for example at
a combustion chamber pressure of ap-
proximately 60 bar and engine speed of
1000 rpm, one can obtain more informa-
tion on the peripheral movements of the
piston pin, Figure 7.

In the top diagram of Figure 7, the
signal of the peripheral movement sen-

sor is plotted over time. One can see the
continuous rotation of the piston pin
from the changing voltage of the sensor

Sensor voltage [my]
g B

B

Pin rotales against crankshafl

signal (AU in Figure 7). Since the sensor
for measuring the pin rotation moves
with the connecting rod, the connect-
ing rod swing movement is included in
the sensor signal. The measured oscilla-
tion is therefore generated by the swing
connecting rod, and the piston pin also
oscillates (stimulated by the connecting
rod slewing movement).

: ; : time index [-] * .

Figure 6: Influence of the engine load on the direction of piston pin rotation at 1500 rpm
speed — curve of cylinder pressure (top) and curve of voltage (bottom)

This is seen in the middle diagram of
Figure 7 where the cylinder pressure
characteristic (magenta), the connect-
ing rod swing angle speed (green) and
the absolute piston pin rotational speed
(red) are plotted over time. It can be

This behaviour is also confirmed by
measurements of non-steady-state en-
gine operation in which operating rang-
es are intentionally reached that are
representative of a change in the direc-

tion of rotation. The engine load was
varied several times to confirm the re-
producibility of the phenomenon of ro-
tational direction change (example in
Figure 6).

clearly seen that the piston pin definite-
ly rotates. It accelerates and stalls with-
in certain ranges of the working cycle.
The piston pin rotation is generated by
the different speeds and directions in

4 Figure 7: Excerpt of a measurement
I at approximately 60 bar peak pressure
at 1000 rpm engine speed
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Figure 8: Rotation sensor voltage
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(including offset — green) near the
frequency of 1000 rpm engine
4 speed, frequency range of the
band-pass filter 12.5 to 22.5 Hz

the charge cycle and high-pressure
phase.

The absolute rotational angle of the
piston pin during measurement is
shown in the bottom diagram of Figure
7. In addition, a DMS characteristic is
plotted over time. A significant defor-
mation of the small connecting rod eye
can be seen in the charge cycle phase.

By filtering the rotation sensor sig-
nal (blue) Figure 8 shows, that the oscil-
lation of the piston pin is caused by the
connecting rod swing movement (which
has a frequency of 16,66 Hz at an en-
gine speed of 1000 rpm). The upper dia-
gram of Figure 8 shows the filtered ro-
tation sensor signal (green) in the fre-
quency band of 12.5 to 22.5 Hz. It is ex-
clusively an oscillation whereas one can
see the running rotation of the piston
pin by surveying the falling blue curve
progression (unfiltered rotation sensor
signal).

5 Summary

By measuring the peripheral movement
of the piston pin in the small connect-
ing rod eye, the piston pin movement
and its nature were demonstrated by
the Chair of Internal Combustion En-
gines at the Technische Universitit
Miinchen (Germany). The oscillation of

15 20 25

Frequency [Hz]

the piston pin is stimulated by the
swing movement of the connecting rod.
The continuous rotation of the piston
pin arises from the different pin speeds
and directions in the charge cycle and
high-pressure phase. The engine speed
and load influence the rotation of the
piston pin.

The piston pin moves in both axial
and radial directions. However, it only
moved in radial direction in the con-
necting rod eye during the charge cycle
phase. Additional investigations of this
topic can provide even more detailed
information which will enable the opti-
mization of connecting rod bearing de-
sign and production.
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